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Abstract

Small conductive particles show a resonant behaviour at wavelengths where bulk 

or thin film samples have no features. This resonance is caused by the collective 

oscillation of the free electrons in the particle and is called localised surface plasmon 

resonance. It is influenced by the shape of the particle, the surrounding medium 

and particle interaction.

I studied shape, matrix and interaction effects of metallic and metal-like particles 

in various systems with the aim to rationally tune the resonance to specific wave

lengths for different applications.

Dilute samples of small LaB6 particles were studied with regard to their NIR blocking 

performance. My analysis showed that they are more efficient than the alternative 

materials ITO and ATO. This is mainly due to the position of the LaBg particle res

onance, which lies precisely in the spectral region which needs to be blocked (around 

1 /mi). I was able to model the optical properties of the window samples, using a 

dilute quasi-static approach for anisotropic particles.

Different embedding matrices and particle interaction have also an influence on 

the localised surface plasmon resonance. An example for a combination of matrix 

and interaction effects is a self-assembled gold particle him with organic linkers. 

Structural effects were especially important in these films, as was verified by elec

tron microscopy. The optical properties were successfully modeled, using a two level 

effective medium approximation.

A different way to tune the resonance is to change the shell thickness to core 

size ratio in metallic nanoshells. The resulting spectral shift, though, is limited by
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ABSTRACT

experimental realities for the metal coating and the onset of scattering for larger 

particles. The shell has two resonances, of which the low energy one can be tuned 

by the ratio mentioned above. This resonance also shows a different electric field 

profile to the normal dipole (and high energy shell) resonance. The field pattern 

also highlights a strong field gradient across the external shell interface and along 

the incident polarisation direction. The properties were calculated using Mie theory 

and the quasi-static approximation.

Finally, the far and near-field optical properties of thin silver films with randomly 

distributed holes were studied. They showed an enhanced absorption, due to cou

pling of the incident light into surface plasmon polaritons by the holes. Whereas the 

films did not show the enhanced transmission, which occurs in regular hole arrays, 

they still might provide some insight in the processes involved by helping to exclude 

some possible explanations.
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Chapter 1

Introduction

Two important areas, which have helped the progress in nanoscale science over re

cent years, are semiconductor and metal nanoparticles (NP). This is mainly due 

to the improvement in rational fabrication and characterisation at the nanometre 

scale. The different properties of semiconductor and metallic NP make it necessary 

to approach them with different techniques, both experimentally and theoretically 

and have formed them into two distinct research areas. One difference is the very 

point which is desired in semiconductor NP, discrete energy levels, which is not of 

much interest in metallic NP.

For the scope of this thesis, I am only interested in metallic NP. The interest 

in those particles is fueled by a wide range of properties and potential applications, 

based on the main phenomenon of interest which is the surface plasmon. The sur

face plasmon is a collective oscillation of the free carriers in the particle, which is 

localised at its surface. This plasmon is the underlying source of spectral features 

in the particles which have no direct analogue in bulk samples. One particularly 

illustrative example is colloidal gold, which has already been used by the Romans to 

stain glass. Its colour is a deep red, which is not present in any other form of gold 

and is caused by the excitation of the surface plasmon at its resonance wavelength.

This surface plasmon resonance (SPR) has the interesting property that it is 

influenced by the particle material, its shape and the surrounding medium. These

1
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dependencies allow for the rational design and spectral tuning of the resonance for 

different applications. Metallic nanoparticles and metal nanoshells have therefore 

attracted a lot of interest in recent years, both in basic [5—9] and applied research 

[10, 11]. Examples include bio-sensing [12], bio-labelling and their use as basic units 

in plasmon based information transfer and storage, as well as other optoelectronic 

devices [13, 14].

It is this spectral tunability which is the main topic of the present thesis. Exam

ples for all parameters involved are studied: material and shape (chapter 3), matrix 

and structural effects (chapter 4), as well as influences of SPR coupling and inter

action (chapters 4 and 5). Another important property to consider is the electric 

field behaviour around the particles. This is of interest for scanning near-held op

tical microscopy (SNOM), sensors based on plasmon resonant particles and energy 

transfer in particle chains or other plasmonic structures. Electric held patterns and 

held enhancement are studied in detail in chapter 5. Field enhancement is also con

sidered in chapters 4 and 6, by way of the probability density function (PDF).

Fhe random spatial distribution of the particles studied in this thesis is an impor

tant difference to regular structures of both metallic NP and holes in metal hlms 

examined by other groups. The symmetry of these regular structures gives rise 

to interactions which are quenched if the particles are randomly distributed. This 

is discussed in detail in chapters 4 and 6, where the interaction between resonant 

structures is observed. The systems studied in chapters 3 and 5 are treated in the 

dilute limit, as interactions can be neglected.

A thorough introduction into the different techniques and methods involved is 

presented in chapter 2. The review of relevant literature is included in chapter 2 

and the introduction sections of the following chapters.

The thesis is structured in the following way:

• Chapter 2 gives an overview over techniques to synthesise and characterise 

nanoparticles as well as how to model their properties theoretically.
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• Chapter 3 looks at the optical and solar properties of dilute LaB6 NP doped 

polymer films for energy efficient windows.

• Chapter 4 studies structural and matrix influences on optical properties in 

self-assembled gold NP films, crosslinked with dithiol molecules.

• Chapter 5 examines the optical properties of metallic nanoshells. The res

onance in this system can be tuned by changing the shell thickness to core 

radius ratio, i.e. the relative shell thickness. The influence of experimentally 

viable shell thicknesses and scattering on the tunability are studied as well as 

the optical near-field properties.

• Chapter 6 explores the near- and far-field optical properties of silver films 

with randomly distributed holes. Possible links to films exhibiting enhanced 

transmittance are also considered.



Chapter 2

Techniques

2.1 Synthesis of Nanoparticles

Metallic nanoparticles have been known for a very long time. Gold and copper 

nanoparticles (NP) have been used by the Romans and in medieval times to produce 

red stained glass and in Renaissance pottery glazes [15]. These particles were not 

produced rationally, but rather by chance and the exact nature, morphology and 

size of the particles were not known.

Naturally occurring examples are carbon NP, which are formed in soot. Health 

issues of these NP have been recently studied [16], as they are of importance for 

diesel engines and associated soot.

The synthesis of NP can be roughly divided into chemical and physical routes. 

Chemical routes have been the primary choice in research, though they have not yet 

achieved throughput rates comparable, for example, to milling. Whereas physical 

routes tend to be better in terms of throughput, chemically produced NP tend to 

be more reliable in terms of shape and size.

2.1.1 Physical Routes

The oldest physical techniques to produce NP are evaporation and ablation, espe

cially thermal evaporation and laser ablation. The basic idea in both cases is that

4
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the material vapour, created by the evaporation or ablation, forms small clusters 

and NP [17, 19]. The particle size distributions for these methods are usually quite 

broad, but they can be narrowed if the parameters are chosen carefully [18]. Further 

size selection can be achieved, for example, by using chopper collimators.

Another technique is vacuum evaporation to running oil surfaces (VEROS), 

where particles are grown in the 3D crystallite growth regime on an oil film which is 

covering a spinning disc. This results in a suspension of the particles in the oil [19].

Metal organic vapour phase epitaxy (MOVPE/MOCVD) can be used to grow 

self-organised quantum dots on a substrate. One way to do this is to use ternary 

materials with a slight lattice mismatch, which results in the strain induced forma

tion of small dots from a thinly deposited film.

Other techniques, which are on the borderline between chemistry and physics, 

use localised chemical reactions to prepare small particles. One such method uses 

laser induced precipitation in a metal salt solution [20]. A similar method uses the 

electron beam of an SEM to perform localised chemistry on a substrate.

Electron beam lithography is used by some groups [13, 21, 22] and has the advan

tage that the resulting shapes are very precise. This makes theoretical comparisons 

much easier and helps to identify the relative contribution to line shapes and widths 

for particles produced by other methods.

Sputtering can also provide NP structures on a substrate, although the creation 

of specific structures is not straightforward. Structured substrates are one way to 

control the results. One example is the use of small dielectric spheres, which are 

spin-coated on glass substrates. If the spheres are deposited in a controlled manner, 

they can be organised into large hexagonally close packed domains. Subsequent 

metal sputtering and removal of the spheres leaves metallic islands [23].

The procedure can also be used inversely, by deposition of the dielectric spheres 

onto a thin metal film, with subsequent removal of the plastic platelets and the 

uncovered parts of the film [24]. This method can also be used to create nano-rings
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In terms of industrial applications and commercial throughput, the most impor

tant technique is simple milling. One problem was that, until around 20 years ago, 

standard milling techniques yielded minimum sizes of around 3 fim [19]. Modern 

techniques are now capable of producing smaller particles. One such method, ball 

milling, uses small particles of a hard material to mill the material of interest. As 

high forces are used, the mixture can get quite hot, hence, the process is usually 

performed in a liquid. The biggest problem with milling is that it creates compar

atively broad size and shape distributions (some examples of which can be seen in 

the electron microscopy images in chapter 3). The material might also get affected 

directly, e.g. by defect creation, due to the high pressures used.

2.1.2 Chemical Routes

The two main chemical processes for creating nanometre sized particles are colloid 

and sol-gel methods. The general advantage of chemical routes is that they are 

usually better controllable with respect to particle size and shape. It is possible to 

create not only spherical particles but also prisms, rods, and cubes. Furthermore, 

stratified or hollow structures can be produced (see Refs. [10, 26 35] for examples).

For metallic shells, the basic technique is to seed the surface of the dielectric core 

particle with small metallic clusters. These seeds are then used as nucleation points 

in a reduction process in a metal salt solution. This results in an island growth on 

the surface and subsequent coalescence into a continuous metallic shell [5, 11, 36].

A different approach, which does not lead to a continuous metallic shell, is the 

use of a polyelectrolyte layer on the dielectric core as a matrix for small metallic 

particles [37]. These are embedded within the matrix, without forming a complete 

metallic layer. The properties of these shells differ from those of the continuous shell 

particles and a different theoretical approach is needed.
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2.2 Experimental Characterisation Methods

The link between optical and material properties is given by the dielectric function, 

which derives from electronic states and interactions at the material level and the 

Maxwell equations, which describe the macroscopic behaviour.

My main aim is to describe and measure the dielectric properties of the samples, 

which are expressed either by the dielectric function e — E\ + i £2 or the complex 

refractive index h — n + i k. These two functions are linked by the relation £ = n2.

To use bulk dielectric data in order to explain the properties of metallic NP is 

a reasonable start. This is because those properties are mainly defined by the free 

electron gas, and as long as its behaviour is not changed, no significant changes 

in the dielectric properties are expected. One parameter that can change, in the 

particles studied here, is the electron mean free path. If the particle size becomes 

smaller than the mean free path in the bulk, the electrons start to scatter from the 

particle surface, which has an impact on the dielectric properties of the particles. 

The main effect is an increase in the broadening of resonances, as is explained in 

more detail in section 2.3.1. Surface effects, like adsorbed molecules, can also play 

an increasingly important role. This is due to the fact that the surface to volume 

ratio increases for smaller particles.

A slightly different problem arises, when particle interactions cannot be neglected 

anymore or even percolation takes place. In that case, more complex composite 

material methods have to be employed. One very important point in these methods 

is that a knowledge of the dielectric properties of the materials is generally not 

sufficient anymore and the spatial distribution of the constituent materials also 

becomes an important factor. This is explained in more detail in section 2.3.4. 

Even if samples are prepared in a way which yields a certain microstructure with 

a high probability, it is necessary to confirm this and check for deviations in the 

microstructure.

For this reason, experimental techniques which give structural information are 

as important as the ones used to determine the optical properties. The following
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sections are ordered to express this fact, starting with the methods used to determine 

the optical properties and followed by the ones related to structural analysis. A 

special section is reserved for scanning near-field optical microscopy, which is able 

to link structural properties directly to optical near-field phenomena. At the end, 

methods are mentioned which have not been used but which are relevant for the topic 

of optical properties of small particles. They include techniques which measure 

properties that have not been of primary interest in this thesis, like X-ray photo 

spectroscopy, which is used to study the chemistry of the particle surface.

2.2.1 Spectrophotometry

Perhaps the standard method to measure the dielectric function of materials is 

spectrophotometry, meaning the measurement of the reflectance and transmittance 

of a sample. Especially the transmittance of lowly absorbing material is important, 

as it links directly to the absorption coefficient a and the extinction coefficient k. The 

instrument available for this study was a CARY 5E UV-VIS-NIR spectrophotometer 

with a measurement range of 250-3000 nm. Various accessories make it possible to 

measure transmittance through liquids, using cuvettes, or near-normal (angle of 

incidence 7°) specular reflectance.

2.2.2 Ellipsometry

ddie basic principle of ellipsometry is the measurement of the change of linear polar

isation. after the light is reflected from a sample. The angle of incidence is chosen 

close to the Brewster angle. At this angle, the complex refractive ratio ^ between 

the two reflection coefficients parallel rp and perpendicular rs to the plane of in

cidence is lowest, yielding the highest sensitivity. This ratio is the value actually 

measured by ellipsometry. Therefore ellipsometry is highly sensitive to changes of 

the reflective coefficients at the surface, caused for example by roughness or stoi

chiometry [38].

The measured dielectric function of the sample has contributions from all in
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terfaces and layers, according to the penetration depth of the light. This effective 

or pseudo dielectric function is written as (s). The modelling of the ellipsometric 

spectra is done with a computational program from Woollam (WVASE32).

For further information the reader is referred to some excellent ellipsometry pa

pers by Aspnes et al. [39, 40] and the standard textbook of ellipsometry from Azzam 

and Bashara [38].

2.2.3 Scanning electron microscopy

Recent developments in electron microscopy equipment have seen an extension in its 

applications, such as high pressure modes, the use of specific gases or precursors for 

e-beam chemistry, e-beam lithography and the combination of SEM and focussed 

ion beam setups. For example, it is now possible to study biological samples in- 

situ and to look at samples without coating them. Other points, which have been 

continuously improved, are resolution and the development of new detectors.

The development of new detectors has also contributed to high quality results 

and high resolution SEM images for structures with a size of a few nanometres. It is 

also possible with SEM to measure basic compositional information, using electron 

backscattering. More precise compositional information can be obtained by using 

spatially resolved energy dispersive X-ray spectroscopy (EDS/EDX).

The instrument used for the SEM micrographs in this thesis was a LEO Supra 

55 VP.

2.2.4 Scanning Near-field Optical Microscopy

A longstanding dream for researchers has been the extension of the resolution limit 

of microscopes below the wavelength of light. One way to increase this limit is to 

use radiation with a much smaller wavelength than visible light, which has led to the 

development of electron microscopes. One disadvantage of the SEM is that it does 

not necessarily give the information of sample interactions with electromagnetic ra

diation in the UV to IR. range. For this, one would have to extrapolate knowledge
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gained through SEM towards that range. Such an approach would, naturally, re

quire certain assumptions and approximations.

There are a number of optical techniques which are able to extend the limit of 

resolution below the wavelength of the light, but I will concentrate here on scanning 

near-held optical microscopy (SNOM).

SNOM is based on the fact that the electromagnetic near-held (NF) of a sample 

contains some structural and material information which is lost in the far-held. The 

far-held is the property which is measured in most circumstances, from radio and 

TV signals to light intensities in spectroscopy and ellipsometry. The main experi

mental problem associated with the NF is that it attenuates very quickly with the 

distance from the source of the held. This usually means that the NF is only mea

surable within a distance of some tens of nanometres to the sample. The hrst steps 

toward an experimental realisation of the necessary control mechanisms, to achieve 

measurements this close to structures, were achieved with the invention of scanning 

probe microscopes and associated technology.

The actual functional dependence of the decay of the NF depends on the precise 

nature of the source. The NF of nanoscale multipole (including dipole) antennas, 

for example, decays as r-n, whereas the NF of propagating plasmons on smooth 

metal films decays exponentially.

The additional information in the NF is, in simple terms, the high spatial frequen

cies. This is of course equivalent to small structural sizes. Therefore, by measuring 

the NF close to a structure, one retains this low dimensional information and hence, 

circumvents the Abbe diffraction limit. Various other techniques are also able to 

achieve a resolution beyond the diffraction limit, e.g. by using non-linear methods 

[41 43]. All this is not an actual “beating” of the diffraction limit, as it does not 

even apply to non-linear processes and SNOM.

The basic setup of a SNOM consists of a fibre and scanning stage, as well as a 

way to allow a feedback for the scanning process. The fibre is often coated with a 

metal to prevent radiation leakage into the side of the tip. The radiation should only
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be detected or emitted through the aperture itself to achieve the highest possible 

resolution. In some setups, like the photon tunnelling SNOM, where the sample is 

illuminated by total internal reflection, bare dielectric tips can be used. Apart from 

the additional process step of coating the fibres, bare fibres have the additional ad

vantage of a reduced interaction with metallic samples [21, 44]. This decreases the 

probability of detecting artifacts and makes the interpretation of the optical images 

easier.

Feedback is usually provided by tapping or shear-force AFM. This topological 

signal provides complementary data to the SNOM image, which is very important 

as it allows to cross check the optical results against topological features.

Different modes of operation are possible for a SNOM. They can be classified by 

the radiation source and the method of detection. In illumination mode, the sample 

is illuminated through the fibre in the optical NF, whereas the detection is in the 

far-field. The collection mode is the exact reversal of this, illumination in the far 

field and detection in the NF. A special setup is the widely used [13, 45, 46] frus

trated internal reflection, dark-field or photon tunnelling mode. The illumination 

in this mode, as well as the detection, takes place in the NF. The incident beam is 

totally reflected from the backside of the sample, which mounted on a prism. This 

creates an evanescent wave at the prism-sample and sample air interface, which is 

used as excitation source. The resulting field is then measured, in collection mode, 

with the tip. The illumination-collection mode, where both signals are carried by 

the fibre probe, is another method to excite and measure in the NF.

Self-built systems are still the state of the art and produce most of the results in 

recent publications, although commercial versions are available. These are of special 

interest for groups whose primary expertise is not SNOM. The instrument used for 

the results in this thesis was a commercial Nanonics Inc. SNOM.
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2.2.5 Other experimental techniques

Transmission electron microscopy (TEM) is one very important technique, because 

of its high resolution capabilities, which can be below 1 nm. High resolution TEM 

allow the identification of individual lattice planes in bulk crystals or nanoparticles. 

TEM is currently one of the few techniques to gather size and shape information 

about a nanoparticle sample with very high accuracy, although SEM seem to be 

continuously improving and closing the gap.

One difficulty with TEM is that the sample preparation is quite important. This 

also presents the problem that, in some circumstances, the samples prepared for 

TEM do not correspond directly to the original microscopic structures investigated 

by other techniques, due to the need to create thin cross sections for the TEM.

Further information about particle properties can be obtained by X-ray photoe

mission spectroscopy (XPS) and photo- and cathodoluminescence spectroscopy and 

imaging.

2.3 Theoretical Methods

The main interest in the present work is the electromagnetic interaction of conduc

tive materials with incident electromagnetic waves and the influence of the adjacent 

medium, including other particles.

The theories dealing with the scattering and absorption of small particles by 

light can be classified in many ways. There are mathematically exact and approx

imate methods. Not surprisingly, most exact methods are limited in their use to 

only a few special cases. The exact theories presented here are Mie theory and 

T-matrix method. Whereas Mie theory is limited to spheres, and other analytical 

solutions exist only for a handful of coordinate frames and according symmetries, 

the T-matrix method is, in principle, applicable to all shapes. This is due to the fact 

that the surface integrals over the particle boundary can be approximated for more 

complex shapes. The T-matrix method remains analytical only for shapes for which
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these surface integrals can be calculated analytically, which is the case for bodies-of- 

revolution. It has to be said, though, that the approximation of the surface integrals 

has some of the same dangers as finite techniques, as the approximation has to be 

performed on a finite grid. It follows that surface defects with a large curvature and 

of a similar size as the illuminating wavelength are difficult to deal with.

The study of other shapes is usually the domain of approximate methods, like 

the discrete dipole approximation (DDA) or finite difference or element analysis.

The first subsection deals with general properties and effects of the surface plas- 

mon resonance (SPR), including material and shape effects, as well as the influence 

of the embedding medium and particle interactions. As such, it explains how the 

SPR can be tuned by the previously mentioned parameters.

The other subsections explain the theoretical techniques used in this thesis, es

pecially Mie and generalised Mie theory, the quasi-static limit and effective medium 

approximations. Other methods are briefly outlined.

2.3.1 The Surface Plasmon, Size and Shape Effects

The conduction electrons of a metal or heavily doped semiconductor can be treated 

as a quasi-free electron gas which is bound to the actual material by the background 

potential of the ions of the crystal lattice.

Within the metal, a displacement of a charge with respect to the lattice requires 

only minimal energy. This makes metals good electrical and thermal conductors 

and gave rise to the term of the free electron gas or plasma in metals. The situation 

is different at the surface, because the lattice exerts a restoring force to a displace

ment occurring perpendicular to the surface plane. The effect becomes especially 

interesting when the adjacent material is a dielectric, preventing the electrons from 

leaving the metal.

This situation can be described conceptually as an oscillator whose potential 

minimum is located directly at the interface. Such an oscillation, in turn, excites a
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surface wave which is not only travelling at the interface but is also strictly confined 

to the surface. This wave has an exponential decay of the amplitude perpendicular 

to the surface. These surface waves of a free electron gas or plasma are called surface 

plasmons polaritons (SPP).

The dispersion relations for the in-plane and perpendicular wave vector compo

nents of the SPP can be derived from the stratified problem and solving Maxwell’s 

equations. For a two layer system, semi-infinite dielectric and metal, one acquires 

the following relations [47]:
_ co I £\ £2’ C V £1 + e2 (2.1)

and ___________

kz, = , (2.2)

where kx is the in-plane component of the wave vector and kz the perpendicular 

one, e is the dielectric function of the materials 1 (metal) and 2 (dielectric) and i is 

either 1 or 2, representing the perpendicular wave vector component of the SPP in 

either the metal or dielectric, respectively. For large kx the value of u approaches:

uSPP ~
LJp

\/l + £2
(2.3)

where up is the bulk plasma frequency. If the dielectric is air, this value reduces to:

LJ air
SPP

0J7

V2 '
(2.4)

How can the SP be excited? The dispersion relation of the SPP lies to the right 

of the light line ku — [47], which means that it cannot be excited by light

directly as such a process would not conserve energy and momentum. SPP have a 

larger momentum than photons at a given energy. This is not surprising, considering 

that a SPP consists not only of one electron, which already is much heavier than 

a photon, but of around 1022 cm~3 electrons. Early experiments used electrons to 

excite SPP but they can also be excited by light, under certain conditions. In princi

ple, one needs to reduce the momentum at the same energy relative to the light line.
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One way to achieve this is to lower the light line by using a different medium (Otto 

and Kretschmann-Raether configuration [47]). Another way is to use a grating to 

couple higher diffraction orders, having smaller wave vectors, to the SPP. Such a 

grating coupling can also take place on a randomly rough surface, provided that the 

roughness has the right size [47]. This process works also in reverse and it is known 

that even single surface perturbations can decouple SPP into free space propagating 

waves [48]. Such decoupling can be used rationally in designed systems, or it can be 

an undesired side effect of a surface defect. Gratings are a better choice for coupling 

and decoupling as they can be tailored to specific wavelengths and angles [49].

The previous discussion can be extended to conductive particles. The main dif

ference is that in small enough particles the SPR, can be excited by light directly. 

This is due to the fact that, in the small size or quasi-static limit, the incident field 

is static over the entire particle and the whole electron cloud in the particle follows 

the change in the incident field.

There are three important things which can be deduced directly from the general 

properties of SP mentioned above. Firstly, because the SPP is based on the proper

ties of the electron plasma it is material dependent, with the carrier density being 

the main contribution. An increase in the density increases the plasma frequency 

and therefore blue-shifts the resonance. Secondly, as the electrons performing the 

plasma oscillation can be considered almost free within the confines of the material, 

the SPR is very shape dependence as it is the shape which defines the boundary 

conditions. And thirdly, due to the strong localisation of the SPR, at the interface of 

a system it is very sensitive to the surrounding medium and can be used to detect 

changes therein.

Another important issue is the electron relaxation time. It is well established 

that below a particle size, which is comparable to the electron mean free path of the 

material, the electron relaxation time is reduced. This broadens the resonances. In



CHAPTER 2. TECHNIQUES 16

this case, the Drude part of the dielectric function of metal nanoparticles is usually 

corrected by the following formula [50]:

£(u, R) — Ef)Uik + idp ( yyy 1 1
(2.5)

+ zcuyoo uj2 + iu'y(R) J

where £buik is the experimental bulk dielectric function of the material, up the bulk 

plasma frequency, the inverse of the bulk relaxation time. 7(R) — 7oo + is 

a size dependent broadening parameter, where R is the radius of the particle, Vp 

the Fermi velocity and A a parameter which depends on the theory considered in 

the particle surface scattering process [51]. The parameter A can also be used to 

describe additional broadening mechanisms empirically (like defects, grain bound

aries, chemical interface effects) [50, 52, 53]. An A factor of 1 usually results in too 

narrow and intense resonances in the calculations when compared to experimental 

results. This is true for all studied materials (see 3.5 and 4.6). A11 increase to .4 = 2 

provides a much better fit to the experimental results. It creates an effective mean 

free path of half the physical size of the particle. This is a good approximation for 

various systems [52, 54 56] and seems even a lower limit for some core-shell systems 

[6],

There are some results from single particle studies, though, which suggest that 

the broadening, observed in spectra of nanoshell ensembles, is due to size and shape 

inhomogeneity and not interfacial scattering [57].

The influence of the size broadening of equation 2.5 can be seen in figure 2.1, 

where the gold data from Ref. [1] is size corrected for different effective radii Reff —

It can be seen that the influence is considerable, especially in the imaginary part 

of the dielectric function.

For metallic shells one can assume either R is equal to the shell thickness or use 

a model proposed by Granqvist and Hunderi [3]. This will be used and explained 

in chapter 5.
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Figure 2.1: Size effect of equation 2.5 on the gold dielectric data of Ref. [1] for 

different effective radii i?e// =

2.3.2 Mie Theory and Generalised Mie Theory

The problem of the absorption and scattering of light by spherical particles has been 

around for around a century now. The names usually associated to the solution of 

the problem are Gustav Mie [58], Ludvig Lorenz and Peter Debye. Kerker [59] ex

plains the history of the sphere problem in more detail. Nonetheless, the theory 

describing the absorption and scattering of spherical particles is commonly and best 

known as Mie theory.

Mie theory describes the behaviour of only a single particle, which means that 

ensembles of particles have to be dilute, showing no interaction between the indi

vidual particles. Extensions of Mie theory to clusters of interacting particles have 

been made by various authors [60 62] and the result is usually called generalised 

Mie theory (GMT).

The analytical solution to the problem is reached through the technique of the 

separation of variable, which unfolds in pretty much the same way as the quantum 

mechanical solution of the hydrogen atom. This means that many of the special 

functions encountered in the latter case are showing up in Mie theory as well, which 

is due to the spherical symmetry of the problem. For the actual derivation the 

reader is referred to standard textbooks [59, 63, 64].

There are other ways to derive the necessary equations, such as starting from
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the transformation rules of vector fields and the spherical symmetry [65].

The basic idea behind GMT is that the problem is solved for each individual 

sphere with an incident field which is the sum of the incident field and the scattered 

contribution from the other spheres in the cluster. In order to express the scattered 

field from one particle as the incident field in the relevant frame of another particle, 

the solutions of the Mie problem have to be translated from the first coordinate 

frame to the second one. This is not trivial as a spherical coordinate system does 

not have the translational symmetry of a cartesian system. In other words, the 

spherically symmetric solutions of one frame of reference have to be forced into a 

different one. This problem, the translation rules between different spherical coordi

nate systems of spherical harmonics or spherical vector harmonics, was only recently 

solved (see for example the relevant references in Refs. [65-67]).

2.3.3 The quasi-static or Rayleigh limit

If the studied particles are small compared to the wavelength, the problem can be 

reduced to an electrostatic treatment, which is called the quasi-static or Rayleigh 

limit. The equations in this limit can be reached by various routes, e.g for the 

spherical case by actually taking the dipole limit of Mie theory [63] or by solving 

the problem independently within electrostatics.

Problems of this kind for some basic shapes have been known for a long time and 

together with their solutions are part of many standard electromagnetism textbooks 

[68 70]. Despite its simplicity and approximate nature, important conclusions can 

be drawn from the quasi-static limit and rational material design is now able to 

manipulate and create structures which are sufficiently small enough to be described 

well within the static limit.

The SP resonance condition for a homogeneous sphere of material 1 in a dielectric 

medium 2 m the quasi-static limit is [63]:

— —2 £2 .
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Figure 2.2: Geometry of the quasi-static problem for a coated sphere.

With this condition and for a Drude metal sphere in air one can derive:

ULSP = 71 ’

where ljp is the bulk plasma frequency and ujisp is the localised surface plasmon 

frequency. This provides a simple but illustrative example of the shape influence, 

when compared to the result for the resonance condition for the planar two layer 

system in 2.4.

The static limit is not only employed for the study of particle absorption but it 

is also used as a starting point for more complex theories and approximations, like 

non-linear properties of discontinuous metal films [71].

As an example, I will briefly present here the problem of a coated sphere. As 

there are no free charges to consider, the governing equation for the electric potential 

4> is the Laplace equation:

AT - 0. (2.6)

The general solutions for Laplace’s equation with azimuthal symmetry are:
OG

$M) = Y221 + !) t4'r' + Bi'-~{1+1)) Pi(cos0), (2.7)
1=0

where Pi are the Legendre polynomials. The geometry of the problem can be seen 

in figure 2.2.
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The Ansatz for the solution of the problem is that the potential follows the 

general solution in the three sections of the structure, core, shell and medium. The 

problem can then be solved with regularity arguments and the boundary conditions. 

The superscripts c, s and m in the following discussion refer to the potentials and 

coefficients in the core, shell and medium, respectively.

Regularity at the origin requires that the potential in the core has no r~l 

dependence, so = 0. With a similar argument one finds A^ = 0. In the shell 

both parts are regular, therefore cannot be simplified. An external field Eq is 

introduced so that:

<f>o = — Eq z = — Eq r cos 9 = —E0 r Pi (cos 9)

and:
oo

<Cm)(r> 6) = -E0rPi(cos&) + ]T(21 + 1 )P,(1) r”(m) P,(cos0). (2.8)
1=0

Because the Legendre polynomials are linearly independent and the external poten

tial has only a P[ contribution, the only term which needs to be considered is / — 1. 

The potential has to be continuous across the boundaries, so:

<C"»Ura = <I><s>|r=r,

and (2-9)

(T)(S) I = (f>(C)|A \r~rc ^ Ir~rc •

The other boundary conditions are that the normal components of the electric dis

placement have to be continuous across the boundaries:

and

(d$(m>
' \ dr

c (a<i><s)

= E. ~w
(2.10)

. (d<$>{c) 
c ( <Jr r—rc

,(m)Altogether the boundary conditions give four equations for four unknowns, B\ , 

Aj , Ai and B\s\ After some work one derives:

(m) Eprj/3 ((gs — sm) (£c T 2es) + / (gc — es) (gm + 2gg)) 
(ss T 2em) (ec + 2es) + 2 f (sc — es) (ss — em)

(2.11)
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=
Eq £m {sc + 2 £s)

b)

(c)

(<£s + 2 £m) (sc + 2 £s) -+- 2 / (ec — Es) (es — em)

____________ Eo rl £m (gc - £s)____________
(es T 2 Em) (ec T 2 £s) A 2 f (ec es) (es Em)

3 Eq Em Es

(2.12)

(2.13)

(2.14)
(es + 2 Em) (ec + 2 Eg) + 2 / (ec — £s) (es — £m)

3
where / = %. The electric potential is finally calculated by the following equations:

$(m>(r, 0) — y—E0 r + 3 r 2j cos 6 (2.15)

<Cs)(r, 0) - 3 r + 3 f?js) r~2^ cos 9 (2.16)

<1>(c)(r, 0) — 3A^rcosd. (2.17)

The electric field can, as usual, be derived from:

E - -VT .

Similar equations for homogeneous spheres or ellipsoids and coated ellipsoids can be 

derived. Some applications of the coated shell problem can be found in chapter 5.

2.3.4 Effective Medium Approximations

A widely used approach to model properties of composites consisting of small struc

tures is the effective medium approximation (EMA). Actually, EMA is not a single 

method but rather a series of methods. Some EMA schemes have been developed 

a long time ago [72 74] and in one form or another EMA have been successful for 

many decades. The major requirement for the use of EMA is that the characteristic 

size of the constituent material grains has to be much smaller than the wavelength 

of light. This ensures that the problem can be treated quasi-statically, EMA are 

therefore quasi-static techniques. The size requirement is fulfilled by a surprisingly 

large amount of natural and artificial materials. This has made EMA a widely and 

successfully used technique to model properties of composites. As they commonly
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require neither complicated mathematics or computationally taxing algorithms, they 

are a method especially favoured by non-specialist groups. EMA can be applied 

to a variety of properties but they have been mainly applied to the conductive and 

dielectric characteristics of composites. In the following discussion I will concentrate 

on the application to dielectric properties.

EMA have also been used and optimised to model the dielectric properties of 

small conductive particles in dielectric matrices (see e.g. [17, 50]).

The optical properties of a composite excited by an incident electric field can 

be considered to fall between two extreme cases, a stratified structure with the 

interface boundaries either parallel or perpendicular to the incident field. In the 

electrostatic approximation these pictures are equivalent to a collection of capaci

tors connected either in parallel or in series, respectively. The resulting equations 

for the composite dielectric function e form upper and lower bounds for arbitrary 

microstructures and are called Wiener bounds [75]. These bounds form an enclosure 

in the complex e plane, including all possible values for any composite structure at 

a given frequency. If s changes for either or both constituents as a function of fre

quency, these bounds change accordingly and there is one enclosure per considered 

frequency. More knowledge about the composite, for example the volume fractions, 

can tighten these bounds.

If the volume fractions of the materials are known the tightened bounds are 

called Hashin-Shtrikman bounds, whereas even tighter bounds, the Bergman-Milton 

bounds, can be achieved by considering isotropic materials [75]. Imposing further 

constraints leads to different EMA schemes, each of which has its area of validity.

It seems prudent to digress slightly at this point and issue a word of caution with 

regard to these theoretical bounds. Even though the majority of composite materi

als have properties contained within these bounds they are by no means absolute. 

It was shown that, under certain circumstances, a composite can show a behaviour 

which lies outside of these bounds and hence, their properties cannot be explained 

within standard EMA schemes, like Maxwell Garnett and Bruggeman [76, 77]. Rea
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sons for this include shape effects, long-range anisotropy, percolation, magnetic and 

scattering effects. Hence, one has to be careful and keep this in mind when dealing 

with composite materials, especially in combination with the improved capabilities 

of rational material design on the micro- and nanometre scale.

I return now to the question of more particular applications of the general 

bounds. Assuming specific microstructures, well defined formulas can be derived 

which do not yield bounds but actual values for the composite properties. Two such 

structures are considered in the most widely used EMA schemes, the Maxwell Gar

nett (MG) [72, 73] and Bruggeman (BR) [74] theories. A good representation of the 

relevant microstructures can be found in Refs. [78, 79] and [75, 80] and later in this 

thesis in section 4.6. The MG scheme works for separated, well defined inclusions of 

one material within another and the BR scheme works for composites where both 

phases are present in a more symmetrical way and no inclusion or host material can 

be defined. Though the inclusion condition and the underlying mathematics of the 

MG scheme usually require a very small value for the volume fraction of the inclusion 

fmd < 0.4), the MG theory can work for fractions up to 0.74 [55, 81] as is explained 

in more detail in chapter 4. This might be due to the random distribution of the 

inclusion in the studied case, which should average out multipole contributions as 

long as the inclusions are separated, which is ensured by the use of spacer molecules.

An intuitive model for the two schemes was given by G. B. Smith [78, 79] by 

assuming random unit cells (RUC) as the building blocks of the composite. For 

the spherical MG case this would be a coated sphere where the core is made from 

the inclusion material and the shell is the host material. This core-shell particle is 

embedded in the effective medium, which has the same dielectric properties as the 

core-shell particle. The problem can be treated in the quasi-static approximation, 

which provides an alternative way to derive the MG theory. The volume fraction of 

the composite / is defined as the fraction of the core to shell volume. For the BR 

scheme the RUG is a single sphere in the effective medium and / gives the proba

bility for the sphere being made of phase A (and 1 — / gives the probability for the
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sphere made of material B).

The most general equation for the dielectric properties of a composite e of phase 

A in a matrix B in the MG scheme is [82, 83]:

e- eB
£b + LB (z ~ £b)

(eA ~ £b)
£b + LA{eA ~ £b)

(2.18)

where ea and eb are the dielectric functions of phase A and B, respectively, / is the 

volume fraction of phase A within phase B and Lj’ are the depolarisation factors 

of the respective phase with j = x,y or z. The equation for the BR scheme is as 

follows [84]:

C-o , M n •//, ■ 11

with the same notation as in the equation for the MG scheme.

Almost without exception the assumption LA = LB is made. This creates a 

problem for anisotropic shapes when a “shell” of equal thickness is desired in the 

RUC because that would mean LA ^ LB. The proper conformal or confocal shapes 

for coated ellipsoids, for which LA — LB is valid, can be seen in Ref. [83]. For spheres 

L — 1/3 and Lx = Ly = Lz applies and both equations simplify. The respective 

equations for spherical structures can be found in section 4.6.

Other, less popular schemes like the Ping-Sheng or Bruggeman-Hanai and their 

respective RUC can be found in Ref. [75]. For an introduction into EMA, homogeni

sation theories and complex media, the reader is referred to Refs. [85] and [86].

As the EMA are built on quasi-static considerations, certain situations are be

yond the scope of standard EMA. Such situations include non-linear behaviour and 

currents, as well as some percolated systems, which can be treated with a random re

sistor or R-L-C network approach [87, 88]. EMA, on the other hand, can be extended 

to consider, for example, non-linear behaviour [89, 90] and enhanced group velocities 

in composites [91]. Further extensions of EMA include actual positional information 

of the constituent materials or consideration of shape distributions [92, 93].
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2.3.5 Other Techniques

One other exact solution to the scattering problem is the T-Matrix method [94], 

The main point of it is that the relation between the incident and the internal and 

scattered field is described by a transition matrix, the T-matrix, whose entries are 

calculated by solving surface integrals for the studied shape. The scattering of any 

shape for which those integrals can be calculated, either analytically or numerically, 

can be described by the T-matrix method. This fact explains why this method has 

been mostly used for axisymmetric particles, namely bodies-of-revolution, because 

the integrals take simpler forms in this case. As in Mie theory, the incident, scat

tered and internal fields are expanded in terms of their spherical vector harmonic 

potentials and the resulting equations for the expansion coefficients are recast in 

matrix form. Algebraic manipulation yields matrix expressions for the internal and 

external fields as functions of the incident field expansion. The matrix entries con

sist of surface integrals for the studied shape [95].

All surface integrals for off-diagonal entries in the T-matrix vanish for axisym- 

metric particles. This decouples all equations, permitting a separate solution for 

every azimuthal mode. This explains why the T-matrix method has been mainly 

used for axisymmetric particles, though it is in no way limited to this case [96]. 

The main difference to Mie theory is the possibility of the existence of off-diagonal 

entries for non-axisymmetric particles.

Another advantage of the T-matrix method is that it is independent of the actual 

fields. The only parameters that define the T-matrix are: the incident wavelength, 

particle shape, its refractive index and its relation to the coordinate system. Hence:

“Thus, knowing a T-matrix, scattering by a rotated particle, a system 

of particles, a particle on a plane surface, in an incident Gaussian laser 

beam and orientation averaged scattering can easily be computed.” [96]

Orientational averaging is of special importance as noil-spherical particles in real 

samples are often randomly oriented [97].

Two important approximate methods generally used in electromagnetism are
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the finite difference and finite element technique. Both work by approximating the 

region of interest into discrete grids. This approach enables the study of complex 

shapes with these techniques but it also is one of their dangers. The discrete grid 

introduces artifacts due to the sharpness of its edges, called edge, step or staircasing 

artifacts. Hence, the grid size has to be chosen very carefully and the analysis has to 

consider these artifacts. Boundary based methods, like Mie theory and the T-matrix 

method, have the advantage that the symmetry of the system is incorporated into 

the equations and therefore, cannot show step artifacts. The boundary techniques 

also very fast compared to discrete methods. Their shortcoming and hence, the 

most interesting area for finite difference and finite element techniques are complex 

shapes for which no natural coordinate system can be found or for which the surface 

integrals and matrix entries in the T-matrix method become too unwieldy.

A further discrete space approximation method is the discrete dipole approxi

mation (DDA), in which a dipole is assigned to each grid point. One problem with 

the DDA is that retardation is not properly accounted for. Hence, its use is usually 

limited to the quasi-static regime.

Another method is flux-theory. In this theory the incident radiation flux is sepa

rated into a transmitted and a reflected part. If diffuse propagation is neglected this 

approach is called the two-flux method and if it is included it is called the four-flux 

theory (two specular fluxes and two diffuse ones) [98].

For very small clusters it is also possible to use quantum chemistry or solid state 

methods like density functional theory and linear combination of atomic orbitals 

(LCAO). These methods require substantial computer power for physically relevant 

systems (> 500 Atoms)



Chapter 3

LaBg particles as NIR absorbers

3.1 Introduction

The central frequency for SP resonances is defined by the material, as mentioned 

before. This frequency can then be influenced by shape, matrix and structural ef

fects. In this chapter material and shape influences are studied as a resonance in 

the NIR is sought.

The blocking of the NIR, between wavelengths of 720 nm and 2500 nm, is becoming 

an important technological and environmental issue. The reduction of the solar heat 

transfer into cars and buildings, mediated by the infrared radiation component of 

energy from the sun, is desirable as it would make cooling more efficient. It would 

reduce the energy demand for both air conditioning and for powered lighting, if 

daylight is not excessively blocked at the same time. Although this is especially 

true for warmer climates, the 2003 summer in central Europe has shown that these 

kind of structures are also of interest in milder climates, especially for cars. The 

focus is on the NIR because this region carries around 50% of the sun’s radiative 

power, and at the same time is not needed for daylight admission and view, which 

are of course the prime functions of a window. Glare and colour of transmitted 

and reflected light from a window must also be considered when designing a solar

27
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blocking system as these reduce visibility. In general, spectrally selective glazings 

are wanted that transmit more than 30% of the visible component of solar energy, 

and for some applications such as car windshields, as much as 75%. The latter is 

a benchmark from one of the longest standing examples of a simple NIR blocker, 

using moderately high iron glass. The amount of iron, however, must be limited 

because of its broad absorption band, which affects the visible spectral region.

Since it is most important to block the NIR in the range 750 nm to 1200 nm, 

there is a generic problem with nearly all blocking mechanisms used. The transition 

from a moderate or high transmittance in the visible to a low transmittance beyond 

the visible is never abrupt, but spans typically more than 150 nm. This means 

that in order to achieve maximum NIR blocking, an impact on the visible spectrum 

is unavoidable. Alternatively, the transition can be shifted to longer wavelengths, 

raising the solar heat gain while reducing the impact on the visible.

Tinted glass and some metal coatings, such as stainless steel, do not give the 

required spectral selectivity, while TiN and thin gold films on glass give partial se

lectivity, since their reflectance rises for wavelengths above 500 nm, meaning strong 

visible impact. The most commonly used conducting coatings on glass are trans

parent, but have the transition to rising reflection at much longer wavelengths of 

around 2000 nm. This means they do not block the solar NIR to a useful extent. 

They usually are pyrolytic coatings of tin oxide, while indium tin oxide (ITO) thin 

films give a similar response. A transition between 600 nm to 2000 nm in a single 

film is not in common use, though super-stoichiometric TiNi+x with x up to 0.3 

[99] almost shifts the transition out of the visible range. Multilayers of high index 

dielectrics and silver have become the most common means of achieving the desired 

spectral selectivity [100].

Two new approaches to NIR blocking, with visible transmittance, have recently 

become commercially available: nanoparticle doped polymer [54, 101, 102], which is 

the subject of this chapter, and co-extruded multilayer stacks of two or more differ

ent polymers of precise thickness [103]. In all cases of interest the aim is to maintain
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a sharp clear view, so dispersion or scattering of visible light, at least in the forward 

direction, is to be avoided. Scattering, however, can be tolerated in the NIR. When 

scattering is present it is also important to define the dominant directions into which 

scattered light is directed. In section 3.7 scattering properties will be presented in 

detail.

Since I am focussing on a spectrally selective absorption mechanism using nanopar

ticles, effects related to angle of incidence are a secondary concern. They affect at

tenuation but not the spectral properties. However, in the thin-film and multilayer 

systems noted above, account has to be taken of changes in both intensity and spec

tral distribution with angle of incidence. Directional impacts can strongly influence 

performance in many solar control glazing systems [104]. If these effects are visually 

disconcerting, it may be necessary to shift the normal incidence onset of blocking 

further into the NIR range, which reduces thermal performance.

The most interesting spectral region for solar blocking is at around 1000 nm. 

This follows because it is outside the visible region and has no impact on lighting 

from a window, in both intensity and colour terms. Figure 3.1 explains this by 

showing the spectral density of the sun after passing through 1.5 times the air mass 

and the photopic response of the human eye in the green, where its sensitivity is 

highest. The band centred at 1000 nm has the highest spectral density in the NIR- 

IR region and is sufficiently separated from the visible regions. Hence, materials 

with absorption bands at around 1000 nm are of particular interest for reducing 

radiative heat transfer from the sun. This reduction is one important contribution 

towards higher energy efficiency, as it reduces the load on air conditioning in cars 

and buildings. In the latter case the electricity consumption is reduced and in the 

case of cars the fuel consumption decreases.

It has to be said at this point that energy efficient applications are at least as 

important for more environmentally friendly living as the support and research of 

alternative energy sources. Especially a greater awareness of how to save and con

serve energy is needed and can contribute to a decrease in energy consumption. This
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Figure 3.1: Spectral density of the sun after passing through 1.5 times the air mass 

(solid line) and the photopic response of the human eye in the green (dashed line), 

where its sensitivity is highest.

would reduce waste production and/or greenhouse emission in standard energy pro

duction and the amount of expensive alternative energy sources, if those are being 

used. One thing that has to be considered in the production process is that the 

applications are produced in an appropriate way, so that the overall energy balance 

of the new application is better than older alternatives. This also includes questions 

about how much and how dangerous waste is created during the production.

What, kind of material is needed to achieve absorption in the NIR? Noble metal 

particles in air, water or plastics are absorbing in the visible, and even the use of 

higher index of refraction media does not shift the resonance into the NIR. A mate

rial with a lower free carrier concentration is therefore sought. Materials with such 

a reduced free carrier concentration include conductive oxides and quasi-metals.

One especially interesting group consists of the lanthanide hexaborides, of which 

lanthanum hexaboride (LaB6) is of special interest [105 107]. These belong to the 

quasi-metals and have been of interest for some time. LaB6 has been getting the 

most attention from this group, because it is of interest for other applications. One
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is as a calibration tool for powder diffraction, as it produces very sharp peaks, which 

allow a precise angle calibration (for example using a NIST LaB6 standard [108]). 

Another reason is its low work-function, prompting use for electron sources in elec

tron microscopes and possibly as an electron source for a free electron laser.

This chapter shows results for composite window systems with LaB6 NP. The 

particles were introduced into the polymer laminate of the window and were tested 

for their performances in the reduction of solar heat gain. The near-infrared absorp

tion, caused by the excitation of surface plasmons, was modeled using an average 

ellipsoid approach, including a size-induced broadening of the Drude part of the 

dielectric function. The resonance positions are well reproduced by this method, 

and the size effect broadens the bulk resonance to an extent observed in the sample 

spectra. Additional broadening and spectral features observed in the absorption of 

the samples are attributed to shape and orientation effects.

3.2 Transparent Oxides

The first materials used for NIR absorbers based on nanoparticles were the conduc

tive oxides antimony tin oxide (ATO) and indium tin oxide (ITO) [101]. These are 

oxides (more correctly written as SnO:Sb and InO:Sn) which provide free carriers 

through doping.

Figure 3.2 shows the caculated absorption coefficient of ITO and ATO nanopar

ticles across the solar spectrum for a volume fraction of 0.3% in a plastic medium 

(n = 1.5). As can be seen, due to the comparatively low carrier concentration, the 

SPR is pushed into the IR. The resonance for ITO lies at 2050 nm and for ATO at 

around 2600 nm. This means that the absorption in the NIR is happening mainly at 

the tail of the resonances, which in turn means that larger quantities are needed to 

achieve the same effect, as opposed to using a material which has its SPR closer to 

1000 nm. One advantage, though, is that these oxides have virtually no influence on 

the colour, exactly because the absorption is occurring only at the tail. Figure 3.3 

shows the calculated transmittance of a window with an undoped and ITO doped
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Figure 3.2: Calculated absorption coefficient of ITO (solid line) and ATO (dashed 

line) in a medium with n — 1.5, based on the quasi-static sphere model with a 

volume fraction of 0.3%.

PVB laminate between clear glass panes. This allows for a direct comparison with 

the measured transmittance of the LaB6 samples shown in figure 3.8. In LaB6 the 

resonance is so close to the visible that there is a spilling effect into the visible red, 

resulting in a colouring of the window, as will be discussed in the next sections.

Another candidate from the transparent oxide group is aluminium doped zinc 

oxide, ZnO:Al. ZnO is a material which has received increasing attention over recent 

years because of its biological compatibility, wide band gap and as possible substrate 

for GaN. Some people see it as a serious contender to become the main wide band 

gap material in the future.

Our interest here is in the aluminium n-doped ZnO, of which sputtered thin films 

have been used for solar applications some years ago [2, 109]. To use nanoparticles 

made of ZnO:Al seems to be a logical follow-up.

Particles with three different doping levels are studied. They are provided by the 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) and were 

produced and doped by wet chemistry. Figure 3.4 shows the theoretical SPR in the 

extinction efficiency of ZnO:Al at 2000 nm, calculated with Mie theory for a sphere 

with R = 50 nm, nmeciium =1-5 and using the optical data from Ref. [2] for an A1
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Figure 3.3: Calculated spectral transmittance of an undoped and ITO doped PVB 

laminated window, using the same clear glass sheets as in Fig. 3.8

content of 2.14 atomic%. The transmittance of the CSIRO samples can be seen in 

figure 3.5. There is some evidence for a feature at around 2400 nm but it is surpris

ingly weak and only shows up more clearly in the inset zoom. One explanation for 

the lack of the SPR is that there are almost no free carriers in the CSIRO samples. 

A reason for this could be that the aluminium is not properly incorporated into the 

ZnO lattice at active sites, namely replacing the zinc. Another possibility is the 

formation of a composite of the respective metallic oxides and that the majority of 

the A1 atoms are bound in alumina rather than in the ZnO lattice. As this compos

ite consists of nonconductive oxides it is not surprising that there is no SPR.. It is 

possible that the energies in the wet chemistry process are not sufficient to enable 

the A1 to be incorporated into active lattice sites. One interesting result is that XPS 

analysis did not show any A1 at all, whereas EDX performed in an SEM confirmed 

the presence of Al. An explanation for this is that the surface of the particles is A1 

depleted up to the penetration depth of the XPS. A reason for this behaviour still 

eludes us, although the precise nature of the chemical production could be respon

sible, but further measurements would be necessary to confirm this.

Another observation that can be made from figure 3.5 is that the strongest ab

sorption at 2400 nm is actually from the lesser doped sample, which suggests a
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Figure 3.4: Mie theory calculation of extinction efficiency of a ZnO:Al sphere with 

R = 50 nm and nmedium — 1.5. The optical data are taken from Ref. [2] for an A1 

content of 2.14 atomic%.
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Figure 3.5: Transmittance of ZnO and Zno:Al particles in a polymer film on a quartz 

glass slide. The films have a particle concentration of 20 weight % and the A1 content 

of prep 2 is larger than that of prep 1. The inset shows the region where the SPR 

is expected in more detail (see also figure 3.4).
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self-compensation effect, as is known, for example, in the p-doping of GaN with Mg 

[110]. This means that the increase of the A1 content beyond a certain threshold 

results in the positioning of the A1 at lattice sites which compensate the n-doping 

effect of A1 on a Zn site.

3.3 Synthesis of the LaBq nanoparticles

The LaBo particles were produced by Sumitomo Metal Mining Company, Ltd. us

ing ball-milling. This production method is probably the one with the highest 

commercial interest, due to its enormous throughput capabilities, which eclipse any 

chemical route at the moment. The disadvantage with milling is that the size and 

shape distributions are rather broad. The huge forces involved in milling also raise 

the question of the introduction of defects and mechanical faults into the particles. 

Milling to the small sizes used here (< 3 /im) requires extra effort, in this case the 

use of nanoparticles of Zr02 as milling agent. This, as well as the presence of small 

fragments of metal from the vessel, creates the additional problem of contamination. 

But as the band gap of Zr02 is larger than 4 eV [111, 312], it is transparent in the 

visible and NIR region.

The actual window samples consisted of a composite structure of two PPG- 

Clear©glass sheets (d = 2.3 mm) with the nanoparticle doped polyvinyl butyral 

(PVB) laminate sheet (d — 0.8 mm) sandwiched between. The nanoparticles are a 

mixture of LaBe and Zr02, with a ratio of 1:2.

3.4 Characterisation

The windows, provided by Solutia Inc., looked very clear with a greenish tinge and 

showed only a slight blueish haze at oblique angles, indicating a particle size (of 

both LaB6 and Zr02) small enough to prevent most scattering. TEM analysis of 

the laminate, of which example images are shown in figure 3.6, and scattering mea

surements with an integrating sphere further confirmed that the sizes present did
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Figure 3.6: Example TEM images of a PVB sheet, doped with 0.015 weight % of 

LaB6 nanoparticles (contamination Zr02 particles are also visible).

not lead to scattering. The analysis yielded a size range of 20 nm to 200 nm [113] 

and a broad range of shapes for the nanoparticles. The images also clearly show 

that the system is quite dilute. The significance of the range in size and shape and 

the dilute state will be further explained in section 3.5.

As a comparison, figure 3.7 shows SEM images of the concentrated particles dried 

directly from solution. The shapes look more like grains of sand in these images. 

This difference could be due to the much higher concentration in the SEM image 

which might blur some of the size and shape differences due to particle overlap.

The optical properties were determined with a CARY UV-vis-NIR instrument. 

Figure 3.8 shows the normal incident transmittance of the window samples for dif

ferent weight % of nanoparticles and an undoped sample. Only the SPR absorption
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Figure 3.7: High resolution SEM image of the Lab6-Zr02 nanoparticle powder mix, 

as dried from solution.

dip near 1000 nm is due to the LaB6 nanoparticles, whereas the other clips are in

trinsic to the PVB, as can be verified by a comparison with the clear PVB sample.

The internal transmittance of the laminate Tiaminate was calculated using an exact 

formula [114] for the complete window structure. The extinction coefficient of the 

LaBg nanoparticles was calculated from the internal transmittance of the laminate, 

using a simple linear approach:

laminate = TPVB * e~aLaBs 'd, (3.1)

where tpvb is the internal transmittance of PVB, ctLaB& is the extinction coefficient 

of LaB6 and d is the thickness of the laminate. Following the findings from the TEM 

images and the absence of haze, I concluded that the extinction was almost purely 

due to absorption. Hence, a was treated as an absorption coefficient.

I also found a noticeable shift of the plasmon resonance for two orthogonal polar

isations along the principal axes of the samples, whereas there was no birefringence 

evident in the undoped sample. Figure 3.9 shows the absorption coefficient for 

the two polarisations, calculated from equation 3.1. The greenish colour shown by 

the samples is well explained by this figure as the absorption trails into the visible
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Figure 3.8: Spectral transmittance of the full set of LaB6 doped PVB laminated 

windows, including one window with undoped PVB. The insert shows the sandwich 

structure of the samples, consisting of the doped PVB sheet between two clear glass 

sheets.
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Figure 3.9: Measured and modeled absorption coefficient as a function of LaB(i 

concentration in PVB. Modelling is for two perpendicular incident polarisations 

using tow different depolarisation factors in a spheroid.
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red region. Figure 3.9 also depicts the results of theoretical calculations using the 

Rayleigh limit of Mie theory as shown in equation 3.2. The use of the Rayleigh limit 

is justified by the size range, as already mentioned in the discussion of the TEM 

images. Despite some larger particles, the mean of the size distribution is deter

mined to be at most 80 nm. For greater sizes, scattering starts to contribute more 

and the samples would exhibit significant haze. As well as neglecting scattering for 

the modelling of the transmittance, the system was dilute enough (see figure 3.6) to 

exclude particle-particle interactions.

3.5 Modelling of the optical properties

The basis of our model is the quasi-static or Rayleigh approximation of the Mie 

theory (see section 2.3.3), its use being justified by the determined sizes. The TEM 

images and the shift of the resonance for the different polarisations show that spheres 

cannot be used as model particles. A precise theoretical treatment would demand 

an accurate knowledge of the size and shape distributions, using, for example, TEM 

micrographs. An approximate approach is to use the absorption of an ellipsoid in 

the quasi-static limit, given by [63]:

where / is the volume fraction, A is the vacuum wavelength, Im denotes the imag

inary part, £ the respective dielectric functions and L is the depolarisation factor. 

£pvB was determined to be close to 2.15. The depolarisation values for the two 

perpendicular directions were found to be L\ — 0.224 and L2 — 0.264, respectively.

position is very sensitive to changes in L, the values found did not allow for much 

variation, resulting in an error for L of AL = 0.003. For the dielectric function of 

LaB6, I use the data from Gurin et al. [107]. A second reference was compared [106] 

and though there were differences for energies greater than 2 eV, possibly due to 

sample production and preparation, the reflectance data showed little difference in

(3.2)

These values were used for the model curves shown in figure 3.9. As the resonance
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the energy region below that value, which covers the region of interest. I choose the 

Gurin et al. [107] data as they provide the actual dielectric function. The existence 

of non-spherical particles, though making the theoretical description more difficult, 

actually has an advantage as it red-shifts the SPR further into the red with respect 

to the LaB6 sphere resonance in PVB, which is at around 900 nm. This would shift 

the absorption more into the visible and therefore reduce its potential as a trans

parent NIR absorber.

Using the bulk data in the models directly produced a much narrower and 

stronger absorption than found in the experiment. Additional broadening can have 

multiple origins, including a decreased relaxation time due to small particle size and 

a distribution of sizes and shapes.

The TEM images show particles with a size smaller than 50 nm. This is the value 

below which a size dependent increase of the relaxation time is expected in LaB6, 

as calculated by equation 2.5 with the parameters vp = 1.7 • 106 ms-1 [115, 116], 

up = 4.3 eV and — 0.4 • 1014 Hz. A simultaneous best fit to the experimental 

data for all concentrations gave R/A=10 nm, so broadening and reduction of res

onant strength are larger than expected from physical size alone. The inclusion of 

a size distribution did not significantly enhance the quality of the fit. The volume 

fraction was adjusted during the fits but only within a range which was consistent 

with errors in the experimental concentrations.

The volume fractions gained from fitting the model to the experimental data are 

compared to the ones calculated from the given weight fractions in table 3.1. The 

values are very close, especially considering this simplified approach. As can be seen 

from figure 3.9, the magnitude of the absorption cannot be reproduced exactly, but 

the peak positions and resonant shapes are well described.

At the high energy side of the resonance a second structure is evident. This can

not be due to interband transitions as the complete experimental dielectric function 

was used which includes these transitions. Those transitions are therefore already 

present in the calculations. The most likely explanation seems to be further shape
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Table 3.1: Comparison between the actual concentration values and the values 

gained from the model of the nanoparticle doped PVB sheet.

nanoparticle weight

in % from samples

LaB6 volume

in 10~3 % from samples

LaB6 volume

in 10“3 % from model

0.01 1.4 1.2

0.015 2.2 1.8

0.02 2.9 2.6

0.025 3.6 3.4

0.03 4.3 4.1

effects through contributions with an L value of around 0.600. This is close to what 

is expected if some particles have their long axes not parallel to the laminate plane.

A different explanation is the occurrence of quadrupole peaks. An argument 

against this explanation is that the shoulders in figure 3.9 are not equally strong for 

the two polarisations which should be expected if they really are due to quadrupole 

excitations.

3.6 NIR and Solar Performance

The standard parameters used to measure window energy performance and day

lighting capability are the solar and visible transmittance and the solar heat gain 

coefficient (SHGC). Their dependence on the optical and structural properties of 

the window can be easily derived from glass and laminate spectral data and the 

particular glazing configuration [114]. The solar transmittance Tso[ is the integrated 

spectral transmittance of a window, weighted with the normalized solar energy dis

tribution spectrum. The visible transmittance Tvis is calculated in a similar way, 

though this time the transmittance is weighted with the pliotopic response of the



CHAPTER 3. LAB6 PARTICLES AS NIR ABSORBERS 42

human eye.

For normal incidence Tvis and Tsoi can be calculated by the following formula:

fT(X)X(X)dX 
fX(A) dX

(3.3)

where X represents the weighting function, which is either the solar spectrum S(X) 

for direct radiation after passing through 1.5 times the perpendicular atmospheric 

thickness (AM 1.5 solar spectrum) or the photopic response of the human eye V(X). 

The range of integration was from 300 nm to 2500 nm.

The SHGC accounts for the directly transmitted solar energy plus the heat which 

is re-emitted in a forward direction after absorption by the window. It is calculated 

by the following relationship:

SHGC = Taol + IfT , (3.4)
K

where U is the thermal heat transfer coefficient as defined by the American Society 

of Heating, Refrigerating and Air Conditioning Engineers [101, 117] and hQ is the 

thermal conductivity of the outer surface of the complete window.

An index of “light coolness”, defined as:

K* = T
SHGC ’

(3.5)

can be introduced as a parameter which combines information about both lighting 

and heat. A more thorough treatment of these solar parameters can be found, for 

example, in Ref. [101].

As an indication of the performance parameters of interest, windows are sought 

with spectral selectivity and thermal properties which ensure both >1.8 and
* sol

K* > 1. For good light supply these are combined with TViS > 0.45. These three 

inequalities give a reasonable 3-number benchmark and allow for some glare man

agement. In hot and very bright climate zones, architectural glazing with TVIS as 

low as 0.30 might be considered, depending on external shading, but the other two 

minimum ratios should be maintained, which would thus require Tsoi < 0.15. This 

performance range is also achievable with nanoparticle glazings.
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Table 3.2: Visible and solar transmittance (Tms, Tso/), SHGC, K* and (x,y,z) 

colour coordinates for the window systems studied, containing different concentra

tions of LaB(i and the ITO example shown in figure 3.3.

nanoparticle weight in % TM VIS TSol Tvjs
Tsoi SHGC K* colour (x, y, z)

0.000 0.817 0.683 1.196 0.736 1.110 (0.312,0.333,0.354)

LaB6 0.010 0.726 0.505 1.438 0.618 1.175 (0.318,0.345,0.337)

0.015 0.678 0.433 1.566 0.571 1.187 (0.321,0.351,0.328)

0.020 0.624 0.366 1.705 0.527 1.184 (0.325,0.359,0.316)

0.025 0.575 0.314 1.831 0.493 1.166 (0.328,0.366,0.306)
0.030 0.530 0.274 1.934 0.466 1.137 (0.331,0.372,0.297)

ITO 0.2 0.858 0.596 1.439 0.683 1.258 (0.343,0.357,0.300)

It is not essential to achieve these ratios through the optical response of the 

nanoparticle-doped polymer layer alone. The doped polymer is commonly com

bined with tinted and coloured glasses to achieve the desired final performance 

indices. However, the nanoparticle-doped layers, on their own or with clear glass, 

should ideally achieve high solar performance values to allow the greatest range 

of energy-efficient and glare-management possibilities when combining them with 

various types of glass. There is also considerable scope for adjusting performance 

parameters via change of nanoparticle concentration, which will be demonstrated.

Related to the last issue is the final set of performance parameters that should be 

determined to get a complete picture. These are the colour coordinates (x,ry, 2), or 

(L,a,b) if brightness is also an issue [118], for transmitted or reflected light. They 

are determined, using standard algorithms, from T(A) and R(A) plus a standard 

observer response and the incident illuminant, which in this case is daylight [118].

The results for Tvis, Tso/, Jp*4, SHGC, K* and the colour coordinates (x,y,z), 

of the different concentrations of LaB6 and the ITO example shown in figure 3.3, 

are summarized in Table 3.2. When compared to ITO, LaB6 has clearly the higher 

impact per particle in terms of NIR solar energy attenuation because its SPR is close
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to where the solar NIR is strongest. The penalty, as seen in the table, is the impact 

on the magnitude and, to some extent, the colour of visibly transmitted radiation. 

ITO on the other hand has an almost negligible impact on the visible properties. 

In terms of the three simultaneous criteria > 1.8, K* > 1 and Tvis > 0.45 listed
sol

above, these are achieved for the 0.025 wt% and 0.030 wt% LaB6 samples, whereas 

Tvis ?^0.3 for glare and even better heat control would need higher concentrations.

As can be seen from Table 3.2, Tsoi drops for LaB6 with increasing concentra

tion, as expected and intended. It might be preferable if the correlated drop in 

Tvis, which means decreasing daylight factor and enhanced darkening, were weaker 

but nevertheless increases noticeably with increasing concentration. The ab

sorption coefficient in figure 3.9 details the reason for the visible impact, it being 

the high-energy tail of the SPR, peak which trails into the visible red. This could 

be remedied by either pushing the resonance peak further into the infra-red, which 

can be achieved by increasing the non-sphericity, or by narrowing the resonance. 

The latter presents a bigger problem as it seems that the width is caused mainly 

by the reduced mean free path of the conducting electrons in the small particles. 

To increase the size, in order to increase the mean free path and hence, reduce the 

broadening, would add quite a bit of haze. Size is thus a crucial issue in these 

systems. Even for particles with a diameter less than 80 nm one needs to consider 

scattering issues, especially their spectral variation, which are addressed in the next 

section.

3.7 Scattering and Haze

There are two kinds of scattering which 1 will distinguish in the following discussion. 

The first one, Rayleigh scattering, occurs for every particle, conductive or not and is 

a purely geometric process for which the total size of the particle is the only defining 

parameter. This allows for relatively easy control, as the particle sizes have only to 

be small enough not to scatter. Due to the geometrical reasons for Rayleigh scatter

ing, namely the relative size of the particle with respect to the incident wavelength
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A, it is strongest for the shorter wavelength. In fact the scattered intensity scales 

with A“4, as was already discovered by Rayleigh in 1871 [63].

The other form of scattering is caused by the surface plasmon resonances in con

ductive particles. If the particles are becoming large enough, they start to scatter 

at the plasmon resonance wavelength instead of absorbing the light. This form of 

scattering occurs at much smaller particle sizes than Rayleigh scattering and can 

be quite detrimental for many applications, especially if those rely more on SPR 

absorption than scattering.

Apart from the material requirements of the two kinds of scattering considered, 

another way to distinguish between those is via the characteristsic, resonant peak 

structure in SPR scattering versus smooth changes with wavelength in Rayleigh 

scattering

One property which should be mentioned in this respect is spectral selectivity, 

which can suffer substantially from scattering as scattering peaks tend to be broader. 

Furthermore, particles that scatter usually show already multipole resonances, de

creasing spectral selectivity even more. This is further explained, using metallic 

nanoshells as an example, in section 5.2.3.

Figure 3.10 shows scattering efficiencies for single LaB6 spheres of different diam

eter as calculated by A4ie theory. The scattering was calculated with an appropriate 

size correction of the Drude part of the dielectric function, as explained in sec

tion 2.3.1. The inset shows the fraction of scattering to total extinction efficiency 

as a function of sphere diameter at a wavelength of 500 nm. These plots demon

strate two important features pertinent to SPR nanoparticles, firstly, as expected, 

an increased problem with visible haze for larger particles and secondly, the fact 

that scattering is much stronger in the NIR than at visible wavelengths, i.e. the 

scattering strength is spectrally centered at the SPR peak. Thus, it is possible that 

visible scattering can be tolerable even if NIR. scattering is significant.

In general, as mentioned above, scattering reduces the spectral selectivity con

siderably. This is especially true when the particles are becoming so big that they
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Figure 3.10: Theoretical scattering efficiency of spherical LaB6 nanoparticles em

bedded in a polymer with refractive index n = 1.47 for sizes ranging from 50 nm to 

200 nm diameters. The inset shows the ratio of scattering to absorption efficiency 

at 500 nm as a function of the sphere radius to highlight the increasing influence of 

scattering for larger spheres in the visible.

support multipoles in addition to the standard dipole response. In that case the 

extinction efficiency spectra, which are dominated at this stage by scattering, are 

becoming so broad that the systems cannot be considered spectrally selective any

more [119]. However, plasmon resonant scattering is not necessarily a problem, 

provided that the resonance is not in the visible and that no multipole contribution 

spills over into the visible. The Rayleigh scattering, on the other hand, is always a 

problem, as it occurs in the visible-blue spectral region and hence, always introduces 

visible haze.

Following this argument, figure 3.10 can also be used to get an indication for the 

upper sizes present in the clear samples. The studied samples show only a small 

amount of visible haze at oblique angles, and no scattering is noticeable at normal 

incidence. The size range is quite large and goes from around 20 nm up to 200 nm, 

as determined by TEM [54], I estimate from the scattering that the mean size is at 

most 80 nm, because bigger particles would introduce visually detectable (Rayleigh)
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Figure 3.11: 4n corrected calculated backscattering efficiency for the same LaB6 

spheres shown in figure 3.10, nmedlum = 1.47.

scattering. The Zr02, which is present as a contaminant, shows typical Rayleigh 

scattering behavior below 400 nm and contributes approximately the same amount 

to visible scattering below 400 nm as the LaB6 for a sphere diameter of 200 nm. 

Following the same argument as for the LaB6, I conclude that the mean size for 

Zr02 is below 100 nm, to explain the complete lack of visible scattering for normal- 

incidence viewing.

A special feature of haze from nanoparticle doping is haze in reflectance or 

backscattering, compared to that in transmittance. Figure 3.11 shows the backscat

tering efficiency for the same LaB6 spheres considered in figure 3.10, corrected by a 

factor of 1 /4tt with respect to the historical definition of backscattering. With this 

correction, as per the argument in the chapter about angular dependence of scatter

ing of Boliren and Huffman [63], figure 3.11 represents the backscattering efficiency 

into unit solid angle. Figures 3.10 and 3.11 can then be compared.

For the present case of scattering from single spheres, the Rayleigh and plasmon 

scattering behave in different ways as the particle size changes. The ratio of forward 

and backward scattering components of the Rayleigh scattering is much more sensi

tive to the particle size than in the case of SPR scattering. To ascertain the amount

\
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Table 3.3: Relative forward scattering intensity TfSi as defined in Eq. 3.6, for iso

lated LaB6 spheres at 350 nm (Rayleigh scattering) and 1000 nm (SPR scattering)

diameter (nm) Tfs@A = 350 nm Tfs@A — 1000 nm

10 1.014 1.001

50 1.439 1.010

80 3.108 1.025

100 8.477 1.040

200 98.454 1.524

of light scattered in the backwards direction relative to that scattered in the forward 

direction, the scattered intensities / at the scattering angles 0 = 0° (forward scat

tering) and 0 = 180° (backward scattering) have to be used. The relative forward 

scattering intensity Tps at a given wavelength can then be defined as:

IfFS
0=0°)

^1(0=180°)
(3.6)

where a value of 1 would indicate equal forward- and backscattering, as in the case 

of isolated particles in the quasi-static limit.

Table 3.3 shows the values of 2As for the LaB6 spheres considered in figures 3.10 

and 3.11 at the wavelengths 350 nm (Rayleigh scattering) and 1000 nm (SPR scatter

ing). As can be seen from these results, the SPR scattering is surprisingly symmetric, 

even for the larger particles. In contrast, the Rayleigh scattering is dominated by 

forward scattering already in medium sized particles.

This implies, that even with 200 nm particles not much visible haze may be 

detected in reflectance, despite strong plasmon backscattering, because that occurs 

only in the NIR. However, due to Rayleigh scattering transmitted light will be no

ticeably scattered. Hence, one needs to make sure to keep the particles sizes small 

enough to prevent impairment of the view.

Finally, the results from this section show that in the present case the resonant
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scattering is beneficial as it reduces transmittance even further than absorption 

alone, and that in the spectral range that needs to be blocked anyway.

3.8 Conclusion

It can be seen from figure 3.9 that the positions of the SP resonances can be modeled 

very well using just an average ellipsoid approach. The existence of non-spherical 

particles is pushing the SPR to longer wavelengths, increasing the potential as NIR 

absorber. Shape and magnitude of the resonance are not explained by the dielectric 

data from Gurin et al. [107]. A size dependent broadening of the Drude relaxation 

time was used to include size effects, which improved the consistency of the model 

with the data. Including some particles oriented with their long axis tilted to the 

laminate plane may further improve the model. The remarkable feature is the at

tenuation achieved with such a dilute array.

What can be seen from figures 3.10 and 3.11 is that the scattering that is due to 

the SPR is at a similar wavelength to the SPR absorption peak and that it red-shifts 

with increasing size. Hence, this strong scattering does not prove to be a problem as 

it occurs only in the NIR. It actually helps to reduce the radiative heat transfer, since 

it is as much backscattering as forward scattering. If the particle size becomes too 

large, though, like in the 200 nm curve in figure 3.10, the short wavelength Rayleigh 

scattering conies into play and the typical bluish haze starts to affect visibility.

As is shown in section 3.7, the forward to backward scattering intensity ratio 

behaves differently for the Rayleigh and SPR scattering. Whereas the Rayleigh 

scattering starts to show the typical forward asymmetry for the sizes studied here, 

the SPR, scattering still remains almost completely symmetric, even for larger par

ticles.

1 demonstrated that bypassing the tedious problem of determining size, shape 

and orientation distributions for non-spherical particles, by making the assumption 

that the particles are all the same, works quite well and is supported by the match 

in the SPR width. This approach yields effective depolarization factors C, which are
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valid for a given production process and make it possible to calculate the absorption 

coefficient without having to determine distributions. If some ordering is taking 

place, as is the case in the LaB6 samples studied here, one can extend that approx

imation by assuming perfect alignment of the particles. Of course this changes the 

effective C values but they should still be unique for samples produced by the same 

process and under the same conditions.

The reduction of the mean free path of the conduction electrons has to be con

sidered for conductive nanoparticles of sizes studied here. This reduction essentially 

increases the broadening of the resonance peak with respect to results based on bulk 

data.



Chapter 4

Self-assembled gold NP films

4.1 Introduction

This chapter examines structural and embedding media influences on the optical 

properties of self-assembled gold NP films crosslinked with dithiol molecules. Be

sides the material itself the main parameters in determining the spectral position of 

the SPR are structural and matrix effects. By structural effects 1 mean the shape 

of the particles, as well as the relative positions of particles with respect to each 

other, if they are close enough to interact. Whereas the films considered in the 

previous chapter were dilute enough for particle interaction not to take place, it is 

of importance in this chapter. Shape effects of the particles itself, on the other hand 

do not play a role here.

Rational design of composite materials with nanometre scale features can, in 

principle, be achieved in two ways, first by structuring and dissection of larger 

pieces (top-down) or by assembling from smaller structures (bottom-up). While 

top-down methods are usually better understood and more controllable, bottom-up 

approaches are in principle to be favoured, if the structures can be achieved in a very 

targeted, unambiguous way. One bottom-up approach that has been increasingly 

used over recent years is self-assembly (SA). It uses the natural chemical attraction

51
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between certain molecules and other molecules, thin films or nanoparticles. Under 

controlled conditions, especially with no contamination, self assembly can yield very 

reliable results. As SA is dependent on chemical interaction, it is currently limited 

with respect to the materials that can be built up into a self assembled structure.

One well established self-assembly system uses functional linker molecules on 

gold surfaces. The first approach was to create self-assembled monolayers (SAM) on 

planar gold substrates and those systems have been studied extensively in terms of 

electrical and structural properties, as well as questions about the precise location 

of bonding sites [120-123]. For a recent review see for example Ref. [124].

The next logical step is to use gold nanoparticles, held together by the functional 

molecules, as the basic units in the self-assembly process. This allows the overall size 

of the SA system to be reduced. While this article will only deal with the nanopar

ticle approach, some of the issues that were studied for SAMs on gold substrates 

are also of interest for the case of cross-linked nanoparticle films. The interaction 

between the linker molecule, especially the head group and conduction electrons in 

the gold, is probably the most significant one [125- 128]. In principle, the molecule 

could trap electrons or form additional scattering channels for hot electrons or sur

face plasmons [52, 53]. The main effect of this is an increased broadening of the 

particle’s surface plasmon resonance, which is observed. Broadening can, however, 

also be due to other mechanisms as will be discussed in section 4.6.

The use of the linker molecules to create nanoparticle films creates an important 

additional ability, apart from enabling self-assembly: It prevents the aggregation of 

particles and inhibits a percolation of the metallic phase, as the linkers form well 

defined spacers between the particles. This, in turn, allows the creation of struc

tures with a comparatively high volume fraction of metal without creating so-called 

“gold blacks” [129]. These are black due to dendrite-like, percolated or touching 

aggregates of gold particles and have quite different optical properties to either bulk 

gold, dispersed nanoparticles [130], or SA gold films.

The percolation in the metal phase can also be stopped by using dielectric coat
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ings on gold particles [131, 132], which can be deposited to form close packed par

ticle arrays. However, the cross-linking method can provide controlled variations in 

self-assembly structures, by the choice of different molecules, while particle coating 

techniques rely purely on geometric (excluded volume) interactions, and are there

fore confined to hexagonally close packed systems [131-134] with coating thickness 

(metal particle separation distance) the only variant.

Previously reported applications of organically cross-linked gold nanoparticle lay

ers include gas sensors [135] and actuators [136]. Both of these applications rely on 

the electrical properties of these films, which are studied in detail in Refs. [135-140]. 

A model for the electrical properties which has been explicitly compared to the films 

presented here is given in Refs. [141, 142], The organic molecule’s conductance and 

its coupling to the metal are the key influences.

The main aim in this chapter is to explain the link between variations in specific 

structure of the composite and changes in optical properties. Because this correla

tion can be quite strong, a comprehensive knowledge of the actual structure on the 

micro- and nanoscale is not only helpful but necessary. I present a comprehensive 

analysis of the nanostructure of systems consisting of gold nanoparticles which are 

crosslinked with a, cu-alkane dithiol molecules. High magnification SEM images for 

the different linkers will show that the solid phase of these samples consists of a gold- 

dithiol composite, whose internal structure is defined by the different linker lengths. 

The complete film is mesoporous with networks of nanometre sized voids plus the 

solid phase composite. Optical properties for these kind of structures can often 

be described by effective medium approximations (EMA). The main requirement 

for EMA to work is that the constituent elements of the composite are somewhat 

smaller than the wavelength of the probing light (typically < A/10). This ensures 

that the local electric fields of the illuminated composite, averaged or homogenised 

over a sufficiently large volume, achieve a constant value independent of the par

ticular volume which they are averaged over, and associated with this that there is 

no observable scattering or diffraction. That is these films are specular not diffuse.
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The constituent grains in effect see an almost constant electric field at any one time 

instant. Thus EMA is also often called a quasi-static approximation, as average 

dielectric properties can be found using electrostatic models but with optical fre

quency dielectric constants.

These conditions are found in a surprisingly large number of composites, so 

that EMA have become established as powerful techniques over many decades. A 

good understanding of the microstructure of the composite is needed before choos

ing an established EMA model or carrying out computer simulations. This is a 

very important point, as the influence of the structure is not evident in the actual 

EMA equations, which can always be reduced to a universal form [143]. Geometry 

is implicitly incorporated by the use of different assumptions in the derivation of 

the different EMA schemes and formulas. These assumptions ultimately just in

fluence particular parameters in the generalised composite response, which means 

that obtaining good fits to data may be misleading if this is not understood and all 

geometric parameters are not predetermined.

Samples presented here in detail were prepared by solution aggregation [144], not 

by the more widely used layer-by-layer method [56, 135, 138, 139, 145, 146]. The 

suggested models can, however, be simply adapted to the layer-by-layer deposited 

films.

A point of general interest in effective medium theory is also answered, possibly 

for the first time, in these films. This question is: are multipoles and symmetric and 

anti symmetric mode splitting important in denser random arrays of metal nanopar

ticles with fill factors over 40%? The only work in this to date has utilised lattice 

calculations [147, 148] and based on them I would say yes. More general arguments, 

based on the random unit cell concept [79], indicate that as long as the particles are 

kept apart and randomly distributed, only dipoles play a role up to quite high fill 

factors, as the randomness cancels higher order modes. This in turn means Maxwell 

Garnett models should remain valid. Short linker molecules enable exploration of 

this high fill factor domain.
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Closely spaced non-touching arrays have also been achieved recently [132] by 

using gold nanoparticles coated with a dielectric shell. Due to the symmetry of that 

system, multipole effects are starting to contribute at volume fractions of 40% and 

above, causing the MG model to fail. These high symmetry structures could be 

better explained by using GMT.

The main difference to the samples studied here is the long-range order, which 

is absent in our samples. Complete models for random dense arrays of spheres have 

not been formulated yet, but simple symmetry arguments, as well as our data and 

models, indicate that multipoles may not be found until almost touching densities, 

or in more regular structures.

4.2 Synthesis

There are two main routes to depositing thin films of matter made up of organically 

linked gold nanoparticles. The one used by most groups is the layer-by-layer (LBL) 

assembly [56, 135, 138, 139, 145, 146] the principle of which can be seen in Figure 4.1 

(a). A functionalised glass slide is immersed in a gold colloid solution to create the 

first gold particle layer. Subsequent layers are created by immersion of the single 

layer in solutions of bi-functional organic cross-linkers, like dithiols (other exam

ples are: 2-mercaptoethanol, 2-mercaptoethylamine, poly(vinylpyrrolidone)) and a 

subsequent immersion in the gold colloid solution, with rinsing steps in between 

[56, 146]. Linker bi-functionality is needed to ensure actual cross-linkage between 

particles, as opposed to just capping the particles with an organic monolayer, as is 

sometimes used to prevent aggregation. A repetition of these steps builds a multi

layered film, consisting of SA cross-linked gold nanoparticles.

The solution aggregation approach [81, 136], as seen in Figure 4.1 (b), is simpler, 

because it does not need multiple steps to form the film. In this case the gold col

loid, prepared by the method of Brust et al. [149, 150] is mixed directly with the 

bi-functional molecule solution [144]. The films are created by vacuum filtration of 

the mixture through a nanoporous substrate. Prior to this filtration the mixed soln-
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Figure 4.1: Two different schemes to prepare films of organically cross-linked gold 

nanoparticles, a) layer-by-layer (LBL) method, b) solution filtration method

tion is allowed to aggregate only for up to 15 minutes, to prevent total flocculation 

or the formation of too large composite clusters. On the other hand a minimum 

size for the pre-formed clusters is needed, to prevent the composite from passing 

through the nano-pores. The latter issue determines the minimum aggregation time 

which was used in creating the samples studied here [81, 136]. The timing of the 

aggregation step is very important as it determines the extent of cross-linkage and 

size of the pre-formed gold-dithiol composite [151, 152]. The filter is a nanoporous 

membrane, either polycarbonate [144], or for the cross-section analysis a more rigid 

porous alumina substrate [81]. The gold nanoparticle films, formed on the surface 

of the substrate, have a size of 3 cm2 and are air-dried at least overnight before any 

characterisation was conducted. Films of different thickness for this approach are 

prepared by filtrating different amounts of solution to determine the final amount of 

deposited mass. The films are quite stable under normal conditions (in air at room 

temperature).

Table 4.1 shows the filtrated volumes and resulting thicknesses of the films for 

the three studied linker lengths: C2 (0.94 nm), C8 (1.69 nm) and C15 (2.58 nm)
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dithiol. The thicknesses were extrapolated from two cross-section SEM measure

ment (denoted with an asterisk in the table) based on the assumption that the film 

thickness is proportional to the filtrated volume. The thicknesses t for the C2 film 

were extrapolated on the assumption that thickness increase between films with dif

ferent linker molecules is proportional to the chain length, based on the following 

empirical result:

almost halves the chain length and going from C8 to C2 quarters the length, hence, 

I assume a thickness increase from C2 to C8 of 27.4%:

Changes in the micro- or nanostructure between the different chain lengths may 

arise due to changes in the gold-linker-gold configuration for different chain lengths. 

This will alter the thickness relation over that for the simple straight linker length 

used in the above approximations. The volume fractions of the void phase in the 

gold-linker medium, extracted from the optical models, are described reasonably 

well within the two-level EM A approximation used.

4.3 Structural characterisation

The structural features of composite materials play a crucial role in determining the 

average properties of the composite. They are as important as the properties of the 

constituent materials. It is therefore highly desirable to have as much information 

about the actual micro- or nanostructure as possible. Scanning electron microscopy 

(SEM) images were taken with a LEO 1550-VP hot Schottky field emission gun 

SEM (FEG-SEM) under high vacuum conditions and acceleration voltages of 10 

and 12 kV. The samples, apart from the very thinnest ones, were conductive enough 

to prevent local electron beam charging, so that coating was not necessary.

This relation means that the thicknesses of the C15 films increased by an average 

of 13.7% with respect to the thicknesses of the C8 films. Going from C15 to C8

tcs

tc2



CHAPTER 4. SELF-ASSEMBLED GOLD NP FILMS 58

Table 4.1: Film thicknesses based on extrapolation from cross-section analysis (as

terisks denote actually measured cross-sections)

Filtrated volume (ml) C2-dithiol (nm) C8-dithiol (nm) C 15-dithiol (nm)

0.1 4 5 6

0.2 8 10 11

0.5 19 24 27

1.0 38 48 55

2.0 75 96 109

3.0 113 144 164

4.5 150 193 219

5.0 188 241 273

7.5 281 360* 410*

10.0 376 481 547

Films prepared after aggregation in solution can be roughly categorised in three 

regimes: 1) low density coverage, 2) complete substrate coverage and 3) dense films. 

The low density stage is represented by films created from up to 3.0 ml, whereas the 

continuous coverage stage consists of films created from 3.0 ml up to 7.5 ml and the 

dense film stage applies for the him created from 10.0 ml of solution and more (see 

Table 4.1). The transitions between the different regimes seem to be independent 

of the linker length. Figure 4.2 shows an overview and high magnification images 

for continuous films with the C8 and C15 cross linker, both hitrated from 3 ml of 

solution. The images reveal a three phase system, where the bright spots, which can 

be seen in the high magnification images, are the actual gold NP, while the slightly 

darker area around them corresponds to the linker molecules and the areas between 

are voids. One important finding is that the particles seem to be well separated 

from each other with similar average spacings.

Figure 4.2 also shows the differences in the structure of the composite, caused 

by the different linkers. While the C8 linker film looks more porous and the struc-
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Figure 4.2: SEM images for a) the C8 cross-linker and b) the C15 cross-linker for 

films filtrated from 3 ml of solution.
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Figure 4.3: SEM images for the C2 cross-linker filtrated from 7.5 ml of solution.

ture lias a chain-like, “pearl-necklace” appearance, the C15 films look much more 

globule-like and compact. The difference might be a result of the greater structural 

flexibility of the longer chain. This extra freedom could make spherical structures 

energetically more favourable while chain like growth is preferred for shorter, more 

rigid linkers. Figure 4.3 shows the images of the same resolution for the C2 cross 

linker for films filtrated from 7.5 ml of solution. Thicker films were necessary in this 

case as there were charging problems with the 3 ml film. What can be seen is that 

for this linker, even at this larger thickness, the structure is quite discontinuous, 

revealing short-range chains with many cracks. The combination of the chain like 

structure (similar to the C8 one) plus the existence of the cracks results in a very 

high void volume fraction which was also confirmed by the optical measurements, 

see sections 4.4 and 4.6. The cracks are possible formed by the short length and 

reduced flexibility of this short linker resulting in clusters of limited size. The indi

vidual gold particles are not visible for these films, perhaps due to a too thick linker 

coating.

That the different structures are already formed in solution is evident from Fig

ure 4.4, where SEM images of low density films, with only sparse deposition of the 

gold-dithiol matter, prepared from 0.5 ml of solution can be seen. The C8 film is 

showing almost dendrite-like chains of the gold-dithiol matter, while the image for 

the Cl5 film already shows the compact, globule-like clusters, seen in Figure 4.2.
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Figure 4.4: SEM images: a) C8, b) C15 dithiol cross-linked gold nanoparticle film, 

filtrated from 0.5 ml of solution. The differences in contrast and detail between 

the images are due to the use of different detectors: a) standard secondary electron 

detector, b) in-lens secondary electron detector.

This difference in shape of self assembled structures also has an impact on the op

tical properties, as should be expected. The total void volume fraction associated 

with the different linkers also changes, as wifi be explained in section 4.6. The ag

gregation in the solution seems to be homogeneous, as can be deduced from the 

largely uniform appearance of the films in the SEM.

The thicker, denser films from the C15 linker show a degradation of the long- 

range homogeneity, due to the formation of cracks. An example of this on a smaller 

scale can be seen at the centre-bottom of the top right image in Figure 4.2 and also 

in Figure 4.8. These cracks can be as deep as the total film thickness. They can also 

be thermally created and widened under electron beam irradiation. There are small 

areas where a gold-linker phase separation takes place. Whether this segregation 

takes place already in the solution or during the film formation is unknown at this 

stage, but the solution stage seems more plausible. It appears that longer linkers 

allow build up of greater internal stress within each self assembled segment. When 

deposited thickly on a substrate this stress is relieved via some cracking of the film.

Thicknesses of the films were known approximately from atomic force microscopy [144]
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Figure 4.5: SEM of a cross-section of a film with the C15 linker and filtrated from 

7.5 ml of solution through a porous alumina substrate. The dimension of the main 

image is 10x10 pm and for the inset lxl pm.

but more accurate FEG-SEM cross-sections were used to confirm the results and to 

test for thickness uniformity. Figure 4.5 shows an SEM image of the cross-section 

of a film with the C15 linker and filtrated from 7.5 ml through a porous alumina 

substrate. One can see that the film is homogeneous throughout its thickness and 

that the thickness is also quite constant over the image range. This is of interest, as 

thickness uniformity is important in some diagnostic applications based on optics. 

AFM images of some films can be seen together with SNOM results in the Optical 

Properties section.

4.4 Optical characterisation

Example reflectance and transmittance spectra are shown in Figure 4.6. The rise in 

R around 500 nm is associated with a gold like appearance but the mechanism for 

this rise in R. is quite different to that in bulk gold. The dielectric properties of the 

films produced by the solution method (scheme b) in Figure 4.1) were determined 

using reflectance ellipsometry in the wavelength range 300 nm to 800 nm. The only
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--C15

Figure 4.6: Reflectance and transmittance for the C8 and C15 linker films filtrated 

from 4 ml of solution.

samples that could not be measured were the thinnest C2 films, which had notice

able scattering and an insufficient signal-to-noise ratio. The general appearance of 

the thinnest, island-like films was a dullish grey, the continuous films looked shiny 

golden and the thickest films were starting to look dullish gold.

In the following I will concentrate on the results from the continuous regime, 

namely films that completely covered the substrate. The effective complex refrac

tive index for the three linker lengths studied, can be seen in Figure 4.7, along with 

the result from our double EMA model, which will be explained in the next section. 

The angular brackets in the graph are used to highlight the average or effective na

ture of the refractive index, as opposed to properties of a homogeneous, single phase 

material. The main feature of the spectra is a single damped oscillator structure in 

the observed region, which is blue-shifted as linker length increases. This behaviour 

is distinctly different to the bulk properties of gold, as can be seen by comparing 

the results in the first three parts of Figure 4.7 to the fourth panel, which shows the 

bulk response from Ref. [1].

The single oscillator is basically the surface plasmon resonance for the individual 

gold particles, shifted by the different dielectric medium (the linker molecules) and 

the interaction between the gold particles. It is well known that particle aggrega-
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Figure 4.7: Effective (n) and (k) values for the continuous films created from volumes 

between 3 ml and 7.5 ml (see Table 4.1) for the three linker lengths studied. The 

experimental values were measured with ellipsometry and the theoretical values are 

from our double EMA model. The dielectric data for bulk gold is included for 

comparison (front Ref. [1], note the different scale for this panel).
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tion causes a red-shift in the absorption spectrum compared to that from isolated 

or dilute metallic particles [153]. The blue-shift here is caused by the increasing 

particle separation due to an increase in the linker length, as this increases the av

erage particle-particle distance. The separation distance, enforced by the molecular 

linkers, is not far enough to prevent interaction influences even for the longer C15 

linkers.

Figure 4.7 also shows that the continuous films made from a given linker behave 

very similarly for different thicknesses, a strong indication that the material can be 

treated as a homogeneous effective medium in each case. This indicates that surface 

plasmon effects across the whole outer surface of the film are not an issue here, 

even though the films can become conductive as a whole through tunnelling via the 

molecules [141, 142]. If such plasmon effects were present, the equivalent optical 

layer used in our analysis, would have (n), (k) values which would depend on the 

film thickness [154].

Only the C15 linker films shows some deviations in (n) and (k) for the different 

thicknesses and these, having a lower conductivity due to longer linker chain lengths, 

are least likely to support macroscopic surface plasmons. The observed shift might 

be due to ongoing structural changes for the C15 linker, as might be expected from 

the observed internal stress noted earlier for this linker. Such changes could not 

be seen in the SEM images although an increase in the packing density has been 

observed, which is shown in more detail in Figure 4.8. This compacting of the 

films, with a decrease in the void volume fraction, might also affect the gold volume 

fraction. While the void fraction has an impact on the peak magnitude, the gold 

fraction affects its spectral position, so both are present, as the absorption peak of 

the C15 films in Figure 4.7 shifts from 580 nm to 610 nm.

4.5 SNOM

One thing of interest in composite materials in general and for the presented films 

in particular, is how the illumination induced electromagnetic fields are distributed.
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Figure 4.8: SEM image of the thicker C15 linker film created from 7.5 ml of solution. 

It, highlights the appearance of cracks and the compacting of the film, which in effect 

reduces the void phase (compare to figure 4.2).

This can be measured by scanning near-field optical microscopy (SNOM). Figure 4.9 

shows AFM and SNOM images for two of the studied linkers, for films filtrated 

from 7.5 ml of solution. The images were taken with a commercial SNOM (Nanon- 

ics Imaging Ltd.) in illumination-reflection mode. The illumination was provided 

by a 409 nm laser through an aperture tip with an aperture size of 100 nm and 

the reflected light was collected in the far-field by a microscope and focused on an 

avalanche photo diode. Feedback was provided by the aperture tip via an AFM 

setup. The images show that the field intensity distribution is more homogeneous in 

the C8 than in the C15 film. This seems to be due to the more homogeneous struc

ture of the C8 film. Images for a larger area (10x10 fini) can be seen in figure 4.10.

To develop theoretical predictions for the SNOM contrast for these kind of struc

tures is quite challenging, as there are four contributions to the contrast from the 

sample alone: the dielectric properties of the three phases and the overall topol

ogy. Both images indicate that induced fields are largely confined to the linker-gold 

system. This means that the voids primary role is simply to reduce the overall po

larisation of the average film and hence its refractive index. Their influence on the
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Figure 4.9: AFM (top) and SNOM (bottom) images for a) the C8 cross-linker and 

b) the C15 cross-linker for films filtrated from 7.5 ml of solution (the gray scale of 

the SNOM images is not linear, in order to improve their contrast)
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Figure 4.10: 10x10 /xin sized SNOM images for a) the C8 cross-linker and b) the 

C15 cross-linker for films filtrated from 7.5 ml of solution (linear gray scale).

resonance position will then be quite weak, which is exactly what is observed.

There is a different way to describe SNOM results, which is especially interest

ing for random structures or colloidal aggregates. This approach is the use of the 

probability density function (PDF) for the field enhancement [155-157].

For cases like the one presented here, the PDF is a function of the field enhance

ment factor T, relative to the incident intensity |E0|2:

P(r) , where r = ( —
V E0

The PDF shows how often a specific enhancement value is present in the sample. It 

is basically an enhancement histogram.

In theoretical treatments the actual value of the electrical field has to be cal

culated for all points in the sample as a function of the incident field, the sample 

topology and material [157]. The sample is usually divided into a square or cubic 

grid. After the system is solved F is calculated for each grid point and the PDF is 

constructed as the number of points having a given V value.

The PDF approach can be applied to experimental images by calculating an in



CHAPTER 4. SELF-ASSEMBLED GOLD NP FILMS 69

tensity or gray-scale histogram for a given image. This is possible as the measured 

intensity, or the gray-scale value in the image, is proportional to T with the incident 

intensity being unknown. In some SNOM setups the incident intensity can be mea

sured from the image. This is the case for example when the sample is illuminated 

by an incident SPP and the unperturbed SPP is visible in the image.

If the incident SPP is not visible or the SNOM is run in illumination mode, an 

approximate calibration can be performed by averaging the measured intensity in 

an image over an area where the detected signal is weakest and which is roughly of 

the size of the SNOM resolution (as long as this is larger than the step size) [156]. 

This should give a reasonable estimation of the background noise. In using the PDF 

the actual spatial distribution of the fields is lost, but it allows consideration of 

structures which would be too complex to model theoretically, like colloidal clusters 

or discontinuous metal films [155, 157].

The PDF for the four presented SNOM images (figures 4.9 and 4.10) can be 

seen in figure 4.11. The two PDF for the C8 linker show the narrow, symmetric be

haviour associated with single plasmon scattering [156], whereas multiple scattering 

produces broader peaks, as will be explained below.

Considering the gold-dithiol-void composite for a moment as a rough metal sur

face, the results for the C8 linker suggest only weak SPP scattering. The PDF is 

not centred at an enhancement factor of 1, as found by Bozhevolnyi et al. [156] 

but at 1.3 and 3 for the 5x5 \im and 10x10 (inl image, respectively. These differ

ent values can be explained by the fact that, compared to the setup by the group 

of Bozhevolnyi, the setup used in this work does not use a SPP incident on the 

structure from outside the measurement region but excites the sample through the 

fibre. This makes it more difficult to estimate the illumination intensity. The local 

excitation could also produce a different response to large area excitations as in the 

SNOM collection mode with far-field or SPP illumination. The minima of the field 

intensity in the images might actually be at positions where the incident intensity 

is absorbed into the composite, resulting in an intensity which is lower than the
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Figure 4.1 F PDF for the four presented SNOM images: a) the 5x5 gm C8 

(Fig. 4.9 (a)), b) the 10x10 /irn C8 (Fig. 4.10 (a)), c) the 5x5 /mi Cl5(Fig. 4.9 (b)) 

and d) the 10x10 /mi C15 (Fig. 4.10 (b)) image.



CHAPTER 4. SELF-ASSEMBLED GOLD NP FILMS 71

incident one. As one of these low intensity areas was used for the normalisation, 

the centre of the peak could be shifted to higher enhancement values, because the 

normalisation factor used is reduced relative to the true incident intensity.

The situation looks different for the C15 images where an asymmetry of the PDF 

exists, which is especially strong for the 5x5 pm image. The general structure of 

the PDF is slightly suggestive of the behaviour known from very rough surfaces, for 

which multiple SPP scattering and subsequent localisation take place. This localisa

tion creates intensities stronger than the incident one and results in asymmetric PDF 

with respect to stronger components for higher enhancements [156]. The 5x5 pm 

C15 image does not show the exponential behaviour for stronger enhancements as 

shown in Refs. [156] and [158], but rather a two level one which has not been, to 

our knowledge, reported so far.

These results suggests that there are multiple domains, creating different scat

tering configurations which result in different behaviours of the PDF. One reason 

for this could be a difference in short and long-range order in the composite. On 

the SEM images one can see the structure of the C8 linker is very homogeneous 

over large distances, whereas the structure of the C15 linker can be clearly divided 

into two regions, the short-range order inside the globule-like clusters of gold-dithiol 

matter and the long-range order among the clusters themselves. If I assume the 

existence of two plasmon propagation or coupling regimes, one inside the globules 

and one between them, the existence of two scattering regimes with different PDF 

behaviour would be not surprising.

The results from Sanchez-Gil and Garcia-Ramos [158] show that for random 

self-affine fractal metal surfaces, the slope of the PDF for large enhancements de

creases with increasing fractal dimension. This results in the extension of the tail of 

the PDF towards larger enhancements, which means higher potential field enhance

ments in the structure. It seems that this result is further evidence of the finding 

that field enhancements on metal surfaces get stronger with increasing surface cur

vature (like touching and not intersecting sphere dimers [7, 159]) up to the points
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of field enhancements at edges or spikes. Very large field enhancements are possible 

at hot-spots in samples were the roughness is of the right size and if the structure 

supports strong localisation.

The two-slope behaviour of the PDF for the C15 5x5 pm image (figure 4.11 (c)) 

could be explained by the assumption that multiple plasmon scattering is stronger 

in the limited short-range inside the globules, due to the more random structure 

which is roughly equivalent to a larger fractal dimension. The more regular long- 

range order between the globules themselves, as seen in figure 4.4 (b), would then 

be equivalent to a smaller fractal dimension. The short-range order is then respon

sible for the flatter PDF region (slope: —0.135 ± 0.008) and the long-range order 

for the steeper PDF region (—0.311 4= 0.012, the errors are statistical ones from the 

fit to the respective regions in the graph). The slopes of figure 4.11 (c) compare to 

the slopes reported in Ref [156], with the flatter curve corresponding to that of a 

film with a natural roughness [156, 160] whereas the steeper one compares to the 

PDF of a slightly more structured surface. The PDF slope of a colloidal surface is 

even flatter —0.07) [156] than ours, which strengthens our argument about the 

different levels of ordering in the two regimes of the C15 sample. The difference in 

the PDF slopes, when compared to that from the colloidal cluster surface, highlights 

the point that for very large enhancements, percolating colloidal or fractal clusters 

are needed to create strong hot-spots. If the direct percolation is broken, as in our 

case by the linker molecules, the overall enhancement is reduced and hot-spots are 

weaker.

The previous arguments could also explain why the flatter PDF region in fig

ure 4.11 (c) is limited to a comparatively short area on the enhancement axis 

(F = 2.6 — 4.4). If the volume of the interaction causing the large enhancements 

is small, the general behaviour (such as the PDF slope) might not be affected but 

certain enhancement values might not be reached due to the size of the coupling 

domain. Should this argument prove to be correct, it could link coupling domain 

sizes to features in the PDF. This is plausible as the structures studied in R,ef. [156]
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Figure 4.12: Illustration of the two different plasmon propagation concepts: a) LSP 

coupling and hopping propagation and b) SPP on a metal surface.

are of the order of 40 nm whereas our samples have substructures with a size of 

around 10 nm.

The C8 films do not show the short-range order as the network type structure is 

evident even at the lowest level, as can be seen in the bottom panel of figure 4.2 (a). 

The plasmon propagation or coupling is also expected to be better in the C8 case as 

the electrical conductivity is better [142] and the gold particle separation closer for 

the shorter molecules. Both points explain the symmetric PDF behaviour for the 

C8 films.

Finally, I make some remarks regarding the nature of the plasmon in these films. 

The films are conductive to some extent [142] by tunnelling of the electrons across 

the organic molecules [141, 142] but it is not expected that there are actual SPP 

travelling across the film. It is possible for plasmon polaritons to cross gaps of some 

hundreds of nm [45, 46, 161, 162] and for localised plasmons to couple across gaps 

of at least tens of nm [163, 164], Some crosstalk between plasmons of closely spaced 

structures is therefore expected. This is the same process which causes the aggre

gation red-shift in metallic particles [153].

The difference of the two situations, essentially SPP, and LSP, is illustrated in 

figure 4.12. It shows the case of (a) localised illumination of coupled LSP, for ex

ample by a SNOM aperture. The plasmon propagation in this case is realised by 

the hopping of the LSP on one particle to the one of a neighbouring particle. Fig
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ure 4.12 (b) depicts the standard propagating SPP on a metal surface, excited by a 

surface defect.

The situation shown in figure 4.12 (a) has not, to the best of our knowledge, 

been properly classified. It could be considered as a special form of SPP, namely a 

narrow band SPP. This considers the fact that the initially excited LSP is propa

gating along the cluster but that the propagation is limited within a narrow band of 

energies defined by the coupled LSP states, as opposed to a continuum of possible 

energies (above the plasma energy) in the SPP case. The conceptual question for the 

difference between these two cases then seems to be the discrete (coupled LSP) or 

continuous (SPP) nature of the resonances. Some results [165-167] suggest that for 

fractal or colloidal cluster systems the coupled LSP model, shown in figure 4.12 (a) 

is the correct interpretation.

In the situation of coupled LSP one can form an analogy to electronic states 

in solid state physics. If the individual monomers (atoms) get closer and start 

to interact the resulting interaction creates different molecular energy levels which 

eventually, for a large number of atoms, gives rise to the energy bands observed in 

solid state physics. This explains the broad absorption features of randomly per

colating clusters [129, 168] in terms of an almost continuous LSP band, created by 

the multiple interactions of the monomers. Prodan, Nordlander et al. developed 

a model for the coupling in metal nanoshells [170] and sphere dimers [171] on this 

basis.

During our SNOM measurements multiple particles are excited by the probe and 

are able to interact with each other. Whereas the particles are closer to each other 

on an average basis for shorter molecules, the structure of the C15 films especially 

seems to concentrate more particles in the same volume, as evidenced by the reduc

tion of the void volume fraction. As our particles are distributed randomly, I expect 

a behaviour comparable to that of fractal or colloidal clusters, so that their proper

ties are dominated by localised plasmons on the monomers of the cluster [165 167]. 

The increased spectral width of the plasmon can then be considered as an increased
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interaction of the LSP supporting monomers due to the light, scattering contribution 

of the neighbouring monomers. An increase in the number of interacting monomers 

in the same volume increases then density of coupled LSP, explaining the asymmetric 

behaviour observed in the C15 results.

4.6 Double EMA model for the optical properties

Various groups have tried, with mixed success, to explain the optical properties of 

thin films formed from organically cross-linked gold nanoparticles (mainly for LBL 

films) [137, 145]. The optical properties of the films can be described with a two 

step effective medium approximation (EMA) [55, 81]. Two steps are needed be

cause three phases are present in the film: the gold particles, the molecules and 

voids, and because of the way they are distributed. The presence of the voids could 

be vaguely seen in previous SEM, scanning tunnelling microscopy (STM) and AFM 

images [56, 138] (Ref. [146] supporting information) but they were not properly con

sidered in previous attempts to use EMA [145], which is the main reason why these 

treatments failed to describe the experimental data properly.

The main assumption made in EMA is that the size of the grains forming the 

composite has to be smaller than the wavelength of the light, in order to prevent 

retardation and scattering effects from contributing. That this is a good approx

imation for a large number of composite materials is evidenced by the successful 

application of EMA to many samples over several decades. However, the implica

tions of the nanostructure were not always considered properly in the use of those 

EMA schemes. Some analyses only ” worked” because of the generic mathematical 

features of EMA and the use of multiple layers or too many free parameters, so 

fitting parameters must be interpreted warily.

The great appeal of basic EMA schemes is their mathematical simplicity, which 

makes them easy to use. One phenomenon which can complicate EMA treatments 

of a composite is a strongly localised fluctuation of the field strengths. Two useful 

effects can result, non-linear dielectric response and, related to this, enhanced sen
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sitivity in molecular and biomolecular sensing. Non-linear effects are not present 

within the classical Maxwell Garnett and Bruggemann EMA but there are extended 

EMA which consider such effects [89, 90].

One point to be particularly careful about is the role of the average nano- and 

microstructure of the composite. This is the main differentiation between the basic 

EMA schemes and is sometimes not properly considered. The danger comes from 

the fact that this structural contribution is embedded within the EMA equations 

via key parameter values such as apparent (not real) depolarisation factors. Thus 

a thorough understanding about their link to topology is needed, with all schemes 

based on the same integral equation [143]. It is therefore imperative to identify the 

microstructure correctly in order to apply the most appropriate EMA and reach 

physically meaningful conclusions. The two main EMA schemes used are Maxwell 

Garnett (MG) [72, 73] and Bruggeman (BR) [74]. While the MG scheme consid

ers small, well defined inclusions within a host matrix and hence, treats the two 

materials asymmetrically, the BR treats both materials symmetrically, namely as 

topologically equivalent. Furthermore, the MG scheme only holds for statistically 

disordered arrangements.

The types of structure which are described by those schemes are shown schemat

ically in Figure 4.13. This distinction is also important to the understanding of 

the two step model that applies to the SA gold system [55]. As the gold particles 

are well separated inclusions in a dithiol matrix, this sub-system (gold/dithiol-AuL) 

should be treated within the MG scheme. The scheme most applicable to the total 

film (void inclusions plus AuL) is less obvious. In principle, both MG with voids 

as inclusions and a cellular BR structure are possible but a careful examination 

of the SEM images and comparison between MG and BR fits suggest a structure 

which is best treated with the BR scheme. The formulas for the two steps, assuming 

spherical grains or particles, are as follows:

MG: £av.l — £l — f £au ~ £i,
£aulE~£l u £auT‘2 El

(4.1)

BR: ( 1 fvotd) £AuL + 2 £ + 1void YT~Te ~ 0 ’ (4.2)
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Figure 4.13: Schematic of possible double EMA models, showing the conceptual 

differences between a MG and BR effective medium. The model which seems to be 

the most appropriate in our case, is the building the final effective medium C.

where eL: sAu are the dielectric functions of the ditliiol linker molecules and gold 

nanoparticles, respectively, with Eaul, that for the gold-dithiol composite found by 

solving equation 4.1 and e the final, three phase composite dielectric function, fAul 

and fvoi(i are the volume fractions of the gold particles in the linker-gold system and 

the voids within the gold-dithiol-void composite, respectively. If non-spherical par

ticles or grains are considered, the factor of 2 in the denominator changes according 

to the depolarisation factor of the grains, which is based on their aspect ratio. See 

Eqs. 2.18 and 2.19 in section 2.3.4 for influences of anisotropic shapes and their 

depolarisation factors.

The mean free path of the conducting electrons is affected by the small size of 

the gold particles, due to surface scattering and this alters the dielectric function 

eAu to be used. Hence, the dielectric properties of Ref. [1] were corrected using 

equation 2.5 [55].

1 tested the model first with the physical size of the gold particles (R=3 nm). 

Idie positions of the spectral features was well reproduced but they were too strong 

and too narrow. An effective radius of Reff — ^ (A — 2), which creates a mean free
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path of half the physical size of the particle, yielded a far better match and agrees 

well with the results from Baum et al. [137]. Furthermore, the choice of A = 2 is 

a good approximation for various systems [52, 54-56]. The actual contributions to 

this reduced relaxation time are difficult to determine, but I think chemical effects 

(especially since the bonding between thiols and gold is quite strong) and internal 

defects are the most likely ones.

I also tested if an interface layer, created by the bonding of the sulfur to the 

gold would have a more direct influence, in terms of additional spectral features. 

This layer has been claimed necessary to better fit optical data of self-assembled 

layers of thiol linker on planar gold films [126]. Optical data found in Ref. [126] 

were used for a model including a thiol-gold interface layer, but these models were 

qualitatively quite unacceptable in terms of our data. Thus, I conclude that such 

an interface layer plays no significant spectral role in our films, especially since its 

effect would be stronger in a nanoparticle than on a planar surface, due to a larger 

relative surface area. There might still be an effect on the electron relaxation rate 

via chemical interface damping [52], as explained above.

The final model for the films is then a single layer described optically by the 

double EMA on the substrate. Any unknown parameters are typically wavelength 

independent, and hence easily overdetermined (not free), but some prior knowledge 

is preferred for unambiguous good solutions. They can be fitted with a standard 

thin film optical properties program applied to the experimental data. At this point 

1 would like to stress the importance of keeping the number of adjustable parame

ters small. In using EMA it is sometimes tempting to add further parameters (like 

multiple depolarisation factors, or a rough surface layer) to improve the fit. This 

is something to be avoided, unless it is justified by independent structural analysis. 

The inclusion of too many free parameters means a good fit is possible, but the 

physical meaning is lost.

In our case three parameters have to be determined: the volume fractions faul 

and fVOid as well as the thickness of the film. The thickness was determined from
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Table 4.2: Volume fractions from the fit of the optical model to the ellipsometry 

data for the three different cross linkers

C2-dithiol C8-dithiol Cl 5-dithiol

volume fraction (%) volume fraction (%) volume fraction (%)

f AuL 74.0 58.0 45.0
fvoid 63.6 50.1 43.1

extrapolation of cross-section analyses of some films (see section 4.2) and the volume 

fraction Jaul was determined from the peak position in (k), which is the resonance 

position. The spectral position of this peak is very sensitive to fauL (±0.5%) and as 

the voids are not affecting it, precise values were calculated, which are summarised 

in Table 4.2. The only parameter left to be determined by a fit of our model to the 

ellipsometry data is fVOid• The ellipsometry provides two sets of data and l used a 

combined fit for all homogeneous samples (4 films, filtrated from: 3 ml to 7.5 ml 

of solution, see table 4.1) to calculate a single fVOid for each linker with 8 sets of 

data. This results in very well determined values for fvoid, which are presented in 

table 4.2. These results are one of the first examples where an MG model has been 

shown to work well at high volume fractions. The usual assumption is that it fails 

above about / — 0.4, but this is based on calculations on ordered arrays [147. 148] 

where multipoles occur at high /. Simple arguments [78, 79], however, indicate that 

if two conditions are fulfilled, all but the dipole terms cancel. These conditions are: 

(1) positional randomness is maintained for the nanoparticles (2) particles do not 

locally cluster or touch. Touching particles introduce significant absorption tails at 

long wavelength. It is thus clear from these data that in SA networks of metal- 

linkers the linker keeps particles apart and the overall assembly is random in 3D.

The multipoles mentioned before, occur due to the radiative coupling of the in

dividual particles. If the particles become larger and show multipoles on their own, 

due to retardation, the previous argument no longer holds. This invalidation is en

hanced by the fact that larger particles violate one of the EMA requirements.
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Figure 4.14: Volume fraction dependence of fauL and fvoi(i on the chain length of 

the linker molecule

Figure 4.14 shows a graphical representation of the linker chain length depen

dence of the volume fractions. The dependence for Jaul on linker length can be 

explained very simply: An increase in the chain length increases the average sepa

ration of the gold particles. This in turn, decreases the amount of gold in a given 

volume, i.e. the volume fraction and this is exactly what can be observed in the 

graph. The fvoid dependence shows something which can be correlated to the SEM 

images in Figure 4.2, a higher porosity of the films for the shorter linkers, or equiva

lently, a compacting of the films for the longer molecules. A possible reason for this 

compacting, as noted earlier in section 4.3, could be the larger structural flexibility 

of the longer chains and increased internal stress.

EMA treatments work only if the composite acts as a homogeneous medium. 

That is the spatial average over induced local fields must damp out all local field 

fluctuations. This requires a minimum length scale and hence layer thickness. Some 

indications of the minimum scale, needed to achieve a smooth average for a given 

sample, can be gauged from the SNOM data in Figure 4.9. One has to consider 

though, that these images are only a 2D projection, rather than a true volume rep

resentation. This may result in overestimating the averaging length scale. Figure 4.9 

also shows, after careful consideration of the different resolutions, that the topology,
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as recorded via the AFM, averages out over much shorter distances than the local 

fields, so one cannot use it as a direct guide to estimate scales appropriate for an 

EM A treatment. The 2D projection (SNOM image) suggests that scales for the 

optical averaging are needed, of greater than 1 /mi for the C8 linker and greater 

than 2.5 /mi for the C15 one. The reason why EM A works for thinner films is that 

the characteristic length of a volume is considerably smaller than that for a plane, if 

both are consisting of the same number of isotropically distributed building blocks. 

A good averaging can thus be achieved on a smaller scale if the structure is three 

dimensional instead of two dimensional. Our rough estimate in using the 2D SNOM 

data, is that for C8 a thickness of 200 to 400 nm is sufficient, while for C15 500 to 

1000 nm may be necessary for a good average.

If EMA should work, the dielectric behaviour cannot depend on the layer thick

ness. Structural changes during films growth could be one reason for such a thickness 

dependence, as it would affect the interaction between the constituent materials. 

But even for fixed structures, like in the SA gold case presented here, one has to 

be careful. Other examples where one has to be cautious include very thin films 

(<5 nm), films with surface roughness, and monolayer structures especially if per

colating metallic structures are involved.

One other contribution which can prevent the use of EMA, especially in the case 

of metallic structures, is the excitation of currents on the him surfaces, as those are 

not considered in classical EMA schemes. Dielectric properties can then appear to 

depend on him thickness, as these surface currents or surface plasmons polaritons 

can couple across thin films and to incoming radiation in the presence of nanostruc

tures [47, 154]. Our results thus indicate that propagating surface plasmons are not 

present on either surface of these films even though they conduct to some extent by 

tunnelling across the linker molecules [141, 142] or the possibility of direct plasmon 

coupling across the gap between the particles.

The double EMA should only be applied to the samples where the substrate is 

completely covered by the gold-dithiol-void composite. Thinner films could perhaps
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Figure 4.15: Comparison between experimental ellipsometric dielectric data (solid 

line) and MG (dotted line) and BR (dashed line) EMA for a film in the low coverage 

regime (filtrated volume: 1 ml. see Table 1)

be described with an EMA on an individual cluster basis but a good agreement is 

not necessarily expected in this case. This can be seen in Figure 4.15, which shows 

a comparison between a MG and BR fit for a thinner film for the C2 and C8 linkers, 

which is not completely covering the substrate. The differences for the C8 linker fits 

are not very large and the agreement with the experimental data is actually quite 

good. This might be an indication the coverage of the substrate surface is more 

complete for this linker, compared to the C2 one. For the C2 linker case the MG 

and BR result differ considerably, especially in the spectral position of the peak in 

the extinction function (k).

Although the samples presented here have been prepared in a different way to 

the more widely used LBL technique, wel expect those films to share the main struc

tural features. This is supported by the similarity in the optical properties of films 

created by the different methods [55, 137, 145] and similar structures measured with 

STM, SEM and AFM [56, 138] (Ref. [146] supporting information). Our model for 

the optical properties should therefore also be applicable to the LBL films, although 

different void volume fractions might be expected, due to the different synthesis. I 

do not expect the values for fAuL to change very much, as they are defined by the 

average spacing of the particles and hence, the specific molecules used. If the same
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dithiols are used in LBL produced films I would actually expect the values to be the 

same as ours. The peak positions in Refs. [145] and [56] (both for C9 linkers) for 

example are comparable, though blue-shifted, to our C8 results.

Reasons which could contribute to the blue-shift include the use of a different, 

longer linker and that the linker medium is less dense, resulting in a reduced re

fractive index. The latter can be explained by the use of the LBL method as it is 

a two dimensional growth process with a part of the particle surface hidden in the 

layer underneath, as can be inferred from figure 4.1. This could leave a part of the 

particle surface uncovered by the linker molecules and thus effectively decreasing 

the refractive index of the surrounding medium. In the films presented here, the 

linking takes place in solution, leaving the complete surface free to interact with the 

dithiol molecules.

For almost all films the inclusion of the void phase within the BR, EMA scheme 

yields better fits and is consistent with the microstructure observed in the SEM 

micrographs, as both phases (gold-dithiol and voids) are percolating and have to be 

treated symmetrically. It is interesting to observe that despite this the MG scheme 

starts to be comparable and even slightly better for the thickest films of the Cl5 

linker. This change can be explained by a look at Figure 4.8, which shows a film 

created from 7.5 ml of solution with C15 as linker molecule. The globules of gold- 

dithiol matter start to get so compact that the void phase becomes isolated and its 

percolation is broken. At this stage the MG scheme is more appropriate as compared 

to the BR, which is exactly what the optical measurements and the analysis with 

our model suggests.

4.7 Conclusion

The nanostructure of films created from self-assembled structures of gold nanopar

ticles cross finked with <n, cj-alkane dithiol molecules was characterised using SEM 

micrographs. These high quality SEM images show that the composite consists of 

three phases not two. the third one being nanometre sized voids. The details of
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the structure within the gold-dithiol clusters and the void phase both depend on 

the linker length, although aggregation time is expected to play a role as well. The 

amount of matter deposited does not change the basic topology of the composite 

but it defines different regimes for the final sample films. The material first forms 

islands, which appear as a dullish grey film and after further deposition the com

posite coalesces and forms a continuous, homogeneous coverage on the substrate, 

which looks like a thin, polished gold film. If the films get too thick, cracks begin 

to form and the films start to look like a rough gold film, due to the diffuse scat

tering arising from the cracks. The optical properties of the continuous films are 

well described with a simple EMA, under the condition that all three phases are 

included in the effective medium, which can be done with a double EMA model. 

From the three parameters present in the model two, fAuL and the thickness f, can 

be determined from other measurements, leaving only one parameter to be fitted, 

fVoid• Ellipsometric data gives very good results for the final parameter. The linkers 

enforce a randomness in particle position and keep them separated even at high 

metal fill factor, as in the C2 samples, ensuring multipoles do not contribute to the 

response. The use of the ditliiol linker molecules as spacers between the gold parti

cles dictates the use of the MG scheme for the first effective medium and an analysis 

of the SEM images and careful comparison between MG and BR fits for the void 

inclusions, show that the BR scheme is the appropriate one for the second and final 

step of the model. The dielectric function of the gold needs to be size corrected, 

to accommodate increased broadening of the spectral features, due to a decreased 

mean free path of the conducting electrons. The dependence of the volume fractions 

on the linker length can be explained with an increase of the average separation 

distance between the gold nanoparticles with increasing linker length, for the case 

of f AuL and with an increased structural Hexibility of the alkane chain and resulting 

compacting of the films, for the case of fVOid- The increase of fAuL is also responsible 

for the blue-shift of the peak, due to a decrease in the interaction between more 

widely separated gold particles.
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These main findings should also apply to films created by the LBL method, as 

the (A;) peak position is determined by the choice of the linker, while structural 

differences of the three phase composite can be accommodated by different values 

for fvoid• The SNOM results suggest that the more homogeneous structural appear

ance of the C8 films, compared to the C15 ones, also influences the field intensity 

distribution. The combination of both effects could make these films an interesting 

choice for sensing and catalysis. The high porosity of the shorter linker systems 

might provide an interesting way to combine sensing, catalysis or filtration with the 

plasmon properties of the gold-dithiol phase, due to their large inner surface area. 

It might also be interesting to have a closer look at the photoelectrochemical prop

erties [140] and possible combinations with the plasmonic properties of the metallic 

particles. If the capping layer due to the molecules is not too thick, the field en

hancement at the plasmon resonance might be able to stretch beyond this layer and 

provide an increased detection sensitivity. The films could then be used in a similar 

way to the particle structures of the van Duyne group [12, 23]. The use of metallic 

nanoshells instead of solid particles [169] could give the additional advantage of a 

tunable plasmon resonance.



Chapter 5

Properties of metallic nanoshells

5.1 Introduction

The interaction and coupling between particles, which became important in the last 

chapter, can even occur in a single particle, for example in a multilayered sphere. 

This coupling is especially interesting in a combination of dielectric and metallic 

layers, as in metallic nanoshells where the resonance can be tuned by changing the 

relative shell thickness. In this chapter I also look more closely at the near-held 

properties and distributions of the core-shell particles.

Metallic nanoparticles and metal nanoshells have attracted a lot of interest in re

cent years, both in basic research [5-9] and for applications [10, 11], like bio-sensing 

[12], bio-labelling and nse as basic units in in plasmon based information transfer 

and storage applications [13]. The underlying phenomenon for all fields mentioned 

is the excitation of SPR in the structures. In the case of isolated particles, which 

can be used for sensing, it is the localised version of the SPR and on thin films it is 

the propagating SPP.

Also of interest in those cases, as well as others like SNOM, are the near-held 

properties of the metallic structures. Because of this interest these helds have re

ceived a lot of interest in the last couple of years, both experimentally and theoret

86
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ically.

Two problems are considered in this chapter, the first dealing with the role of light 

scattering from metallic nanoshells and the second with field intensity distributions. 

The scattering issue is of interest because there remain some unanswered questions 

regarding the impact of scattering for nano-scale systems. Most approaches in this 

area consider structures small compared to the wavelength of the light and hence, 

employ the quasi-static limit. The validity of the approximation has to be considered 

carefully, especially for larger clusters and systems where clustering or aggregation 

occurs.

The onset of scattering for a given system is a strong indication that quasi-static 

limits are not applicable anymore at the considered wavelengths (i.e. scattering at 

higher frequencies can still occur). A systematic understanding of the conditions 

when scattering becomes noticeable is therefore important in the understanding of 

limits in the use of quasi-static approaches. This discussion also applies, for example, 

to the area of composite materials, where EMA are a powerful method to describe 

optical properties. This is because EMA are also based on quasi-static limits.

Another important effect of scattering is its impact on the tunability of the res

onance and related to this, on the spectral selectivity of nanoscale systems. I will 

demonstrate this impact with the example of metallic nanoshells.

The second problem considered in this chapter is the actual electric field dis

tribution of nanoshells. The question of where the largest enhancement is located 

is pivotal to the design of sensors. There is also a potential use of the interior of 

the shell for drug delivery and dye enhancement, for which the shape of the electric 

field pattern is of interest, as well. What makes the situation for shells even more 

interesting is that two resonances are expected, one for the core cavity and one for 

the shell. Prodan et al. developed a model for the nanoshell resonances based on a 

quantum mechanical treatment which expressed the coupling of the two modes in 

terms of molecular physics, namely bonding and anti-bonding states [170]. It can 

be expected that the two different modes also show a different shape of the field
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pattern.

The main point in this chapter is the spectral selectivity of the resonances and 

this chapter explains that scattering is detrimental to the desired selectivity. Hence, 

the absorption cross section is of primary interest.

5.2 Resonance tuning and its limits

One of the main interests in core-shell structures is to achieve spectral selectivity, 

that is a distinct contrast between extended neighbouring bandwidths in the optical 

properties. This is achieved in nanoshells by tuning the spectral position of the SPR 

with the shell thickness tsheu to core radius rcore ratio. This ratio is defined as:

j __ tshell

('core

As this tuning depends on the relative shell thickness, there remains the question of 

what 6 ratios can be achieved experimentally, before the particles become too large 

and scattering destroys spectral selectivity. One of the most important parameters 

in determining scattering is the overall size of the particle, and it is thus expected 

that the tuning range is reduced when scattering becomes noticeable or even domi

nant. This can present an inherent design limit to the ability to tune the resonance 

in metal nanoshells, because high quality shells have to have a minimum thickness.

The importance of the contribution of scattering towards extinction is not con

fined to the testing of the design limits for metallic shell absorption. Scattering at 

non-visible wavelengths, for example, can be tolerated and even improve the effi

ciency of certain applications, as is shown e.g. in section 3.7. Further important 

points are the wavelength range and the suspending medium, as they differ between 

applications and have an influence on the scattering. Particles suspended in water, 

for example, generally scatter more at visible wavelengths than if they are suspended 

in polymers. Our proposed approach is able to address all of the points mentioned 

above, using a new spectrally averaged scattering and absorption parameter. This 

property has features distinct from other monochromatic parameters.
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5.2.1 Theory

What is desired is a general approach, which can be used for all materials, sizes 

and shapes, to measure the amount of scattering evident in extinction for a certain 

wavelength range. The property usually used to quantify the amount of scattering 

is the albedo Wq — S®2®-, where Csca is the scattering cross-section and Cext is the 

extinction cross-section. To acquire a quality factor for a given wavelength range one 

could simply sum or integrate the albedo, but this would introduce the wavelength 

as a unit to the quality factor, which should be dimensionless.

I propose to determine the scattering contribution, by defining the ratio S\ 

between the amount of energy which is scattered Wsca to the amount which is 

totally extinct Wext from the incident beam in the wavelength region A:

J'WS aadX 
5a = f\VexldX

A

If Wsca^ext — Csca extL is used, where L is the incident irradiance, <SA can be rewritten 

in terms of the cross-sections or efficiencies QSCa,ext — Cs-™;cxt, G being the geometric 

cross section, as:

JCsca(X)I,(X)dX f Qsca(X) /j(A) d\
q __ A __ A

A = f Cext(X) /j(A) d\ = J'Qext(X)fi(X)dX '
A A

The desired quantity S\ can be determined with this equation from efficiency spectra 

calculated for a given scatterer and wavelength range. Equation 5.2 does not depend 

on how the spectra were obtained and can therefore be applied to any situation 

where the spectra can be calculated or measured. It does not matter what shape 

the particle has or how many there are, as long as the spectra are available.

1 would like to stress at this point, that the proposed approach yields a different 

value to the above mentioned simple summation or integration of the albedo, which 

is evident from comparing the definition of the albedo and equation 5.2. I believe 

that the value S\ does express the desired situation in a better way than solutions 

based on the albedo directly.

(5.2)
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I used a public Mie code developed by Bohreu and Huffman [63] to calculate 

the full Mie absorption and scattering efficiencies for homogeneous gold and silver 

spheres and dielectric-core metallic-shell particles. The Drude part of the dielectric 

function for the metals (gold from Ref. [1] and silver from Ref. [172]) was size 

corrected using equation 2.5. In order to provide results closer to experimental 

realities I used A — 2, which creates an effective mean free path of half the physical 

size of the particle. This is a good approximation for some systems [52, 54-56] and 

seems even a lower limit for other core-shell systems [6].

For the effective radius used in equation 2.5 for the shells, I choose a model 

proposed by Granqvist and Hunderi [3] (GH):

where Reff is the effective mean free path used in the determination of 7(A) and r is 

the radius of the core or the shell, respectively. The GH model is based on the fact 

that the electrons have a larger freedom to move along the shell than in the radial 

direction. This creates a slightly larger mean free path than the shell thickness. The 

geometry of the resulting value is demonstrated in figure 5.1. It is equivalent to an 

effective radius for the cuboid with a square base of q2 from figure 5.1 and a height 

of tshell- This results in the following equation for Rgh of shells:

RcH = \y[( 1 shell 1 core) shell ^ core )■ (5-4)

where r is the radius of the core or the shell, respectively. All dielectric functions 

for the spectra of the various core-shell systems were corrected using equations 5.4 

and 2.5.

It is prudent to mention at this point, that there are some results from single 

particle studies which suggest that the broadening, observed in spectra of nanoshell 

ensembles, is due to size and shape inhomogeneity and not interfacial scattering [57].

The use of St\ is not limited to the case studied here but should be able to improve 

material design in any case where either the scattering or absorbtion contribution to 

extinction is of importance. For this Qsca can be exchanged with Qabs in equation 5.2,
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Figure 5.1: Schematic of the origin of the mean free path Rgh — \ y/(fshell ~~ rcore) Q2 

in metallic shells on dielectric cores, as proposed by Granqvist and Hunderi [3].

Qabs being the absorption efficiency. What might also be of interest in certain cases, 

such as colour pigments, could be relations based on equation 5.2 with both Qsca 

and Qabs present, instead of Qrxt-

5.2.2 Results and Discussion

Extinction, scattering and absorption efficiencies are calculated for solid gold and sil

ver particles as well as the respective metallic-shell SiCh-core particles in a medium 

with rihost — 1.49. All of the calculations were done with the appropriate size cor

rection using equation 2.5 and the effective radius of equation 5.3 for the core-shell 

particles. In the calculation of the scattering contribution Sj\ from equation 5.2, the 

irradiance L was assumed to be constant over the wavelength range considered here.

Figure 5.2 shows a 3D plot of Sj\ for the gold core-shell systems studied and the 

wavelength range A = 300 — 2000 nm. The plane shows the results for the different 

core-shell particles and the results for the homogeneous spheres are shown as circles, 

for which I choose 8=1. The position within the x-y plane defines the total radius 

rtotal — Tcore + tshell of the particle. What can immediately be seen, as expected, is 

that the largest particles have the largest scattering contribution. The results for 

S\ are also smaller in the coated spheres than in the solid particles, independent 

of 8. This indicates that the metallic shells are generally producing less scattering
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Figure 5.2: 3D plot of the scattering contribution <SA for the studied gold-shell SiCD- 

core particles in a medium with n^ost = 1.49. The circles represent results for solid 

gold particles (shown with an arbitrary 6 ratio of 1).

than the homogeneous spheres.

This is shown more clearly in figure 5.3, where the contribution S\ is shown as 

a function of total radius of the scatterer for the homogeneous particle and different 

5 ratios of the gold shell. Again, the wavelength range is A = 300 — 2000 nm. It can 

be seen that the values of S\ for the coated system are always smaller than those 

for the homogeneous spheres. This is true even for 6 ratios of up to 20. The results 

for 6 = 2 are, on the other hand, already close to the results for the solid sphere at 

small total radii. This is due to the efficient shielding of the core by the shell.

Results for silver shells are very similar, therefore I only show the result for solid 

spheres of Ag in figure 5.3 as a comparison. Please note that each of the points in 

this graph represents the results from two spectra. This succinct representation is 

one of the main advantages of the proposed approach.

The reason why Sj\ does not reach the expected value of 1, even for the largest 

spheres, is the occurrence of interband absorption below 600 nm for gold. This 

means that, despite the stronger Rayleigh scattering for these shorter wavelengths,
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Figure 5.3: The scattering contribution 5\ for A = 300 — 2000 nm as a function of 

the total radius of the particle for different d ratios in a medium with ri)lost — 1.49. 

The solid line shows the result for the solid sphere. The dotted line shows S\ in the 

same range for homogeneous silver spheres.

the bound electron excitations are strong enough to quench the scattering. This 

can be seen as a crossover of Qsca and Qabs below 600 nm of the solid curves in fig

ure 5.4. Despite the stronger overall scattering for this larger sphere, Qabs becomes 

larger than Qsca in regions where interband transitions are occurring. This causes 

the specific value of the asymptotic limit to be a function of the material as well as 

the studied wavelength range.

The effect of a different scattering contribution on efficiency spectra can be 

seen in Figure 5.4. It shows scattering, absorption and extinction efficiencies for 

gold-shells with rtotai = 110 nm and rtotai = 55 nm for the same ratio S = 0.1. 

The relatively stronger scattering, 5a:=0.76 compared to 5a—0.38 for the smaller 

particle, as well as the multipole contributions for the larger particle can be clearly 

observed. If one considers a maximum value for 5a of 0.4, in order to keep the 

scattering low, the maximum resonance position for a gold on silica shell with ex

perimentally achievable shell thicknesses 5 nm) seems to be 1100 nm, as seen in 

figure 5.4. This is well short of the possible tuning range shown in figure 1(b) of
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Figure 5.4: Calculated extinction, scattering and absorption efficiencies for spherical 

gold-shells on a silica-core with 5=0.1 and rtotai = 110 nm (solid) and rtotai = 55 nm 

(dashed). for both curves can be seen in Fig. 5.3.

Ref. [5] (up to 10 /mi).

Nonetheless, near infra-red energies seem to be attainable with experimentally 

viable systems, which is an interesting region for applications in its own right, but 

a further shift into the infra-red without the onset of scattering in the visible seems 

impossible. Au/Au2S systems, on the other hand, might be more flexible at smaller 

sizes, as the gold shell is created out of the core material and thinner shells are 

possible [173, 174],

As can be seen from figure 5.3 the only way to reduce and thereby retain the 

tunability in the absorption, for larger particles (around rtotai=100 nm) is to use 

very thin metallic layers with ratios S ~ 0.1. This requires a metallic layer with a 

thickness of only 10 nm for a particle of rtota[=100 nm and even smaller shells for 

smaller total sizes. To experimentally achieve a smooth, continuous metallic shell of 

this thickness is challenging and a discontinuous, poor quality shell would decrease 

the electron mean free path Rejj even further. This increases the broadening and 

decreases the strength of the resonance, in effect decreasing the absorption effective

ness of the shells.
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Figure 5.5: Calculated extinction efficiency for the solid gold sphere and gold-shell 

on silica-core spherical particles for rtotai — 150 inn and 5 between 0.5 and 2 (solid 

curves, the curves are actually so close that they are indistinguishable). The dashed 

curve is for a core-shell particle with rtotai — 200 nm and 5—1.

Experimental values from the literature for 5 and rtotai for gold shells on silica 

cores are in the range 5 = 0.106 — 0.550, rtotai — 80 — 293 nm [5, 6, 10, 11] and for 

gold shells on Au2S 5 = 0.130 — 0.270 for rtotai = 5.1 — 20.7 nm [173, 174]. The 

smallest ratio for the silica core particles of 5 = 0.106 was achieved for a core radius 

of 170 nm and rtotai — 188 nm [5]. This is well in the regime where the scattering 

contribution is at its maximum and spectral tuning of the resonance with the rela

tive shell thickness is no longer possible.

To highlight the reduced tuning capabilities for larger particles I include fig

ure 5.5, where I show the extinction efficiencies for gold-shell on silica-core spherical 

particles for a total radius of rtotai = 150 nm and for 5 between 0.5 and 2, as well 

as a larger core-shell sphere, with rtotai = 200 nm and 5=1, for comparison. It 

is almost impossible to see any differences in the spectra for the 150 nm particles, 

independent of the actual value of 5. For these sizes, where scattering dominates the 

extinction, the shell thickness to core radius ratio cannot be used to tune the spectral 

response. Only a change in the total size of the particle changes the spectra slightly.
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Even then, the position and shape of the two main resonances at 600 nm remain 

almost unchanged and only the broader and weaker, lower order multipole peaks at 

longer wavelengths are shifted. Hence, this scattering dominated size range shows 

almost no effect of S on the spectral tunability, compared to sizes where absorption 

is dominant.

5.2.3 Conclusion

I showed that there is a limit to spectral selectivity and tunability of the SPR 

of metallic-shell dielectric-core particles and that this limit is reached surprisingly 

quickly at rtotai > 125 nm. This is an inherent design limit, as a large tuning range 

requires small shell thickness to core radius ratios. This, in turn, requires either high 

quality extremely thin shells (< 5 nm, for particles smaller than 50 nm), which are 

very difficult to achieve experimentally, or larger sized particles to keep the thickness 

to core ratio constant with thicker and experimentally better achievable, high qual

ity shells. The disadvantage in the latter case is that the larger particles will scatter 

significantly and thereby reduce the absorption and diminish the tuning capability.

While this information can be deduced from standard cross-sections and efficien

cies, I presented a more directly accessible way to quantify both spectral selectivity 

and the scattering contribution to extinction, with the introduction of the scattering 

contribution S\. The ratio S\ enables the comparison of the scattering contribu

tion for different materials, sizes and shapes for a specific wavelength range and 

subsequent quality assessment of each system. Depending on the desired properties 

of the system of interest other ratios of scattering, absorption and extinction as in 

equation 5.2 can be derived, resulting in other quality parameters like Sj\.

In general one can say that a good understanding of the scattering properties of 

a certain system is necessary in order to asses the validity of quasi-static approxi

mations, which also has an effect on quasi-static based methods like EMA. It also 

allows one to estimate the impact of scattering on the tunability of resonances and 

multipole contribution. Both have a strong influence on spectral selectivity.
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5.3 Field intensity profiles

Although Mie theory based programs for the calculations of absorption, scatter

ing and extinction cross-sections for layered spheres have been around for some 

time now [175, 176], they have been used mostly for far-held properties or near- 

held cross-sections [177], While some results have been published for the actual 

held strength distributions inside and outside of metallic particles [178, 179] and 

nanoshells [180, 181], the main targets of groups doing internal held calculations 

have been morphology dependent resonances (MDR) in dielectric particles [182, 183] 

or the response of spheres close to planar substrates [184, 185], in which case stan

dard Mie theory of plane wave illumination is not valid anymore.

Possible applications for the internal helds of metallic shells include the use of 

the held enhancement inside the core to increase output from fluorescent dyes [9] 

or to use it for catalytic purposes. The latter point might be especially interest

ing for discontinuous shells [10, 186, 187]. If the shells are suspended in a solvent 

and the resonance is chosen to be at a wavelength where the solvent is sufficiently 

transparent, the shell resonance could be excited and the holes in the shell would 

allow for an exchange between the solvent inside and outside of the shell. This hux 

will be driven by a temperature gradient which could be created between the cooler 

solvent outside the particle and the heated one inside. In order to calculate the 

resonance from Mie theory the holes would have to have only a negligible impact 

on the properties of the shells. This could be the case if the holes are small enough 

and if the distance between two neighbouring holes is sufficiently large, to prevent 

interaction and mutual enhancement.

The appeal of these structures for SERS lies not only in the (limited) tuning of 

the resonance but also large surface fields and enhancement factors. This is even 

more enhanced when the properties of a shell structure and of a rough metal film 

are combined to in rough metal nanoshells [181].

I provide images of the normalised electric field density |E|2/1iT012 (E0 being the 

incident field strength), or held enhancement, based on Mie theory [58]. I will show
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that the results of a recent paper which dealt with the same issue by Hao et al. 

[187] seem to show some artifacts, which appear to be caused by the choice of a 

too coarse grid (1 nm) in the use of the discrete dipole approximation (DDA). I 

am especially concerned about two points resulting from the use of DDA: (1) the 

field inside the actual shell is not shown, (2) the field inside the core looks much 

more inhomogeneous than our calculations suggest, especially considering that our 

images are presented on a logarithmic scale. Furthermore, our results indicate that 

the field intensity contours in the core follow the external field, showing large field 

strengths along the incident polarisation and not perpendicular to it, as is shown 

by ffao et al. [187] (see e.g figure 4 in that paper). The fields also depend strongly 

on the symmetry of the resonance. The high energy resonance, for example, has 

an external pattern which is comparable to the classic dipole pattern, while the low 

energy one, which is stronger, has a different, more symmetric external field pattern.

5.3.1 Results and Discussion

1 presented images for the system studied by Hao et al. [187] to provide a direct 

comparison. This means a gold shell of 3 nm thickness on a core of radius 15 nm. 

As medium water was used with nme(num — 1-33. For the sizes considered here, 

extinction is dominated by absorption and scattering is comparatively weak.

It is well known that the dielectric function of small metallic particles is affected 

by the size of the particle [50, 51, 188], mainly due to ballistic scattering of the 

conduction electrons by the particle surface, causing an increased broadening of 

spectral features. I included this effect by using the size dependent Drude part, as 

shown in equation 2.5. I used the published dielectric function of gold from Ref. [1]. 

As mentioned in section 2.3.1 one can define an effective radius Reff as:

ReU =

In homogeneous particles R is obviously the particle radius, while in metallic nanoshells 

the first assumption is to use the shell thickness. As explained previously in sec

tion 5.2.1, I choose the model proposed by Granqvist and Hunderi [3]. For the
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system presented in this section the value is Rgh — 3.34 nm. In order to provide 

results closer to experimental realities A — 2 is used, which is a good approximation 

for some systems [52, 54-56] and even a lower limit for other core-shell systems [6], 

as mentioned in section 2.3.1. This gives a final value of Rejf = 1.67 nm. The re

duced mean free path broadens the spectra of the shells and has also a quantitative, 

though not qualitative, impact on the field strengths and distributions.

I used a modified Mie theory code, originally developed by Kaiser et al. [189], to 

calculate the internal electric field densities for homogeneous metallic particles and 

metal nanoshells. The modified code has been successfully tested against published 

results from different groups to ensure that it is working correctly [182, 189, 190]. 

The results were calculated on a 500x500 grid, which corresponds to a point to point 

distance for the presentation of Ax = 0.072 nm. I have to stress though that this 

grid spacing has only a meaning for the actual plot of the field densities and has no 

influence whatsoever on the actual calculation of the results. This is an important 

difference between full Mie calculations and codes based on space discretisation, of 

which the DDA is an example.

The important advantage of boundary condition based programs, like Mie pro

grams and T-matrix codes, is that they retain the original symmetry of the physical 

system and hence, the inherent inclusion of the symmetry in the results. This is at 

the same time their disadvantage as the problem needs to be described in a natural 

coordinate system, based on the symmetry of the structure and these natural co

ordinate systems exist only for a selected number of shapes. Other, more complex 

shapes have to be treated with programs based on space discretisation. One common 

problem which has to be treated carefully with the latter programs is the creation of 

step or staircasing artifacts, which arise from the necessary approximation of curved 

or inclined surfaces with finite building blocks, in fact having structures that look 

like staircases. This results in enhanced surface fields on such surfaces, due to the 

increased field enhancement at, the sharp edges of the steps (lighting rod effect). 

Hence, it is very important to chose the grid spacing wisely, namely as small as
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Figure 5.6: Extinction efficiency for a homogeneous sphere with R — 18 nm (solid 

line) and a gold shell on a core with ncore — 1.33, RCOre — 15 nm and Rsheii — 18 nm 

(dashed line), in a medium with nmediuTn — 1.33. The marks show the wavelengths 

for which the |E|2/1iTo|2 plots in the other figures are calculated. The gold dielectric 

function is size corrected in both cases, as explained in the text.

computational resources allow.

Figure 5.6 shows the extinction efficiency Qext for a gold shell and a homoge

neous gold sphere in a medium with nme^um = ncore = 1.33 and Rcore = 15 nm, 

Rshell — 18 nm (tsheii — 3 nm) and Rsphere = 18 nm. The graph shows the expected 

red-shift of the core shell particle with respect to the homogeneous sphere [11] and 

the wavelengths for which the internal fields were calculated. The spectral features 

are broader than those calculated from bulk properties, due to the size effects men

tioned above.

1 would like to point out at this stage that the field intensities of all following 

images are on a logarithmic false colour scale and that the actual numerical values 

of the scale differ between figures. This has to be kept in mind when comparing 

results between different figures.

Figure 5.7 shows a contour plot of the electric field intensity |E|2/|jF0|2 for two
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Figure 5.7: |E|2/| E()|2 contour plots for two principal planes for a 3 nm thick gold 

shell (size corrected, see text) on a core with radius of 18 nm with ncore — nmc<nUm = 

1.33 at the resonance wavelength for this system of 708 nm. The colour scale is 

logarithmic.

principal planes including the incident polarisation direction, either perpendicular 

or parallel to the propagation direction, as shown in the graph. The wavelength is 

the low energy resonance wavelength of this system, which is at \res = 708 nm. The 

results for the plane perpendicular to the incident polarisation are either radially 

symmetric (resonant case) or similar to the results from the plane including both 

the polarisation and propagation direction (off-resonance). I also outlined the centre 

of the sphere to highlight geometrical asymmetries in the held intensity patterns. 

It can be clearly seen that areas of largest held enhancements are throughout the 

core of the particle and inside the shell perpendicular to the polarisation direction. 

This is different to results for homogeneous spheres (see figures 5.11 and 5.12). I 

also note that the gradient in the held strength of the shells seems to be stronger
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5.417Figure 0.8: The same images as in Fig. 5.7. but with a reduced scale to show the 

field gradient inside the core.

than the one for gold rings [25].

Another point that differs between a metallic shell and a ring are that in the 

ring the field enhancement inside the core is strongly localised close to the poles of 

the core along the incident polarisation [25]. This localisation is not so strong in the 

shells. The field intensity in the core of the shell is almost homogeneous and one 

has to reduce the scale significantly to see structure within the core, as can be seen 

in figure 5.8. The difference becomes even more striking when I consider that the 

results for the ring are presented on a linear scale [25] and ours are on a logarithmic 

one. Also, the contour lines in the core of the shell are more focussed in the centre 

than those for the rings. I think that the differences are caused by the reduced 

symmetry in the ring but they are probably affected by the different size as well. 

This does not explain though why Hao et al. [187] got a relative lowr enhancement
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in those regions (along Eincident at the poles in the core) where I and other authors 

calculated either a relative increase in the enhancement [25] or a relatively flat be

haviour [177, 180].

Compared to the gradient of the field inside the shell though, the gradient in

side the core is negligible, resulting in a relative constant field throughout the core. 

Figure 5.8 shows this more clearly by limiting the range of values to 5.30-5.45. The 

interesting thing is that the field intensity contour lines inside the core are aligned 

with the incident field, rather than linking the hot-spot areas in the shell, which 

are located perpendicular to the incident field. The areas in the core closest to 

those hot-spots are actually the ones with the lowest field enhancement. It will be 

interesting to see if this trend is reversed or even completely cancelled if the shell 

is thicker than the skin depth, which should create a Faraday cage. These findings 

are significantly different to the results presented by Hao et al. [187], in which the 

field intensity in the core is varying much more (to be seen even on a linear scale) 

and it also seems to be rotated, as the areas of low field enhancement are along the 

incident polarisation direction and not, as shown in our figure 5.8, perpendicular to 

that.

Figure 5.9 shows the same core-shell system as the one considered in figure 5.7 

but calculated for the off-resonance wavelength of 1000 nm. This wavelength is 

sufficiently separated from the resonance but not too far into the near infra-red for 

the water to become absorbent. As can be seen in this image, the general shape 

of the field pattern is the same as in the resonant case, with the exception of the 

magnitude of the fields. Differences are beginning to show only in the core, as can 

be seen in figure 5.10. The main thing that changes in the patterns as one goes to 

longer wavelengths is the extent of the areas of large field enhancement in the shell. 

Those are more strongly confined in the far off-resonance case but of course much 

weaker than at resonance. Changing the material of the core to another dielectric 

does not seem to affect the general pattern of the fields very much, though of course 

the resonance position and the magnitude of the enhancement are dependent on the
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Figure 5.9: Contour plots of |E|2/|-E0|2 for two principal planes and the same core

shell particle as in figure 5.7. but at the off-resonance wavelength of 1000 nm. Again 

the colour scale is logarithmic.
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Figure 5.10: Same as Fig. 5.9 but with a reduced scale to show the structure in the

core.
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Figure 5.11: jE|2/112 contour plots for two principal planes for a homogeneous 

gold sphere with a radius of 18 nm (size corrected, see text) in a medium with 

■nmedium — 1-33 at the resonance wavelength for this system of 532 nm. The colour 

scale is logarithmic (note also the reduced scale).

material.

As a comparison, I show in figure 5.11 and figure 5.12 the response for a solid gold 

sphere with a radius of 18 mil inside a medium with nmeciium — 1 -33 at the resonance 

wavelength of 532 nm and off-resonance at a wavelength of 1000 nm, respectively. 

The resonance case shows an almost uniform held across the sphere and the colour 

scale has to be reduced considerably to see any pattern at alb which is expected 

for a homogeneous particle at resonance. Compared to this the off-resonance case 

shows the well known excitation of the dipole inside the sphere along the polari

sation direction. The dipole pattern actually becomes clearer if one moves further 

away from the resonance.
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Figure 5.12: The same sphere as in Fig. 5.11. but at the off-resonance wavelength 

of 1000 nm.
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The question arises for the low energy resonance case, why the fields in the shells 

are concentrated not along the incident polarisation but perpendicular. This is due 

to the fact that the system tries to achieve the lowest possible energy. In order to 

achieve this the particle has to create a large dipole moment, as this acts to com

pensate the incident field. The larger the moment the larger the compensation and 

hence, the lower the total energy of the system. The case of the maximum dipole 

moment is achieved when the charge distribution has the same sign on both sides of 

the shell across the poles along the incident polarisation (see for example Ref. [25] 

and [170]). In this case the field lines inside the shell repel each other at these 

poles and bunch in the region of the poles which are perpendicular to the incident 

polarisation. The high field line densities at those points are equivalent to large 

field strengths. In the homogeneous sphere case the field lines are going straight 

through the particle and the largest density is at the poles along the polarisation, 

because this is where the most held lines are bent onto the sphere surface, creating 

the highest held line density. The held lines inside the shell for both resonances of 

a shell can be found in Ref. [191].

To show the high energy resonance of the core-shell system, which does not 

show for the gold shell because it is quenched by interband transitions, I include 

the results for a 5 nm thick silver shell on a silica core with a radius of 20 nm 

in a medium with = 1.0, shown in figure 5.13. Both Mie and quasi-static

calculations of |E|2/1 iT012 are shown and the external held is calculated for the quasi

static case. What the graph shows is the distinct difference in the patterns for the 

two resonances, the high energy resonance at 328 nm (top row) has the highest 

held enhancement in the shell along the polarisation, as expected for homogeneous 

particles. Also the intensity in the core is comparable to the lower intensities in the 

shell. For the low energy case at 526 nm (bottom row) the highest held enhance

ment in the shell is perpendicular to the polarisation and the intensity in the core 

is comparable to the higher intensities in the shell. In both cases the helds and 

hence the intensities are homogeneous throughout the core, which is expected from
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Figure 5.13: |E|2/|E0|2 contour plots for the asymmetric (top row, at 328 um) and 

symmetric (bottom row, at 526 nm) shell mode in a silver shell on a silica core with 

RCOre = 20 nm, Rsheii = 25 nm and nmedium — 1-0. The right column is the Mie 

calculation as used in the other images. The left column is a quasi-static calculation 

with the same geometrical factors, including the external held. The k vector is only 

of interest for the Mie results.
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quasi-static principles. The anti-symmetric mode pattern is only present at a few 

wavelengths around the resonance, while the pattern of the symmetric mode can be 

observed even at off-resonance wavelengths.

Figure 5.13 also shows that, for the low energy resonance, the external field at 

the surface of the shell is even larger than that inside the shell. What this means 

is that the field intensity gradient at the surface should be large enough to let the 

intensity in the core appear homogeneous (see for example Ref. [177]) and to hide 

whatever structure there might be (see figure 5.8). This argument obviously only 

applies to the Mie calculations as the core is absolutely homogeneous in the quasi

static limit.

One thing I would also like to mention with regard to figure 5.13 is the large 

gradient of the field intensity between the surface of the shell and the interior in 

the direction of the polarisation. This should create a great difference in the force 

experienced by charges around the shell boundary and possibly bonded molecules 

as well. What should also be noted is the more homogeneous distribution of the 

external field around the shell at the low energy resonance (bottom row) as opposed 

to the high energy resonance (top row), which has a behaviour more comparable to a 

classical dipole. This might have an impact on the bonding behaviour of molecules 

on nanoshells and can probably also have an influence on a spatially preferential 

growth of the particle [192], if electrostatic forces are driving the growth.

5.3.2 Conclusion

Internal electric fields for gold shells with the same total size and thickness, as re

cently presented by Hao et al. [187] were calculated based on full Mie theory. I have 

to conclude from our full Mie calculations that the use of the DDA in that paper 

created significant artifacts with respect to the general field intensity pattern in the 

core, while the results for the external field intensities agree with our quasi-static 

calculations (apart from obvious step artifacts in the DDA results). I was also able 

to calculate the fields inside the shell for the gold shell. A direct quantitative com
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parison is not desired as I considered additional broadening mechanisms in the small 

particle, which are experimentally observed [6, 53]. These broaden the resonances 

and decrease the field enhancement. Our main concerns though are the qualitative 

discrepancies between that paper and our results, which agree with the findings of 

other authors [25, 177], for example for silver shells on a silica core [180].

Our main findings are that inside the core the points of largest field enhancement 

are along the incident polarisation direction, while in the shell they are perpendic

ular to that direction. This is different to the response of a homogeneous sphere, 

in which the highest field intensities in the off-resonance case are located in the 

direction of the incident polarisation and in the on-resonance case the field intensity 

is comparatively uniform, as the whole particle resonates. Also the internal field 

pattern for the sphere changes qualitatively more for different wavelengths than the 

one for the shell. In the latter case the change is mostly in the relative size of the 

areas of high and low field enhancement inside the shell and the magnitude of the 

intensity.

In principle, there should be a short wavelength resonance as well, which is the 

anti-symmetric resonance mode of the shell [25, 170]. In the present case for thin 

gold shells, this anti-symmetric mode does not show in the spectrum seen in fig

ure 5.6. It is probably suppressed by the onset of interband transitions in gold. For 

silver shells this anti-symmetric mode and its different internal field pattern can be 

observed.

The field intensity distribution for the anti-symmetric mode of a silver shell on a 

silica core has been shown in figure 5.13. The charge distribution in this case is such 

that opposite charges are concentrating at the opposite sides of the shell along the 

incident polarisation direction [25, 170], creating a large field line density at those 

poles and hence, a large field intensity. Both the internal and external field patterns 

are distinctly different between the two modes, in particular the low energy mode 

does not behave like anything known from homogeneous particles.

Further results suggest that different dielectric core materials have only a minor
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effect on the general pattern of the field intensity, though they do affect the spectral 

location and magnitude of the main resonance.

Our results highlight a well known problem with methods relying on the finite 

approximation of shapes, like DDA or finite difference or element techniques, when 

curved or inclined surfaces are approximated. The choice of the grid spacing is cru

cial in these cases, as step related artifacts can play a significant role and one has to 

be very careful when such results are analysed. To decrease the grid spacing, on the 

other hand, requires more computational resources. A way to decrease computation 

time without losing a fine grid spacing in the regions of interest is the use of the 

adaptive mesh method [193]. Recently, Collinge and Draine reported a method to 

improve accuracy for the DDA based on similar ideas as the adaptive mesh method 

[194].

5.4 Summary

The tunability of the SPR of metallic-shell dielectric-core particles is limited by 

the interplay of achievable shell thicknesses and restrictions on total size to avoid 

scattering. Scattering reduces the absorption and hence, diminishes the tuning 

capability significantly.

I provided an alternative presentation of such information which expresses the 

scattering contribution to extinction over a wavelength range as a single value, Sy. 

This renders the need to compare multiple spectra for different systems unnecessary 

and makes the information accessible at a glance. This approach can be extended by 

using any combination of scattering, absorption and extinction, if different properties 

are of interest. Scattering in general is an issue which is sometimes not treated 

thoroughly enough for nano-scale systems.

The coupling of the shell and cavity resonance gives rise to two resonances and 

it turns out that the stronger resonance has an interesting near-field pattern, which 

differs from the standard dipole response, present in small homogeneous spheres. For 

this stronger, symmetric resonance I find that the points of largest held enhancement
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inside the core are along the incident polarisation direction, while in the shell they 

are perpendicular to that direction. The presence of the weaker, anti-symmetric 

mode depends on the material and in the case of gold it is quenched by interband 

transitions.

The general shape of these resonances does not depend strongly on the materials, 

as long as the core remains dielectric. On the other hand, the spectral location and 

magnitude of the resonances obviously depends on the material.



Chapter 6

Silver films with sub-wavelength 

holes

6.1 Introduction

This chapter covers a slightly different area as the previous ones, as it deals specif

ically with propagating SPP on structured silver films not the localised resonances 

studied before. Single structures have been studied both for protuberances [195 198] 

and holes [199, 200] or grooves [45, 46, 161. 162]. Periodic structures have also been 

studied for both positive (dimples) [21] and negative (holes) [49] surface defects.

The advantage of the more controlled conditions with single defects, like grooves 

is that they make theoretical comparisons much easier. Natural or other samples 

like composites, on the hand, do not show these controlled features. A good un

derstanding of SPP interactions for randomly structured surfaces seems therefore 

important in the analysis of near-field images of such samples. 1 believe that the 

presented results are a first step in that direction.

Another reason is the phenomenon of enhanced transmittance through hole ar

rays [201, 202], Our films are not showing this effect, even for thicknesses smaller 

than the used for the array samples (> 100 nm). As the exact nature of the en

114
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hancement process is still under discussion, results from randomly distributed holes 

might give further insight into possible processes.

6.2 Sample preparation

The samples were prepared by a liftoff of over-coated latex beads. Spherical latex 

particles with a diameter of 200 nm were spincoated on a glass substrate and subse

quently over-coated by DC magnetron sputtering with a 80 nm thick silver film. The 

particles were then removed by sonication in a chloroform solution to leave circular 

holes in the metal film. Samples with two different hole concentrations were studied.

6.3 Structural characterisation

The general structure of the films can be seen in figure 6.1. The holes are easily 

identifiable and the difference in the hole concentration can be seen as well. There 

is some aggregation between the holes, leaving only some isolated holes. This yields 

a broad distribution in the size and shape of the combined holes.

As mentioned in section 2.3.1 the shape is a crucial defining factor in the prop

erties of plasmonic structures. Whereas this was discussed before for conductive 

particles, the same holds true for cavities inside a metal film and the hole shape has 

a strong influence on the transmittance properties of thin metal films [203]. Singu

lar holes should therefore yield results which are easier to analyse. The larger hole 

structures are on the other hand easier to recognise in the SNOM, especially with 

the apertures used in our experiments.

A statistical evaluation of the SEM images yields a hole coverage percentage of 

0.46% and 2.1% for the low and high hole concentration sample, respectively. The 

average area containing one hole is 5.0 //nr and 2.6 //in2, respectively. Assuming a 

spherical area around the holes the average hole separation is 1.26 //m and 0.92 /zm.

Figure 6.2 shows AFM images of the same samples and highlights one important
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Figure 6.1: SEM images of the randomly structured silver films: a) low hole con

centration, b) high hole concentration. The insets show larger magnifications of the 

same films.
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Figure 6.2: 10x10 /im AFM images of the structured silver films: a) low hole con

centration, b) high hole concentration.

point which can also be seen in the SEM images: Despite the thickness of the film 

being much larger than that needed to completely cover the substrate, the film is 

far from being smooth. A general granular structure of the films can be seen in the 

inset SEM images in figure 6.1, as well as in the AFM images. These grains are 

probably due to the formation of silver crystals during the sputtering process. As 

the roughness that is created by these defects is much smaller than the wavelength 

of light (RMS roughness < 10 nm for both samples) it could allow coupling of light 

to SPP [47].

6.4 Far-field characterisation

Figure 6.3 shows the reflectance and transmittance of the two structured films as 

well as an unstructured 80 nm thick silver film for comparison. The absorption for 

these films is shown in figure 6.4. It was calculated by using 1 — R — T, where R. and 

T are the reflectance and transmittance, respectively. The main differences between 

the results are a general enhanced absorption in the NIR of the structured films and
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Figure 6.3: Reflectance and transmittance of an unstructured silver film (solid 

curve), as well as the low hole concentration (dashed curve) and high hole con

centration (dotted curve) structured silver films. The thickness of all films is 80 nm.

------- film without holes
■ — low hole concentration 
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w 0.4
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Figure 6.4: Absorption of an unstructured silver film (solid curve), as well as the 

low hole concentration (dashed curve) and high hole concentration (dotted curve) 

structured silver films. The thickness of all films is 80 nm.
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a structure at 354 nm, which develops from a shoulder for the low concentration 

sample to a full peak for the high concentration one.

This means that our films are not showing the enhanced transmittance which is 

known for regular hole arrays [201, 202], as mentioned above. A systematic study 

of such random hole arrays might yield a better insight into possible processes.

If I assume that the peak at 354 nm is caused by the coupling of the incident light 

to SPP, the momentum component which has to be supplied by a surface structure 

can be deduced. As mentioned in section 2.3.1, light cannot couple directly to SPP, 

as it carries not enough momentum. Both regularly and randomly structured sur

faces can provide the missing momentum through diffractive (grating) components 

along the surface plane [47].

In the following discussion momenta are used in terms of the wavenumbers. This 

is possible due to the relations:

E — ch k and p = hk ,

where E is the energy, p the momentum, c the speed of light, h the Planck constant 

divided by 2ir and k — the wavenumber. The energy and momentum can therefore 

be described solely in terms of the wavenumber.

The correlation of the incident, SPP and surface momentum can be expressed 

in the following way:
kinc ksPP T ksurface ■

The wave number of the incident light at 354 nm, kmc — 17.75 //in-1, has to be 

corrected for the angle of incidence of the reflection measurement of 7 degrees. The 

appropriately corrected incident momentum is kfnc = Aync-sin(7°) = 2.16 /mi-1. The 

real parts for kxSPP at Xinc = 354 nm of the two structured samples, as calculated 

with equation 2.1 and the dielectric data from the /?, T measurements, are:

kxsJpp = 26.84 /an'1



CHAPTER 6. SILVER FILMS WITH SUB-WAVELENGTH HOLES 120

kinc

///////////////////////////
Figure 6.5: Visualisation of the different momenta involved in the coupling process. 

The correction for the angle of incidence is also shown.

and

kxs'pP = 21.81 //.in”1

for the low and high hole concentration samples, respectively. This leaves us with 

the conditions:

Kir face = 24ii8 ‘

and

^surface = 19.65 /an"1

for the surface momentum transfer of the low and high hole concentration respec

tively. The whole situation is visualised in figure 6.5, where the different momentum 

components and the angle of incident correction are shown.

These values have to be provided by surface structures as diffractive Fourier 

components, which are usually provided by diffraction in a grating. In our randomly 

distributed case the diffractive components are due to either a surface roughness or



CHAPTER 6. SILVER FILMS WITH SUB-WAVELENGTH HOLES 121

the individual holes. To get a better idea what could have caused the coupling, the 

real space values a — can be calculated:

a1 — 250 nm

and

ah = 320 nm.

Both values are of the order of the hole size d = 200 nm, which indicates that the 

SPP coupling for these films occurs through diffraction of the individual holes.

This would explain why the peak only gets stronger but does not shift, as it 

would be a pure area effect without hole interaction. It is therefore expected that 

the absorption effect behaves linearly with respect to the hole concentration. It will 

be interesting to see how the situation changes for higher hole concentrations and if 

the hole interaction is enough for enhanced transmittance or if a regular structure 

is needed on top of this.

The diffractive surface components are also much smaller than the average sep

aration of the holes of 1.26 /tin and 0.92 /mi for the low and high concentration 

sample, respectively. These values were determined by a statistical evaluation of 

the SEM images as explained in the structural characterisation section 6.3. This 

is a further indication that the coupling is caused by the individual holes. It also 

shows that a hole interaction, at least one which involves more than just a few 

holes, is unlikely as the 1/e decay lengths at Xinc — 354 nm for the two samples 

are only x'e = 110 nm and xJ = 100 nm, as defined by the imaginary part of kx in 

equation 2.1.

6.5 Near-field characterisation

The samples were measured in an illumination setup of a commercial system (Nanon- 

ics Ltd.) with a tip aperture of 200 nm and an illumination wavelength of 409 nm. 

The reflected light was collected in an avalanche photodiode and the feedback was 

provided by AFM, resulting in a second data set which was used to assess the optical
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response.

Figure 6.6 shows the AFM and SNOM images for the high hole concentration 

sample. It can be clearly seen that there are low intensity features in the SNOM 

image which seem to relate to the holes in the structure, as seen by the AFM. There 

is a shift in the position of these low intensity features with regard to the physical 

positions of the holes. This can be seen more clearly by the creation of a composite 

image containing the information of both the AFM and SNOM. Such an image can 

be seen at the bottom of figure 6.6. The height in this image is defined by the AFM 

and the colour by the SNOM. In order to highlight the correlation between the low 

intensities and the holes, the composite image was flipped with respect to the x — y 

plane, looking at the “bottom” of the sample. This highlights the hole positions, 

which show up as peaks in this representation.

The correlation between the holes and the low intensities of the SNOM image 

is clearly visible as is their shift of around 1 gm form the hole towards the scan 

direction. The origin of this shift is still unknown, although shifts between the 

topological and optical features are, to some degree, expected and a good indication 

that the observed features are not artifacts [204]. The reason for this is that the 

precise positions from where the topological and optical response originate can dif

fer on the probe. This can be due to slight defects at the aperture, like protrusions 

from the coating. In that case it would be the lowest point of the tip, the defect 

protrusion, which would be responsible for the AFM response, whereas the optical 

signal would still be detected with the aperture, causing a noticeable shift. It follows 

that the shift is of the order of the total aperture width, including any coating. As 

the tip width in our case is around 210 nm, I do not expect the shift of around 1 /.mi 

to be due to this reason alone. The tip would have to be seriously damaged if it 

would have an effective width of 1 /mi and the images do not suggest such extensive 

damage.

Another explanation is that the locally excited plasmons are sucked into the him 

by the holes and hence decrease the intensity, if the holes are within the SPP decay
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Figure 6.6: 10x10 /mi AFM (left) and SNOM (right) images of the high hole concen

tration sample. The bottom image is a composition of these two images, the height 

is from the AFM and the colour from the SNOM image. The composite image shows 

the “bottom” of the 3D graph to highlight the hole structures, which can be seen 

as peaks in this representation. The arrows act as a guide to the eye showing the 

starting point and direction of the scan.
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length. The 1/e decay length for the high concentration sample is 1.76 /im based on 

n and k data from the R and T measurements. The SPP would therefore be able 

to travel the distance of 1 /mi to explain the observed shift. The problem with this 

explanation is that it should give isotropic features around the holes due to the fact 

that the fibre does not retain polarisation and the SPP would travel to the hole from 

all relative positions of the tip to the hole within a 1 /mi radius. A surface defect on 

the aperture, on the other hand, could introduce a polarisation as the light leaves 

the aperture, which could explain this contradiction. However, this explanation 

would demand strongly anisotropic features according to the polarisation direction. 

As these are not observed in the SNOM images, a different, so far unknown, process 

must be responsible for the shift.

The situation for the low hole concentration sample looks quite different, as can 

be readily observed in figure 6.7. Interference-like patterns are visible throughout 

the image for both a surface bump (top row) and a groove defect (bottom row). It is 

expected that these interference patterns should be standing wave patterns, caused 

by the interference of the incident SPP excited by the light, from the aperture and 

the SPP reflected of the surface defect. If I assume purely elastic scattering, the 

period of the interference pattern is expected to have the period of \spp/2, where 

Aspp is the SPP wavelength. For a smooth silver film and an incident wavelength of 

409 nm A spp = 359 nm, from equation 2.1, (with data from Palik et al. [172]). For 

our low hole concentration film, based on data determined from the optical mea

surements, the SPP wavelength reduces to A spp = 347 nm.

Surprisingly, the wavelength in the SNOM images is 574.71 ±0.03 as determined 

by Fourier analysis and averaged over 9 patterns in different images. The actual 

range of values is 435 nm - 690 nm. There is some indication that for single holes 

the period of the measured interference pattern is not Xspp/2 but A spp [200]. The 

value I measured is neither equal to the SPP wavelength nor twice that value but 

somewhere between. An explanation for this deviation eludes us at the moment 

although the expected strong coupling of metal coated tips with metallic samples
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Figure 6.7: 10x10 /mi AFM (left) and SNOM (right) images of the low hole concen

tration sample.



CHAPTER 6. SILVER FILMS WITH SUB-WAVELENGTLI HOLES 126

Figure 6.8: 10x10 fim AFM (left) and SNOM (right) images of a flat section of the 

low hole concentration sample.

could be one reason.

The patterns observed in figure 6.7 are localised near strong surface defects but 

similar, though less strong patterns can also be observed on flatter parts of the low 

concentration sample. This can be verified by looking at figure 6.8. The wavelength 

of the interference pattern lies within the range of values mentioned above and is 

therefore consistent with the results from the strong surface defects, despite the lower 

clarity of the patterns. It seems that for such randomly structured metallic samples 

different regions resulting in different behaviour for the SPP can be observed. Our 

low hole concentration sample provides a low scatterer density, allowing coherent 

interaction of the SPP and the observation of interference patterns. In our high 

hole concentration sample the coherence is reduced by the random, statistical scat

tering of the higher density of scattering centres. This results in an image which is 

mostly defined by the direct summation of the intensities at a given point and the 

neglect of any phase influence. As a result I am able to see an image which is more 

strongly correlated to the topology of the sample than in the coherent case where 

some features can be obscured by the interference pattern. This effect should be



CHAPTER 6. SILVER FILMS WITH SUB-WAVELENGTH HOLES 127

Figure 6.9: AFM (left) and SNOM (right) images of a gold film with a higher hole 

concentration than our samples (courtesy of J. Prikulis and M. Kail and reprinted 

in part with permission from Ref. [4]. Copyright 2004 American Chemical Society).

strengthened by the fact that the 1/e decay length at Ainc = 409 nm of the SPP is 

considerably reduced, from 1.76 //in for the low concentration sample to 850 nm for 

the high concentration sample.

Furthermore, it seems that there is a third region with an even higher scatterer 

density. As an example of this 1 include here figure 6.9 with results which I repro

duced by kind permission of J. Prikulis and M. Kail and the American Chemical 

Society for gold films [4]. The SNOM images of this film actually neither show any 

interference pattern nor any resemblance to the sample topology. It seems that the 

SPP are scattered so much by the large scatterer density that the resulting response 

is almost noise-like.

These images can also be analysed with the PDF approach, as explained in 

section 4.5. The resulting PDF for some of the SNOM images can be seen in fig

ure 6.10. The PDF for the high hole concentration sample shows the expected broad
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Figure 6.10: Probability density function (PDF) for the SNOM images of the struc

tured metal films: a) high hole concentration sample, from Fig. 6.6, b) low hole 

concentration sample, from Fig. 6.7 (top row), c) fiat region of the low concentra

tion sample, from Fig. 6.8 and d) very high hole concentration gold sample, from 

Fig. 6.9 (courtesy of J. Prikulis and M. Kail).

behaviour which is characteristic of multiple SPP scattering [156] but is also slightly 

asymmetric. This asymmetry is not towards the higher enhancement values as in 

fractal and colloidal clusters [155, 158] but towards lower enhancement values. This 

can be explained by the fact that no hot-spots are expected on these films and the 

lack of background SPP illumination. The sample is illuminated by the tip and the 

light subsequently absorbed by the holes. This results in almost zero signals which 

are highlighted after the normalisation process.

The PDF for the low hole concentration image on the other hand shows a narrow 

peak close to an enhancement value of 1, characteristic for single SPP scattering.
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The asymmetry in this case might be due to the line defects visible in figure 6.7. The 

PDF for the flat region is surprisingly broad but very symmetric. One explanation 

for the broadness is that the SPP are less perturbed on the flat area, which improves 

propagation and coherent interaction. On the other hand, the strong surface defects 

in figure 6.7 seem to act almost as single scattering centres within the whole image 

range, resulting in single SPP scattering behaviour.

To compare the different regimes I also included in figure 6.10 the results from 

the very high hole concentration sample on gold by J. Prikulis and M. Kail [4]. The 

PDF for this sample shows a strange behaviour of three broad peaks superimposed 

over each other. The broadness and the asymmetry towards stronger enhancement 

values supports our hypothesis of enhanced SPP scattering in that high scatterer 

density sample. The three branches could be an indication of three different strong 

scattering regimes for three different length scales. This idea is supported by the 

fact that the slope decreases towards the lower branches. A steeper slope represents 

less hot-spots and by that probably less scattering. The branch with the steepest 

slope is the one with the highest probability though, which could indicate a closer 

spatial confinement in which scattering would occur with a higher probability.

Finally, a comment about SPP propagation lengths on these films. An average 

of exponential decay fits to three wave patterns in figure 6.7 (top row) conies to a 

1/e decay length of 1.67 /mi which is close to the theoretical value, calculated from 

equation 2.1 with dielectric data for our films, of 1.76 /an. A similar calculation for 

the wave pattern of the groove image in figure 6.7 (bottom row) comes to a much 

shorter decay length of 0.45 /mi, which might be due to a stronger damping by the 

bigger defect or multiple interactions along the pattern from the irregular shape over 

the extent of the groove. As a comparison, the bump in the top row image seems 

to act much more as point source. The closeness of the measured values, averaged 

over multiple images and the theoretical calculation is a good indication that the 

observed structure is indeed due to SPP.
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6.6 Conclusion

The question of near-field properties of structured metal films has been of interest 

for some time, for random surfaces [158, 167] as well as regular hole [49] and particle 

arrays [21]. Especially the enhanced transmittance of regular hole arrays, while ex

perimentally proven many times, is still not fully understood. Randomly distributed 

holes might help to identify or exclude certain processes, which might contribute to 

the enhancement.

For the hole densities studied, no enhanced transmittance could be observed, but 

there is an enhanced absorption. This absorption could be linked to a diffractive 

effect caused by the isolated holes and not a hole-hole interaction. The angle of 

incidence for the reflectance measurement was 7°. This creates an incident surface 

momentum component kfnc which can couple the incident light, to SPP, if the re

maining momentum is provided by the surface topology via grating or roughness. In 

our case the additional surface momentum component was supplied by diffraction 

of the individual holes.

The average values for the hole separations were much too large (> 1 /mi) for 

hole interactions to play any role at visible wavelengths. Statistical variations and 

shorter separations on a smaller scale, which might be blurred by the averaging 

process, seem unlikely as an explanation as the inverse Fourier component of the 

diffractive surface component is only around 300 nm and hole clustering on such a 

small scale was not observed in the SEM micrographs. The enhanced, wavelength 

independent absorption in the NIR might be due to a simple scaling effect as the 

wavelength increases and larger features can contribute.

The SNOM images indicate the possibility of three different regimes for such ran

domly structured films, defined by the density of scattering centres for the SPP. In 

the low density case the SPP can propagate over relatively large distances (> 1 //mi) 

allowing coherent interaction and the observation of interference patterns, whereas 

for a higher density the coherence is reduced by an increase in scattering and the 

occurrence of multiple SPP scattering. This reduces the influence of the phase of the
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SPP and results in the superposition of intensity alone, showing a strong topology 

resemblance. The observed shift of optical features with respect to their physical 

locations is not understood at the moment. Tip related influences are not expected 

to explain the full scope of the shift as for this only shifts of the order of the tip 

width are expected and the tip width (around 210 nm) is less than half the size of 

the shift (around 1 /im). A further increase in the scatterer density seems to result 

in purely random SPP scattering and almost noise-like SNOM images.

The observed decay lengths for the patterns of the surface bump are close to 

the theoretical value. This supports the view that I indeed observed SPP patterns 

for the low hole concentration sample. The shortened decay length observed for the 

groove may be due to an enhanced damping of the groove or the multiple interaction 

of different reflections of the irregular shape over the extent of the groove.



Chapter 7

Summary and Outlook

The results presented in this thesis cover a wide range of materials, sample synthesis 

and analysis, but they all deal with the question of spectral tuning of the SPR in 

plasmon resonant particles and influences on near-field and field enhancement prop

erties. Though, in the last chapter, dealing with SNOM of randomly structured 

silver films, spectral tuning is not the main issue, rather how the plasmon in the 

film is affected by the holes. These last results might yield some further insight into 

problems regarding enhanced transmission through hole arrays.

The basic SPR. position is determined by the material, especially by the free car

rier density. This is not surprising as the SPR is an oscillation of these free carriers. 

One spectral range of special interest is the NIR, due to its importance for energy 

efficient window applications. The problem is that the SPR of normal metals lies 

either in the visible or the UV. In order to red-shift the resonance, the energy of the 

plasmon has to be reduced. Hence, metal-like materials with lower carrier densities 

seem to be good candidates.

One such material is LaB6. The quasi-static sphere resonance of LaB6 in a PVB 

medium is at around 900 nm. Larger spheres shift the resonance slightly to the 

red as was verified by Mie theory calculations. The observed shift of the resonance 

to about 1000 nm and the polarisation dependence are strong indications of non- 

spherical particles as confirmed bv electron microscopy. This additional red-shift is

132
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actually helpful, as the resonance is rather broad due to size and shape distributions, 

as well as size broadening in the particles. The samples show a colouring effect due 

to this spill over into the visible red, which would be worse without the shape related 

red-shift.

The solar performance of the LaB6 doped windows is quite good, especially with 

regard to the amount of material needed. The current alternatives ITO and ATO 

have their resonances further into the IR and are therefore more colour neutral, but, 

as only the tail of the resonance is used for the absorption in the NIR, the required 

concentration is much higher than that needed for LaB6. The influence of scattering 

is also been studied and it is found that, up to a mean size of 80-100 nm, scattering 

in the visible can be neglected. This is evident from the samples, as only a slight 

haze was observed at very oblique angles.

LaB6 NP seem to be one of the most efficient possibilities for spectrally selective 

windows to reduce solar radiative heat transfer into cars or buildings, both in terms 

of resonance position and the required concentration. The colouring issue might not 

be a problem in some cases, and for others, it can be reduced by using a smaller 

NP concentration. This can be customised for specific applications. There are two 

ways to improve the colour effect. One would be to narrow the resonance, which 

is broader than expected from bulk values due to the reasons mentioned above and 

in section 3.5. This could be accomplished by improving the size and shape dis

tribution and by making sure that anisotropic particles are randomly oriented, if 

polarisation dependence is not desired. The second way to improve the colour effect 

is to shift the resonance even further into the red, probably up to 1200 nm. This 

could be accomplished, for example, by increasing the aspect ratio of the particles.

Another property that has an influence on the spectral position of the SPR is 

particle interaction, in which case the actual structure of the composite plays an 

important role. An example of this was demonstrated with the self-assembled gold 

particles with clithiol linker molecules. Due to the choice of the length of the alkane 

chain of the dithiol, this composite has the potential for spectral tunability. The
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molecule dependent morphologies of the films provide also some structural tunabil- 

ity.

The resonance position itself can be tuned directly by the chain length. This is 

because the chain length defines the average gold particle separation and therefore 

strength of interaction. An increase in the chain length creates the inverse of the ag

gregation effect, i.e. it blue-shifts the resonance. One interesting finding is that the 

chain length has also an indirect effect, by changing the micro and nano-structure 

of the composite. Whereas this does not affect the resonance position, it does affect 

the overall dielectric properties, which are a combination of the contributions from 

the gold, dithiol and voids. A further important point about the linker molecules 

is that they keep the particles separated and by that prevent the creation of ac

tual gold aggregates. Those have quite different optical properties, compared to the 

composite with linkers.

It is possible to model the optical properties within a two-level EMA. The first 

level consists of the separated gold particles in a dithiol matrix. This can be ex

pressed within the Maxwell Garnett EMA scheme, despite the high volume fractions 

(up to 74%) of the gold within this composite. This might be possible due to the 

random distribution of the particles, which should cancel higher order multipole 

contributions, leaving only dipole interactions which are considered within EMA. A 

void phase is then introduced into this gold-dithiol composite within the Bruggeman 

EMA scheme. The choice of the Bruggeman scheme is supported by the SEM of the 

composite, showing strongly percolated structures, for which Bruggeman is the cor

rect approach. The resonance position is defined by the gold volume fraction within 

the dithiol matrix, whereas the void phase affects the magnitude of the dielectric 

function.

This system is a good example for the influence of structural effects on optical 

properties and how these can be modified in a rational way by the choice of different 

linker molecules. It also highlights the effect of particle interaction and the impor

tance of choosing the dilute limit very carefully.
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Electromagnetic interactions which shift plasmon properties can also occur within 

a particle, if it has an internal structure. This is the case for spherical core-shell 

particles. In the case of a metallic shell, the primary resonances are the one for 

the shell, corresponding to a sphere resonance of the same size and for the cavity, 

corresponding to a cavity of the core size in a bulk metal. These two resonances can 

couple, if the shell is not too thick, and create the equivalent of molecular bonding 

and antibonding states. The symmetric low energy resonance is the most receptive 

to changes in the shell thickness to core ratio, whereas the antisymmetric high en

ergy one remains almost unchanged.

What is interesting is that the low energy resonance field profile is quite dif

ferent to the usual dipole response. Whereas, for the high energy resonance, the 

external held behaves similarly to the dipole response of a homogeneous sphere, 

the low energy resonance has a held intensity pattern that is rotated by 7t/2 inside 

the shell. This means that the areas of largest held enhancement inside the shell 

are perpendicular to the incident polarisation direction. The external held follows, 

in principle, the dipole response but the lobes are not as pronounced as in a pure 

dipole and have a rather more ellipsoidal or “stadium” look to them. This might 

be due to the contribution of the strong held areas inside the shell perpendicular to 

the primary external held. As this additional contribution is missing in the normal 

dipole response, a change in the resulting held pattern is expected. What this also 

means is that there exists a large held gradient across the external shell interface 

along the incident polarisation direction, as can be seen in figure 5.13.

What makes the metallic shell system so interesting is that the resonance can 

be tuned by changing the shell thickness to core size ratio. Oldenburg et al. have 

shown that the resonance can be shifted as far as 10 //m [5]. What has not been 

considered is that certain aspect ratios might not be attainable, either because of 

experimental restrictions on the shell thickness or total particle size. The latter 

defines how strong scattering contributes to the extinction, which reduces the effi

ciency of the absorption tuning. If scattering is included in the considerations, the
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maximum red-shift in the absorption reduces to around 1 fml for experimentally 

viable shell thicknesses 5 nm). In order to shift the resonance even further into 

the red, larger total particle sizes are needed, which introduces significant scattering 

and multipole contributions. This might be acceptable, or even desired, for some 

applications but for others, like optical filters, it is not an option.

All previous results refer to isolated or interacting individual particles, where 

the surface plasmon resonance is localised on the actual particles. In the case of 

thin films or, more general metal-dielectric interfaces, where the surface plasmon 

can propagate along the interface, it is called a surface plasmon polariton (SPP). 

SPP can be used to transfer energy and information in a similar way to electrons or 

photons. The advantage lies in the fact that the SPP is a surface wave, and it can 

therefore be better controlled by simply changing the surface topology or the metal 

and dielectric materials. If the metal film is thin enough to allow coupling of the 

top and bottom interface SPP, both adjoining dielectric materials can be changed 

independently to influence the properties of the SPP. This situation occurs, for ex

ample, in the totally internal reflectance SNOM setup.

SPP play a role in the enhanced transmission through sub-wavelength hole ar

rays. To understand t he role of SPP more fully, far and near-held optical properties 

of thin silver films with randomly distributed holes have been studied. Because 

comparatively low hole concentrations were used, enhanced transmittance was not 

observed, instead the reflectance dropped and the absorption increased. Smooth 

metal films cannot couple light directly to SPP. A roughness of the right size, on the 

other hand, can provide diffractive components which allow energy and momentum 

conservation and coupling to SPP. For the chosen angle of incidence of 7° in the 

reflectance measurements, the surface needs to provide an additional momentum 

(expressed as wavenumber) of ksurfnce ~ 16 /mi~l to allow coupling into SPP. This 

follows from the surface projection of the incident light momentum and a compari

son with the SPP momentum.

The surface momentum requirement translates into real space values of a1 =
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250 nm and ah = 320 nm for the two samples, which is of the order of the hole 

diameter (200 nm). These values seem to indicate that, for the samples studied 

here, the individual holes, and not hole interactions, couple the incident light to 

SPP. This would also explain why only an enhanced absorption, but no enhanced 

transmission, can be observed. If this argument is correct, it would indicate that a 

minimal distance between holes is needed to allow interactions between them, which 

lead to the enhanced transmission. What remains to be seen is if a regular array is 

needed for this or if the enhancement also works for random but dense hole arrays. 

It is important to remind the reader that the randomness of the systems studied in 

chapters 4 and 6 is an important feature of these samples. The random distribu

tion ensures that certain phenomena, linked to regular arrays, are not present. In 

the case of chapter 4, it is therefore possible to treat the gold-dithiol phase with a 

Maxwell Garnett EMA, despite extremely large (74%) gold volume fractions.

It can be expected that metallic particles, in various forms and shapes, will play 

an important role, both in basic and applied research, for some time to come as 

there are still many open questions. This is especially true for the areas of near-field 

properties and field enhancement. The impact of structural effects is also something 

which needs to Ire explored in more detail. Whereas some applications, especially in 

the medical and diagnostic area, have already been demonstrated as proof of princi

ples, many more are possible. What remains also a held of interest is the application 

of SPP to information processing and storage in plasmonic and optoelectronic de

vices. The photothermal aspects, of which the solar control studied in this thesis 

is one example, also open up many potential applications in manufacturing and 

medicine.
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