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Summary

In this thesis an alternative self-assembled deposition technique able to 
produce nanoparticle (NP) arrays ordered on the macroscale is described. 
Stepped surfaces are produced by high temperatures annealing AI3O4 (0001) 
and metals are evaporated at a glancing angle of incidence towards the 
surface. In this way NPs are produced on a transparent and insulating 
substrate. These structures show localised plasmon resonances whose ener
getic positions depend on the polarization of the exciting light, the template 
deposition, the NP size as well as the distance between the NPs.

After an introduction. Chapter 1 provides a theoretical background for the 
understanding of the plasmonic resonances phenomenon. The origin of the 
absorption plasmonic resonances is described and dipolar models are in
troduced to explain the behaviour of NP arrays. Chapter 2 describes the 
experimental tools utilised for the characterisation of the structures and 
summarizes previous results on glancing angle deposition. Chapter 3 deals 
with the preparation of the stepped substrates and can be read indepen
dently. The faceting phenomenon of AI2O3 (0001) via high temperature 
annealing is investigated as a function off-cut angles and annealing temper
ature. Chapter 4 studies the in-plane optical properties of Ag NP arrays 
and their dependency on the parameters governing the growth. The in
plane optical properties are analysed in situ with reflectance anisotropy 
spectroscopy upon changes of the parameters affecting the growth. A the
oretical model is utilised to explain the effects of the exposure of the sam
ples to atmosphere, the origin of the Gaussian broadening and to study 
the dependency of the Ag structures as a function of the initial template 
periodicity. It is demonstrated that the peak position can be tuned over 
wide energy ranges.



In chapter 5 the the NP arrays are characterised by spectroscopic ellipsom- 
etry in order to obtain information on the out-of-plane resonance. The the
oretical concepts necessary for understanding the ellipsometry informations 
are introduced. Chapter 6 demonstrates that glancing angle deposition is 
a technique independent on the deposited material and usage of different 
plasmonic materials allow one to tune the resonant profiles of the structures 
grown in even greater energy ranges. Finally, we give a short summary of 
the results included in this thesis and we propose some applications for the 
structures grown.
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Introduction

Per me si va ne la citta’ dolente, 

per me si va lie I’etterno dolore, 

per me si va tra la perduta gente.

D.Aligheri, Inferno, Canto III

Plasmonics is a dynamic and rapidly evolving field studying the coupling of free 
electron in metallic low dimensional systems with light [1-3]. Strong absorption peaks 
[4, 5], extraordinary light transmission [3, 6, 7], Fano resonances [8], wireless waveg- 
uiding of energy [3, 9] and enhancement effects [10-12] are some of the discovered 
plasmonic-related phenomena which might revolutionise different research fields. Com
puters working in the Terahertz frequency range, single molecule recognition for bio 
physical applications and solar cells are just a few examples of the broad fields to which 
plasmonics can contribute and offer promising advantages [2].

Of particular interest are the properties of metallic nanoparticles (NPs). The col
lective resonant behaviour of the conduction electrons in noble metal NPs has been 
known for more than a century [4], but recent advances in nanofabrication opened 
new and exciting opportunities [8, 13]. Devices have already been created and a much 
deeper understanding of the phenomena related to plasmonic NPs has been achieved. 
The enormous advances were possibles thanks to the versatility in the NP growth, 
especially through colloidal preparation [14]. In this processes NPs are usually pro
duced from an acid solution via the addition of particular reducing agents. As more 
atoms are formed, the solution becomes supersaturated and the noble metal atoms 
precipitate in the form of sub-nanometer particles. The rest of the atoms adhere to
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Figure 1: (A) SEM image of colloidal NPs randomly dispersed on a substrate [20].
(B) A possible approach for producing aligned NP strcutures. The anisotropy was 
obtained irradiating the NP solution with 30 MeV Si"^^ ions. The arrow reproduces the 
flux direction. In the inset a Fourier Transform of the image is shown. Reproduced 
from [21].

the existing particles and, if the solution is stirred vigorously enough, the particles 
will be fairly uniform in size. To prevent the particles from aggregating further, some 
sort of stabilizing agent that sticks to the NP surface can be added. The NPs can 
be finally functionalized with various organic ligands [15] to create organic-inorganic 
hybrids with advanced functionality. Modifications in the colloidal synthesis recipes 
proved to be a convenient scalable technique for tuning the properties and morphology 
of metallic NPs. Spherical clusters [16], prisms [17], nanorods [18], ellipsoids [18] and 
nanostars [19] are just a few examples of the NPs grown, obtained often with a minimal 
dispersion in dimension or shape distributions.

The colloidal bottom-up approaches have a great drawback whenever the particles 
have to be ordered in a planar geometry [13]. As shown for example in Figure 1 (A), the 
dispersion of the colloidal solution onto a substrate produces NPs placed randomly on 
the surface, without any long range order. The scientific community has invested great 
efforts to overcome this problem, via prefunctionalisation of the surface [13], additional 
processes on the surface (e.g. see Figure 1 (B)) or through lithographic top-bottom 
approaches [22, 23]. The first two methods are still lacking proper tunability, while the 
latter is impractical for its expense and the impossibility of covering large substrate 
areas.
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Obtaining plasmonic NPs ordered on the macroscale is of fundamental interest for 
multiple reasons. Generally, plasmonic structures can be used as optical sensors as their 
resonance position depends on the dielectric properties of the surrounding medium. It 
was shown recently that linear and planar arrays of NPs and planar nanostructures 
have an added sensitivity upon changes of the dielectric environment [24]. Further
more, linear chains of metal NPs can channel the flow of electromagnetic energy over 
hundreds of nanometers due to near-field coupling [9] and hybrid photonic/electronic 
devices can bo produced in this way . Strong amplification of the electric field in 
the interstitial space between neighbouring particles led to the discovery of enhance
ment effects. The electric field increase has been utilised for Surface Enhanced Raman 
Spectrosopy (SERS) [16, 25], second-harmonic generation [11], fluorescence [12] pho
tolithography [26], and optical tweezers [27]. Finally, the NPs can be incorporated in 
solar cells and, acting as scatterers, increase the optical path of the light inside the 
absorbing material, thus increasing the overall solar cell efficiency [28].

In this thesis we present a novel and alternative deposition method [29-33] able to 
combine the large throughput required for any industrial application with a long range 
order usually attainable with lithography (see Figure 2). A collimated flux of adatoms 
are sent in an ultra high vacuum (UHV) environment at a glancing angle of incidence 
towards a stepped surface. The pattern of the template shadows part of the surface 
and ordered NP arrays can then be reproducibly created on the macroscale. In the 
course of the thesis it will be shown:

• The glancing angle deposition technique produces NPs below the lithographic 
limit, highly ordered and strongly coupled.

• Vicinal c-plane AI2O3 annealed at high temperature can be used as a stepped 
substrate for the development of the deposition technique.

• The grown NP arrays possess two in-plane plasmonic resonances dependent on 
the polarization of the incoming light, resulting in a strong dichroic response.

Unlike many other self-assembly methods, glancing angle deposition is indepen
dent of the deposited materials.
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Figure 2; (A) A schematic view of glancing angle deposition technique: flux of col
limated Ag adatoms is sent at a tilted angle of incidence towards a stepped surface. 
The material coalesces on the step forming periodic NPs coupled through electrostatic 
dipoles. Surface plasmon resonances are then expected with sharp profiles whose po
sition is dependent on the polarization of the exciting light. (B) SEM image of one of 
the structures grown with the glancing angle deposition approach. In the inset a TEM 
secion of a NP can be observed.
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• The NP arrays morphology can be tailored and the corresponding optical prop
erties can be tuned over wide energy ranges, gaining the versatility typical of 
colloidal preparation methods

• During the deposition an optical technique, Reflectance Anisotropy Spectroscopy 
(RAS), can monitor the resonant profiles. Resonance energies required for a 
particular application can be monitored and predicted reliably with RAS.

• Spectroscopic ellipsometry can be used to measure the out-of-plane resonances 
of ultra-thin plasmonic layers.

• Classical models can be used to describe the feature observed and address the 
origin of the optical resonance.
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Chapter 1

Localised Plasmonic Resonances: 

Theory

Physics is mathematical not because 

we know so much about the physical 

world, but because we know so little; 

it is only its mathematical 

properties that we can discover.

B. Russell

Localised plasmon polaritons are collective excitations of the conduction electrons 
in a metal NP interacting with an electromagnetic wave. Light, whose wavelength is 
much larger than the physical dimensions of the structures, interacts simulataneously 
with all the free electron, which subsequently begin to oscillate coherently inside the 
NPs. Usually, for noble metal clusters, the oscillations result in strong reflection or 
absorption resonances in the visible range. Plasmonics is a subfield of nanophotonics 
which tries to tailor and understand properties and features related with these charge



1. Localised Plasmonic Resonances: Theory

oscillations.

From an historical prospective, the discovery of plasmonic properties can be traced 

to the ancient era as it was discovered that the annealing of metallic salts in other

wise transparent glass could create brightly coloured stain glasses. The only surviving 

example is the Lycurgus cup, dated 4th century AD. As the cup was illuminated by 

reflected light the cup resulted in a green colouration while it appeared red when lit 

in transmission. The unusual property has been explained by the inclusion of both 

gold and silver particles of sub 100 nm diameter which strongly scatter green light but 

transmit red.

The first attempts to explain quantitatively the optical behaviour were made at the 

beginning of the twentieth century. First, Lord Rayleigh studied the light scattering 

phenomenon of particles below the diffraction limit while, in 1904, Garnett explained 

the bright colours of metallic particles using a simple Drude oscillator model. The 

greatest contribution was provided by Gustav Mie and published in 1908 in Annalen 

der Physik [4]. In his formulation, Mie presented a general formulation for the scatter

ing of light from spherical homogeneous particles in a dielectric embedding medium, 

predicting a dependency of the resonant frequency with particle diameter [1].

Nowadays, a great body of literature is available and plasmonics is emerging as 

a rapidly evolving field due also to its practical multidisciplinary applications. This 

chapter will provide a rapid overview on useful theoretical concepts utilised in the rest 

of the thesis and it is divided into four parts. First, an analytical expression for metal 

dielectric functions is obtained. Second, the concept of surface plasmon resonance is 

formally described in both a classical and electrodynamical framework. Third, sub

strate effects for supported particles are taken into account. Finally, the extension 

of the optical properties in the case of coupled NP arrays is reported, together with 

previously published results obtained with advanced numerical methods. Throughout 

the chapter the simulations presented have been performed using a program developed 

by the author in order to clarify and demonstrate the concepts described.
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1.1 Optical properties of metals

The optical response of any material interacting with light can be described by a 
complex quantity, called the dielectric function e = e' + ie". If the optical response of 
a material is linear, the dielectric function is related to its susceptibility x by

e = l+x (1.1)

and appears in the Maxwell equations via the polarization P through the relation

P = £oXE. (1.2)

The band structure of the materials result in different absorption coefficients for dif
ferent wavelengths and hence a frequency dependant dielectric function. Oxides and 
transparent materials usually have a positive and almost constant value in the visible 
spectral range, while, for strongly dispersive materials, the dielectric function assumes 
very different values even in narrow frequency regions. Metals are among these mate
rials and their properties can be measured by ellipsometry and modelled by a Drude 
oscillator model.

Drude oscillator model

The simplest model able to describe the metal IR dielectric function is the Drude- 
Sornmorfield model.* A system or material is approximated to be a simple harmonic 
dampened oscillator of mass m and charge e. An external driving force E displaces the 
charge from its equilibrium position. Assuming a linear restoring force F = kr and a 
dampening effect Fg = gr proportional to the velocity, the equation of motion can be 
written as

mr + gr + Kr = eE. (1.3)

The introduction of the effective damping constant has been considered in Eq. (1.3) 
in order to take into account the heating losses inside the material and reproduce the

*Thc drude oscillator model has been reported by different authors. The formalism here reported 

is taken from [34].
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finite resistance of the material. Equation (1.3) can be rewritten after the renormali
sations Uq = K/m and P = g/m as

Pr + uiir = —E.
rn

(1.4)

For oscillating fields such as electromagnetic (EM) waves the driving force has a sinu
soidal behaviour E = Eoe*‘^‘ and the solution of Eq. (1.4) becomes

(e/m)
r =

UJ'̂  — UIq — icuP
Eoeiut (1.5)

If we now consider an ensemble of N identical dipoles with a dipole moment p = er 
in a volume V, the polarization of the system is P = {N/V)p. According to these 
relations Eq. (1.5) can be rewritten as

,2

P =
cjq — — iujT ^qEo

(N/V)e

(1.6)

■. The plasma frequency canwhere the plasma frequency ujp was defined as 
be considered as the natural quantised oscillation frequency for the electron sea in bulk 
materials. This means that bulk electrons oscillate back and forth at this frequency 
until the energy is lost in some kind of resistance or damping. For low-dimensional 
structures the system act as a resonator whose resonance frequency Uq coincides instead 
with the minimum of the denominator in Eq. (1.6). Shift in the resonance position 
are hence found in different positions. Combining finally Eq. (1.1), Eq. (1.2) and Eq. 
(1.6) the dielectric function of a material can be presented as

,2

= 1-1-
Wn fcjP

(1.7)

Due to superposition principle, the approach can be extended assuming the presence 
of n oscillators each having a Woj resonance frequency. The dielectric function can be 
written as

e{uj) = l + Yl
UJ.pj

n,' — uS^ — iuVUJ,
(1.8)

Oj
Equation (1.8) is a very general relation which describes the behaviour of any 

linear oscillator of a point charged system in the presence of an external exciting plane 
wave. As will be shown in the rest of this chapter, this relation, under opportune 
modifications, provides both a qualitative description of plasmonic resonances in meal 
clusters and quantitatively describes the IR dielectric function of metals.
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Noble metal dielectric function

The interactions of photon and free electrons in a metal result in the main optical 
features occurring in the IR region and can be described with the Drude oscillator 
model described before. The effect is due to the correspondence of fermionic quasi 
particles next to the Fermi level with free Drude electrons that do not experience any 
restoring force F = kr = 0. As cJq = k/m, the free electron system can then be 
approximated as oscillators with a zero resonance frequency.

The analogy, for metals such as A1 and the alkali elements, allow to use Eq. (1.7) 
directly with tJo = 0 to model the dielectric function in the IR range. Other materials, 
especially those showing a strong plasmonic response such as noble metals, need to take 
into account the contribution of the bound electrons which will partially polarise the 
positive ion cores. The effeet can be represented by an additional constant contribution 
£00 and the dielectric function in the IR becomes

£(w) =£00-

uj'^ + icoTo
(1.9)

In the rest of the manuscript, for bulk Ag it will be assumed £00 = 5.266 and uip = 
3.02eF. The dampening constant is Fq = Vp/Xb = 7.9 x 10'^ s^^ where vj? = 1.37x 
IQ-^m/s is the Fermi velocity and Xb= 57 nni the bulk mean free path.

When dealing with NPs and low dimensional systems, the presence of interfaces 
needs to be taken into account as the scattering of electrons at the surface becomes 
relevant. This is particularly evident as soon as Xb > Ri, where Ri is the dimension of 
the metallic cluster along the f-th direction. Under the assumption that collisions are 
independent, the different relaxation rates can be simply added together according to 
the Mathiessens rule and the relaxation rate becomes

R = ro + A^.
Iti

(1.10)

In Eq. (1.10) A is a quantity of the order of unity whose exact value depends on 
the chemical properties of the interface between the NP and the surrounding medium 
[1, 35]. Unless clearly stated, during the simulations A = 0.25 will be assumed. With 
this modification, the imaginary part of the dielectric function increases in the IR for 
small R while the real part is almost unchanged.
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The choice of these parameters bulk silver for simulating the optical behaviour of 

Ag NPs is crucial and require further discussion. Generally, two approaches can be used 

when the metal dielectric function is introduced: either the experimental tabulated data 
can be directly utilised or the one obtained by fitting the tabulated values using the the 

free electrons model. The first approach has the advantage of taking into consideration 

also bound electron contributions, while for the second one a direct analytical model 

is readily available. As for Ag the interband transitions are present at energies higher 

than 4eV (hence outside the range where plasmonic resonances are usually found) 

the second option has been preferred in the present thesis. The non perfect matching 

between theory and experiment discussed in the rest of the thesis can be explained 

partly as due to the utilization of non corrected dielectric function for the bulk material. 

An alternative suggested approach, maybe more general and correct, would require the 

deposition of a thin layer of material on a flat substrate and the measurement of its 

dielectric function using spectroscopic ellipsometry. We leave to interested readers the 

application of this alternative approach for future studies.

In order to completely describe the dielectric function, interband transition compo

nents have also to be added. This is particularly important for Au or Cu as interband 

transition peaks can be measured in the visible range. The resulting contributions can 

be determined by the band structure £l(k) of the element and the matrix transition 
probability (/|M(k)|f) between the initial (i) and final (f) states. An analytical ex

pression for the susceptibility of the interband transitions under the assumption of 

an electric-dipole approximation for the electron-photon interaction Hamiltonian can 

be obtained [36]:

XIB S^Tre^

m*2
2dk \{f\eM{k)\t)\%

1
)•

[Efik) - E,ik)][iEf{k) - E,ik)r - ui^

(1.11)

In equation Eq. (1-11) the integral is over the whole Brillouin zone and e is the 

unit vector along the electric field direction. Rather than computing this quantity, 

in Chapter 6 we will refer to measured values, used as input parameter, during the 

simulation of Au and Cu NP arrays.
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1.2 Localised plasmon resonances of isolated parti

cles

Metal NPs have particular optical properties, different from both molecules and solids 
due to their reduced dimensionality. In particular, a non null restoring force is present 
and different finite resonances appear. Their exact position depends on different pa
rameters, such as dimension, shape, dielectric environment surrounding the particles 
[37] and the possible electrodynamical interaction between different particles. Different 
approaches can be utilised to describe the plasmonic properties and we report a brief 
overview of results based both on classical pictures and Mie’s theory.

The polarizability of a small metallic sphere: classical model

When discussing the behaviour of particles in a classical context, it is convenient to 
introduce the quasi-static approximation. If the wavelength of the exciting wave is 
much larger than the average dimension R of the excited NP (f? <C A) retardation 
effects of the electromagnetic field inside the cluster become negligible and the field 
can be approximated as a constant inside the material [Ij.

Consider now a homogeneous isotropic metallic sphere^ with dielectric function e^p 
placed in a homogeneous medium with real dielectric function £„. When excited by 
an external electric field Eq a charge will be created on the surface of the particle in 
order to zero the electric field inside the sphere. Introducing the potentials describing 
the electromagnetic fields and imposing the proper boundary conditions between the 
different materials, it can be shown that the field outside the sphere is equivalent to 
the sum of the applied field and that one of an ideal dipole placed at the center of the 
sphere with a dipole moment

A 1)3 ^NP T-,p = dTre^/r--------- ::----En.
^NP + 2e 71

Defining the polarizability a as

a = A-nR?
£NP + 2£n

(1.12)

(1.13)

'The description here reported follows the derivation present in Chapter 5 of [5].
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the proportionality between the applied field and the dipole moment is

P (1.14)

A resonance condition for the dipole moment is obtained when the denominator of Eq. 
(1.13) is minimum, and, if P 1, it corresponds to

Refe^fp] — —2£„ (1.15)

Several conditions present themselves, which require comment. First we note that, in 
order to satisfy Eq. (1.15), a negative is necessary. This condition in the visible 
range is satisfied for noble metals NPs and the LPRs effects are then observed mainly for 
Ag and An. The resonant behaviour can also be introduced modelling the metal sphere 
as a free electron gas embedded in a positive jellium. In this case the displacement of 
the negative charges due to the impinging electric field generates a polarization charge 
at the surface of the cluster and the linear restoring force due to electrostatic attraction 
of negative electron gas and positive ion cores generates a resonance freciuency at finite 
values. Within the quasistatic approximation, this coulomb picture is valid but the 
resonance position does not depend on R. It was effectively shown [1] that for small 
particles the resonance position is mainly related to the mean free path of bulk electron 
itself. As this is smaller than the average NP radius, independence of NP resonance 
position on R is thus motivated. Figure 1.1 shows the resulting real and imaginary 
part for the polarizability of an isolated silver sphere of different radii assuming air 
as an embedding medium. A resonance is present in the imaginary part of the NP, 
correspondent to absorption of the energy of the incoming EM wave [34]. As the 
position of the peak is determined by Eq. (1.15) and as is independent on the NP 
radius, the position of the resonant peak is unchanged by changes of the NP radius. 
Conversely, the width of the NP is determined by the imaginary part of Snp, hence 
increasing with decreasing NP radius.

In any real experiment, the observable quantities are usually expressed in terms of 
absorption and scattering cross sections, related to the polarizability of the cluster by 
the relations

aabs kQ{a)

r -Li„p^sca — ^

OTT

-NP
' (e'vp - £m)^ + '

(1.16)
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Figure 1.1: Normalised real (A) and imaginary (B) part of the modelled polarizaibility 
of Ag spheres embedded in air for B =5 nm, 10 nm and 15 nm radius. A resonance peak 
is present in the imaginary part, corresponding to absorption of the incoming light. The 
position of the resonance does not change with changes of the NP radius. However, 
reduced dimensions of the NP produces broadening of the peak as the scattering rate 
P increase for smaller radius.

with k = uj/c being the wavevector of the incident electromagnetic wave. Equations 
(1.16) define the amount of light absorbed and scattered and resonances are expected. 
As mentioned before, in the case of noble metals, the position of the energy resonances 
falls in the visible range for most transparent embedding media. Generally speaking, 
the extinction coefficient is the sum of absorbed, reflected and scattered light. As the 
absorption coefficient depends linearly on the NP volume while the scattering depends 
quadratically, for small particles the first contribution will be the dominant one in 
the visible range. The limit below which the scattering can be disregarded is around 
80 nm for Ag and 50 nm for Au NPs. As the glancing angle deposition reported in the 
next chapters produces routinely NPs with smaller dimensions, absorption (and the 
correspondent specular reflection) of light will be the observables measured in the rest 
of thesis and scattering will be disregarded unless clearly stated.

Generalization to general ellipsoid

The polarizability of a sphere was obtained in the precedent section by defining the 
electric scalar potential and solving the potential equations, in the Gauss gauge, with 
proper boundary conditions. The same procedure can be developed in the more general
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case of an ellipsoid with semiaxes Ri, whose surface is defined by

^ ‘•x ''y ''z
(1.17)

In this case, the correct potential can be calculated using ellipsoidal coordinates and 
the polarizability can be written as [5]

AnRxRyRz
a = £np

3 em + Li{ENp -\-£m) 

where the shape depolarization factors are

Rt.R„R^^ f°° dq
U = hik r2 I

(1.18)

(1.19)
(/?? + ?)/(<-/)

with f{q) = [{q + R^){q + zl){q + Rl)Y^'^. Furthermore, the shape depolarization factors 
l^i satisfy the relation

= (1.20)

i

The departure of the particle shape from spherical to ellipsoidal has important modifi
cation on the resonant profile of the charge oscillations. The peaks, that in the spherical 
case were degenerated due to symmetry considerations, are now split into 3 different 
resonant modes corresponding to resonances along the three main axis of the ellipsoid. 
The resonant positions become function of the shape of the particle and inserting Eq. 
(1.9) into Eq. (1.18) the resonance frequency uJres,i becomes

oJt
OJr -r2. (1.21)

The polarizability of an anisotropic ellipsoid can be found in Figure 1.2, where three 
distinct peaks can be seen. The NP radii were fixed to be = 16 nm Ry=8nm 
and R^=5nm. The elongation along a particular direction produces a red shift of the 
corresponding resonance and, at the same time, blue shift the other two resonances as 
the shape depolarization factors are related by Eq. (1.20). In order to clearly illustrate 
the concept, the inset in Figure 1.2 shows the resonance position of the three peaks as 
a function of R^ while keeping contant Ry =8nm and R^ = 5nm. It can be noticed 
that the resonant peak energy along the elongated x direction is effectively decreased, 
while the resonant energy of the other two peaks increase. This behaviour can be
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photon energy (eV)

Figure 1.2; Calculated imaginary part of the polarizability of an ellipsoid with radii 
= 16 l?y=8nm and /?z=5nm. Elongation along the x direction produces a shift of 

the resonance at lower energy. Inset: resonance position as a function of the aspect 
ratio aspect ratio Rx/Ry obtained changing of Rx while keeping fixed Ry (8nm) and 
Rz (5nm). It can be notice that the resonance along the x direction red shift with 
increases of Rx, while the other resonances blue shift.

understood qualitatively using the classical coulomb picture. The Coulombic restoring 
force between free electron and positive ion cares scales in fact as R~^ and red shift of 
the resonance for elongated structures is thus expected. Furthermore, from Eq.(1.20), 
it appears also clear that changes along one of the directions modifies the whole spectral 
response of an anisotropic NP.

A further refinement in the ellipsoidal model can be done taking into account the 
effects of a coating dielectric shell surrounding the particle. In this case, three mediums 
are present in the system with permittivity oi e^p (metal), £* (coating dielectric shell) 
and Ejn (embedding medium) respectively. It is assumed here that shell and core have 
the same aspect ratio, 5;^ is the shell thickness along the x direction, /„ = Rl/{Rx — Sx)^ 
is the volumetric fraction occupied by the core and Vp is the volume of the overall 
cluster. The net polarizability of the isolated particle can hence be written as[5]

(^s ~ £^m)[£s + {^NP ~ ^^s)(l “ fv)L^] + fv^si^NP “ ^s)
(1.22)

T {,^NP ^s)(f T (^s ^m)^i?] T fv^d^si^^NP ^s)

The effects of the dielectric layer depends on the dielectric function of the coating shell 
and its thickness. Generally speaking, if the coating shell has a dielectric function with 

> £m, a red shift in the peak position is expected. This is confirmed in Figure 1.3 
(A), where the polarizability of an ellipsoid with with the same radii as before (16 nm.
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8 nm and 5 nm along the x, y and x dirtection respectively) is shown for different 
thickness for a dielectric shell having £■« = 6. In particular, it can be noticed that 
increases in the dielectric shell thickness red shift all the resonance peaks, regardless of 
the dielectric function of the dielectric shell (Figure 1.3 (B)). The peaks also red shift 
once the dielectric function of the coating shell increase, as shown in Figure 1.3 (C). 
Finally, if the dielectric shell assumes complex values, part of the energy is absorbed, 
resulting in a decrease of the peak intensities and in a broadening the resonances. This 
is shown in Figure 1.3 (D), where a coating shell of thicknees = Inm and = 9 is 
compared with one of the same thickness but having Sg = 9 + 2i.

Comparison between dipolar model and Mie theory

In his original paper, G. Mie solved the Maxwell equations for an incoming plane wave 
interacting with a isolated spherical particle. The solution was obtained by introducing 
the electromagnetic potentials and expanding them in a spherical orthonornial system. 
A solution for each component was obtained and the extinction and scattering coeffi
cients calculated. The initial hypothesis of homogeneous isotropic spheres surrounding 
a dielectric medium were valid only in very specific cases. Nevertheless, they pro
vided a full analytical description of the optical properties based only on the validity 
of Maxwell equations.

In the particular case of long wavelength approximation, only the dipolar term in 
the Mie theory is non negligible and the extinction cross section becomes

-NP (1.23)

A striking correspondence between the simple dipolar result of Eq. (1.16) and Eq. 
(1.23) can be noticed. In both cases, under the hypothesis of small damping {s%p 1), 
the resonance condition is given by Eq. (1.15) and a similar resonant behaviour is 
expected. The similarity is inherited in the calculations process: in Mie theory a full 
analytical calculation of the potential has been obtained and the dipolar term alone 
considered subsequently as R <^ \. Similarly, in the classical picture, each particle was 
modelled as a simple dipole and the potential solving Maxwell equations obtained in 
the second step. Within the long wavelength approximation the classical approach is 
validated at least for a qualitative understanding of the results obtained.
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Figure 1.3: Effect of a coating shell dielectric shell sorrounding a Ag particle. (A) 
Three distinct resonance peaks in the polarizability can be observed for an ellipsoid 
with radii = 16 nm i?ij=8nm and /22=5nm. Once a dielectric shell with £8 = 6 
replace the outer shell of the Ag NP, all the peaks red shift and decrease in intensity. 
The shift is proportional to the thickness (B), regarless of the value of e^. The 
different colours refer to — 3 (blue), 6 (yellow) and 9 (pink) respectively. Red shift 
in the resonance peak can then be obtained by increasing in the value of Sg (C) (sa, was 
fixed to be 1 nm). (D) Once the dielectric shell becomes dispersive the peak intensities 
decrease and broaden . In the simulation Sx = 1 and the imaginary part was changed 
from £5 = 9 to £5 = 9 + 2i.
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Figure 1.4: Schematic of the isolated particle in proximity with a substrate.

1.3 Image charge effects

In the previous section the resonant behaviour of an isolated ellipsoidal particle embed
ded in a dielectric homogeneous medium was described. Once the particle is supported 
on top of a substrate, the presence of a discontinuity in the dielectric function of the 
surrounding medium modifies the behaviour of the system.

The theoretical approach necessary to solve the problem is based on the well known 
image charge problem [34]. When a point charge q is located near the plane interface 
between two media with different dielectric permittivities £„ (medium) and £b (sub
strate), the potential at a point P at the upper half space is given by a sum of the 
potentials 0 of the charge q and its image charge q'. In particular the image charge is 
placed symmatrycally underneath the NP and is given by [34]

q' = Fq

where
F =

£b +

(1.24)

(1.25)

Consider now a NP located in the proximity of the substrate at a distance D. 
The substrate is supposed flat in the x-y plane (see Figure 1.4). Within the quasistatic 
approximation the NP can be modelled as a point dipole p placed in its center. Similarly 
to the case of the isolated charge previously mentioned, the effects of the substrate can 
be represented by an imginary dipole moment p' with intensity

P' = (1.26)
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The imaginary dipole produces an electric field which will interact with the free electron 
in the real NP, modifying the resonance of the system. A few remarks are necessary: 
i) whenever the isotropic case is recovered {sh = £m), F = 0 and, from Eq. (1.26), the 
image dipole disappears, ii) The image dipole produces an electric field which decays 
with the typical {2D)~^ dependency, where D is the distance of the NP center from 
the substrate. The determination of the exact position of the image charge becomes 
then fundamental, iii) The direction of the electric field generated by the image charge 
depends on the relative values of the embedding medium and substrate. As in our 
experiment Sb > £m the image dipole produces an electric field which has the same 
orientation as the dipole moment j), red shifting the resonance frequency of the particle. 
Even though a quantitative analysis of the substrate effects for an arbitrary shaped 
particle reejuires great computational efforts [37], an analytical formulation can readily 
provide insights on the substrate effects and can be easily incorporated in the theory 
developed in the last section.

In the first analytical approaches reported, the point dipole representing each NP 
was placed at the center of the NP, corresponding to a distance D above the substrate 
interface, and its image charge was placed symmetrically underneath the NP at a 
distance —1) inside the substrate [38]. We will call this model the symmetric approach. 
Even though this approach has been used, and is still used by many authors [39, 40], 
it has been shown both theoretically [41, 42] and experimentally [43, 44] that it does 
not lead to accurate results, especially for flat particles. It was shown that for flat 
particles the calculated red shift was much larger than the experimental one, and 
it was not possible to reproduce any multipolar resonance [45]. The overestimation 
of the red shift due to substrate effects is due to the fact that, once the particle is 
flattened, the self-imaginary dipole is placed at a very short distance from the real 
charge. As the electric field of p' decays as {2D)~^, such a close proximity produces 
strong particle/image-particle interactions leading to large modelled red shifts of the 
resonance peaks due to the substrate effects.

An exact analytical treatment of the image charge effect can be performed in order 
to correet the limitations of the spherical approach. The solution can be obtained 
considering an infinite series of multipolar modes, i.e., of multipolar distributions of 
charges at the surface of the particle, which fully describes the interaction with the 
substrate [46]. These multipoles are located at the center of the particles and their
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image counterparts at the image of this center with respect to the surface of the sub
strate. The truncation of tiiis inhnite series defines the accuracy of tlie calculation 
but, for flat spheroidal particles, the convergence of the calculation requires very large 
truncation numbers, which lead to quite heavy calculations. A similar approach can 
be developed using a spheroidal multipole distribution, which leads to a much faster 
convergence. This approach will be defined as the ellipsoidal approach and will be 
compared with the symmetric approach in the following. The main limitation of the 
ellipsoidal approach is that the theory has been developed only for in-plane rotational 
symmetric ellipsoidal NPs and cannot be applied to the general anisotropic ellipsoid 
case. We will limit the discussion to oblate spheroid with Rx = Ry = R-

The differences in modelling the optical response of supported NP using the sym
metric or the ellipsoidal approach has been clearly explained in literature [47] and we 
will report here the main results. In simple terms, the utilisation of the ellipsoidal ap
proach corresponds to placing the image charges deeper in the substrate, correcting the 
symmetric approach where the close proximity of the image charges was overestimating 
the image charge effects. In [47] it was also reported how the presence of the substrate 
effectively modifies the optical respon.sc of the system and the modifications were ex
pressed as changes in the analytical expression of the shape depolarization factor L,. 
Within the symmetric approach the effective shape depolarization factor L are

^x,y ^x,y
R^Rz
24T>3'

R^R,
12D3

F. (1.27)

In the ellipsoidal approach, if r = is the ellipsoid aspect ratio and ^ = l/Vr^ — 1,
the effective depolarization factor becomes

L^=L, + -Fx 
Ll = U + Fx

In Eq. (1.29) the quantity x is defined by

X = (1 + + ^^)^^ln(l + ^ ~ ^atan(^) -

(1.28)

(1.29)

(1.30)
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Finally, equating the two expressions Eq. (1.27) and Eq. (1.29), an effective distance 
D* of the image dipole from the real dipole can be introduced:

D* = ' 12x (1.31)

In Eq. (1.31) D* is positive as x < 0. Furthermore, D* > D and the image dipole is 
effectively placed further away from the real charge, hence decreasing the red shift of 
the the optical resonance.

1.4 Models of nanoparticle arrays

The presence of an electric held causes the conhned electrons of the single NPs to be 
displaced from their equilibrium position and with respect to the positive ion core. The 
surface charge distribution generated produces attractive forces due to the localization 
of the charge resulting in LPRs. In the case of closely interacting NPs additional 
forces come into play. When the driving held is parallel to the NPs array the energy 
required to the system to be in resonance is a reduced as the positive charges of 
neighbouring NPs tend to displace the negative charges. This interparticle attractive 
Coulomb force will lead to a lower resonant frequency resulting in a redshift of the 
resonance peak. When the driving held is perpendicular to the NPs arrays the charge 
distribution is such that neighboring NPs will produce an electric held which produces 
additional interparticle repulsive interaction which enhances the resonant frequency 
and blueshifts the resonance peak to lower wavelengths. The plasmon resonance in 
nanoparticle arrays is thus related to the interaction between the NPs and depends in 
turn on the distribution of the islands on the substrate.

Validity of the quasistatic approximation

When particles are placed in close proximity with each other, neighbouring NP interact 
with each other. If the interactions are strong enough, the response can depart from 
that of a isolated cluster case. In the quasistatic approximation the forces that come 
into play are dipolar in nature and thus possess the typical r~^ dependency with r
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being the distance between dipoles. A nanocomposite layer composed by NPs below 
the 50 nm range will interact noticeably only for distances below the visible wavelengths 
due to short range dipolar interactions and each NP will oscillate then in phase with 
its neighbours. The structure can hence be regarded as a continuous layer with an 
effective homogeneous dielectric function which can in turn be anisotropic. The 
quasistatic approximation is then assumed to hold also in the case of NP arrays below 
diffraction limit and a schematic of the approach used is shown in Figure 1.5. Rather 
than computing the total dielectric function at the interface with solutions of complex 
integral equations, the NP array layer is modelled as an effective homogeneous layer 
anisotropic along and perpendicular to the array axis. The overall optical response 
of the system considered as a whole homogeneous single layered system can be finally 
considered introducing a pseudo dielectric function < £ > describing the substrate and 
effective layer together.

In the approach developed in this thesis, all the multipolar effects will be hence 
disregarded. However, it was recently shown [48, 49] that possible inhomogeneities in 
the field generated by neighbouring particles becomes significant whenever the particles 
are placed in close proximity, even when the NP spacing is much smaller than the 
wavelength of the exciting light. However, these contributions can still be disregarded 
in the first order and the quasistatic picture developed in the next section will be still 
regarded as a valid approximation.

Classical picture of nanoparticle arrays

In the course of this thesis arrays of ellipsoidal NPs will be grown. We will define x as 
the direction along the array row, y as the in-plane orthogonal one and 2 as the out-of 
plane direction. The grown NPs will also be elongated along the same x direction. 
An analytical expression for the effective anisotropic layer dielectric function will be 
obtained in this section. The solution is based on point dipolar interactions combined 
with the theory of the ellipsoid covered in Section 1.2. Such a derivation will be utilised, 
under opportune modifications, in Chapters 4-6. According to literature, the model 
used considers infinite arrays of identical spheroidal NPs supported on a substrate of
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Figure 1.5: (A) As the wavelength of the exciting light is much larger than the average 
NP dimensions and distances, the NPs oscillate in phase and the quasistatic approxi
mation also holds for NP arrays well below the diffraction limit. The nanocomposite 
layer can then be considered as an effective homogeneous layer of dielectric function 

(B). In addition, a pseudo dielectric function < e > describing the overall optical 
response of the sample, considered as a whole, can be introduced.

dielectric function Si,. The metal clusters are placed in a rectangular lattice with center 
to center distance 4 and ly.

Due to the identity of the metallic cluster, the effective dielectric function Sl of the 
anisotropic layer satisfy the relation

loc (1.32)

where E is the electromagnetic field inside the anisotropic layer and E/oc the local field 
felt by each particle. The local field is the sum of the applied electric field of the 
image charges generated by the substrate Eim and of the electric field generated by the 
neighbouring particles Eint

Eioc Egxt T Eijji Eini. (1.33)

The electric field generated in the center of the i-th NP by an electric dipole Pj in the 
space is

Eint
_ 1 3(pij ■ U,.j)Ur^ - p^J

AwSoSn „3
ij

(1.34)

In Eq. (1.34), Urj is the unit vector that connect the i-th NP with the dipole pj 
and rjj is the distance between the i-th and j-th point in the in-plane direction. A
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similar relation can be obtained for the image charges generated by the presence of the 
substrate. If the point dipole representing a NP is placed at the distance D* from the 
substrate, the electric field generated by its image charge is

E,;,
1

X F
3(pij ■ )Ur^ Pjj

(1.35)
AneoEm " ' ((2D*)2 + r2^.)3/2

The electric fields generated by the particle ensemble and their image charges can be 
written as
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The external field is then related to the local one using Eq. (1.33) by
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where /3j was defined as

477
From Eq. (1.32) and Eq. (1.38), it results that

£o(^i - ^m)E = NeoSmn-
E,

(1.36)

(1.37)

(1.38)

(1.39)

(1.40)
1 + aP'

where the electric fields are related by the boundary conditions of the Maxwell equa
tions

IT' ___ ^ TP
_ ^ext,Z‘
Sz

(1.41)

with j = {x,y). Using Eq. (1.40) and Eq. (1.41) we finally arrive at the important 
results:

/I ^^3 \
SLJ - £m(l +

1 _ 1 Naz .

^L,z 1 P ^zPz
(1.42)

Equation (1-42), under opportune modifications, will be utilised in the modelling of the 
experimental results of Chapters 4-6. As an example, Figure 1.6 shows the effective
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Figure 1.6; Imaginary part of the layer dielectric function Si. of interacting spheres of 
average radius R = 12 nm, placed on a rectangular lattice of = 26 nm and Ly = 
80 nm and supported on a substrate having £(, = 3. (Inset) Resonance position as a 
function of the NP distance L^.

dielectric function of a layer of uncoated interacting Ag spherical NP arrays of radius 
R = 12 nm. The distance Ly between the NPs arrays was fixed at 80 nm while the 
distance between NPs along the arrays was Lx = 26 nm. The particles were supported 
on a substrate with ei, = 3.0. The proximity of the particles along the x direction 
red shifts the peak along the closed packed direction and blue shifts the other two 
resonances. As expected, the shifts are more pronounced whenever the particles are 
placed in closer.

1.5 Advanced numerical methods

So far analytical methods have been used to describe the NP arrays. Different nu
merical models can also be utilised to simulate the optical spectra of noble metal NPs 
and NP arrays. Different CPU intensive methods are available, such as Finite Time 
Domain Transform (FTDT) [50, 51], T-Matrix metods [52] and Discrete dipole ap
proximations (DDA) [53, 54]. All simulations show a qualitative agreement with the 
models previously developed, in particular:

• Increases in the aspect ratio of a isolated ellipsoid result in splitting of the peaks 
due to reduced symmetry of the system. In particular, the elongated direction
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appears to red shift while the others blue shift.

• The presence of the substrate red shift the resonance positions.

• When particles are placed in proximity, a splitting in the peak position is also 
produced with a red shift of the resonance along the chain axis and a blue shift 
in the perpendicular directions.

• CPU intensive simulations confirm the presence of enhanced electric field in the 
interstitial space between the nanoparticles.

The latter phenomenon has attracted recently enormous attention due to the Plasmon 
related enhanced phenomena. For example, when a molecule is placed in the inter
stitial place of interacting metallic clusters an enhancement factor up to 10^"* [55] in 
the molecule Raman scattering cross section has been predicted, enabling ease in the 
molecule detection. Furthermore, enhancement effects have been successfully demon
strated in recent years in fluorescence, second harmonic generations, lithography and 
optical tweezers.



Chapter 2

Experimental Setup

No amount of experimentation can 

ever prove me right; a single 

experiment can prove me wrong.

A. Einstein

The project developed in this thesis began few years ago, when limitations of litho
graphic and bottom-up techniques emerged. Glancing angle deposition appeared to 
offer an alternative way to produce planar nanowires on stepped templates capable of 
overcoming the physical limitation of the standard lithographic procedures.

The project can now be divided into three main strands: Si nanowire growth, 
magnetic nanowires and plasmonic NPs. For any strand, the measurements of the 
nanostructures can be performed following a three step procedure. The first step con
sists in the creation of stepped substrates, the second aims to grow structures aligned 
along the step edges and finally the characterisation can be pursued with optical, 
magnetic or electrical means. This thesis focuses on the plasmonic research strand 
and demonstrates how glancing angle deposition can produce ordered structures on a 
stepped c-plane AI2O3. The properties of the NP arrays have been characterised with 
spectroscopic techniques, in particular reflectance anisotropy spectroscopy (R AS).
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In this chapter previous results on glancing angle deposition are summerised, fol
lowed by the description of RAS and of the other experimental tools used throughout 
the rest of the thesis.

2.1 Previous literature on glancing angle deposi

tion

As already anticipated in the introduction, deposition at a glancing angle onto a pat
terned surface can produce highly ordered NP arrays on the macroscale. This approach 
was first proposed and demonstrated in 1979, when two groups independently showed 
the possibility of producing structures below the optical lithographic limit of the time 
[56, 57].

The idea remained dormant for almost 20 years and new interest arose recently as 
an alternative nanofabrication tool. Typically, a material is either deposited through 
a shadow mask or onto a textured surface, which serves as its own shadow mask for 
certain deposition directions. Common textured surfaces used for shadow deposition 
include self-organized crystalline facets of NaCl [29, 58, 59], sapphire [30, 60, 61], 
semiconductors [32, 62] and substrates with microfabricated features [63]. Stepped 
surface could also be prepared by accelerated Ar'*' or Xe"*' ions sent at a tilted angle 
onto a surface [64]. Si [65], amorphous glasses [33] and amorphous AI2O3 [66] have been 
utilised as templates for glancing angle depositions. Different materials such as Fe [29], 
Ag [30], Ge [67] and Au [59] have been deposited on the various patterned templates 
and different morphologies obtained, ranging from NTs to nanowires. Recently, NPs 
[68, 69], nanowires [70, 71], DNA [72] and carbon nanotubes [73] have also been utilized 
as shadow masks for glancing deposition to enhance nanofabrication resolution and 
patterns with 50 nm dimensions or smaller have been routinely prepared.

Our research group produced important contributions in this direction and 3 years 
ago the possibility of growing both NP arrays [31] and nanowires [32] of dimensions 
smaller than 30 nm was shown . The structures were deposited both on off-cut c-plane 
AI2O3 or step-bunched Si (111), whose bunches were prepared by electromigration.
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Devices based on glancing angle deposition have been also proposed in order to produce 
magnetoresistive memory cells.

Other groups proposed modified approaches to the one reported in this thesis, being 
able to produce anisotropic structures with comparable order. The Buatier de Mongeot 
group produced gold nanowires in a two step procedure [74]. They first deposited a Au 
film at normal incidence and the successive patterning of the surface was obtained with 
accelerated Ar"*" directed at glancing angle towards the surface. Other approaches pro
duced anisotropic structure using a normal incidence deposition on stepped templates, 
while the surface was kept at very high temperature. The increase in the adatom 
mobility thus produced structures with similar order and morphology [75, 76].

The properties of the systems grown were investigated with normal incidence po
larised transmission spectroscopy (PTS) [31, 65], magneto-optic kerr effect setup [29], 
grazing angle X-Ray scattering [66] and the morphology analysed with scanning elec
tron microscope (SEM) [76], transmission electron microscope (TEM) [58, 67] and 
atomic force microscopy (AFM) [30]. These techniques allowed the study of the sur
face properties of the materials in a non destructive way (except TEM) and were 
particularly suitable for the study of the planar structures grown.

2.2 Reflectance anisotropy spectroscopy

The reduced symmetry of an area probed by optical means can produce anisotropic 
signals and this phenomenon explained the changes in reflectivity observed in early 
experiments during sample rotations [77, 78]. Much later Aspens and Studna [79] and 
independently Berkovits [80] developed a technique able to measure these anisotropies; 
reflectance anisotropy spectroscopy (RAS)^. RAS probes the difference, at normal in
cidence, of the in-plane complex reflection coefficient Tj measured along two orthogonal 
directions normalised to the overall reflection:

r r^ + Ty'
(2.1)

A detailed review of both experiment and theory of RAS has been published recently 
[81]. The advantages of RAS are that it provides surface sensitivity, where the substrate

^The technique is also known as reflectance difference spectroscopy.
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Figure 2.1: Schematics of the RAS setup used during the measurements of plasmonic 
NP arrays.

is optically isotropic and the surface is anisotropic, and it is possible to use it for 

monitoring directly in UHV and other environments [82].

The experimental setup used in this manuscript follows the Aspnes photoelastic 

modulator, two polarisers setup (see Figure 2.1). Light from a Xe lamp passes through 

a polariser and a low-strain window and is reflected from the sample through a photoe

lastic modulator, an analyser polariser and a monochromator before finally reaching 

a double diode detector system. The great advantages of this configuration are the 

in situ possibility as no sample rotation is required and the possibility of recording 

both the imaginary and the real part of being related respectively to the signal at 

2u)o and at Wq, the frequency of polarisation modulation of the PEM [83, 84]. As the 

imaginary signal of RAS is more sensitive to strains in the viewport and is related by 

the Kramers-Kronig relations to the real signal component, in this work we will report 

only the Re{Ar/r).
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Applications of RAS

Since its beginning, RAS has proven to be a useful tool for the characterisation of 
semiconductor [79, 85] and metallic surfaces [86, 87]. In addition, RAS has become 
important in characterising the growth in gaseous environment, such as metal organic 
vapour phase epitaxy, as any electron based analysis cannot work. Finally it has been 
used to monitor surface reconstructions and interfaces during growth. Monolayer oscil
lations have been observed and even determination of doping levels in semiconductors 
is possible. More recently, due to developments of IR measurement setup, free electron 
optical response of anisotropic metallic structures have been measured [88].

Very little work has been devoted in the studies of plasmonic structures with RAS 
[39] due to the limitations of the colloidal preparation techniques. For RAS the particles 
have to be dispersed on the surface and they need to rearrange anisotropically on the 
macroscale with a defined anisotropic direction. Where glancing angle deposition is 
used to create anisotropic plasmonic structures, RAS can then be used, in principle, 
to determine their plasmonic properties, in situ, during growth.

Implementation of the RAS setup

In the course of the experiment, two systems were utilised, one portable for in situ 
measurements and one for ex situ measurements, more precise. Measurements were 
performed over a broad spectral range, from 0.76 eV up to 5eV. In order to measure 
over such broad spectral range, conventional Si detectors were not sufficient, being lim
ited to an energy range higher than 1.2 eV. The extension of the measurement range 
was hence realised with the development of a double detector measurement system with 
both an InGaAs detector for the 0.75-1.4eV measurement range and a standard Si de
tector for higher energy ranges. A photograph of the the small RAS, more extensively 
used during the project, is shown is Figure 2.2. The setup used two a-BBO Rochon 
polariser (extinction ratio ~10“^) which operated between 0.6-5.0eV. A fused silica 
PEM modulated the polarization between 0.6/6.6eV and a double grating monochro
mator, one for the IR and one for the vis-UV were utilised. In order to provide a broad 
and homogeneous optical spectrum in the measured optical range, a Xe high pressure 
lamp light source was utilised. The setup was fully CPU automated.
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Figure 2.2: Picture of the RAS utilised. The components are labeled and described in 
detail in the text.

Three-layers model

Any RAS signature observed is a consequence of the inherited anisotropy of the system 
measured. In the approximation of a linear optical response of non-magnetic media, 
the investigated materials can be described with a dielectric tensor with only three non 
zero diagonal elements £x,y,z- As RAS works at normal incidence it can measures only 
changes in the in-plane dielectric functions ^ £y

In the particular case of homogeneous bulk anisotropic samples, RAS can probe 
the difference in reflectance between and Ry and the in-plane dielectric tensor 
components can be directly calculated using Eq. (2.1) and

^ , R — 1 ,9

R = ------------- ^ (2.2)

with n?

In order to address the optical properties of more complicated systems such as 
anisotropic structures on top of an isotropic material, the measured response is modified 
as a result of the substrate reflectivity influence. A more general description utilises a 
three layer model, where a thin anisotropic layer of thickness d is comprised between 
a semi-infinite isotropic bulk dielectric function and a semi-infinite ambient layer of
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dielectric function The anisotropy is then expressed by tlie two different diagonal
tensor components of the anisotropic layer and the RAS signal is described as [79]

Ar _ 3^
T A £})

Since both £{, and £m are usually known, the RAS signal can be related to the degree 
of anisotropy of the interface layer only. The term d{£i^x ^L,y) is called the surface 
dielectric anisotropy (SDA) and its value can be directly related to the RAS signal. 
This approach is particularly useful since the influence of the substrate is removed in 
SDA and similar surface structures on different substrates can be directly compared. 
Models mimicking the anisotropic layer dielectric function can be finally compared 
with the experiments. A drawback of this approach is the difficulty in determining 
the effective thickness and, as a consequence, only relative results can be compared. 
Nevertheless, a semi-quantitative understanding of the results can be obtained as a 
result of a fitting procedure, a process similar to the analysis usually performed on 
ellipsometric measurements.

2.3 The Deposition Chamber

The system consists of a 6" diameter stainless steel spherical deposition chamber con
nected to a turbomolecular pump (Osaka TG550, with pumping speed of 550 1/s) via a 
CF elbow, which maintains the chamber at pressures in the high 10“*Torr. Baking the 
system helps to reduce residual gases and provides near UHV conditions (low 10”® Torr 
range). A rotary vane pump is used as a backing pump for the turbomolecular pump.

The sample is mounted in the centre of the deposition chamber on a sample ma
nipulator. The sample is loaded on a manipulator which ensures an accuracy of 0.1° 
in the choice of the deposition angle. The deflection of a reflected laser spot pointing 
towards the sample surface ensures the exact alignment of the surface with respect to 
the adatom flux. A strain free window is mounted exactly in front of the sample stage 
in order perform in situ optical measurements with RAS. There is no loadlock, so the 
chamber must be vented each time a sample is loaded or removed.

The top flange of the chamber is equipped with a quartz crystal monitor in order 
to control the deposition flux during the experiment. The pressure is monitored using
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Figure 2.3: (left) A schematics of the deposition chamber setup utilised and (right) a 
picture of the system for glancing angle depositions.

a wide-range Bayard-Alpert ion gauge mounted on a side port. On the bottom of the 
growth chamber a DN64 flange is connected though extension tubes to a lOcc capacity 
high-temperature Knudsen cell. The distance between the source and the centre of the 
chamber, where the sample is placed, is approximately 70 cm so that the beam reaching 
the substrate surface is highly collimated. A shutter is mounted between the source 
and the growth chamber. When mounted, the sample sits vertically in the center of 
the growth chamber, directly above the effusion cell. A sehematics of the deposition 

chamber is sketched in Figure 2.3.

2.4 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a RAS setup which does not work at normal inci
dence.

Generally speaking, a linearly polarized light beam reflected by a media at a oblique 
angle of incidence becomes elliptically polarised. The reflection amplitude parallel (rp) 
and perpendicular (r^) to the plane of incidence undergo to both phase and amplitude 
changes. If the reflected signal is modulated it is possible to extract the changes in 
phase and intensity, hence determining Vp and r^. Based on this principle, SE measures
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their complex amplitude ratio [89]

p = — = tan{'il})e'‘^. (2.4)

The quantities in Eq. (2.4) are defined by

ian'h =1 — I 
rs

cos A = 6p — Ss (2.5)

and are related to the intensity ratio and the phase difference S in the outgoing re
flected beams. Due to measurements of only relative changes between Cp and the 
measurements are independent on the absolute intensity and hence highly accurate.

The main drawback of SE is that the extraction of physical information from p 
cannot be directly obtained and modelling is required. Furthermore, multi layered 
structures, roughness and inhomogeneities do not allow for easy modelling of the sys
tem. An analytical solution exists for an ideal semi-infinite, homogeneous and isotropic 
material with dielectric function e which is related to p and to the angle of incidence 

by
£ = sin^ <I>o + sin^ $o tan^ $o (-------------- ----) ^ ■

I + P+ P
(2.6)

In case of additional layers and complexities, Eq. (2.6) can still be used, but £ is then 
describing the overall response of the interacting region sampled and it is named for 
this reason pseudo dielectric function or effective dielectric function < e >;

< £ >= sin^ <I>o + sin^ d*otan^ <I>o(^-— 
1+ P+ P

(2.7)

The SE used is a commercial GESP5 model which follows the rotating polariser 
ellipsometer configuration. It consists of a light source and a rotating polariser which 
produces the modulated signal. Aft,er sample reflection the signal is measured by 
an adjustable analyser, a monochromator and the detector. The advantage of this 
configuration is its relative simplicity and its ability in performing measurements in 
ambient light. The main drawback is its inaccuracy when A is close to 0° or 180°. The 
latter does not represents a real limitation as measurements will be performed around 
the Brewster angle of the system, hence A being different from the values which result 
in inaccurate measurements.
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The Xe lamp is contained within its housing and has a xyz positional adjustment to 
ensure good alignment. It has a low residual polarisation and the intensity can be varied 
by two attenuators mounted in the polariser arm. The light is guided to the polariser by 
two adjustable mirrors. The polariser and the analyser both consist of quartz Rochon 
polarisers attached to stepper motors, which enable rotation with an accuracy < 0.02°. 
The polariser is rotated at 9 Hz. The beam diameter is 6 mm, but in our measurements 
a microspot has been put in place in order to reduce the scanned area to 350/rm^. 
During the measurement the analyser is adjusted to an angle of ±45° alternatively 
thus correcting any possible errors due to any angle offset between the analyser and 
polariser. The double monochromator spectrometer is connected to the analyser stage 
via an optical fibre. The spectrometer is fully automated allowing selection of any 
wavelength with a 0.2 nm resolution. The detector is a Si photomultiplier tube with a 
spectral range of 1.38eV to 6.7eV.

2.5 UV-visible spectrometer

A UV-vis spectrophotometer measures the intensity ratio between the light passing 
through a sample (/), and before passing through it (/q). This ratio I/1q is called 
transmittance, and is usually expressed as a percentage.

The basic parts of a spectrophotometer are a Xe light source (often an incandescent 
bulb for the visible wavelengths is also used), a holder for the sample, a monochromator 
to measure single wavelengths of light, and a detector. A spectrophotometer can be 
either single beam or double beam. In single beam setup all the light passes through 
the sample cell and /q must be measured by removing the sample. In a double beam 
instrument, the light is split into two beams before it reaches the sample. One beam is 
used as the reference; the other beam passes through the sample. Samples for UV/Vis 
spectrophotometry are most often liquids and their absorbance can be easily measured. 
In the present case solids are measured and rather than absorbance, we will referred 
to extinction coefficient E, sum of absorbed(A), scattered (S’) and specular reflected 
intensities(/?). If T is the transmitted intensity, the following relation ensures then the 
conservation of energy
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e + t = a + s + r + t = i. (2.8)

For reliable transmission measurements, double side polished substrates can be utilised, 
as they minimise the scattered losses due to rough sample back sides. In this case 5 ~ 0 
and, as the heat losses are negligible, transmission and reflection on the samples can 
be compared.

As the sample measured present a strong opitcal anisotropy, the possibility of mea
suring a polarization dependent response of the NP arrays can be obtained inserting 
a polariser into the system before the light interact with the system. The polarized 
transmission spectroscopy (PTS) allow to measure and Ty independently and a 
comparison with the RAS can be obtained.

Measurements will be performed with a Cary 50 UV-vis-NIR spectrophotometer 
equipped with a Xe lamp between 1.2 eV and 5eV. A Gian Taylor polariser working 
from 0.6eV till 5eV is utilised for PTS.

2.6 Atomic Force Microscopy

Under the interaction of a sample surface, a macroscopic cantilever provided with a 
sharp tips can be bended by atomic forces by a sufficiently large amount to be measured 
by laser deflection. An atomic force microscopy (AFM) based on this principle was 
invented by Binnig, Quate, and Gerber [90]. Their original AFM consisted of a diamond 
shard attached to a strip of gold foil. Detection of the cantilevers vertical movement 
was done with a second STM tip placed above the cantilever. Today, most AFMs 
use a laser beam deflection system, where a laser is reflected from the back of the 
reflective AFM lever onto a position-sensitive detector [91]. The output of the detector 
is provided to a computer for processing of the data and providing a topographical 
image of the surface. AFM tips and cantilevers are usually microfabricated from Si 
or Si3N4. The sharp tip (~ 10 nm radius) is scanned over a surface with feedback 
mechanisms that enable the piezo-electric scanners to maintain the tip at a constant 
force (to obtain height information) above the sample surface. As the tip scans the 
surface of the sample, moving up and down with the contour of the surface, the laser
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beam is deflected into a dual element photodiode. The photodetector measures the 
difference in intensities of the light between the different photodetectors, and converts 
them to a voltage. Feedback loop, through software control from the computer, enables 
the tip to maintain a constant force on the sample surface.

Depending on the interaction of the tip with the sample surface, the AFM can 
be classified as contact mode, noncontact or tapping mode. The latter is the only 
scanning mode utilised in this thesis and will be is described in the following. Tapping 
mode is done by alternately placing the tip in contact with the surface and lifting 
it off. The contact provides the high resolution required while the lifting off avoids 
dragging the tip across the surface. Tapping mode imaging can be implemented both 
in ambient air or in liquid and the oscillations are obtained using a piezoelectric crystal 
oscillating near the cantilever resonance frequency. After a voltage input, the piezo 
vibrates and the mechanical oscillations generated result in a oscillatory behaviour of 
the cantilever with a height amplitude greater than 20 nm. Generally, the cantilever is 
excited just below its fundamental resonance frequency and, in this frequency range, 
the behaviour of the cantilever can be represented by a simple harmonic oscillator 
with a good approximation. The oscillating tip is then moved toward the surface until 
it taps the surface. The intermittent contact with the surface reduces the cantilever 
oscillation due to energy loss caused by the tip touching the surface and the reduction 
in oscillation amplitudes is used to measure surface features. The digital feedback loop 
adjusts the tip-sample separation to maintain a constant amplitude and force on the 
sample.

All the AFM images presented in this work were obtained with a Asyluum Research 
Force Microscope obtained in tapping mode. Tips utilised were generally Budgetsensor 
cantilevers with a 250 kHz resonance frequency and a nominal tip apex radius smaller 
than 10 nm.

2.7 Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) uses a focused and accelerated beam of electrons 
for imaging and analysing samples at a resolution far beyond that possible with light 
microscopy [92]. A monochromatic electron beam is produced by a field emission gun
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and accelerated by the chosen acceleration voltage, typically from 0.5 to 30kV. The 
electron beam subsequently enters an electromagnetic lens system which focuses the 
beam on the specimen in a circular spot. As a result of the impact of the incident 
beam, a variety of electrons and photons are produced. The chosen signal is then 
collected, amplified and sent to a cathode ray tube (CRT) that produces bright spots 
on the screen. The beam is successively rastered on the selected area of the specimen, 
producing the frame viewed by the operator. If the CRT area has dimensions AxA and 
the scanned one BxB the magnihcation is then B/A. The advantages of an SEM are:

• The magnification is achieved in a purely geometrical manner by changing the 
dimension of the scanned area.

• The resolution of a SEM is much better than an optical microscope due to the 
lower electron diffraction limit. Its maximum resolution is determined by the 
signal intensity, the current generated by the gun and by the real dimensions of 
the spot, which is increased by the presence of aberrations in the optical path.

• It is possible to simultaneously record different signals produced by the interac
tion of the sample with the incident beam.

When the beam of electrons interacts with a sample it can undergo different scatter
ing events forming secondary particles. These scattering events occur in an interaction 
volume which has a pear like shape due to broadening. The exact size and shape of this 
depends on the accelerating voltage of the electron beam and the constituent materials 
in the probed sample. The main types of electrons involved in SEM imaging are sec
ondary electrons (SEE) and backscattered electrons (BSE). Collectors are positioned 
in different parts of the system to selectively collect these different electrons.

SEE are produced by inelastic scattering between the incident electrons and the 
material being imaged. These are low energy electrons (<50 eV) with a small mean 
free path and so stem from regions near the surface probed (a few nm deep). SEE 
images give then good topographical information. Higher energy electrons are classed 
as backscattered electrons (BSE) and are produced by elastic collisions deeper in the 
interaction volume of the sample. BSE carry information on chemical composition as 
materials with higher atomic numbers are better scatterers and appear brighter. The
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incident electron beam can also cause the probed material to emit characteristic X- 
rays. This occurs when an incident electron knocks an electron from the K-shell of the 
specimen material creating a hole which is subsequently filled by an electron from a 
higher shell. The difference in energy between the higher and lower energy levels can 
be emitted in the form of an X-ray which carries information on chemical composition. 
The probing of these X-rays is known as energy dispersive X-ray spectroscopy and 
requires a specialised detector inside the SEM apparatus.

The SEM analysis in this work was carried out on a Zeiss ULTRA Plus field emission 
SEM. This is fitted with in-lens and Everhardt Thornley detectors for SEL imaging 
and an energy and angle selective detector for BSE imaging. Samples were mounted 
on carbon tabs and typically imaged with an accelerating voltage of 1-5 kV.

2.8 Transmission Electron Miscroscope (TEM)

The working principle of a TEM is similar to that of a SEM, but the analysed electrons 
are transmitted through the sample. A TEM consists in a vacuum system, a high 
voltage source, a sample holder and an aperture and lens system. The electrons are 
emitted from a tungsten Zr-coated Field Emission Gun and accelerated by high voltage 
up to ~300KeV. They are then focused onto the sample by the lens system which 
controls the imaged area. The focused electrons pass through the sample and enter 
the objective lens. As the transmitted electrons can either pass straight through the 
sample or be diffracted, two modes of imaging are possible, selecting which electrons 
are used to produce the image on the CRT. In diffraction mode the diffracted electrons 
pass through the objective lens and produce the diffraction pattern in the back focal 
plane of the objective lens.

The principal mode of operation utilised in this thesis is the bright field imaging 
mode. Using a classical picture, in this mode the contrast formation results by ab
sorption of electrons in the sample. The regions where the electrons get absorbed will 
appear dark whilst the areas in the sample where the electrons can pass freely will 
appear as bright spots. The obtained image thus becomes a projection of the sample 
down the optic axis. In this image mode electrons enter an objective aperture and the
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image formed at the image plane becomes the object for intermediate lens in order to 
achieve higher magnifications.

The main limitation of TEM is it requires extremely thin samples due to the small 
mean free path of the electrons in the media. In order to image the samples, a lamella 
of the sample has to be obtained. TEM is a destructive characterisation tool. TEM 
sections were prepared for both annealed surfaces and surface with Ag NP deposited 
at glancing angle. A 10 nm Au/Pd layer was deposited by sputtering in order to 
protect the interface. Subsequently, the sample was prepared in a Carl Zeiss Auriga 
CrossBeam focused ion beam FIB-SEM. The in situ lift out technique was used to 
remove a section of the sample and affix it to a TEM grid. The sample was then 
polished to ~100nm thickness with 30keV gallium ions. In order to reduce surface 
damage and amorphisation, the sample was finally polished with 5keV gallium ions. 
Once prepared, the samples were imaged by a FEI Titan TEM, operating at 300 kV.

2.9 High temperature furnace

The sample preparation required the annealing of sapphire substrates at high temper
ature in order to obtain stepped surfaces. All the experiments were performed using a 
MTI GSL1600 XL tube furnace which has a maximum nominal working temperature 
of 1550° C. The furnace can be equipped with a high purity alumina tube surrounded 
by Kantal defect free SiC rods heating elements. High current passes through the rods 
and the heat is generated by the Joule effect. Both S-typc and B-type thermocouples 
have been utilised for measuring and calibrating the furnace temperature. The input 
current was regulated by a BID controller.
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Chapter 3

C-plane Sapphire and the Faceting 

Mechanism

Science never solves a problem 

without creating ten more.

G. Bernard Shaw

The preparation of ordered stepped surfaces is the key feature for successful glancing 
angle depositions. Different routes can be followed to produce the textured templates 
but we will concentrate in this chapter onto the effects of high temperature annealing 
of c-plane a-Al203 (sapphire).

The crystal structure and the technological importance of this material are de
scribed at the beginning of the chapter and reports on previous annealing studies of 
a-Al203 (0001) will be discussed substantially. In addition to the studies performed in 
previous reports, a complete annealing study of the c-plane sapphire surface which is 
off-cut few degrees along the [1210] direction will also be presented. It will be shown 
here how to produce a periodic terrace and step structure by annealing and the possi
bility of tailoring both surface periodicity and step height will also be discussed.
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The origin of the resulting surface morphology is attributed to faceting formation, 
i.e. the rearrangement of the crystal surface into alternating flat faces following low- 
index directions.

Such ordered templates will be utilised in the rest of the thesis for the growth of NP 
arrays. Being the argument here treated independent from the rest of the document, 
we try to provide self-consistency to this chapter.

3.1 AloO^: introduction

AI2O3 Crystal structure

rt-Al203 crystallizes in a hexagonal structure. In the hexagonal unit cell the lattice 
vectors of the basal plane (sides Oi, a2 and 03) are equivalent to 0.4758 nm, with a 
relative angle of 120° between them. The lattice vector c is equal to 1.2992 nm and it is 
normal to the basal plane. Figure 3.1 shows a schematic of the unit cell of AI2O3 and the 
low-index surfaces plane usually encountered. These surface terminations have been 
reported to be stable at room temperature and the respective surface free energies are 
listed in Table 3.1 in J m~^ and in relative values compared to the (0001) surface. Even 
if some discrepancies are present in literature, most of the previous reports confirm the 
(0001) surface to be the most stable one, having the lowest free energy configuration.

The position of the atoms within the unit cell is shown in Figure 3.2. The ideal unit 
cell can be represented placing atoms in two types of sites: hexagonal and octahedral. 
The hexagonal corner sites are occupied by oxygen atoms while the octahedral sites 
are present between a face which adjoins two layers of vertical stacking. Aluminium 
cations are in 2/3 of the octahedral sites, and oxygen anions are in the remaining 1/3. 
Each oxygen is shared between four octahedra. The oxygen presence in octahedral sites 
permits strong bonding and gives rise to the characteristic properties of hardness and 
electrical insulation of sapphire. Along the [0001] direction a succession of six oxygen 
layers separated by a double A1 layer can be observed. The distance between each 
oxygen layer is then c/6 = 0.22nm.
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C Axis

Figure 3.1: Schematic of the AI2O3 single crystal unit cell and relative low index stable 
surfaces.

Plane Index Energy (theory) [93]

J m“^ relative

Energy (experiment)

relative [94] relative [95]

c-plane (0001) 1.92 1.00 1.00 1.00

a-plane (1120) 2.34 1.18 1.12 0.97

m-plane (ITOO) 2.25 1.13 1.06 0.96

n-plane (1123) 2.25 1.13 1.06 0.96

s-plane (1101) 2.57 1.30 1.07 0.95

Table 3.1: The main surface terminations for AI2O3 and their relative free energy from 
hist principle and Wulf construction.
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Figure 3.2: (A) The surface of c-plane a-Al203. (B) Side view of the idealised crystal 
structure unit cell.

Different idealised surfaces, without taking into consideration any reconstruction or 
relaxation, have been proposed in recent years for AI2O3 (0001). Experiments [96] show 
that the most favourable one is a single A1 layer terminated surface which matches 
the configuration predicted by first principle calculations. A priori, we expect that 
neighbouring steps with same direction can exhibit different step energy densities.

Applications

The preparation of metal oxide surfaces with high quality is of fundamental interests 
for optical and electronic devices. Sapphire, among the others, possess properties which 
make it a very promising material [97]. The high mechanical strength, its transparency, 
the chemical stability, the high thermal conductivity and its insulating properties ren
ders a;-Al203 surfaces particularly important for many applications. For example, 
epitaxial crystal growth on sapphire has been confirmed for GaN [98], ZnO [99], Pt 
[100], diamond [101] and Ti02 [102]. Low-dimensional carbon structures have been also 
produced on AI2O3: graphene has been shown to strongly adhere on the (1010) surface 
[103] and aligned carbon nanotubes were grown on patterned substrates [104]. It has 
been recently proposed that heparin coated sapphire implants are biocompatible, ren
dering them useful for bio-applications [105]. Among the stable surfaces orientations,
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AI2O3 (0001) surface is so far the most interesting and most deeply studied. Epitaxial 
Co monolayers [106] ZnO nanorods [107] GaN quantum wells [108] and fluorinated 
organic layers [109] have been recently grown using AI2O3 (0001) as a substrate for 
different applications, like spintronics, light emitting diodes, UV sources and ’’green” 
applications respectively. Also from a fundamental point of view, AI2O3 (0001) tem
plates have been recently exploited to answer very important questions, such as the 
role of linear defects in a single crystal surface [110] or for understanding the growth 
mechanism of overlying low-dimensional structures [111, 112].

Reports on AI2O3 (0001) annealing

One of the reasons that makes the study of the single crystal AI2O3 relevant is the possi
bility of reconstructing the surface in a hill and valley structure after high temperature 
annealing [113]. The departure from a perfectly flat surface obtained by annealing 
can produce advanced functionalities which can be incorporated in the AI2O3 based 
devices. If the surface is off-cut along the [1210] direction, the resulting vicinal sur
face appears covered by steps running along [1010] which present a monoatomic height 
of c/6 = 0.22 nm. A successive annealing at high temperature of the vicinal surface 
produces periodic step-and-terrace arrangements with a height h ~ 1.3nm [114].

The results of the step rearrangements have been already investigated as a func
tion of annealing temperature [114-117], time [113, 115, 117, 118], atmosphere [116], 
pressure [119], off-cut angle [117, 120] and orientation [117]. Never the less, the reports 
present contradictory results and require clarifications. It is now generally believed 
that the upon annealing at temperatures of ~1100°C in atmosphere, the monoatomic 
steps gather forming double height steps [114] and, if the temperature increases, the 
double steps step increase further in height. On the other hand, contrary to the early 
reports where the surface rearrangements was related to a faceting formation [113], 
latest reports define the surface instability to be a stop bunching phenomenon. The 
first corresponds to a thermodynamic equilibrium surface state where flat low-energy 
facets alternate, while the second is the consequence of an kinetic instability where 
neighbouring steps gather together producing a step train. No clear picture of the 
rearrangement mechanisms has been proposed for the (0001) surface so far.
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The strong anisotropy in the adatom diffusion and the relatively slow diffusion rate 
(the reconstructions happens to take place in times of the order of hours), makes finally 
the system a perfect candidate to clarify doubts and open questions for instabilities of 
metal oxides in general, such as SrTiOs [121] and MgO [122].

3.2 C-plane AI2O3: experimental procedure

Single crystal single-side polished c-plane AI2O3 substrates (MTI, USA) were prepared 
with three different nominal off-cut along the [1010]: 2°, 3° and 6°. The quality of the 
substrate was checked by high resolution X-ray diffraction. The study confirmed the 
(0001) surface orientation and the absence of defects. For each sample an accuracy 
within 0.1° of the nominal off-cut was measured. If required, several pieces were cut 
form each substrate, cleaned in HCl and washed in DI water. In order to remove any 
contamination, a solvent treatment with Methanol, Acetone and high grade propanol- 
2-ol was finally performed in a ultrasonic bath. After the cleaning jjioccdure the 
surfaces were checked with Atomic Force Microscopy (AFM) to confirm the absence of 
impurities and the surfaces appeared remarkably flat. The samples were then placed in 
a high purity alumina crucible and put in a alumina tube furnace. To avoid the presence 
of any contaminant and a homogeneous heating the tube was then closed by alumina 
bricks. Each piece was loaded into the furnace already at a temperature of 1000° and 
annealed for 24 hours at temperatures T between 1300° C and 1450°. A heating and a 
cooling rate of 10°/min was used to reach the required annealing temperature. As the 
diffusion rate of the surface adatoms increases exponentially on the temperature, such 
a quick cooling rate ensures that the observed morphology corresponds to the state of 
the surface at the annealing temperature.

3.3 Results and discussion

During the experiment, the temperature dependency was studied for the same 6° sam
ple at temperatures of 1300° C, 1350° C, 1400° C and 1450° C and the role of the 
off-cut was analysed at the temperature of 1400° C. The results are presented in Table
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2° 3° 6°

T (°C) 1400 1400 1300 1350 1400 1450

L (nm) 132 ± 25 129 ± 28 77 ± 21 79 ± 22 132 ± 15 197 ± 58

H (nm) 4.8 ±1.7 5.7 ±1.6 7.6 ± 1.7 7.7 ± 2.0 11.5 ± 3.1 20.8 ± 4.6

Table 3.2: Average terrace width and step height with the relative standard deviation 
as a function of annealing temperature and off-cut angle . The terrace and the standard 
deviation increase by increasing the annealing temperature. If the same periodicity is 
obtained, changes in the off-cut angle produces different step heights.

3.2. For each sample annealed the statistics were obtained analysing at least 4 dif
ferent areas and the results averaged over more than 100 points. Figure 3.3 shows a 
typical resulting morphology. The surface appears remarkably uniform after annealing. 
Parallel steps run along the [1010] direction and cover the whole surface in a almost 
periodical fashion. The rearrangement of the surface preserve the overall surface ori
entation, as confirmed with both XR.D and AFM. The average period < I > increases 
exponentially with the temperature. The behaviour can be explained considering the 
faceting formation as a thermally activated diffusion process, assuming an equivalence 
between surface periodicity and adatoms average displacement. In this case, through 
the Einstein equation P oc D, an effective diffusion constant D = Do exp{—EadksT) 
can be obtained, with Eqc being the activation energy and ks the Boltzman constant. 
As the annealing time is the same for each sample, the exponential increase in the pe
riodicity is then expected with rises in the annealing temperature. In order to confirm 
this relation, the inverse of the temperature is plotted vs the logarithm of the average 
periodicity in the inset. This plot, known as Arrhenius plot, allows one to extract, from 
the slope of the linear fit, the activation energy activation energy of the process, being 
in our case E^c = 2.8±0.8eV. Such an energy is bigger than the 2.0 eV reported for 
the nominally fiat sapphire. However, the differences between different the two off-cut 
are not very pronounced and the large errors in the data do not allow to produce a 
conclusive understanding in the origin of the measured changes.

Different substrate off-cut angles produce similar results (see Figure 3.4 (A) and 
(B)). However, for a given periodicity, changes in the initial off-cut angle results in
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Figure 3.3: Faceting formation after annealing of Al203(0001) at high temperature. 
(A) 2x2 /xm^ AFM image after first-order subtraction. The surface is off-cut 6° along 
the [1210] direction. After annealing in atmosphere at 1350° C for 24 h, the surface 
appears remarkably uniform and nearly periodic facets can be observed. (B) Tempera
ture dependence of the period as a function of the annealing temperature. Rises in the 
annealing temperature increase the period exponentially. The linearity in the Arrhe
nius plot (inset) confirms the dominantly diffusion activated process with an activation 
energy of 2.8±0.8eV.
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Figure 3.4: 2x2 /rm^ AFM images of Al203(0001) off-cut 2° (A) and 3° (B) along the 
[1210] direction. The surfaces were annealed at 1400°C for 24 hours. A typical AFM 
section can be observed in the inset.

steps with different step heights. Surfaces with comparable periodicity were analysed, 
and the step height appears smaller for smaller off-cut in order to preserve the overall 
surface orientation. The periodicity can be varied, for a given miscut angle, by changes 
in the annealing temperature and a step height tuned by changing the initial sample 
off-cut. A full modulation of the parameters describing the morphology of the surface 
can hence be obtained.

In order to clarify doubts about the mechanism behind the rearrangement of the 
surface, whether it is bunching or faceting of the surface, AFM cannot be used as the 
AFM tip radius (~ 10 nm) is comparable with the surface features. A high resolution 
TEM analysis has been performed for different periodicities for the 6° samples. All 
steps appear inclined of the same 42° angle with respect to the [1210] direction shown 
in Figure 3.5 (B). Such an inclination corresponds to the (1216) orientation. This angle 
appears independent on the step height and it is also in accordance with previous TEM 
results obtained for different off-cut samples [120]. Being such orientation also inde
pendent on the step height, the mechanism can be effectively addressed as a faceting 
mechanism, the two facets being the (0001) plane of the terrace and the (1216) plane 
of the steps.

The faceting formation is also confirmed by the presence of bowtie merging defects
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AI203

Figure 3.5: TEM section of a sample otf-cut 6° and annealed at 1350° for 24 hours. 
A Pt protecting coating layer has been sputtered on the surface before the section 
preparation in order to protect the surface. (A) Low magnification of the surface, 
obtained after alignment of the crystal axis with the TEM optical axes (see diffraction 
pattern in the inset). (B) High magnification image, the crystal structure can be clearly 
observed. The step inclination of 42° with respect to the [1210] is shown, corresponding 
to a surface orientation of (1216). (C) Magnified view of the outlined area in (B). In 
the inset a java electron microscope sim.ulation shows the expected A1 and O position 
using the tabulated crystal structure of AI2O3.

on the surface as shown in Figure 3.6 (A). Different defects are outlined and the merging 
points never appear isolated (see Figure 3.6 (B)). This is a consequence of coarsening 
of the facet domains: when different faceted areas grow and overlap, they produce the 
observed junctions [123].

The mechanism underlying the facets formation is common for all samples. This is 
suggested by Figure 3.7, where the probability P{1) of observing two steps separated by 
a distance / is plotted with respect to the relative period 1/ < I >. It appears evident 
the distribution does not remarkably depends neither on the annealing temperature 
nor the off-cut angle.

Thermodynamic arguments can then be used as a basis for understanding the 
faceting phenomenon as we noted that the surface morphology has reached thermody
namic equilibrium after one day annealing . The calculated diffusion constant[117] of 
adatoms on the surface of AI2O3 is 10“® cm^s“^ at 1500°C. This means that the surface 
reaches equilibrium over a distance of 10 pm in annealing durations of the order of 1 

hour, which is much smaller than the 24 hours spent in this study. Two samples were 
annealed for 24 hours and 72 hours to confirm this, as no change in the periodicity of 
the two substrates were observed, in line with previous reports [118, 120].
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Figure 3.6: (A) Small magnification of the 6° off-cut sample after annealing at 1400
°C. Defects can be identified and were attributed to coarsening of faceted domains 
[113]. (B) A magnification of the yellow area can be observed. (C) Profile and the 
along the first and second line.
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Figure 3.7; Normalised distribution of the period as a function of L/Lopt for different 
annealing temperatures (A) and initial substrate off-cut (B). The curves follow the 
same Gaussian distribution.

The resulting equilibrium conditions observed during the annealing temperature 
corresponds to minima of the surface free energy of the system. Generally speaking, 
the surface free energy is the integral of the surface free energy per unit surface 7(in, T) 
over the overall surface a

F'surf{T,a)= (f 7(m,T)dA. 
J da

(3.1)

In Eq. (3.1) T is the temperature of the heat reservoir (the annealing temperature 
in our case) and m is the orientation of the surface element dA. The equilibrium 
morphology is obtained by minimisation of the quantity Fgurf under the constraint of 
a fixed volume included inside the surface. The stable surfaces can be obtained using 
the Wulff construction [124]. In this case the stable facets result at the high symmetry 
directions of the crystal, where cusps in 7(m, T) can be found. At high temperature 
these cusps blunt and additional orientations not present for T = 0 can be found. It was 
shown by Herring [124] that, if only the top crystal surface is allowed to be modified, 
the surface can rearrange in a hill and valley structure in order to minimise its overall 
free energy.

Different models can explain the faceting of the vicinal surface. The first possibility 
to produce the periodic step arrangement is due to an attractive step-step interaction. 
A model for faceting involving attractive elastic forces and was proposed by Marchenko 
around 30 years ago [125]. In his approach, the constraint of conservation of the average 
surface orientation of a vicinal surface implies the coexistence of alternating directions.
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At the intersections between different facets, the strains are unbalanced and will gen
erate elastic forces which will propagate into the bulk. These forces can be represented 
by long-range elastic attractive monopoles having a logarithmic dependency and it was 
found that these structures exhibit an optimum period, correspondent to the mini
mum of the surface free energy of the system. However, the explanation provided by 
Marchenko is not the only plausible one. An other possibility is that faceting is due by 
simple entropic contribution of step wandering and repulsive stress-mediated interac
tions. As a result, most faceting transitions could be because of competing free energy 
curves induced by changes in surface composition due to adsorption or reconstructions 
[126]. As the measured (1216) step orientation was never reported to be stable, this 
explanation appears also to be possible.

Finally, the annealing of the templates also lacks precise control over the residting 
morphology. Differences in the resulting morphology for samples prepared by identical 
procedure were observed. These differences are attributed to the substrate quality and 
possible contaminants and the impurities can then interfere with the kinetic processes 
involved creating more complex instabilities. It was reported that common segrega
tion of contaminants such as Ca, Mg, Ba, Si can affect the step and surface structure 
evolution of sapphire samples, generating mesoscopic steps [127]. For this reason the 
annealing study of the 6° off-cut sample at different temperatures was performed cut
ting different pieces from the same substrate.

The faceting formation of the AI2O3 (0001) surfaces remains then rather unclear 
and a complex interplay among the discussed possible causes is likely to be responsible 
for it. Deeper investigations of the phenomenon is required to describe the evolution 
of the surfaces and new measurements will be performed in the future to provide a 
definitive answer.

3.4 Conclusions

The morphology of off-cut c-plane a-A^Os was investigated by annealing at high tem
peratures. The procedure followed to produce stepped templates was described and 
the formation of a step and terrace structure is attributed to faceting formation. The 
possibility of changing both periodicity and step height was demonstrated by modifying
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annealing temperature and substrate off-cut respectively. The statistical properties and 
the presence of surface defects have been described. Various mechanisms which may be 
responsible for the regular faceting arrangement have been proposed. These substrates 
will be utilised in the rest of the thesis as templates for glancing angle depositions.



Chapter 4

In-plane Optical Properties of Ag 

Nanoparticle Arrays

If I have seen further than others, it 

is by standing upon the shoulders of 

giants.

I. Newton

In this chapter the possibility of growing Ag NP arrays on a stepped AI2O3 (0001) 
templates via glancing angle deposition is demonstrated and the features of their in
plane optical signature investigated. This chapter outlines the main results of the 
entire thesis. The Ag NP results ordered on the macroscale and their dichroic response 
is investigated. In particular, RAS was utilised to measure their plasmonic features 
and its equivalence with normal incidence polarised transmission spectroscopy (PTS) 
is shown.

First, the RAS signature of AI2O3 off-cut substrate was discussed. Afterwards, the 
morphology and LPRs were investigated as a function of deposition time, deposition 
angle and initial template periodicity. When the angle of deposition is greater than
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the initial template off-cut, part of the material was observed on the terraces resulting 
in a diminished measured RAS intensity. Conversely, at extremely shallow deposition 
angles it is demonstrated that the shadowing of the bigger particles increases the NP 
morphological dispersion in the latest stages of deposition. This increase causes a 
broadening of the resonance peaks. An optimum deposition angle was hence found as 
a trade off of the two effect in order to minimise the morphological dispersion of the 
metal clusters without observing deposition on the terraces.

A simple phenomenological model based on dipolar interaction was developed to 
reproduce the features seen in the spectra. With this model it was po.ssible to use the 
inhomogeneous broadening as a guide to the NP dispersion.

The effect of the exposure of the sample to atmosphere are also discussed It is 
found that that the resonance peaks red shift due to the formation of a thin silver 
sulphide layer surrounding the particle, in accordance with the results simulated with 
the classical model of Chapter 1.

Finally, the dependency of Ag NP arrays as a function of the initial template pe
riodicity was investigated. The different templates have been produced changing the 
annealing temperature of the AI2O3 templates as shown in Chapter 3. Different initial 
template periodicities result in different NP dimensions and shifts of the resonance 
energetic positions have been obtained. In order to extract detailed information on 
the origin of the dichroic response the semi-quantitative model based on dipolar in
teractions developed in Chapter 1 has been utilised and compared directly with the 
experimental results and a qualitative agreement obtained.

4.1 AI2O3 (0001) RAS signature, role of the miscut

Prior discussing the LPRs of NP arrays, the optical properties of c-plane a-alumina 
need to be introduced. The choice of c-plane a-alumina as a template for the growth of 
NP has been motivated not only by the possibility of faceting the vicinal surface, but 
also by symmetry considerations. RAS measurements of Ag dipolar excitations were 
recently reported by the Zeppenfeld group on a birefringent substrate [128] . In their 
report it was shown that such an anisotropic substrate can create anisotropic image 
charges that can produce a RAS signal in the spectrum measured. Flat c-plane AI2O3
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Figure 4.1: RAS spectra of a AI2O3 substrate, 6° off-cut along the [1210] direction, 
after annealing at 1450°C.

possesses a three-fold symmetry that should not give rise to any distinct signature 
in the RAS spectrum [81]. Despite that, the presence of the miscut could in theory 
introduce anisotropic contributions that can modify the optical properties of the Ag 
assembly. In order to disregard this possibility we measured the RA spectra on the 
bare substrates obtaining a small signal in the UV of 2x10“'^ (see Figure 4.1). The 
R AS signal of the substrate can then be considered negligible if compared with the ~ 
200 RAS units of the samples after the deposition of plasmonic materials.

4.2 Experimental procedure

In this section the full experimental procedure used to obtain NP arrays is described 
in detail. A consistent growth method is utilised in Chapter 5 and 6.

Single crystal c-plane sapphire samples (a-Al203 (0001)), miscut along the [1210] 
direction, were used to obtain stepped templates. The substrates were prepared with 
either 3° or 6° nominal miscuts and polished on one side. The stepped surfaces were 
produced as already described in chapter 3.

The annealed templates were subsequently loaded into the growth chamber and 
the average sample surface aligned at a required grazing angle with respect to the
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Ag atom flux. Tlie proximity of each loaded sample and the large distance (70 cm) 
between the crucible and the samples ensure the same coverage for each of the deposited 
sample. Unless clearly specifled, the NPs were prepared by depositing Ag onto the 
substrates at room temperature with at a calibrated rate at normal incidence equivalent 
to 0.23 nm/min.

When we refer to nominal NP height we will use the relation

h, = F X I. X sin 0//, (4.1)

where F is the adatom rate flux at normal incidence, t is the deposition time, 0 is the 
grazing deposition angle and f is the nanocluster Ailing factor, typically approximated 
to be / ~ 0.12.

4.3 Transmission and RAS comparison

To understand the origin of the R AS signature we will first demonstrate the equivalence 
between RAS and PTS for the system investigated. For this, a test sample with a 3° 
off-cut angle was annealed at 1400°C. AFM confirmed the periodic surface morphology. 
Subsequently, the substrate was loaded into the chamber and aligned at 6° with respect 
to the collimated beam of evaporant metal. Ag was deposited for 20 minutes for an 
estimated NP height h = 4nm. After exposure of the sample to atmosphere both R AS 
and PTS were measured and the results were compared qualitatively in Figure 4.2 
(A). PTS shows a distinct peak and its resonant position depends on the polarization 
angle of the incident light. When the beam is polarized along the miscut direction the 
absorption spectrum contains a main peak in the UV, while if the beam is polarized 
along the step edge the main peak resonance is present at lower energy and has a 
higher intensity. This is in accordance with previous literature reports [30, 31, 33, 65]. 
Similarly, the RAS spectrum presents a double resonance whose positions match the 
absorption profiles. To compare the relative peak intensities, the difference between 
the two absorption spectra F(3,) and F(j,) is compared with the RAS spectra and the 
qualitative agreement is evident (Figure 4.2 (A) brown and red lines).

As the UV-VIS spectrophotometer used in this study only records the specular 
transmission, the measured losses are not directly equivalent to an absorption, but
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Figure 4.2: (A) Comparison between ex situ RAS and PTS measurements. The
absorbance and scattered loss along the step direction (E(x)) is shifted with respect to 
the perpendicular direction {E{y))- The spectral shape of the difference between the 
light losses matches well with the RAS spectra. (B) Fitting of a double Gaussian to 
the RAS spectrum in order to extract the exact minor peak position.

include reflective and scattered losses. On single-sided polished samples, as used here, 
this leads to signihcant light losses caused by Rayleigh scattering at the rough backside 
of the sample. The data in Figure 4.2 have been recorded with respect to a reference 
sample without Ag islands. At this stage we can not distinguish between absorption 
or scattering, as an integrating sphere would be required. However, for comparison of 
the absorbance and RAS data, this is not a significant problem as both effects can be 
treated separately. The substrate is fully transparent from 0.45-6.5 eV. The apparent 
UV absorbance in the PTS measurements is simply a Rayleigh scattering contribution 
and has its characteristic dependence [34]. We stress the point that this is not 
caused by substrate absorbance, which would complicate the comparison with RAS. 
The scattering can be caused by possible different losses at the back side of the sample 
or by enhanced scattering by the Ag islands themselves. This loss is purely added 
in our simple transmission measurements. The RAS measurements themselves only 
account for the specular reflected light and hence do not show differences in scattered 
losses as the signal is solely generated at the polished front surface.

Even though it is possible to reproduce the RAS features from PTS, the inverse op
eration is not trivial. R AS measures the difference between the real part of the complex
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reflection coefficients for light polarised in two orthogonal directions averaged on the 
overall reflection. In order to extract the exact peak position and relative intensities it 
is necessary to deconvolute each RAS spectrum. This was done by modelling the signal 
with a double Gaussian, with each peak having a position, amplitude and width. The 
deconvolution performed was possible because of substrate transparency. With six free 
parameters, different choices of the peak positions can reproduce the RAS features. 
However, by fixing the positive peak position using the absorption PT spectra along 
the array, a reliable fit was then possible (see Figure 4.2 (B)) and the negative peak 
position, relative peak intensities and an estimate of the full widths at half maximum 
could be extracted from the RAS signal.

RAS and the polarisation dependent transmission have been shown to provide sim
ilar information, but RAS has the advantage of a greater sensitivity and also allows in 
situ measurements to be performed. Because of these advantages RAS was the main 
technique used in the following discussions.

4.4 Dependency of the optical response on the de

position angle

The RAS signal is expected to depend critically on the growth conditions of the Ag 
NP arrays. In order to examine this, a systematic study was undertaken to establish 
how the RAS changes with deposition angle at different deposited thickness. For this 
purpose two samples with off-cut angles of 3° and 6° respectively were annealed at 
1350°C for 24 hrs. AFM inspection confirmed the faceting of the surface. The step- 
step distance was measured as 137±46nm for the 3° off-cut sample and 79±22nm for 
the 6° off-cut sample. The prepared stepped templates were subsequently cut into 4 
smaller pieces. A piece from each off-ent was then loaded into the vacuum chamber 
and aligned at the required angle. A correction to the deposition time depending on 
deposition angle was included to ensure that Ag coverage was consistent.

A typical result is shown in Figure 4.3. All the RAS spectra show a double peak 
feature (Figure 4.3 (B)). Figure 4.3 (A) shows an example of the morphology of a
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Figure 4.3; (A) 1.5 x 1.5 fj-m? SEM image and magnihed (inset) 300 x 100 nm^
image of the substrate after 4nm Ag deposition. The substrate was a 6° miscut sample 
previously annealed at 1350°C for 24h. The sample was loaded in the chamber and 
inclined at 6° to the Ag atom flux. (B) RAS spectra of the same sample monitored in 
situ for different thickness. With increasing deposited thickness the peak amplitudes 
increase and the peak positions appear to red shift.
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cluster layer determined by SEM. The surface morphologies are remarkably uniform: 

the entire 5x5mm^ sample surface is covered by NPs having an average radius of 

7.9±1.9nm. NPs are positioned along the outer edge of the steps. This confirms the 

intuitive view of the growth mechanism that the adatom flux is directed towards the 

steps, which act as preferential growth sites. Once the Ag ad-atoms stick to the surface, 

they start to diffuse following a characteristic three dimensional growth mode [129]. As 

the (0001) terraces have the lowest surface free energy conflguration [130], the adatoms 

cannot overcome the diffusion barrier between step and terraces and all the material 

distributes on the facets as islands. Using this model a linear increase with coverage 

in the RAS for both the positive and negative peaks is expected, if the peak profiles 

do not change significantly.

To obtain quantitative information the curves have been fitted using the two gaus- 

sian model after fixing the positive peak position and the extracted peak information 

has been plotted as a function of the nominal NP height for different deposition angles 

and substrates (see Figure 4.4). Both the positive and the negative peak amplitudes 

increase with the Ag coverage. In particular, all samples that do not show significant 

increase in the peak width with increasing thickness present a linear increase in the 

peak amplitudes (Figure 4.4 (A)). While the negative peak position appears to be al

most constant, the positive peak shifts are dependent on the deposition parameters 

(Figure 4.4 (B), 4.4 (C)). The largest separation occurs at high coverage and high 

deposition angles.

Figure 4.4 (D) shows that the amplitude generally reduces as the deposition angle 

increases. This can be understood by reference to the SEM image shown in Figure 

4.4 (E) where, for 12° angle of deposition, significant isotropic island formation on the 

terrace can be seen, which reduces the RAS amplitude. In contrast to the 6° miscut, 

the 3° miscut shows little change between 6° and 12° angle of deposition. This is 

consi.stent with shadowing effects which are reduced for deposition angles greater than 

the miscut angle.
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Figure 4.4; (A) Peak amplitude as a function of the deposited thickness for 6° depo
sition angle and different off-cut angles. Extracted peak position as a function of the 
deposited thickness for the 3° (B) and 6° (C) substrate off-cut. (D) Average positive 
peak height, normalized to 4nm average height, as a function of deposition angle. (E) 
SEM image of the 6° miscut, for 4nm average NP height, at 12° angle of deposition. 
Significant isotropic deposition on the terrace can be seen, leading to a reduced RAS 
peak amplitude.
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4.5 Coupled oscillator model

In the previous section we have shown the dependency of the plasmonic peaks with cov
erage and deposition angle. In order to address the changes in a more quantitative way 
utilising a model we need to discuss the measurements within a theoretical framework. 
There have been numerous discussions on the optical response of LPR [1] and reports 
of RAS measurements on anisotropic arrangements of metal island [39, 128, 131, 132]. 
However, none of the theoretical models described there can be directly applied to our 
structures.

From the perspective of the large optical anisotropies (> 50 RAS units) similar 
RAS amplitudes have been reported for large indium islands on GaAs(OOl) with a 
tunable peak position [131]. The response was explained in terms of multipole Mie 
resonances as the islands had shape anisotropies and were comparable in size to the 
wavelength of light. This mechanism cannot be the origin in our case as the Ag islands 
are significantly smaller than the wavelength used.

Another system, where an anisotropic response of Ag islands on m-plane sapphire 
was reported [128], was explained by the introduction of image charges within the 
anisotropic substrate. The resulting RAS structures, though similar in shape, are sig
nificantly smaller (< 10 RAS units) and appear even with isotropic island distributions. 
This contrasts to the findings of this work, where a significant morphological anisotropy 
leads to signals >100 RAS units on a negligibly anisotropic substrate plane.

There are other reports of smaller, or partly aligned metallic clusters, which give 
rise to optical anisotropies measured by RAS [132, 133]. In contrast, the separation 
between individual nanocluster rows is much greater here and the measured anisotropy 
is one or two orders of magnitude larger. Despite similarly low coverages, the islands 
are large enough to show metallic behaviour, which is not the case for smaller islands 
of Ag on Si(lll) [132], and the substrate is not metallic as for Co islands on Au(lll). 
This is a strong indication that the plasmonic effects of metallic NPs in an insulating 
environment is the physical origin of the measured anisotropy.

In order to give a qualitative understanding of the results obtained we developed 
a phenomenological approach, similar to the framework of oscillators excited by en 
external electric field presented in Section 1.3. The Ag NP arrays were modelled as an 
infinite ID array of equally spaced metallic NPs of radius R, interacting via coupled
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dipolar plasmon modes. In the quasi-static limit {R -C A) this is the positive excitation 
mode and each nanodot acts as a point antenna. In particular, if the particles are closely 
spaced, the electric field generated by the m-th antenna in the direction i produces an 
electric field in its neighbours vicinity which is given by [134]

4:T:enV?(R ’

(4.2)

where £o is the free permittivity, n is the effective refractive index of the medium 
surrounding the particles and d is the distance between each dipole. 7i is a polarisation 
dependent constant, where 7^ = 1 and 7^ = — 2 for polarisation perpendicular and 
parallel to the dot arrays, corresponding to transverse and longitudinal plasmon modes. 
If each nanodot is represented as an electric point dipole Pi^m = where Ug is the
number of free electrons displaced by Xi^m from the equilibrium position, the equation 
of motion for the m-th oscillator becomes

Pi,m + ^l,iP i,m

^ ^ li^cp,kiPi,m+k + Pi,m-k) 

k^O

me"
m

Eoe iujt (4.3)

Equation (4.3) has the same form as Eq. (1.4). In particular, the last term represents 
the incident oscillating electric field, m* is the optical effective mass, E is the elec
tronic relaxation frequency of each NP due to resistive losses in the nanodot and 
is the eigenfrequency of the isolated particle. As described in Section 1.2, Wo,i can be 
calculated taking into account shape anisotropy which could lead to splitting of the 
resonant peak. In the derivation below an in-plane isotropic NP is assumed and the 
i index suppressed. The additional fourth term in Eq. (4.3) represents the electrody
namic interaction between the dipoles and it determines the polarisation dependence 
of the optical spectra via a coupling frequency

me"
^cp,k ATrm*eorR{kd)^

(4.4)

Assuming periodic boundary conditions and the in-phase oscillations of the long wave
length approximation, it is easily shown that, under the assumption of small damping 
(P <C 1) and nearest neighbour interaction, the system behaves like a series of damped
harmonic oscillators with an overall effective resonance frequency ujf^ = uj'q + Cp’
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which is polarisation dependent. Calculating the difl'erence between the overall effec
tive frequencies for the polarisation along {ux,e) and perpendicular to the chain
and using a Taylor expansion, the following simple formula for the peak separation is 
derived:

(4.5)
U)Q

For higher neighbour interactions Eq. (4.3) can be solved exactly with coherent oscil
lations obtaining a complex polarisation-dependent electric dipole

/ ^ neC" 2
cj’^ + iTu) iut (4.6)

where takes into account the interactions up to a cut-off distance. If it is assumed 
that there are Ni dipole chains per unit area each containing nanodots, the dielectric 
function of the nanodot layer is

= 1 -I- Xe = 1 + (4.7)

Since a positive imaginary part of the dielectric function represents the absorption 
of energy from the incident EM wave, a polarisation dependent absorption spectrum 
whose energy profile is described by Eq. (4.8) is obtained

= NiN^-
n.e ojV

(4.8)
m* {ujfg — w^)^ -f

For comparison with experiment the Ag NPs were modelled as cylinders having an 
aspect ratio li/h = 2 and a radius R = 8nm. It is assumed that m* = 8.7 x 10^^'kg 
[135], the carrier density is 5.85 x 10^^ cm”^ [136] and an inter-particle center-to-center 
distance of 22 nm. Figure 4.5 shows the absorption spectra for polarisation along and 
perpendicular to the chain. The simulation reproduces qualitatively the measured PTS. 
In particular, a reasonable energy splitting and a smaller negative peak amplitude is 
obtained. The model developed here suggests that for kd ^ 3R the interaction becomes 
negligible, excluding any strong inter-array interaction and the presence of retardation 
effects.

Using the three layer model of Chapter 2 the RAS features can be finally derived 
from the same microscopic picture assuming the dots were embedded in an effective
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Figure 4.5: Simulation of the absorption spectra. R=8nm, h = 4nm, d = 22 nm, cuq 
= 2.8 eV were the parameters used. A clear shift in the two resonances is visible. The 
dependence of the energy splitting for polarisation along and perpendicular to the NP 
chain, as a function of the dipole distance, is shown in the inset.

refractive index material n = (1 + nb)/2, where the arrays are assumed not to inter
act. In this way the model provides a useful tool for understanding the RAS features 
measured in Section 4.4. The increase in the RAS intensity with the thickness can be 
understood as an increase in the thickness of Ag, hence an increase in d in the three 
layer model. For high deposition angles the peak shift also increases with the deposited 
thickness. This behaviour is attributed to an increase in the coupling between each 
oscillator due to the increase in island size: from Eq. (4.5)

Aw oc oc Ug. (4.9)

The main limitation of the model is that wq is unknown. However, from the dis
cussion above, it is related to and Uy by

^*^0 — ^ Aw.
O

(4.10)

The extracted peak positions show that w^ decreases and the peak splitting. Aw, 
increases with coverage, indicating that Wq is only slowly varying and can be correctly 
treated as a fitting parameter as shown in the next section.
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4.6 The origin of the peak broadening

The position of the resonance peaks has been discussed in Section 4.4 as a function 
of deposition angle and deposited thickness. The other key feature of any plasmonic 
resonance study is the width of the peaks. Narrow resonances are necessary to im
prove the sensitivity of a plasmon-based biosensor and to provide information on the 
morphological dispersion of the system.

The coupled oscillator model of the previous section will be used here to extract 
quantitative information on the broadening of the peak. The full classical model of 
Chapter 1 will be finally utilised to justify more rigorously the effect of the peak 
broadening due to morphological dispersion. Combining Eq. (4.8) and Eq. (2.3), a 
fitting of the experimental RAS signal can be obtained by allowing the amplitude of 
the minor peak to vary. The RAS is then given by

}e:{VJ,uJo) - Ke;{V,r,ujo)]Ar
{B,K,V,r,oJo) =

- 1
(4.11)

where B is the positive peak amplitude, A is a unitless factor which allows the minor 
peak amplitude to be adjusted, and V is the NP volume for cylindrical islands of aspect 
ratio 2. The advantage of using Eq. (4.11) rather than the full model of Chapter 1 is 
that the fitted E parameter is directly related to the Gaussian broadening of the peaks 
and is adjusted independently on the other parameters. The parameter values obtained 
by using this simple five parameter fit are given in Table 4.1 for the 6° off-cut samples. 
The values of peak height and width, particle volume and resonance frequency appear 
quite reasonable, given the approximations of the model.

The results from RAS analysis of samples produced using deposition angles of 2° 
and 6° and their fits according to Eq. (4.11) are shown in Figure 4.6, where both 
peak shifts and broadening are clearly seen and well reproduced by Eq. (4.11). The 
Lorentzian nature of the model results in some excess intensity in the wings of the 
peaks, as is to be expected if the data are inhomogeneously broadened by dispersion 
in particle size.

Varying the deposition angle alters the width of the peak for consistent Ag cover
ages. In particular, from Table 4.1 a larger despersion in particle size is obtained for 
smaller angles of deposition. This can be related to shadowing effects. With increasing 
coverage the height of a NP can increase to a value that, for very shallow angles of
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Dep. angle(°) R d B(10-^) K V(nm3) r(eV) wo(eV)

2 6.9 ± 2.9 24 ± 3 372 ± 12 0.51 931 ± 29 0.88 3.10

3 7.9 ± 3 21 ± 5 331 ± 10 0.55 760 ± 21 0.75 3.03

6 7.6 ± 1.9 23 ± 6 259 ± 6 0.63 807 ± 12 0.61 2.92

12 6.6 ± 1.6 21 ± 5 171 ± 5 0.68 690 ± 13 0.60 2.93

Table 4.1; Mean particle radius and interparticle distance for the 6° miscut sample, 
as determined by SEM, together with htted parameters using Eq. (4.11), for different 
angles of deposition. Errors not shown explicitly are ±0.01.

Figure 4.6: Fits using Eq. (4.11) of the RAS spectra for the 6° miscut sample, at 2° 
and 6° deposition angle.
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deposition, begins to shadow the NP on the adjacent step, which then stops growing. 
Figure 4.7 (A) shows a schematic of the shadowing effect and Figure 4.7 (B) an SEM 
image for 4 nm coverage and a 2° deposition angle, where arrays of small islands can 
be seen behind the arrays of larger islands.

The dependance of the peak width on the angle of deposition is shown in Figure 
4.8, where larger angles are shown to produce narrower resonance peaks. Furthermore, 
a linear correlation (see Figure 4.8) between the fitted F parameter value and the 
dispersion of the island size, as determined by SEM analysis, can be observed and the 
F parameter can then be used as a direct semi-quantitative measure of the broadening.

The correlation between the fitted F value and the dispersion in particle size allows 
the F value, together with the peak amplitude, B, to be used as a direct guide to 
optimize growth parameters. Figure 4.9 shows the fitted F value, as a function of 
deposition angle, for different coverages: similar trends are observed for all coverages. 
The trend of increased width with coverage indicates that the inhomogeneous dispersion 
is the dominant contribution to the F value, as the larger islands produced at higher 
coverage will reduce the intrinsic decay rate. It is clear that a more homogeneous 
distribution of particle size is obtained at higher deposition angles, but the decrease in 
peak amplitude that accompanies this (Table 4.1) indicates increased growth on the 
terrace. The optimum conditions are a trade-off between these competing effects and, 
for this 6° miscut sample, the optimum deposition angle is found to be ~6°.

This result shows not only the semi-quantitative agreement between the coupled 
oscillator model and the RAS measurements, but also offers the possibility of monitor
ing, in situ, the sample morphology on a macroscopic length scale via the fitted peak 
width and amplitude.

The broadening of the peaks due to morphological dispersion can be also demon
strated more rigorously with the model of Chapter 1. The correlation between the 
statistical distribution of NP size and peak broadening can be explained using the 
three-layer model and Eq. (1.42). In Figure 4.8 it is shown experimentally a linear de
pendency of the RAS broadening with the SEM morphology. In the coupled oscillator 
model such broadening was simulated by introducing an effective dispersion parameter 
F which leads to a broadening of the peak. An alternative approach consists in con- 
voluting the morphological Gaussian distributions with the Re[Ar/r] profiles obtained 
for the different morphological parameters. Generally speaking, if Re[Ar/r(A)] is a
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Figure 4.7: Effects of shadowing on NP array formation for the 6° miscut. (A) Sketch 
of the shadowing effect; the bigger islands shadow the islands behind, increasing the 
inhomogeneity in the shape distribution. (B) SEM image for a 2° deposition angle. 
The arrow indicates the flux direction.
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Figure 4.8: Plot of fitted F value as a function of the percentage disirersion in the 
island size, determined by SEM, showing the strong correlation.

Figure 4.9: 
coverages.

Plot of the fitted F value, as a function of deposition angle, for different
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Figure 4.10: Simulated RAS spectra for interacting spheres in the monodispersed case 
with R = 12 nm and for a spherical ensemble with R = 12±1 nm^ and 12±3nm. Inset: 
the Gaussian width of the positive peak vs relative standard deviation, showing an 
almost linear trend. The spectra were calculated using the model developed in chapter 
1.

function of a random variable A, which follows a Gaussian distribution with average 
value < X > and standard deviation cr, we expect a broadening of the measured peaks. 
In this case the effective RAS signal can be written as

r If /\ j'^H—] = / Re[—(A)]exp[-(A- < A >f/2a^)]dX.
^ ay/Zn J T

(4.12)

Where the spectra depend on other independent random variables, the integral for 
each of them can be calculated independently due to linearity of the integral operator. 
As a representative example to clarify the effects of morphological distribution, we 
consider interacting sphere of average radius R = 12 nm placed along an array at a fixed 
interparticle gap of 6 nm, similar to the experimental results. An interarray distance 
of 80 nm was chosen and fixed during the simulation. As the NP radius increases, the 
volume and thus the coupling along the arrays increases, producing a red shift of the 
positive peak but leaving the negative peak almost unchanged. In order to clearly show 
the effect of peak broadening in the simulation, the NP interaction was increased by 
doubling the size of the /3 parameter. Figure 4.10 shows the modelled RAS spectra
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for monodispersed spheres and after Gaussian convolution with standard deviations of 
1 nm and 3 nm.

In the presence of morphological dispersion, the RAS peaks appear broadened. This 
is particularly evident for the positive peak, as it is the one most sensitive to changes in 
the interaction volume. The inset in Figure 4.10 shows that the peak broadens almost 
linearly with an increase in the standard deviation as has been observed experimentally 
in Figure 4.8. Furthermore, as the negative peak shows much less broadening, the 
relative height between the positive and the negative peaks is modified with respect to 
the monodispersed case. This analysis only accounts for the NP size distribution, but 
in the grown arrays there is dispersion in shape, NP spacing and row spacing, which 
leads to additional broadening that also affects the second peak.

VVe therefore expect pronounced broadening in the measured RAS spectra, with 
a proportional trend between NP morphological dispersion and the peak width. It 
has thus been demonstrated theoretically that RAS not only measures the re.sonance 
energy of tunable Ag NP arrays during growth, but it can also monitor the overall 
order of the surface through the Gaussian broadening of the positive peak.

4.7 Exposure of the sample to atmosphere

Figure 4.3 suggests that the peak position can be modified by increasing the deposited 
thickness. This behaviour was explained using the coupled oscillator model by stronger 
NP coupling interactions due to increasing NP volume. As the measurements can 
be performed in situ on the same substrate and the deposition can be interrupted, 
structures with a particular resonance frequency can be obtained. However, the RAS 
profile changes immediately after venting the growth chamber, complicating the exact 
tunability of the resonant structure.

As a representative example. Figure 4.11 shows the measured SEM image and RAS 
spectra of one of the samples studied. Silver was deposited at 6° deposition angle 
onto a 81±17 nm template periodicity for 30 minutes at a rate of 2.6nm/min. SEM of 
Figure 4.11 shows the highly ordered structures already reported in Section 4.4. The 
surface is decorated with chains of Ag NPs aligned along the step edge. The NPs 
appear slightly elongated with principal axes of 29.4±7nm and 20.0±3.4nm along
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Figure 4.11: (A) SEM image of NP arrays grown at tilted angle of incidence. The
substrate was a 6° off-cut substrate annealed for 24 hours at 1400°. Ag was deposited 
at 6° for 30 minutes. (B) RAS spectra before and immediately after exposure to 
atmosphere.

and perpendicular to the array respectively and a center to center distance of lx = 
36.4±7.7 nm. RAS spectra were taken in situ after deposition and immediately after 
exposure of the sample to atmosphere. As for the in situ measurements, the double 
peak feature due to LPRs is observed. After exposure of the sample to atmosphere the 
positive peak red shifts by 0.14 eV and the negative one smooths and red shifts.

This behaviour is consistent with modifications of the dielectric environment sur
rounding the particles, from vacuum to a material with higher refractive index. Ac
cording to literature sulphur is the most likely material to interact with silver, turning 
the outer layer of the NP into Ag2S. Figure 4.12 reports the measured [137] real and 
imaginary parts of the dielectric function of Ag2S produced by a native tarnished layer, 
confirming effectively that > Sm- As already discussed in Chapter 1, a red shift is 
then expected. In order to obtain more quantitative information, the RAS spectra 
have been then simulated with the model of Chapter 1 using the in-plane morphology 
measured by SEM, an out-of-plane radius of 7 nm and the measured dielectric function 
for Ag2S. From Figure 4.13, a red-shift of both the positive and negative peak is ob
served. In particular, the red shift of 0.14eV measured after exposure of the samples 
to atmosphere corresponds in our model to a thickness Sx = 0.6 nm, i.e. around two 
monolayers. This approach could be extended further to monitor the chemical growth



80 4. In-plane Optical Properties of Ag Nanoparticle Arrays

photon energy (eV)

Figure 4.12: Measured [137] real (A) and imaginary (B) part of the dielectric function 
of a native Ag2S layer.

of a dielectric shell in situ, where the dielectric shell formed could produce a desired 
shift in the resonance position. Moreover, as all the Ag samples measured in this report 
undergo similar changes due to atmospheric exposure, the modifications in the optical 
spectra can be predicted and structures with a particular resonance frequency can be 
tuned using the in situ capability RAS naturally provides.

Finally, during the deposition, two negative peaks can be clearly distinguished and 
the negative shoulder disappears after exposure of the sample to atmosphere. This 
feature can be attributed to quadrupolar resonances associated with sharp structures, 
being rounded away by tarnishing [128, 129].

4.8 Dependency of the optical properties on the ini

tial template periodicity

Experiment

To produce Ag NPs, three 6° off-cut AI2O3 stepped substrates with 50 nm, 80 nm and 
140 nm periodicity were produced by high temperature annealing at different temper
atures. The three substrates were loaded at the same time into the UHV chamber and
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Figure 4.13: Simulated RAS spectra for different tarnishing thickness. The peaks 
redshift and broaden when a dielectric shell is formed.

exposed for 30 minutes at a rate of 2.6nm/min to a collimated Ag beam tilted by 6° 
with respect to the average surface orientation. According to Section 4.6, this angle 
was chosen in order to minimise the morphological dispersion. SEM was used to char
acterise the NP morphology ex situ (see Figure 4.14). The NPs appear ordered, aligned 
and elongated along the chain axis. As the deposition angle is equal to the template 
off-cut there are no NPs present in the middle of terraces. The measured NP radii R, 
along the i = (^,y) direction, the center to center distance li, the NP edge separation 
along the array axis and the average number of particles N per unit area are presented 
in Table 4.2 for the three initial templates. As earlier, the indexes x and y signify the 
in-plane directions along the chain of NPs and perpendicular to it, respectively. The 
small separation (< 8nni) between particles ensures the strong coupling required for 
waveguiding purposes and for electric field enhancement in between the adjacent NPs. 
For larger periodicity we observe an increase in the shape anisotropy 74/ Ry and the 
average NP dimensions, and yet an almost constant interparticle separation. For a 
given Ag coverage, this can be explained in terms of nucleation sites determining the 
interparticle separation and center to center distance. Greater periodicities ly produce 
larger facets and the initial adatoms nucleate further away from each other as a con
sequence of the longer diffusion length, resulting in larger center to center distances
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Figure 4.14: SEM images of the Ag NP arrays grown at glancing angle depoisition 
for (A) 50 nm, (B) 80 nm and (C) 140 nm template periodicity. The in situ RAS 
spectra measured during growth interruptions and after exposure of the sample to the 
atmosphere are reported in (D), (E) and (F) respectively.



4.8 Dependency of the optical properties on the initial template periodicity 83

Table 4.2: Average interparticle center to center distance k, average separation along 
the axis, NP radii Ri, and number of NPs per unit area A, obtained for templates with 
different periodicities after Ag glancing angle deposition. The statistics were obtained 
though analysis of the SEM images.

50 nm 80 nm 140 nm

Ann. T. (°C) 1362 1410 1457

^x(nm) 23±5 36± 8 42 ± 11

ly (nm) 49±9 81± 17 141± 35

NP separation (nm) 6 7 5

Rxinm) 8.6±2.4 14.5 ± 3.5 18.4 ± 11.5

Ry (nm) 8.0±1.3 lO.Oi 2.0 12.0 ± 2.3

N (part/m2) 8.9 X lO^^ 3.4 X lO^"* 1.7 X lO^^

lx- At the same time the lower facet density accompanying larger periodicities requires 
larger NPs to accommodate the same amount of deposited material, resulting then in 
an almost constant gap between the NPs. Furthermore, larger facets allow the lat
eral dimension of the NPs to increase. The morphology of the system, namely island 
anisotropy, interparticle distance and separation between the rows of NPs can then 
be changed by simple modifications of both template annealing and NP deposition 
parameters.

The increase in NP dimensions is accompanied by a decrease in the average particles 
per unit areas and the filling factor / will depend on the sample periodicity. For 
this reason we will refer simpler to the deposition time rather than NP height in the 
following discussion. In order to obtain information on the out-of-plane morphology, 
sections of the array formed on the 80 nm periodicity template have been investigated 
using TEM. A comparison of the array with a bare substrate of comparable step height 
is shown in the inset in Figure 4.15 (A). The height of the Ag NPs was determined 
to be /), = 13 ±4nm. Examination of the images indicates that the Ag clusters are 
polycrystalline. An amorphous layer was observed between the AI2O3 substrate and
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Figure 4.15; TEM section of a 80 nm periodicity substrate with Ag NPs deposited at 
glancing angle. (A) Low magnification and (B) high magnification. A Au/Pd layer 
was deposited by sputtering to protect the surface during the FIB section preparation. 
The arrows in (B) define the surface of the Ag NP. Inset of Figure A: substrate with 
similar periodicity before Ag deposition.

the deposited Ag. Through elemental analysis this layer was determined to be bonded 
carbon present already before the substrate annealing process. However, the Ag NPs 
appear to be directly in contact with the substrate surface, in contrast to previous 
results on similar structures [65].

We have thus demonstrated that the morphology of the NP layer can be tailored 
by glancing angle deposition on stepped templates with different periodicities and con
sequent changes in the optical properties are expected. RAS spectra were recorded 
during deposition at growth interruptions. The bare substrate did not show any dis
tinctive features. After Ag deposition, the usual two peak features were measured. 
In particular, the peak height increases with the deposited thickness and the peak 
positions red shift.

The combination of RAS and low angle deposition hence provides a tool where the 
morphology can be tailored by the growth process and the optical behaviour monitored 
at the same time. Figure 4.16 shows the spectra obtained after exposure of the sample 
to atmosphere, confirming the dependency of the key spectral features on the initial 
template morphology. A linear red shift of the positive peak with increasing template 
periodicity is observed, accompanied by a blue shift of the negative one. The shifts 
can be explained qualitatively by the combination of an increased aspect ratio of the
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Figure 4.16: RAS spectra obtained after exposure of the samples to atmosphere, for 
different template periodicity ly and a Ag deposited layer of average thickness 0.7 nm. 
(Inset) Energy of the positive (circles) and negative (squares) peak as a function of the 
periodicity ly. A linear red shift for the positive peak and a blue shift of the negative 
one can be observed as the periodicity of the template is increased.

isolated NP together with an increase in the NP coupling due to their larger volume 
(see Table 4.2). At resonance, a polarization of almost 50% of the total reflected light 
is reached, confirming the strong dichroic response obtained with a Ag layer of average 
thickness only 0.7 nm.

Theory

In order to completely understand the optical features of the NP arrays grown on 
different template periodicities the coupled oscillator model presented in Section 4.5 is 
not suitable due to the great oversimplifications used. The full treatment of Chapter 
1 is required to understand the effects of island anisotropy, of the image charges and 
NP interaction.

The main limitation of this approach in the present case is that the NPs grown in 
the present case lack in-plane rotational symmetry. However, an effective distance D* 
for the image charge can be obtained by approximating the NPs as oblate spheroidal
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3, X>Jo 1^

Figure 4.17: Simulation of the effects of the image charge on the absorption peaks 
of isolated Ag ellipsoids supported on a AI2O3 substrate: when no image charge is 
considered (orange), when the image charge is placed symmetrically underneath the 
NP(blue), jind when a corrected image charge position is used with an in-plane average 
radius oi R = {R^ + Ay)/2 (black). If the image charge is placed symmetrically 
underneath the NP, the absorption peaks in the x and y direction red shift. The 
introduction of an effective distance for the position of the image charge reduces the 
red shift by a factor ~ 0.2. Inset: effective distance D* and reduction factor in the 
shift of the NP, using the corrected approach, as a function of the aspect ratio {R/R^). 
The reduction factor in the limiting cases of an average in-plane radius of P = lOnin 
or 14.5 nm is ~ 0.1 and ~0.3 respectively.

particles with average in-plane radius R = {Rx + Ry)l‘2- In this way it is possible to 
correctly place the image charges and calculate the value of the Pi coefficient. The 
effects of the self-image charge of an isolated Ag NP are shown in Figure 4.17 for a 
NP whose morphology resembles that of the 81 nm periodicity template. As already 
discussed, the self-image charge red shifts the in-plane absorption peaks for both the x 
and y axes. The error in the shift of the resonance due to the planar isotropy assumed 
for the determination of D* are estimated to be smaller than 10% (<0.03 eV).

With the corrections in the image-charge effects the dependency of the RAS spectra 
on the initial template periodicity can also be modelled, as shown in Figure 4.18. The 
in-plane morphology is taken from the SEM analysis of Table 4.2 and a tarnished layer 
with Sx = 0.6 nm is assumed for all the samples. NP out-of-plane radii of 6nm, 7 nm
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Figure 4.18: Simulated RAS spectra of Ag NP arrays with different periodicities ly. 

The in-plane morphological parameters were obtained from SEM analysis (4.2), and 
= 0.6 nm. Out-of-plane values of 6nm, 7nm and 8nm were assumed for the 50 nm, 
80 nm and 140 nm, respectively. Semi-quantitative agreement with 4.16 can be .seen.

and 8nm were used for the 50 nm, 81 nm and 140 nm periodicity, respectively. The 
value of 7 nm for the 81 nm substrate was based on the height h = 2R^ = 13 ± 4nm 
measured by TEM. The other heights are consistent with scaling this value using the 
morphology and the NP densities measured by SEM. The trend in Figure 4.18 resembles 
the one measured experimentally: the positive peak red shifts and the negative one 
slightly blue shifts with increasing periodicity.

This model produces then semi-quantitative agreement with the experimental trends 
observed. However, quantitative fitting of the peak positions cannot be obtained in 
the present case. Never the less, the model utilised here provides the main physical 
insights of the measured optical features. First, a physical origin for the production 
of the resonance has been introduced in a formal way. Second, the effects of image 
charges and the exact origin of the dichroic response has been addressed in a more 
rigorous, albeit incomplete, fashion. The presence of the steps, the tilting of the NPs 
with respect to the optical surface, the hemispherical shape of the NPs and the exact 
effects of morphological distributions cannot still be fully taken into account with the 
present model. The simulation parameters suggest that the shift between the in-plane
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resonances can be inferred to be an interplay between NP elongation along the array 
axis and the interparticle interaction, whose effects are comparable in size. As they 
both affect the R AS spectra in similar ways, care will be required in developing more 
quantitative models of the optical response. However, this offers advantages for varying 
the optical properties of the arrays as the positive peak position can be tuned over an 
even larger energy range (in the present case up to 0.6 eV, corresponding to ~100 nm in 
the visible region of the spectrum), thus increasing the versatility of the glancing angle 
deposition technique. The model can be considered as an approximate guide for the 
factors governing the optical behaviour of NP arrays. The in situ optical monitoring, 
which RAS provides, will then allow the necessary refinements of growth and template 
parameters required to produce the desired resonant structure.

4.9 Conclusions

The possibility of growing ordered chains of Ag NP on a faceted AI2O3 template using 
glancing angle deposition has been demonstrated. The samples showed a strong optical 
anisotropy which has been measured via PTS and RAS, the equivalence between these 
two measurement techniques being demonstrated. RAS spectra were measured in situ 
during the growth as a function of the deposited thickness, deposition angle and initial 
template periodicity.

The double peak RAS signal is attributed to plasmon resonances along and perpen
dicular to the chain axes. In particular, the peak intensity increases linearly with the 
deposited thickness and the peak positions are a function of thickness and deposition 
angle.

A model based on the interaction of point dipoles placed on a ID infinite array 
provides a qualitative understanding of the optical behaviour of the Ag NP chains. 
Comparison with SEM results showed that semi-quantitative information could be ob
tained by a simple adaptation of the model to allow for the effect of island anisotropy. 
The model provides a quantitative direct measurement of the broadening of the reso
nance peaks, due to morphological dispersion. An optimum deposition angle can then 
be found in order to minimise the peak width. The optimal deposition conditions can 
be obtained as a trade-off between the competing effects of large island shadowing at
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small deposition angles and isotropic growth on the terrace at larger ones. For a 6° 
miscut sample at lower coverages, an optimum deposition angle of « 6° is indicated.

The model of Chapter 1 was also utilised to address the optical signature of the 
samples grown. In particular, changes due to exposure of the sample to atmosphere 
has been explained by the creation of a tarnished Ag2S layer covering the NPs.

The dependency of glancing angle deposition on the initial template periodicity 
has been investigated. The templates have been prepared by annealing a-Al203 in 
atmosphere at different temperatures. NP arrays with long range order and good 
uniformity over the entire substrates have been formed subsequently. RAS has been 
used in situ to monitor the evolution of the optical dichroic response of the NP array 
with deposition time and the consequent increase in NP size. It has been shown that 
different substrate periodicities tailor different NP morphologies leading to consistent 
changes in the RAS properties of the array. In this way, tunability of the optical 
properties of the NP arrays over wider energy range has been obtained. The model 
developed in Chapter 1 has been used to provide a semi-quantitative explanation of 
the optical behaviour of the samples.

RAS has proved to be a very promising in situ growth monitoring technique when 
combined with glancing angle deposition. RAS can provide not only the resonance 
peak energies and spectral features for anisotropic arrays of plasmonic NPs, but can 
also be used as a powerful tool for monitoring their order. In particular, information 
can be provided reproducibly, reliably and without the need for microscopy techniques, 
which are time-consuming and can require the exposure of the samples to atmospheric 
contaminants. The models provides then guidance regarding the physical origin of 
the large optical anisotropies in the experimental data and fine tuning of the resonant 
features is obtained using the in situ monitoring capability that RAS provides, helping 
to form structures with engineered spectral features.
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Chapter 5

Ellipsometric Investigation of the 

Out-of-Plane Optical Response

A fact is a simple statement that 

everyone believes. It is innocent, 

unless found guilty. A hypothesis is 

a novel suggestion that no one wants 

to believe. It is guilty, until found 

effective.

E. Teller

In the previous chapter the possibility of growing NP arrays and tuning their in
plane optical properties has been shown. The structures possessed two distinct res
onances related to the oscillatory motion along and perpendicular to the array, in 
accordance with previous literature. In contrast, it is difficult to obtain information 
on the characteristics the out-of-plane LPRs in NP arrays and plasmonic materials in 
general. The lack of investigation is due to inherited difficulty in using any widely



available spectrometer to measure the out-of-plane component and the impossibility of 
extracting this signal using RAS. Spectroscopic Ellipsometry (SE) can overcome this 
limitation as it monitors changes in the polarization state of linearly polarized beam 
reflected at oblique angles of incidence [89]. It is therefore capable of investigating the 
full optical behaviour of a plasmonic sample in the far field and recording the spectra 
with a better sensitivity compared to absorption spectroscopy, since it monitors of only 
relative changes in the polarization state of the incoming light. The major complica
tion with any SE analysis is that the recorded data must be modelled and the model 
compared afterwards with the experiment. An analysis of plasmonic structures is fur
ther complicated by the presence of the substrate which modifies the overall optical 
response.

In this chapter a comparison between RAS and SE is shown, and the equivalence 
of the two techniques in measuring the in-plane effective dielectric function of the layer 
is demonstrated. More importantly, we report how a quantity, the anisotropic surface 
excess function (ASEF), can be extracted directly from the measured signal, whose 
properties depend only on the optical properties of the nanocluster layer. The validity 
of the approach used in this framework is discussed together with the advantages that 
it naturally provides. Finally, the dipolar model developed in Chapter 1 is used to 
reproduce the measured response. A route to probe also the out-of-plane resonances is 
then outlined.

92. Ellipsometric Investigation of the Out-of-Plane Optical Response

5.1 The Anisotropic Surface Excess Function

The possibility of analysing the optical properties of layers on top of a surface through 
SE is not trivial as explained in Chapter 1. We report here an alternative way which, 
to our knowledge, has never been applied to plasmonic structures.^

In order to analyse the surface contribution we limit the films thickness d to values 
which are small compared to the wavelength. The reflectivity of the sample can be 
addressed with the 3 layers model. We further impose a fully isotropic substrate 
dielectric function and we impose that bulk and surface optical axis are aligned with

'The discussion of this section has been taken from [138].
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the axis of symmetry of the spectrometer. Let £(, and £/, be the dielectric function 
of the bulk and of the anisotropic layer respectively. Vacuum is considered as the 
dielectric medium surrounding the system and £m = 1 is assumed throughout the 
chapter. The electric field of s-polarised light is sent parallel to the y axis and the 
surface is perpendicular to the 2 direction. If 0 is the angle of incidence, the reflectance 
between two isotropic media (i) and (j) is

^(ij)
C(i) - C,,-U)
C(i) +

The following relations are hold in case of s-polarisation

-1/2

(5.1)

^(1) “■ ^(1)>
d/2 = £^g)Srn0(,) (5.2)

and p-polarisation respectively

1/2 •e;(,)Sin0(p £^g.S'V:u0(,). (5.3)

The last relations in Eq. (5.2) and Eq. (5.3) represent the common Snell law and 
transmission law of an incoming light beam respectively.

When a multi-layered system is considered, multiple reflections at the various in
terfaces have to be considered and the overall reflectance is

1^(01) + ■^l~(12)
l'(012) — 1 -b ^r(i2)r(oi)

(5.4)

with
Z = exp[i{2uid/(5-5)

The change in reflectivity Sr due to the presence of a film with respect to the simple 
substrate can be written as

 r(oi2) ~ i'(02) 

r r(02)
= -2C(o)(^ - 1)[C'(^2) “

{(z + i)[cfo)qi) - r;f2)6’q)] + (z -1)1^0)01,^ + - cl/ho) -
(5.6)



After a Taylor expansion of Eq. (5.5), the following relations for s and p-polarised 
light are then obtained:

6r\ —i2ucosO
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(5.7)

5r„ i2uJcosQ 1

with

c{eb — l){sin'^Q — SbCos'^Q)

As

X [(sb — sin^Q)Asx — {£bSin'^Q)A—], (5.8)

A— = — (5,9)

In SE the optical properties are measured as a complex reflectance ratio p = Vp/rg 
and the pseudo-dielectric function is calculated using Eq. (2.7). From Eq. (5.8) the 
presence of an Lsotropic film produces a change in the reflectance ratio which is

p i2ujcosO
Ph c{£b — l)(.srn^© — SbCos'^Q)

1

(5.10)

X [(£(,sm^©)(A£j. -I- SbA- ) -f- (sin^© — £bCos‘^Q)A{eg. — e^)].

Combining Eq. (2.7) with the inverted Eq. (5.10) relation, an expression for the direct 
calculation of the surface response without fitting procedure can be obtained. Within 
this approach, previous work defining a surface excess function [138-140] is adapted to 
make the anisotropic response explicit. The anisotropic surface excess function (ASEF) 
is then given by

tX{eb - 1)
^T^SbV^b — sin^©

and it can be modelled using [138]

(< £j > !^b)

^ 7r/ A A 1 X /I COS^©, , . am

— dl(Asj -b ^b^—) + (~ “ ~

(5.11]

(5.12)
'Sb sim©'

where j,k = {x,y).
The quantity was already obtained by Plieth et al [139] in the mid 70s but the 

complex integrals are averaged over the whole anisotropic layer of thickness d in the 
present case. The introduction of ASEF directly from the experiment incredibly sim
plifies the development of theoretical models as the effect of the substrate is completely 
removed. Through Eq. (5.11) and (5.12) the following conclusions can be obtained:
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• The modelled quantity scales with the thickness of the anisotropic layer d. 

So, as for the surface dielectric anisotropy in R AS measurements, without any 

information about the thickness of the anisotropic layer only relative results can 

be correctly compared with the theory.

• The contribution of bulk and surface can be simply summed together in the thin 

film approximation utilised here.

• The i factor in Eq. (5.11) suggests that the overall response of the system, 

expressed by the pseudo- dielectric function < e >, involves a mixing between 

real and imaginary parts of the bulk and the surface respectively.

• Once the thickness d has been evaluated, the ASEF becomes a function depen

dent only on the dielectric properties of the anisotropic layer Ae and and 

microscopic models can be applied to simulate the optical response of the surface 

layer alone.

• Using ASEF the value of can be expressed simply as the sum oi ei along the 
three orthogonal directions. However, measuring the in-plane anisotropy for both 

azimuthal positions we obtain two measured values for the three unknowns £l,x) 
Si^y and Generally speaking, the problem of over-estimation of can be 

reduced by using additional measurements such as RAS which will measure the 

difference {£l,x — ^L,y) and hence a full derivation oi Sl can be obtained. In the 
present case the effective dielectric function El possesses only LPRs and each 

resonance will be directly referred to a particular resonance direction.

Equation (5.11) is a particularly convenient formula which allows to directly relate 

the optical properties of the layer to the SE measurements and offer some insights into 

the effects of a surface. In the rest of the chapter, the ASEF will be extracted from 

the raw ellipsometric measurements and the results reproduced afterwards using the 

model of Chapter 1.
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Figure 5.1: 700x700 nm^ SEM image of Ag NP arrays grown at glancing angle of 6° for 
20 minutes on a faceted AI2O3 template. Inset: AFM image with the same dimension 
of the substrate prior to deposition.

5.2 Experiment

To produce NP arrays, a substrate off-cut 3° was prepared by annealing as described 
in Chapter 3. After annealing at 1450°C for 24 hours the surface was measured with 
AFM in tapping mode and showed the typical quasi-periodic pattern of facets and 
terraces. The periodicity was measured to be ly = 120 ± 35 nm. The template was 
subsequently loaded in the UHV chamber and exposed for 20 minutes to a collimated 
Ag flux inclined at 6° with a rate at normal incidence of 0.2nm/min. The morphology 
is shown in Figure 5.1. As already observed in the previous chapter, the stepped surface 
is decorated by rows of elongated NPs aligned along the array axis x. Statistics of the 
semi-axes Rj with j = {x, y), the number of particles per unit area N and the center-to- 
center interparticle distance Ij have been extracted from the SEM images and presented 
in Table 5.1 along with the standard deviations. As the deposition angle is larger than 
the off-cut angle of the substrate, small clusters with radius less then 2nm, i.e. almost 
ten times smaller than the NPs on the facets, appear deposited isotropically on the 
terraces, consistent with the results of Chapter 4. Because of their small volume and 
their isotropic morphological distribution on the substrate they will lead to a reduction
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N ly Ry

(NPs///m-2) (nm) (nm) (nm) (nm)

347±133 120±35 24±6 9.3±2.3 7.7T1.4

Table 5.1: Morphology parameters of the sample measured with SEM and AFM.

in the RAS measured intensity and, as no optical plasmonic response can be attributed 
to such clusters, they will be disregarded in the modelling.

For optical characterisation of the sample grown, both SE and RAS measurements 
have been performed immediately after exposure of the sample to atmosphere. During 
SE measurements two measurement configurations were utilised: in the parallel mea
surement eonfiguration the plane of incidenee was along the array chain, i.e. Es || y- 
In the perpendicular measurement configuration, after & 6 — 90° azimutal rotation of 
the sample, the sample was scanned in the orthogonal direction || x. An angle of 
incidence of <1> =61° has been chosen as it is close to the measured Brewster angle 
of the AI2O3 substrate and is expected to be minimised. A sketch of the parallel 
measurement conhguration is presented in Figure 5.2.

The pseudo bulk dielectric function < Sj > of the sample can be determined directly 
from SE measurements, for both the parallel and perpendicular measurement configu
rations (see Figure 5.3 (A) and (B)). The asymptotic behaviour of the NP layer on top 
of the substrate follows that of the bare AI2O3 dielectric function. The plasmonic reso
nances appear in the visible range, departing from the optical behaviour of the simple 
substrate only in the center of the measurement range. The real part Re[< Sj >] of the 
pseudo-dielectric function appears to be the simple sum of the substrate and LPRs, 
whose position and intensity depend on the measurement configuration. A comparison 
of < Ej > with the measured RAS spectra of Figure 5.3 (C) and similar previous results 
[30, 33, 75] suggests that the positive peaks can be attributed to in-plane plasmonic 
resonances parallel (x resonance, 2.18 eV in the present case) and perpendicular {y 
resonance, 3.24 eV) to the array axis.

The measured ellipsometry spectra can be compared to the RAS measurements. 
The pseudo-dielectric function is the dielectric response of the solid phase of a two 
phase system, consisting of the solid and ambient, where a sharp interface is assumed.
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Figure 5.2; Sketch of the SE mea,surement of Ag NP arrays in the parallel configuration. 
The sample presents 3 axes of symmetry, along the chain (x), perpendicular (y) and 
out-of-plane (z). Light was sent (Poynting vector S) at an angle of incidence 0 with 
respect to the normal and the s and p components of the incident electric field are 
outlined. In this configuration, the out-of-plane resonance and the resonance along the 
axes is probed, while an azimuthal rotation of the substrate by = 90° allows the 
resonance perpendicular to the array axis to be measured.

For these samples the solid phase comprises the substrate and NP layer. The standard 
anisotropic two-phase reflectance formula [141] can be simply adapted to allow the 
RAS response to be extracted from SE measurements:

^ _ 1 
r

< £x > - < gy >
\/< g > < £ > -1

(5.13)

where < g >= (< g^. > -f- < gy >)/2. The comparison between measured RAS and the 
RAS response extracted from ellipsometry is shown in Figure 5.3 (C). The agreement is 
very good, allowing for a small scaling factor associated with the different experimental 
geometries. The real parts of RAS and SE thus provide equivalent information on the 
in-plane reflection properties of Ag NPs. In addition, the out-of-plane optical response 
is clearly revealed by the SE measurements.

5.3 Discussion

Comparison of the SE and RAS results in Figure 5.3 can be used to identify the x 
and y resonances, which then allow the minimum in Re[< Sj >] to be related to the z
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Photon energy (eV)

Figure 5.3: Extracted real(A) and imaginary (B) pseudo-dielectric function extracted 
from the ellipsometry measurements. (C) Comparison between the measured RAS 
(orange) and the in-plane response extracted from ellipsometry dielectric functions 
(green). The two spectra match very well, allowing for a small experimental scaling 
factor.
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resonance. The peaks in Figure 5.3 (A) show that Re[< ej >] is associated with the 
absorptive response of the NP layer and there appears to be a simple additivity of the 
substrate dielectric function Sb and NP layer dielectric function eij. These features 
can be explained using the ASEF.

The thin film approximation holds provided that

A
d <

ATTy/s ij — sin^ 9
(5.14)

In the spectral region of interest it appears that this approximation can be usefully 
applied for films of average thickness less than 10 nm, provided sij is not too large. The 
average individual NP was estimated ~10nm from Section 4.8, resulting in an average 
layer thickness of 1 nm, for a filling factor of 0.1. For such thin layers, the ASEF offers 
a simplified approach to interpreting SE measurements. However, the isotropy of the 
substrate assumed to derive Eq. (5.11) is not strictly correct in these experiments. 
AI2O3 is a well known birefringent crystal, but, as its ordinary and extraordinary 
refractive indexes are very similar[142], we did not detect any change when ASEF 
was calculated using the two values: the ordinary refractive index is assumed in the 
remainder of the paper. The imaginary part of the ASEF extracted in the present 
case is shown in Figure 5.4 (A). Three resonances can be observed and correspond, as 
previously mentioned, to resonances along the three main directions of the NP layer.

In order to reproduce the signal obtained, the dipolar model of Chapter 1 was finally 
used to calculate the effective dielectric function of the NP ensemble. The in-plane and 
out-of-plane components become respectively (we report here the final formula for self 
consistency):

^L,i — 1 -b

= 1

1 +Na,
1 + oiz/dz

(5.15)

(5.16)

It is important to note the negative sign in Eq. (5.16) due to the boundary conditions 
of the out-of-plane component of the incident electric field in the Maxwell equations 
[143], which accounts for the minimum in the optical response in Figure 5.3 (A), being 
assigned effectively to the out-of-plane resonance. The ASEF has been modelled using 
infinite arrays of identical ellipsoids with radii = 9.3 nm, Ry = 7.7 nm and R^ =
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Figure 5.4: (A) Imaginary part of the ASEF obtained from Eq. (5.11). (B) Imaginary 
part of the simulated ASEF for different scaling factor I of the interaction coefficients. 
The morphological parameters used were extracted from SEM analysis and are listed 
in Table 4.2. Additional parameters used are Rz = 5nm, and A = 0.5. A clear 
correspondence between experiment and theory can be seen. In the inset, the NP layer 
effective dielectric function is shown for 1= 2.6.

5nm, and center to center interparticle distances of =23 nm and ly = 120 nm, in 
accordance with the statistical analysis obtained with AFM and SEM (Table 5.1). 
Finally, the A coefficient of Eq. (1.10)was assumed = 0.5. Figure 5.4 (B) shows the 
resulting ASEF simulated spectra when a scaling factor 1 = 2.6 in the /3 coefficient 
to reproduce the measured peak splitting and with 7 = 1. If such a scaling factor 
is introduced, the agreement between experiment and theory is good once the NP 
dispersion, which will broaden the peaks and decrease their intensities is considered.

The shape of the extracted ASEF is the same and the relative intensities match the 
experimental results. In particular, an increase can be noticed in the negative peak 
intensity of the ASEF with respect to l/Sz (see inset) due to the term in Eq.
(5.12). Contributions to mainly come from Sj and l/Sz, as the second bracket in 
Eq. (5.12) is small for the particular experimental parameters used. The difference 
in the out-of-plane peak intensity between the calculated and measured ASEF in the 
parallel and perpendicular configurations is explained by the partial overlapping of the 
in-plane and out-of-plane peaks.

The introduction of ASEF thus allows the response of the plasmonic layer to be 
extracted directly from the SE measurements. This quantity can then be more simply 
modelled as the substrate does not have to be included. Similar results have been



obtained on substrates with different periodicities and off-cuts, and it appears that 
this formalism may be generally applicable for thin plasmonic films.
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5.4 Conclusion

The full optical properties of Ag NP arrays grown at glancing angle was investigated 
by SE. RAS has been also measured and it is in agreement with the normal incidence 
response extracted directly from the SE measurements. For these thin layers it has 
been shown that an anisotropic surface excess function (ASEF) can be successfully 
extracted, which simplifies the development of theoretical models as the effect of the 
substrate is removed. A model based on dipolar interaction of supported ellipsoids has 
been utilised in order to reproduce the results obtained and the validity of the approach 
employed discussed.



Chapter 6

Deposition of Alternative

Plasmonic Materials

Science is a differential equation 

without known boundary conditions.

R. Verre

During the thesis Ag NP arrays have been grown using glancing angle deposition 
and their optical properties investigated in the far field, both in-plane and out-of-plane. 
The dependency of the optical properties upon changes of the different parameters 
governing the growth has been investigated, demonstrating the possibility of tuning the 
optical resonances over wide energy ranges. The resonance frequency cJresj of isolated 
NPs (without any coating dielectric shell) along the i-th direction is (see Section 1.2 
for the derivation)

- PA (6.1)

In case of interacting supported NPs Eq. (6.1) is still valid if an effective frequency 
dependent shape depolarization factor is introduced [66]:

A
p'

L* = U (6.2)
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Using Eq. (6.2) the value of L is determined by the particular nanocomposite morphol
ogy, while changes in either Up or foo can produce additional shifts in the resonance 
frequency via Eq. (6.1). Those values can be easily modified in semiconductors varying 
the doping concentration, but for noble metals they are constant: the material itself 
produces then the major constraint in the choice of a particular resonance position.

As glancing angle deposition utilises geometrical consideration for the production of 
NP arrays, it is a technique virtually independent from the deposited material. Rather 
than modifying the property of a material, structures resonating within larger ranges 
can be obtained by changing the deposited metal. The possibility of growing NP arrays 
made of Au and Cu is shown in this chapter and the possibility of tuning the positive 
peaks towards the NIR is demonstrated.

6.1 Au and Cu dielectric function

Prior to discussing the plasmonic properties of the NP arrays, the dielectric function 
of both Au and Cu must be introduced. As already mentioned in Section 1.1, these 
materials possess interband transition (IT) contributions and their dielectric properties 
will present additional features with respect to the simple free electron Drude response. 
Rather than computing the contribution of the IT contributions to the overall polariz
ability, tabulated values will be used in the simulations.

The experimentally measured [135] bulk dielectric functions of Au and Cu are shown 
in Figure 6.1. The IR responce of these metals is characterised by a Drude-like tail 
and their imaginary parts present additional absorption peaks. In particular, two IT 
appear visible in the visible range for Au and 3 for Cu (see vertical lines in Figure 6.1 
B).

The data shown in Figure 6.1 have been extracted from bulk measurements, and 
NP surface scattering has been disregarded. In Ag it was demonstrated[35] that the 
presence of the NP surface broadens the resonance prohles and these modifications were 
taken into consideration introducing an additional contribution to the scattering rate 
(see Eq. (1.10)). A similar correction can also be obtained for Cu and Au parametrising 
the bulk dielectric function and increasing the free electron scattering rate F by the 
same amount.
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Figure 6.1: Real (A) and Imaginary (B) part of the bulk dielectric function for Au and 
Cu. The absorption peaks maxima are underlined by vertical lines in (B).

Generally speaking, the lack of structural periodicity in a confined system do not 
allow for the definition of a proper electronic wave function in the form of Bloch waves. 
The band structure of a quasi zero-dimensional NP changes with respect to the bulk 
counterpart and variations in position, intensity and broadening of the IT peaks are 
also expected. Unfortunately, the exact calculation of the dielectric function for a 
NP is impossible to be exactly evaluated. In the next paragraph the measured the 
dielectric function of a thin layer for both Cu and Au is extracted by SE and the 
optical response parametrised. The parametrised values for both free electrons and IT 
contributions will be referred to a thin film rather than to the bulk value. This will 
result in a closer fit between real NP dielectric function and extracted values due to 
the reduced dimensionality of the thin film if compared to the bulk counterpart.

Evaluation of Au and Cu thin film dielectric function

A thin layer of Au has been deposited in a UHV chamber (base pressure 3x10"^° 
mBar) on a flat AI2O3 substrate. Prior to deposition the substrate was heated at 600° 
in a O2 reach atmosphere at a pressure of 3x10“^ mBar for 2 hours. The substrate 
was left to cool down and a Au film was deposited at room temperature at a rate of 
1.2 nm/min. The deposition time was 16 minutes, correspondent to a nominal thickness 
of 19 nm. After exposure of the sample to atmosphere the sample was measured with 
ellipsometry at multiple angles of incidence of 67°, 70° and 73°. The layer thickness and
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Figure 6.2: Real (A) and Imaginary (B) part of the measured Au (blue) and Cu (red) 
films dielectric functions compared with the tabulated values (gray). The curves were 
obtained by a point by point fitting procedure. Insets: measured tan 'I' (A) and cos A 
(B) of the samples using a 70° incidence angle.

roughness were afterwards measured by X-ray diffraction in reflection mode. Values 
of 17.8±0.6nm and 1.4±0.3nm were obtained for the film thickness and roughness 
respectively. AFM scans of the surface confirmed a comparable roughness.

A similar procedure has been followed for the Cu thin film. Cu was deposited in 
a different UHV chamber provided by a Cu source. The chamber base pressure was 
2xl0~® mBar and no preheating was performed. A Cu layer was deposited at a rate 
of 0.24nm/min for 66 minutes, corresponding then to a thickness of 16 nm. After the 
ellipsometry scans, XRD and AFM have been performed and a thickness and roughness 
of 16.1±0.6nm and 1.8±0.4nm were measured respectively.

The dielectric functions of the two layers have been finally compared with the 
respective bulk dielectric values. The comparison has been realised with a point to 
point fit of tanT cos A using roughness and layer thickness obtained by XRD. The 
results are shown in Figure 6.2. While the general shape of the dielectric function 
resembles the tabulated values, the position and the intensity of the various peaks do 
not match completely.

The thin layer dielectric functions have been parametrised. The values were ob
tained by fitting the multiple angle scans of the ellispometry raw data till convergence. 
The multiple resonator Eq. (1.8) of Chapter 1 was first used in the fit. A resonator 
was introduced to describe the electron IR response and additional two and three res
onators added to simulate to the ITs of gold and copper respectively. Unfortunately,
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the equations utilised could not reproduce accurately the measured spectra and addi
tional peaks were required to resemble the ellipsometry measurements more accurately. 
The introduction of these additional non-physical peaks would complicate the direct 
utilisation of the parametrised equation. However, substituting the lowest energy IT 
resonator with a ID Van Hove singularity was found to produce a much closer resem
blance of the measured peaks. Van Hove singularity are a discontinuity in the density 
of states and the wavevectors at which Van Hove singularities occur appear as critical 
points of the Brillouin zone. As IT absorption spectra can be represented by transition 
in the reciprocal space, strong absorption peaks appear in correspondence with such 
critical points as more states (infinite) are allowed. The finite intensity of the absorp
tion profile are simply due to the losses inside the material. From a formal point of 
view. Van Hove singularities can be represented by points in the reciprocal space where

Vk(F^ik - A^/k) = 0 (6.3)

with the indexes i and f correspond to initial and final transition states. The type 
of critical points, the singular behaviour and hence the imaginary part c"(a;) of the 
dielectric function depend on the dimensionality of the system. For a ID crystals there 
are two types of IB singularities, corresponding to a minimum and a maximum in the 
imaginary part of the dielectric function and the second one was utilised in the present 
case to reproduce the absorption peak. The dielectric functions utilised during the 
fitting procedure have the following analytical expression

eiio =
-I- iuT + exp{i(f>iD)

A M
ID

ID U) iV= +
lo ,=i

A,
I )2 Up- — iuT j 

(6.4)
where M = 1 or 2 for gold and copper respectively. The exponential factors in Eq. 
(6.4) are required to ensure Kramer-Kroenig consistency of the relations and were fixed 
for simplicity to 7r/2.

The obtained fitted curves are shown in Figure 6.3 for both Au and Cu and the 
parameters are listed in Table 6.1. The curves appear to closely match in the vis- 
UV. The main difference is an underestimation in the dampening of the IR response. 
However, for typical NP dimensions produced by glancing angle deposition, the main 
contribution will be provided by surface scattering if A = 0.3 in Eq. (1.10) is used.
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B

Figure 6.3: Real (A) and Imaginary (B) part of the fitted thin film dielectric function 
of Au and Cu using Eq. (6.4) with the parameters listed in Table 6.1.

^OO cjp(eV) r(eV) AioieV^) ^^o,iD(eV) riD(eV)

Au 3.48 9.3 0.02 3.17 2.72 0.30

Cu 2.42 9.0 0.03 2.34 2.63 0.18

^i(eV2) wo,i(eV) ri(eV) A2(eV2) wo,2(eV) r2(eV)

Au 35 4.2 2.2 - - -

Cu 17 3.7 2.0 4.9 15 .1 1.0

Table 6.1: Fitted parameters for the thin film dielectric function of Au and Cu. For 
the fitting, Eq. (6.4) was utilised.
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Figure 6.4: SEM images of Au (A) and Cu (B) NP arrays grown at glancing angle 
deposition on a 100 nm template periodicity. (C) and (D): Relative RAS spectra taken 
in situ at different deposition times and after exposure of the sample to atmosphere.

6.2 Au and Cu NP arrays: results and discussion

A stepped AI2O3 has been utilised as a template to produce Au and Cu NP arrays. The 
sample was annealed at 1440° for 24 hours and the periodicity was measured to to be 
95±22 nm. The sample was then cut into two pieces, cleaned and each piece inserted 
into the UHV chamber loaded with a Knudsen cell filled by Au or Cu . The materials 
have been evaporated for 30 minutes on the sample inclined by 6° with respect to the 
adatom flux with a rate of 2.3nm/min. Figure 6.4 shows the resulting morphologies 
obtained by SEM. The NP average dimensions are below lithographic resolution and the 
surface morphology remains unchanged throughout the entire sample of 5x5 mm^ size. 
Furthermore, the requirement of interparticle distances being smaller than the average 
particle diameter is satisfied. As for Ag, also in this case the steps are decorated by NP 
arrays elongated along the chain axis, confirming glancing angle deposition is virtually
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Figure 6.5: RAS intensity (A), peak position (B) and peak width (C) of the positive 
plasmonic peak for Au and Cu NP arrays as a function of the deposited time. An 
increase in intensity and width can be noticed with increase in the deposited thickness. 
At the same time the resonant position red shifts.

independent on the deposited material. An analysis of the in-plane morphological 
information extracted by SEM is reproduced in Table 6.2. Compared to Ag, the NP 
center to center distance for both Au and Cu is smaller, suggesting a smaller adatom 
diffusion constant for the latter.

RAS was measured as a function of the deposited thickness for both samples, the 
spectra presenting this time remarkable differences. In particular, the spectra show 
only positive peaks. The sharp resonances at low energies are related to plasmonic 
resonance along the array axis while a comparison with Figure 6.1 suggests that the 
additional positive features at higher energies are related to inter band contributions. 
The negative peaks related to transversal resonances are then completely screened in 
this case. The positive peak position, intensity and width for Au and Cu has been 
fitted by a Gaussian and the results shown in Figure 6.5.

As already discussed in Chapter 4, the peak intensities increase almost linearly 
with the deposited thickness corresponding to an increase in the deposited plasmonic 
materials. The width also increase and the behaviour is consistent with an increase 
in the morphological distribution of the sample as discussed in Section 4.6. Finally, 
the positive peaks shift in the IR upon increasing the deposition time, corresponding 
to an increase in NP shape anisotropic and interparticle coupling. If compared with 
Ag plasmonic response (see, for example. Figure 4.14), the peak positions are placed 
further in the IR, gaining a larger tunability in the choice of the resonant energy.
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Table 6.2: Morphology of Au and Cu NP arrays a.s measured with SEM and AFM.

N ly Ry

(NPs//xm-2) (nm) (nm) (nm) (nm)

Au 421±140 95±22 25±6 11±3 7± 2

Cu 390±130 95±22 27± 6 12 ± 3 8± 1

The exposure of the sample to atmosphere produced spectral changes similar to the 

ones observed in silver in Section 4.7. The positive peaks red shift a small 0.04 eV for 

gold and of 0.26 eV for Cu. The larger shift of Cu confirms its instability to the at

mosphere and capping would be necessary to preserve these structures from oxidation. 

After exposure of the samples to atmosphere the main peaks are present at 1.59 eV for 

Au and 1.16 eV for Cu.

The classical model of Chapter 1 has been finally used to simulate the measured 

optical spectra. The parametrised dielectric functions of Au and Cu and the mor

phology of the sample as extracted from SEM were used as input parameters. Figure 

6.6 shows the normalised layer dielectric function eij and the RAS simulated spectra 

using = 5 nm and supposing no tarnished layer surrounding the NPs. As already 

mentioned, the peak relative to resonance perpendicular to the arrays is completely 

screened in the present case and the spectral RAS spectral shape resembles qualita

tively the experimental one. However, as already observed in the previous chapters, the 

exact peak position cannot be reproduced with the current model without additional 

htting parameters. Never the less, in the simulation shifts of the resonances towards 

the IR are obtained for both Au and Cu, if compared with Ag NP simulations. In 

addition, Cu positive resonance peak is placed further in the IR if compared with Au. 

The trend measured experimentally is thus confirmed. It appears clear that further 

rehnements will be required to quantitatively reproduce the response of truncated ellip

soids supported on a stepped surface. However, the simulations reported here confirm 

experimental observations, at least for a qualitative understanding of the results.
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Figure 6.6: Simulated NP layer dielectric functions and RAS for Au (A) and Cu (B) 
NP arrays using the model of Chapter 1. The dots indicate the plasmonic resonances.
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6.3 Conclusions

In order to extend the optical tunability of plasmonic structure obtained by glancing 
angle depositions, gold and copper NP arrays were produced and their optical proper
ties measured in situ with RAS. The generality of glancing angle deposition technique 
has been then demonstrated and structures resonant in the NIR obtained. To sim
ulate their optical response, the dielectric function of a thin film was measured and 
parametrised to account for the increase in the scattering rate due to NP confinement. 
With these changes, a qualitative match with the experimental data was obtained.
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Chapt er 7

Conclusions and Future Work

The science of today is the 

tecimology of tomorrow

E. Teller

Plasmonics is a rapidly evolving field due to its potential applications, ranging 
from solar cell, biophysics to optielectronic. For most applications the dispersion of 
the plasmonic metal nanoparticles (NPs) onto a substrate is required and standard 
production methods do not allow for their distribution in a ordered fashion. However, 
closely spaced and ordered NPs can provide advanced functionalities useful for differ
ent applications. The presence of hot spot phenomena described in Chapter 1 can 
produce enhancement effects, and coupling between NPs can increase the sensitivity 
of plasmonic-based optical sensors or it can allow for more pronounced scattering of 
light inside the absorbing medium of a solar cell. It appears thus necessary to develop 
novel production techniques capable of combining the high throughput of the typical 
colloidal preparations with the order of lithographic production methods.

This thesis demonstrates an alternative route with the required characteristics. 
The technique is based on evaporation of material at glancing angles onto a previously 
stepped template. The main capability of the glancing angle deposition is the ability to 
grow anisotropic structures of any evaporable material on a wide range of substrates.
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restricted only by the requirement that the latter form ordered stepped morphologies. 
Self-assembly methods usually suffer of a lack of a precise control of the parameters af
fecting the growth. However in situ reflectance anisotropy spectroscopy (RAS) enables 
tailored growth to any resonance peak position required without the usual uncertainty 
if only post growth characterisation can be used.

A necessary requirement for the glancing angle deposition technique is the use of 
suitable textured templates. In order to obtain these substrates, we focused on c-plane 
a-alumina and its surface morphology upon annealing. Samples with different off-cut 
angles along the [1210] direction were annealed at different temperatures. Combining 
these parameters, we proved the possibility of producing periodic stepped surfaces 
with tunable morphologies. In particular, annealing at higher temperatures resulted 
in increasing periodicity while higher off-cut resulted in higher steps.

The glancing angle deposition technique was developed to routinely grow NP ar
rays of different plasrnonic materials such as silver, gold and copper. The deposition 
technique is mainly based on geometrical considerations and its independence on the 
material deposited was demonstrated. The nanostructures produced were character
ized via optical spectroscopy in the far field and their strong diehroic response due to 
LPRs was shown. The possibility of monitoring their optical profile is obtained using 
the in situ capability RAS provides. Furthermore, RAS can also monitor the overall 
order of the surface through the Gaussian broadening of the plasrnonic peaks.

The resulting LPRs have been investigated as a function of deposition time, angle 
and initial template periodicity in Chapter 4. Different NP dimensions and a large 
optical tunability were achieved by tweaking the various growth parameters. Figure 
7.1 shows that Ag NP arrays grown at different deposition time and angles on different 
template periodicities and large shifts of the peak positions can be observed, especially 
for the positive RAS peak. At the same time an optimum deposition angle can be 
found in order to minimise the morphological dispersion and the resulting peak width.

Shifts up to ~0.6 eV for the main peak have been observed for Ag NP arrays. Larger 
shifts are limited by the electronic properties of the deposited material. However, using 
different plasrnonic materials, tunabilities in a larger range of ~1.8eV can be obtained. 
Figure 7.2 shows the normalised intensity RAS spectra for Ag, Cu, and Au NP arrays 
grown in similar conditions: NP arrays having their positive resonant energy lying 
between the 1.1 eV and 2.9 eV have been produced. The structures described in this
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Photon energy (eV)

Figure 7.1: RAS spectra of Ag NP arrays after venting characterised by different 
template periodicities (TP) and deposition angles. 20 minutes (30 minutes) depositions 
were performed for the 3° (6°) deposition angles. (Inset) Resonance energy of the main 
peak for deposition of Ag at 3° (red line), 6° (black line) as a function of the template 
periodicity. The intensity of the curves were shifted for clarity.

photon energy (eV)

Figure 7.2: Normalised RAS spectra of various NP arrays of different plasmonic ma
terials produced by glancing angle deposition . The legend indicates the corresponding 
material, deposition angle and deposition time.
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thesis were grown at room temperature, however it is believed that high temperature 
deposition can further increase their tunability and improve their order.

Finally, the exact origin of the measured dichroic response has been addressed 
using a coupled dipolar model. The structures were modelled as interacting supported 
ellip.soids represented as point dipoles. The measured optical signals, the effects of the 
image charges and the exposure of the sample to atmosphere have been explained in 
this way. The gaussian broadening of the peak has also been discussed and attributed 
to the morphological dispersion of the plasmonic layer.

The plasmonic structures were further characterized by SE and an original route 
to investigate their out-of-plane optical response outlined in Chapter 5. From the raw 
experimental data, a quantity named anisotropic surface excess function was extracted. 
This function depends only on the characteristics of the surface layer and the theoretical 
model developed was applied to simulate their optical response.

7.1 Future work,

from fundamental studies to applications

This thesis presents a comprehensive study on the capability of glancing angle depo
sition in the production of anisotropic plasmonic structures. The optical properties 
have been fully investigated as a function of the different parameters involved and the 
origin of the resonances has been also addressed. With the background knowledge re
ported in this thesis we can now move forward towards applications and demonstrate 
the capabilities of the structures grown.

There are numerous possible applications for the structures produced. For example, 
the NP arrays can be tested as building blocks for optical biosensors. The dependency 
of the optical response of the system surrounded by different refractive index media 
can be investigated. Figure 7.3 shows preliminary results of the RAS spectra of a 
typical sample immersed in different solvents. A linear red shift of the main peak is 
observed with increases of the refractive index. This behaviour can be fully investigated 
first using homogeneous liquids and afterwards by functionalising the NP surface with
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Figure 7.3: Normalised R AS spectra of Ag NP arrays immersed in different solvents, 
(inset) Positive peak position as a function of the refractive index of the liquid. A red 
shift with increases in the refractive index is observed.

organic molecules, linked to the particle surface by thiol (sulphur based) groups. The 
presence of the analyte will produce a changes in the refractive index surrounding the 
NPs and shift of the resonance peaks can be studied as a function of its concentration.

We also propose an investigation of the hot spot phenomenon for the structures 
grown. Using the COMSOL multiphysics package we can already simulate the opti
cal behaviour of the structures grown and a mapping of the electric field in the NP 
interstitial space at resonance can be done. The effects of NP shape anisotropy and 
interparticle separation for the different metals will be addressed. After the completion 
of this study, Raman active molecules could be dispersed on the plasmonic substrates 
and increases in their Raman scattering cross section due to surface enhanced effects 
could be measured. It could be first tested for standard molecules such as Rodhamine 
G6 as a function of the molecule concentration. Similar enhancement effects can be 
studied for fluorescent dyes whose resonance frequency will be matched with the reso
nant frequency of the NP arrays and of the exciting laser.

The NP arrays can also be used as catalyist for the growth of anisotropic super
imposed structures. For example, it has been reported that randomly placed gold 
NP on top of c-plane alumina can be used as catalysts for the growth of out-of-plane 
ZnO nanorods [144]. Glancing angle depositions can produce ordered gold NP arrays 
and hence anisotropic out-of-plane forests of ZnO nanorods can be produced in this
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way. Such nanostructures are believed to posses an anisotropic photoemission spectrum 
and hence polarization-dependent light emitting diodes can be produced following this 
route.

Being highly independent of the deposited material, the glancing angle deposition 
can also be utilised for the growth of core shell structures. A magnetic or dielectric 
core can first bo deposited and an outer plasmonic shell grown around this. A self- 
assembly growth of such hemi-shell plasmonic NP arrays has never been reported in 
literature. Heterostructure having a dielectric core have been demonstrated [145] to 
possess an increased refractive index sensitivity while magnetic core ones can be used 
as metamaterials or as structures with coupled plasmonic and magnetic properties, 
being optically active both in the radio frequency and visible range.

From the fundamental point of view, second harmonic generation investigations 
on Ag NP arrays have already been performed, but as the results require further 
clarification they have not been included in this thesis. A full study will be performed 
and the origin of the signal measured addressed.

The content of this thesis represents a knowledge pool for the applicability of glanic- 
ing angle deposition technique in real world devices. At the same time the technique 
in combination with R AS is proved as a helpful tool to investigate the role of coupling 
between NPs, the effects of substrate, NP morphology and morphological disorder form 
a fundamental point of view.



Appendix: Obtaining the C

coefficient

We report in this appendix the calculated analytical expressions for the different Cmt 
and Cim coefficients if the identical particles are placed on a rectangular lattice. The
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while the imaginary ones are
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