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Abstract

Metal nanoparticles (MNPs) are of key interest in many research fields due to their unique
optical properties, which are largely dominated by the localized surface plasmon resonance
(LSPR) effect. The LSPR effect gives rise to intense light absorption by the MNP at certain
wavelengths of incident light. The LSPR wavelength can be manipulated by changing the size
and shape of the MNPs as well as by changing the surrounding medium, opening for a variety
of applications such as optical- and biological sensing and solar energy conversion.

The company EnSol AS has patented a novel thin-film solar cell technology based on the
LSPR effect in MNPs. The University of Bergen, in collaboration with EnSol, has started a
project of investigating and optimizing the production parameters of the EnSol solar cell with
the ultimate aim of producing model solar cells. As a step in the optimization process, the
optical properties of large arrays of nanoparticles need to be investigated theoretically and ex-
perimentally. This has been the aim of this thesis work. Large arrays (9 mm2 - 16 mm2)
of disk-shaped aluminum, gold or nickel NPs fabricated on non-conductive glass substrates
have been fabricated by the means of electron beam lithography (EBL). MNP disks of diam-
eter down to 20 nm have been fabricated. The optical properties of MNP arrays are analyzed
for disk diameters in the range 30 nm – 45 nm with a constant height of 25 nm. EBL suf-
fer from low throughput, but offer high control of particle size, shape and orientation which is
of prime importance in the development of reliable model system where size- and shape de-
pendent properties are investigated. The large size of the arrays allows optical investigation
using spectroscopy techniques, making it possible to mimic realistic operation conditions of
the solar cell. The LSPR wavelengths are found experimentally using an integrating sphere
set-up. The experimental results are tested and supported by theoretical calculations based
on an electrostatic model developed by I. Simonsen and R. Lazzari, where the disk-shaped
metal nanoparticles are approximated as spheroids truncated by a glass substrate. Despite the
discrepancies in particle shape between the model and experimental system, good qualitative
agreement is found. The LSPR wavelength is also found to be in good agreement with pub-
lished literature that in most cases is based on much smaller arrays.
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Chapter 1

Introduction

1.1 Background

The first volume of the fifth Intergovernmental Panel on Climate Change (IPCC) report
[1], released in September 2013, presents a comprehensive study on the science of climate
change. The consensus of the report is clear; the average global temperature has increased
since the mid-20th century, owing to human-induced emissions of greenhouse gases (e.g.
CO2,CH4,H2O,NOx). Greenhouse gases in the atmosphere absorb infrared (IR) radiation
emitted from the surface of the Earth. Re-emission of this thermal radiation effectively warms
the surface of the planet. This process, known as the greenhouse effect, is in principle vital
to life on Earth. However, increased concentrations of greenhouse gases in the atmosphere,
related in particular to the combustion of fossil fuels, have greatly enhanced the natural green-
house effect [2], evident as an ongoing increase in the average global temperature. Possible
emission schemes predict that the average global temperature will increase between 0.3 and
6.4 degree Celsius during the 21st century relative to pre-2000 conditions [1].

Global warming is one feature of the totality of attributes that define climate change. The
rise in global temperature has been accompanied by changes in weather patterns, ocean levels
and the direction and speed of wind and ocean currents [1]. Continued emissions at or above
current rate will induce climate changes characterized as irreversible. IPCC urges “substantial
and sustained reduction of greenhouse gas emissions” [1].

One of the biggest climate polluter, with regard to CO2 emissions, is the global electricity
sector [3]. In 2009 coal power provided 40.6 % of the world’s electricity needs. The runner-up
was natural gas (21.4 %), followed by hydropower (16.4%) and nuclear power (13.4 %). The
energy sources and their percent share of the total electricity generation in 2009 are tabulated
in Fig. 1.1. The world’s hunger for electricity is increasing in line with human population,
industrialization of third world countries and improved standard of living [3]. Harnessing
renewable electricity sources are of prime importance in order to avert future global warming
and climate change [1].
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Figure 1.1: Total electricity generation by fuel in 2009. Others include electricity generated
from solar, wind, biomass and the renewable fraction of municipal waste, geothermal sources,
ocean, tidal and wave resources and biofuel [3]. Data obtained from [3]

A solar cell converts solar energy (sunlight) directly into electric energy. It does not, in
principle, emit greenhouse gases, such as coal-fired power stations, nor does it create waste
that needs to be stored, such as electricity generated from nuclear power [3]. The maximum
solar irradiance, that is, the amount of power per unit area, that reaches the surface of the Earth
at normal incidence is about is about 1000 W/m2 (power density at a given wavelength). If har-
vested efficiency, the world’s electricity (and energy!) needs could be met by solar power alone
[2]. Solar cells are, partly due to the above mentioned properties, described as prime candi-
dates for meeting the world’s future need for electricity in a sustainable manner[4]. However,
as evident from Fig. 1.1, solar cells provided a tiny fraction of the world’s electricity needs
in 2009 [3]. Currently, the power-to-price ratio of solar cells is too low with respect to other
sources of electricity. Hence, the expense of solar cells must be reduced to make them an
economically viable source of electricity. This depends upon the development of novel or im-
proved solar cell technologies [4]. One such solar cell technology is the subject of the present
thesis.

1.2 Principles of Solar Cell Operation

In 1838 Becquerel [5] observed a voltage developed upon the illumination of a solid elec-
trode in an electrolyte solution. This phenomenon, known as the photovoltaic effect, is the
fundamental physical process solar cell utilizes in order to convert light into electric energy.
The majority of solar cells to date comprises a positive-negative (p-n) semiconductor junc-
tion across which the photovoltage is generated [6]. A cross-section of an illuminated p-n
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semiconductor junction is given in Fig. 1.2.

AA p-n junction is formed by introducing impurities (i.e. by adding dopants) into the
semiconductor material [7]. Currently, most solar cells are based on silicon p-n junctions [8].
Positive doping (p-doping), giving rise to a net positive charge, is achieved by adding atoms
with fewer valence electrons than silicon (e.g. boron), while adding atoms with more valence
electrons (e.g. phosphor) is termed negative doping. The charge difference across the junction
causes electrons to diffuse from the n-side to the p-side, where they recombine with holes and
vice versa. As electrons diffuse across the junction they leave behind immobile, positively
charged ions, whereas holes that diffuse across the junction leave behind immobile, negatively
charged ions. These fixed ions sets up an electric field (E0) which effectively depletes a region,
termed depletion region, close to the junction of mobile charges. This electric field inhibits
the diffusion and as the system reaches equilibrium, the drift current and the diffusion current
equals out [7].

p-layer

depletion zone

n-layer

front electrical 
contact

back electrical 
contact

hole

electron

incoming photon

E0

Figure 1.2: Cross-section of an illuminated p-n semiconductor junction solar cell.Incoming
light of sufficient energy excites an electron-hole pair. The electric field (E0) separates the
charges, which in turn produces a voltage. Since the system is connected to a load, this voltage
is used to force electrons to an outer circuit which generates a current [7]. Redrawn from [9]

All electromagnetic radiation consists of discrete energy quanta termed photons. The en-
ergy of a photon is given by [7]

E = hν (1.1)
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where h is Planck’s constant and ν is the photon frequency. Sunlight consists of photons with
a wide range of energies, spanning the ultraviolet (UV), visible and infrared (IR) regions of
the electromagnetic spectrum [2].

A semiconductor solar cell can only absorb photons with energy E equal to or greater than
the energy of the bandgap Ebg of the cell material. The bandgap is defined as the energy
difference between the valence band and the conduction band i.e. an energy range where no
electron states exist [7]. Hence, when E ≥ Ebg the incident photon can excite an electron-
hole pair. If this electron-hole pair is created in the depletion zone, the electric field across
the junction forces the electron to drift to the n-side, while the hole flows to the p-side. This
separation of charge produces a voltage; the photovoltaic effect in practice. If the system is
connected to a load, the produced voltage is used to force electrons to an outer circuit, and
hence, generate a current [7].

A photon of energy E < Ebg does not possess enough energy to excite an electron to the
conduction band. As described above, a photon of energy E > Ebg can generate an electron-
hole pair. However, excess energy above the bandgap is lost as heat. These two loss mecha-
nisms are termed spectrum loss. Spectrum loss is given as a function of bandgap energy and
limit the efficiency of semiconductor solar cells [10]. The efficiency of a solar cell is defined
as the percentage of incident solar energy that is converted into electricity [11]. In the case of
silicon, whose bandgap is 1.1 eV [12], spectrum loss limits the efficiency to approximately 50
% [10]. Furthermore, in a real solar cell, not all electron-hole pairs contribute to the generation
of a current, as an electron may relax back to its ground state before it reaches the contact (see
Fig. 1.2). The sum of these loss mechanisms make up the fundamental limit of efficiency – the
so-called detailed balance limit [13]. The detailed balance limit is based on the assumptions
that one photon generates one electron-hole pair and that the sunlight is not concentrated. The
maximum efficiency of an ideal silicon solar cell is, according to the detailed-balance limit,
29%. The absolute limit of efficiency with which light (energy) can be converted to electricity
is 95 % [14]. This suggests that the performance of a solar cell can be improved by multiple
factors if the underlying material and/or concept are changed.

1.3 Solar Cell Technologies

The modern age of solar cell technology began in 1954 when Chapin et al. [15] built the very
first silicon solar cell. The efficiency of this solar cell was approximately 6 % [15]. For many
years following this event the only widespread use of solar cells was in spacecraft. State-of-
the-art solar cells are still widely used to power outer-space shuttles [16]. The major challenge
is to develop solar cell technologies for widespread commercial use. Nevertheless, thanks to
technological development and political incentives the solar cell market is rapidly growing
[12]. Traditional as well as novel technologies are being exploited.

Solar cells can be divided into three generations, simply designated first, second and third
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[14]. Wafer-based silicon solar cells; either in mono-crystalline or poly-crystalline form,
are known as first-generation solar cells. First generation solar cells are the only genera-
tion that has reached large-scale commercialization [8]. Mono-crystalline silicon solar cells
have reached of nearly 25 % at laboratory scale [17], but efficiencies of commercial cells are
in the range between 15 % and 22 % [8]. Mono-crystalline silicon solar cells do, however,
suffer from a very energy-intensive and expensive manufacturing process. Commercial poly-
crystalline silicon cells typically have efficiencies in the range 12 % – 15 %. It is worth noting
that the presence of defects and metal imputites in poly-crystalline silicon give rise to a less
energy-intensive manufacturing process although this currently comes with a minor trade-off
in terms of efficiency [8].

Second-generation solar cells, so-called thin-film solar cells, are addressing the cost issues
by reducing the content of the semiconductor material. A thin-film solar cell consists of a
thin-layer (µm) of photo-sensitive material deposited on top of a low-cost substrate (e.g. glass,
plastic). Examples of photo-sensitive material used in thin-film solar cells are amorphous and
crystalline silicon, cadmium telluride (CdTe) and copper indium selenium (CIS). In addition
to the reduced material volume, alternative manufacturing processes give rise to a reduction
in cost. Currently however, thin-film solar cells are not as efficient as first-generation silicon
solar cells. A CdTe thin-film solar cell has reached an efficiency of 17.3 % at laboratory scale
[8].

Semiconductor solar cells, independent of generation, suffer from the detailed-balance
limit (described in the previous section). Since this limit is given as a function of bandgap
energy, it varies from semiconductor to semiconductor. The ideal bandgap given by the
detailed-balance limit, that is, the bandgap that theoretically provides the highest efficiency
is 1.4 eV - 1.5 eV, corresponding to an efficiency of approximately 33 % [11].

Third generation solar cells are currently at the pre-commercial stage. This generation
exploits a number of novel technologies, aimed to overcome the detailed-balance efficiency
limit at low cost [14]. Multi-junction solar cells, also known as tandem cells, are a well-
known example of a third generation solar cell. By combining several semiconductors, thereby
introducing several bandgap energies, the detailed-balance limit can be surpassed. Indeed, an
efficiency of 43.5 % has been reported for a triple-junction III-V solar cell [17]. This was
achieved by concentrating sunlight by the means of mirrors with an intensity of 418 times the
intensity of natural sunlight.

Nanostructures, particles with one or more dimensions on the nanoscale (1-100 nm), have
emerged as key building blocks of future solar cells [18]. For instance, metal nanoparticles
deposited on top of thin-film solar cells are currently being exploited as a method of improving
light-trapping. By utilizing a unique property of metal nanoparticles, termed the localized
surface plasmon resonance effect (described in greater detail in Section 1.4 and Chapter 2), it
is possible to increase light-trapping in semiconductor solar cells which in turn increases light
absorption [19]. Another example is the TiO2 dye-sensitized solar cell, a third-generation solar
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cell comprised of titanium dioxide (TiO2) nanoparticles coated with a light-sensitive dye. In
interaction with light the dye-electrons are excited and transferred to the conduction band of
TiO2. Currently, the dye-sensitized solar cell has reached an efficiency of approximately 11 %
at laboratory scale. However, the dye-sensitized solar cell can be made of low-cost material
and is regarded as a prime candidate for future solar power [8].

1.4 The EnSol Solar Cell

The Norwegian company EnSol AS has patented [20] a thin-film solar cell technology, based
on metal nanoparticles (MNPs) enclosed in a transparent composite matrix. A thin-film de-
position system for fabricating solar cells with an active area of 10 cm × 10 cm is under
construction. The objective is to develop a competitive solar cell with an efficiency of 20 % or
greater, through systematically refining the technology 1.

The MNPs is enclosed in a non-conductive and transparent material, as schematically il-
lustrated in Fig. 1.3. The difference between the work functions (a work function expresses
the minimum energy required to separate an electron from a solid to a point in vacuum outside
the solid) of the front and back electrode produces an electric field. This electric field forces
electrons to the front electrode and hence generates a current. The MNPs provide the electrons
that generate the electric current [21]. Provided that the particles are smaller than the wave-
length of incoming light, the incident electric field of light will displace the mobile conduction
electrons of the MNP relative to the fixed ion cores. This displacement sets up a restoring
force between the ion cores and the conduction electrons giving rise to a collective oscilla-
tion of the electrons once they are excited. A resonance condition arises when the frequency
of light matches the eigenfrequency of the oscillating system [22]. This resonance is termed
localized surface plasmon resonance (LSPR) and gives, among others, rise to intense absorp-
tion by the MNP. The energy stored in the LSPR can decay radiatively by emission of light or
non-radiatively through the generation of electron-hole pairs [23]. The EnSol solar cell will
utilize the latter decay-channel to extract electrons to an outer circuit and thereby generate a
current. In 2011, a year after EnSol patented the thin-film solar cell, Knight et al. [24] stud-
ied photocurrent generated by gold nanoparticles deposited on a semiconductor surface and
demonstrated that such hot (i.e. high kinetic energy) electrons generated via LSPR decay can
produce a photocurrent.

For noble MNPs the resonance condition is met in the visible and near-infra red (IR) re-
gions of the electromagnetic spectrum. However, it is possible to tune the energy (wavelength)
at which the resonance condition is met by changing the size and shape of the MNPs as well
as by changing the surrounding medium (described in greater detail in Chapter 2). The En-
Sol technology can utilize this tuning to produce solar cell that potentially can be used in areas
unattractive to traditional solar cell. Furthermore, as this novel technology is not based on

1Assessed from www.ensol.no
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E

Front Electrode

Back Electrode

Gold Nanoparticle

Electron

Figure 1.3: Illustration of the working principles of the EnSol solar cell. An incident photon,
drawn as a black, curved arrow excites the LSPR of a gold NP. The LSPR decays by emitting
hot electrons that due to the built-in electric field are forced to an outer circuit. Redrawn from
[21]

semiconductors it is not subjected to the detailed-balance limit. The EnSol solar cell aims to
achieve an efficiency of 20 % by systematically refining the absorption properties of MNPs.

1.5 Thesis Objectives

The University of Bergen (UoB) is a collaborating partner in the EnSol solar cell project. The
long-term objective of the work at UoB is built model solar cells by the means of electron beam
lithography (described in Chapter 4.2.1). Electron beam lithography (EBL) enables fabrication
of MNP in a highly controlled manner with respect to size, shape and array arrangement. The
model solar cells will thus be used to optimize the EnSol solar cell production parameters.

The first contribution to the optimization of the EnSol solar cell was made by Håvardstun
[9]. Håvardstun established a procedure for fabricating large (16 mm2 - 25 mm2) arrays of
MNPs of diameters in the range 45 nm - 150 nm situated on a transparent substrate using EBL
as well as a method for studying the interaction of the MNP arrays and visible light by the
means of transmission spectroscopy. The large area of the arrays allows for investigation of
the LSPR effect using spectroscopy techniques rather than microscopy techniques previously
used [83]. The objective of this thesis work has been to improve Håvardstuns production
method to enable the fabrication of smaller nanoparticles (diameters down to 20 nm). The size
of the arrays are in the range 9 mm2 - 16 mm2 comprising up to 160 million nanoparticles.
Furthermore, the topic of this thesis work has been to extend the spectroscopy-testing setup
with an integrating sphere (described in greater detail in Chapter 4.6). Finally, a theoretical
framework for analyzing the experimental results has been established. This has been done in
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cooperation with Professor Ingve Simonsen at NTNU. More exact, the objectives of this thesis
are

• Produce MNP arrays situated on a non-conductive glass substrate by the means of EBL
to evaluate the effect of MNP size as well as the magnitude of the interparticle distance
upon the optical response of the array, in particular the LSPR wavelength. The effect
of the interparticle distance is evaluated with respect to near-field coupling between
neighboring particles (i.e. particle-particle interactions).

• Establish a procedure for fabricating MNPs using a bi-layer resist scheme

• Study the optical response of the produced MNP arrays by the means of an integrating
sphere

• Establish theoretical framwork for analysing the optical response of MNP arrays using
the GranFilm code developed by Professor Ingve Simonsen.

The first step of this thesis work was to find suitable writing parameters for producing
disk-shaped MNPs with a diameter of in the range between 30 nm - 45 nm and an interpar-
ticle distance ranging from 90 nm to 150 nm. The size of the MNPs and the corresponding
interparticle distance is chosen to evaluate how the magnitude of the spacing affects the optical
response of the MNPs. A center-to-center spacing equal to or greater than 3 times the particle
diameter eliminates near-field coupling between neighboring particles [25]. The second step
was to use a bi-layer resist scheme to fabricate even smaller MNPs (MNP diameter down to
20 nm has been successfully produced). A bi-layer resist scheme was employed as it eases
the lift-off process. Finally, an integrating sphere set-up was used to obtain extinction spec-
tra of the MNP arrays, while the GranFilm code was used to calculate corresponding model
extinction spectra.

1.6 Thesis Outline

Chapter 2 presents the theoretical background of the localized surface plasmon resonance ef-
fect, while Chapter 3 outlines the physical principles behind the theoretical modelling done in
this work. Chapter 4 introduces the experimental equipment used in sample production and
characterization. The experimental procedure is presented in Chapter 5. The main emphasis
in Chapter 4 and 5 has been on the description of instrumentation and methods that have been
established during this thesis work. Sample production parameters and structural character-
ization, modeling results and optical measurements of MNPs are presented and discussed in
Chapter 6. Chapter 7 encloses the conclusion and the suggestions for further work.



Chapter 2

Theoretical Background: The Localized Surface
Plasmon Resonance Effect

This chapter presents the fundamentals of the localized surface plasmon resonance (LSPR)

effect in metal nanoparticles (MNPs). Most of the physics underlying the interaction of light

and MNPs can be extracted from the dielectric function of the metal. The dielectric function

is therefore the starting point of this chapter, followed by an introduction to surface plasmon

polaritons at metal-dielectric interfaces. The chapter finishes with a discussion of localized

surface plasmons in MNPs with prime focus on the resonance condition.

2.1 Towards Sub-Wavelength Optics

The interaction between light and MNPs has intrigued humans since ancient times. Well before
any theory explaining the nature of this interaction was developed, glassmakers employed
MNPs to generate colors in glass artifacts and in the staining of church windows [26]. One of
the most famous results is the Lycurgus cup, a glass vessel produced around 300 B.C., currently
housed in the British museum. The cup exhibits different colors depending on the position of
the light source, the cup and the observer. The cup appears green when light reflected off
the cup is observed and ruby-red when light transmitted through the cup is observed [27].
Nowadays, it is well-known that the characteristic colors of the Lycurgus cup are caused by
interaction between gold and silver nanoparticles embedded in the glass and light [26]. The
characteristic colors exhibited by noble metal nanoparticles are a manifestation of the LSPR
effect [23].

By combining optics and nanoscience and nanotechnology, the scientific field of nanoplas-
monics emerges [22]. Nanoplasmonics exploits the interaction of light and MNPs [28]. At
first glance, optics does not seem relevant to the nanometer world, since the diffraction limit
states that electromagnetic radiation cannot be confined to a region smaller than about half the
light’s wavelength. However, by utilizing the LSPR effect it is possible to squeeze light into
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the nanometer regime [29].

At the turn of the 19th century Maxwell [30] described the physical phenomena related to
the interaction of light and matter. Maxwell developed the theory of light as an electromagnetic
wave and described the dynamics of electromagnetic fields through what is now known as
Maxwell’s equations. An exact solution to Maxwell’s equation describing the scattering of
electromagnetic radiation by a sphere of arbitrary size was presented in 1908 by Mie [31]. In
1956 Pines [32] attributed the energy loss experienced by electrons traveling through metals
to a collective oscillation of the metal’s conduction electrons. Pines named this collective
oscillation (volume) plasmon. In 1957 Ritchie [33] demonstrated that plasmons can be excited
near metal surfaces. In 1970 Kreibig and Zacharias [34] described the optical properties of
metal nanostructure in terms of plasmons. Currently, nanoplasmonics is a rapidly growing field
of science and technology [22]. Theories describing the underlying nature of the interaction
between MNPs and light are being developed and practical applications utilizing the LSPR
effect are being exploited [26].

2.2 The Dielectric Function

The interaction of matter and electromagnetic fields are, within the framework of classical
physics, described by Maxwell’s equations. In SI units Maxwell’s equations read as follows
[28, 35]

5×E =−δB
δ t

(2.1a)

5×H = J+
δD
δ t

(2.1b)

5·D = ρ (2.1c)

5·B = 0 (2.1d)

where E is the electric field, H is the magnetic field, D is the electric displacement (electric
flux density) and B is the magnetic induction (magnetic flux density). The quantities J and ρ

are the current and charge densities, respectively, of any external sources (i.e. not including
induced polarization current and charges) [35].

The electromagnetic fields are related to each other via the so-called constitutive relations.
The precise form of the constitutive relations is determined by the material in which the fields
exist. In linear, homogenous and isotropic materials the constitutive relations are given as [35]

D = εε0E (2.2a)



2.2 The Dielectric Function 11

B = µµ0H (2.2b)

J = σE (2.2c)

where ε0 is the electric permittivity and µ0 is the magnetic permeability of vacuum, ε is the
dielectric constant, µ is the relative permeability and σ is the conductivity. In Eq. 2.2a ε is a
scalar. A scalar ε indicates that D reacts instantaneously to E, which is not true for real ma-
terials. The finite response time can be included in Eq. 2.2a by writing ε as a function of the
angular frequency of the electric field. ε(ω) is known as the dielectric function and quanti-
tatively describes the electromagnetic response of any material [36]. The dielectric function
reads as follows [28]

ε(ω) = 1+
iσ(ω)

ε0ω
(2.3)

The conductivity and the dielectric function are complex valued functions [28]

σ(ω) = σ1(ω)+ iσ2(ω) (2.4a)

ε(ω) = ε1(ω)+ iε2(ω) (2.5a)

where subscript 1 denotes the real part and subscript 2 denotes the imaginary part of σ(ω)

and ε(ω). ε1(ω) and σ2(ω) describe how much the material polarizes when subjected to an
external electric field, while ε2(ω) and σ1(ω) expresses the amount of absorption inside the
material. The dielectric function is further connected to the complex refractive index ñ(ω)

through [28]

ñ(ω) =
√

ε(ω) = n(ω)+ iκ(ω) (2.6)

where n(ω) is the real part and κ(ω) is the imaginary part of ñ(ω). κ is termed the extinction
coefficient and is related to the light absorption by the material [28].

2.2.1 The Drude Model

One of the simplest models used to describe the electromagnetic response of metals subjected
to an electromagnetic field was developed by Drude. Despite its simplicity, the Drude model
describes characteristic properties of metals, such as their high conductivity and high reflectiv-
ity at visible frequencies, remarkably well [37]. The Drude model is based on the assumption
that metals behave like plasma (i.e. a sea of free charges) comprised of fixed, positive ion cores
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and mobile conduction electron. The mass of each electron is expresses in terms of an effective
optical mass. This effective optical mass carries some information regarding the band struc-
ture of the metal, but details of lattice potential and electron-electron interactions are ignored
[28].

An external electric field excites the metal-plasma. Its oscillation is damped through col-
lisions characterized by a collision frequency denoted γ where γ = 1

τ
. τ is termed the relax-

ation time and is on the order of 10−14 s at room temperature [28]. In the case of an applied
electric field of harmonic time-dependence (E(t) = E0e−iωt), the dielectric function of the
metal-plasma is derived from the equation of motion of an individual electron. This evaluates
to [37]

ε(ω) = ε1(ω)+ iε2(ω) = 1−
ω2

p

ω2− iγω
(2.7)

ωp is known as the plasma frequency and is defined in terms of the electron density n, the
electron charge e, the relative permittivity of vacuum ε0 and the effective optical mass m of the
electron [28]

ωp =
ne2

ε0m
(2.8)

Damping is negligible for frequencies close to ωp. In this frequency range the dielectric
function is mainly real-valued and can be written as [37]

ε(ω) = 1−
ω2

p

ω2 (2.9)

As can be seen from Eq. 2.9, the dielectric function of the metal is negative below the plasma
frequency and hence, the refractive index (n(ω) =

√
ε(ω)) of the metal is complex valued.

A complex valued refractive index implies that electromagnetic waves cannot propagate in-
side the material. The conduction electrons of the metal screen the electric field of light and
incoming light of frequency ω < ωp is therefore reflected. If ω > ωp the conduction elec-
trons cannot respond fast enough to screen the electric field of light, so the electromagnetic
waves are transmitted [22]. The plasma frequency of most metals lie in the ultra-violet (UV)
regime of the electromagnetic spectrum [28]. As a result, most metals are highly reflective to
incoming light of visible frequencies.

Equation 2.9 cannot describe the electromagnetic response of noble metals, such as gold
which is of prime importance in this thesis work. Noble metals experience interband transitions
in the frequency range where Eq. 2.9 is valid. Interband transitions increase the imaginary part
of the dielectric function [28] and are included in more sophisticated models. Nevertheless,
the Drude model has a lot to offer with respect to underlying physics of the localized surface
plasmon resonance effect outlined in the present chapter.



2.3 Surface Plasmon Polaritons 13

2.3 Surface Plasmon Polaritons

Surface plasmon polaritons (SPP) are electromagnetic surface waves that propagate along
metal-dielectric interface(s). These surface waves originate from a coupling between the elec-
tromagnetic field of light and the oscillation of the conduction electrons of the metal [28]. The
name polariton describe this coupled nature [22].

The amplitude of the electromagnetic field of a SPP decays exponentially into the metal
and the dielectric. Such exponential decay is only possible when the real part of the dielectric
functions of the two media is of opposite sign. As a consequence, SPPs are only excited at
interfaces between a metal, in which Re[ε(ω)]< 0, and a dielectric [28].

Quantitatively, SPPs are described in terms of a dispersion relation derived from Maxwell’s
equations. In the case of two halfspaces, a metal, whose dielectric function is denoted ε(ω)

and a dielectric with a constant and real relative permittivity εm the dispersion relation reads
as follows [28]

β = k

√
ε(ω)εd

ε(ω)+ εd
(2.10)

where β is called the propagation constant. β corresponds to the wave number in the direction
of propagation and k is the wave number of the propagating wave in vacuum (k = 2π

λ
).

The SPP dispersion relation resides below the light-line (k =
√

ε
ω

c ) of the dielectric. A di-
rect crossing only occur in the limit ω = β = 0. As a result, SPPs cannot be excited directly by
light, since the momentum of SPPs (h̄β ) exceed the momentum of light (h̄k) at any frequency.
Special techniques for phase-matching, e.g. prism or grating coupling, need to be employed
to excite SPPs [28].

SPP is a surface electromagnetic wave, whose electromagnetic field is confined to the near
vicinity of a metal-dielectric interface. In fact, the electromagnetic energy of SPPs can be
confined (squeezed) into volumes smaller than the diffraction limit. The fact that SPPs pave
the way for sub-wavelength optics is of prime importance in plasmonics [28], especially with
respect to applications in optical sensing [23].

2.4 Localized Surface Plasmons

As opposed to SPPs that propagate along a metal surface, localized surface plasmons (LSP)
are non-propagating excitations of the conduction electrons of metal nanoparticles (MNPs)
coupled to light. (Strictly speaking, the LSP is also a polarition, but this ending is usually
omitted.) A surface plasmon confined in a metal nanostructure is termed a localized surface
plasmon, schematically depicted in Fig. 2.1. The collective displacement of the conduction
electrons relative to the fixed ion-cores sets up a restoring force. Hence, the metal nanoparticle
in interaction with light can in its simplest form be studied as an oscillator. A resonance
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condition arises when the frequency of light matches the eigenfrequency of the oscillator [22].
This resonance is termed localized surface plasmon resonance (LSPR). Among others, the
LSPR give rise to an enhancement of the metal nanostructure ability to scatter and/or absorb
light. The wavelength of LSPR excitation is a characteristic property of the metal and is highly
sensitive to changes in the shape and size of the MNP as well as to changes in the surrounding
medium. Furthermore, in an ensemble of MNPs, the resonance condition can be altered by
interaction between neighboring particles as well as coupling via diffraction [28].

E

B e e e e

e e e e

+ + + +

+ + + +

Figure 2.1: Schematics of a spherical MNPs in a electromagnetic field (light). The electric
field of light displaces the conduction electrons of the MNP relative to the fixes ion cores.
This displacement sets up a restoring force. Certain wavelength of light will induce a resonant
oscillation of the conduction electrons. Redrawn from [21].

2.4.1 The Quasi-Static Approximation

The optical response of a single and isolated MNP, provided that the particle is much smaller
than the wavelength of incoming light, is described by the so-called quasi-static approxima-
tion. Within this limit, retardation effects over the particle volume are neglected (i.e. the elec-
tric field is assumed to be spatially static). The interaction of light and the MNP is therefore
governed by electrostatics rather than electrodynamics [38].

To arrive at the resonance condition, a homogenous and isotropic sphere of radius a (a <<

λ ) located at the origin of a uniform electric field E = E0ẑ is considered. The sphere, whose
dielectric function is assumed to be a complex number ε (neglecting frequency dependence),
is embedded in a non-absorbing and isotropic medium with a dielectric constant denoted εm.
The difference in permittivity between the sphere and the medium will induce a distortion of
the initially uniform electric field. The electric fields outside and inside the sphere are derived
from the Laplace equation [38, 28]

52
ψ = 0 (2.11)
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where

−5ψ = E (2.12)

in which ψ is the electrostatic potential. Due to the symmetry of the problem, the electro-
static potentials are independent of φ . The electrostatic potentials inside ψin(r,θ) and outside
ψout(r,θ) the sphere are given as [28]

ψin(r,θ) =
∞

∑
l=0

[Alrl]Pl(cosθ) (2.13a)

ψout(r,θ) =
∞

∑
l=0

[Blrl +Clr−(l+1)]Pl(cosθ) (2.13b)

where Pl(cosθ) is associated the Lengrende Polynomials of order l. θ denotes the angle be-
tween the position vector r at point P and the z-axis (see Fig. 2.2). This general solution
to Laplace equation has in principle an infinite number of solutions. However, by imposing
boundary conditions to the solutions, the electrostatic potential is uniquely defined [35]. The
boundary conditions read as follows [28]

− 1
a

δψin

δθ
|r=a=−

1
a

δψout

δθ
|r=a (2.14a)

− ε0ε
δψin

δ r
|r=a=−ε0εm

δψout

δ r
|r=a (2.14b)

The boundary conditions state that tangential electric field and the normal component of the
electric displacement field must be continuous at the boundary of the sphere. Furthermore,
far away from the sphere the electric field must approach −E0z = −E0r cos(θ) [38]. This
evaluates to [28]

ψin(r,θ) =−
3εm

ε +2εm
E0r cosθ (2.15a)

ψout(r,θ) =−E0r cosθ +
ε− εm

ε +2εm
E0a3 cosθ

r2 = −E0r cosθ +
p · r

4πε0εmr3 (2.15b)

where
p = 4πε0εma3 ε− εm

ε +2εm

E0 is the amplitude of the electric field, r is the distance from the center of the sphere to a point
P, θ is the angle between the position vector and the direction of E0 and ε0 the permittivity of
vacuum. As can be seen from 2.15b, ψout is a superposition of the electric field of an ideal
dipole, denoted p, located at the sphere center and the applied electric field [38]. The applied
electric field thus induces a dipole moment at the center of the sphere. The polarizability,
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denoted α describes the capability of the sphere to be polarized by the electric field. The
relationship between the polarizability and the dipole moment is given as [28]

p = ε0εmαE0 (2.16)

The polarizability can thus be written as [28]

α = 4πa3 ε− εm

ε +2εm
(2.17)

Equation 2.17 is the complex polarizability of a sub-wavelength sphere. A resonant enhance-
ment of the polarizability is met when |ε +2εm| is a minimum. The resonance condition is,
for a slow-varying or small Im[ε] around the minimum, given as [28]

Re[ε(ω)] = ε1(ω) =−2εm (2.18)

Equation 2.18 is known as the Fröhlich condition and is a central result in the quasi-static ap-
proximation. The Fröhlich condition enlightens the dependency of the resonance frequency
(or wavelength) upon the surrounding medium. As is evident from Eq. 2.18, the spectral po-
sition of the resonance red-shifts when εm increases. For a Drude metal of negligible damping
(described by Eq. 2.9) embedded in air (εm≈ 1) [28], the resonance condition is satisfied when
ω =

ωp√
3
, while for a Drude metal embedded in glass (εm ≈

√
1.5) the Fröhlich condition is met

at the frequency ω =
ωp
2 . Hence, the spectral position of the LSPR can be tuned by changing

the medium which surrounds the MNP [23].

The distribution of the electric fields inside and outside the sphere volume can be extracted
from Eq. 2.12 and 2.15. This yields [28]

Ein = E0
2εm

ε +2εm
(2.19a)

Eout = E0 +
3n(n ·p)−p

4πε0εm

1
r3 (2.19b)

where p is the induced dipole moment defined in Eq. 2.15. As can be seen from Eq. 2.19a,
the electric field inside the particle is homogeneous. However, as described in Section 2.3,
electromagnetic fields decay exponentially into metals. As a consequence, the validity of the
quasi-static approximation breaks down when the MNP is larger than the skin depth of the
metal (the skin depth described how deeply radiation penetrates into the metal) [39]. It should
also be noted that the electric field experiences a resonant enhancement when the Fröhlich
condition is satisfied. This local field enhancement is a consequence of the fact that electro-
magnetic energy is confined to a very small volume. As in the case of SPP, confinement below
the diffraction limit can be achieved. The magnitude of the electric field is limited by the fact
that Im[ε(ω)] 6= 0. This limitation can in principle be reduced by introducing gain media, that
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is, by embedding the MNPs in a medium where Im[ε2] < 0. In this case, the positive imagi-
nary part of the dielectric function of the MNP can give rise to a complete cancellation of the
denominator in Eq. 2.17 [28].

a

θ

r

P

ε

εm

Figure 2.2: Sphere in a uniform electric field. The radius of the sphere is denoted a and the
dielectric function of the sphere is assumed to be a complex number, denoted ε . The sphere is
embedded in a dielectric medium whose dielectric constant is denoted εm. Redrawn from [38].

The metal sphere can, within the quasi-static regime, be described as an ideal dipole. This
dipole scatters and absorbs light. When the Fröhlich condition is satisfied, the dipole strongly
scatters and/or absorbs light. The cross-sections, that is, the likelihood of the particle to scatter
or absorb light, is termed Csca and Cabs, respectively [38]. In the quasi-static approximation
Csca and Cabs read as follows [28]

Csca =
k4

6π
|α|2 = 8π

3
k4a6

∣∣∣∣ ε− εm

ε +2εm

∣∣∣∣2 (2.20a)

Cabs = kIm[α] = 4πka3Im
[

ε− εm

ε +2εm

]
(2.20b)

where k = 2π

λ
is the wave number, |α| the polarizability modulus and Im[α] the imaginary

component of the polarizability. Clearly, Csca and Cabs experience a resonance enhancement
when the Fröhlich condition is satisfied. Furthermore, as can be seen from Eq. 2.20, in small
particles (rule of thumb a < 50 nm) the amount of light absorbed by the dipole (scaling as a3)
is greater than the amount of light scattered by the dipole (scaling as a6). As a consequence,
MNPs exhibit characteristic size-dependent colors in reflected and transmitted light [38].

Extinction is defined as the sum of absorption and scattering, that is, Cext =Csca+Cabs. The
extinction cross-section of a sphere of volume V and dielectric function ε(ω)= ε1(ω)+ iε2(ω)

is given as [28]
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Cext = 9
ω

c
ε

3/2
m V

ε2

[ε1 +2εm]
2 + ε2

2

(2.21)

where c is the speed of light.
Other simple geometries, such as spheroids, can be described using the quasi-static ap-

proximation. In the case of spheroids, the polarizabliity αi along principle axis i is given in
terms of a geometrical factor. As a consequence, a spheroidal MNP support two distinct res-
onances caused by oscillations along the minor and major axis. The major axis resonance is
redshifted relative to a sphere of the same volume. Hence, in addition to changing the sur-
rounding medium, the spectral position of the LSPR can thus be tuned by changing the aspect
ratio of the particle [28].

The metal nanoparticles studied within this thesis are produced with a nominal diameter
of 30 nm or 45 nm. As a rule of thumb, the quasi-static approximation accounts for nanopar-
ticles whose diameter is less than 100 nm. The extinction maximum of the produced arrays
can therefore be predicted by the means of electrostatic theory. The EnSol solar cell will fea-
ture nanoparticles of diameters in the range 5 nm – 10 nm. Particles in this size regime are
approaching the lower limit of particle dimensions that adequately can be described using the
quasi-static approximation. When the MNPs are smaller than the mean free path of the con-
duction electrons, scattering of electrons at the surface of the particle give rise to an increase in
in ε2 of the metal. Hence, the bulk dielectric function can no longer be applied to describe the
optical properties of the MNPs. So-called finite-size corrections can be included in the bulk
dielectric function to account for this effect [40].

2.4.2 Mie Theory

The quasi-static approach does not include phase-changes of the incident electric field over
the particle volume. As the size of a particle gets comparable to the wavelength of the electric
field, retardation effects over the particle volume need to be included. G. Mie developed a com-
plete analytical theory of scattering and absorption of electromagnetic radiation by a sphere
of arbitrary size. It should be noted that the Mie theory includes the electrostatic solution of
Maxwell’s equations; the solution is Eq. 2.17 [41].

Although the optical properties particles produced within this thesis work can be described
using the quasi-static approximation, the Mie theory reveal important properties of the LSPR
effect that the quasi-static approximation cannot describe. In particular, Mie theory predicts
a redshift [28] of the spectral position of the dipole resonance as the size of the particle in-
creases. This can, qualitatively, be attributed to the larger distance between the conduction
electrons and ion cores which causes a smaller restoring force and thus, a redshift of the res-
onance wavelength [38]. Furthermore, the retardation over the particle volume indicates the
existence of higher-order resonances. Indeed, the larger the particle becomes, the more impor-
tant are higher-order resonances and the oscillation of the conduction electrons can no longer
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be described as one collective motion. Higher order resonances are excited at different wave-
lengths with respect to the dipole resonance [41].

2.5 Numerical Methods

Mie theory is an exact solution to Maxwell’s equations. However, it is a single-particle ap-
proach and cannot describe the optical properties of interacting particles nor particles of com-
plex shape. Numerous numerical methods have been developed to address either one or both
of these issues. They all aim to solve Maxwell’s equations using realistic boundary conditions
in order to describe the optical properties of MNPs of arbitrary size and shape. These methods
are constantly being improved and extended [42].

Effective Medium Theory

Effective medium theories describe the optical response of MNP(s) embedded in a dielectric
medium. The heterogeneous system comprised of the MNP(s) and the ambient is represented
as an effective medium characterized by an effective dielectric function [43]. The Maxwell-
Garnett theory is an example of such an effective medium theory. It is an electrostatic approach
and in the case of spherical MNPs the underlying principles are outlined in Section 2.4.1.
However, a volume filling factor is needed in Eq. 2.17 to include the presence of multiple
particles [27] and the electric field is replaced by a so-called local electric field. This local
electric field incorporates contributions from the incoming electric field and the fields induced
by neighboring particles [44].

In the case of substrate supported MNPs, such as MNPs deposited on a glass surface, the
presence of the substrate induces a break of symmetry with respect to MNPs embedded in a
homogenous medium. Including this symmetry-break by the means of an effective medium is
a highly simplified approach [43].

Discrete Dipole Approximation

In the discrete dipole approximation (DDA) each MNP is represented as a cubic lattice of
N polarizable points [26]. In interaction with an external electric field these points gain a
dipole moment and can be studied as interacting dipoles. Any lattice point can be occupied,
so the model can be used to describe the optical response of MNP of arbritrary shape. The
polarization P at a given point r j inside this cubic lattice is expressed in terms of a local electric
field. This local electric field incorporates the incoming electric field as well as the induced
electric field arising from interaction with other particles. Quantitatively, the polarization is
given as [42]
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Pj = α jEloc (2.22)

where Eloc is the local electric field at the point r j and α j is the polarizability. The polarizability
is commonly expressed by the means of an extension of Eq. 2.17 [45]. DDA can be used to
describe the optical response of substrate supported MNPs, like the ones produced in this
work. The interaction between the substrate and the particles is described through the method
of images charges [42], (described in greater detail in Chapter 3). As described above, the
model can also describe the disk-shape form of the fabricated MNPs in this thesis work.

Boundary Element Method

In contrast to DDA where the whole volume of the MNP is divided into polarizable point,
the boundary element method (BEM) only divide the boundaries of a particle into polarizable
points [26]. The electromagnetic field inside each particle is therefore solely determined by
the fields at the boundary of the particle [42].

The Bedeaux-Vlieger Model

The scientific software GranFilm [46], developed by Simonsen and Lazzari, has been used
to calculate model extinction spectra in this thesis work. The software is based on the so-
called Bedeaux-Vlieger model [47], an electrostatic model that describes the far-field optical
properties of substrate supported MNPs. The MNPs are approximated as spheroids or spheres
truncated by the substrate surface and substrate-particle interactions are described through the
method of image charges. The transmittance of the MNP and thereby the extinction (described
in Section 2.7), is found by solving Laplace equation through a multipolar expansion of the
electrostatic potential [46]. A detailed description of the model can be found in Chapter 3.

The MNPs produced in the present work are disk-shaped, a particle shape that is not imple-
mented in the GranFilm code. The disk-shaped MNPs are approximated as spheroids truncated
by a glass substrates. The software was chosen because the code was available for use and the
calculations themselves are not computationally demanding. Additionally, the model incorpo-
rates the presence of the substrate and includes interaction (up to quadrupolar order) between
neighboring particles [43].

2.6 Resonant Properties of Metal Nanoparticles

The resonant properties of MNPs can be tuned by changing the constituent metal, the size and
shape of the MNPs, the medium that surrounds the MNP(s), as well as the particle arrangement
in the case of an ensemble of particles. This section summarizes the spectral trends of the
LSPR, based on results from the quasi-static approximation and the Mie theory.
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Constituent metal

The constituent metal is characterized in terms of its (bulk) dielectric function. Although, the
dielectric function is given as a function of wavelength (or frequency), some general features
can be extracted. Firstly, the wavelength of LSPR excitation is mainly determined by the
shape and size of the MNP and the surrounding medium and, although to a less extent, by the
real part of the dielectric function of the metal. Secondly, the LSPR linewidth (FWHM) is
determined by the imaginary part of the dielectric function as well as by the size of the MNP
and the polydispersity in size in the case of an ensemble of particles. The imaginary part of
the dielectric function characterizes the LSPR damping mechanisms, which can be radiative
or non-radiative in nature. In the former damping mechanism the energy stored in the LSPR
basically decay via scattering of light. Non-radiative damping is associated with the generation
of electron-hole pairs [48]. Electron-hole pairs can be generated via intraband excitations in
the conduction band or via interband transitions, which in the case of noble metals is attributed
to transitions from the d-orbital to the sp-orbital [28].

MNP size

The quasi-static approximation is strictly valid when the size of the particle is small compared
to the wavelength of incoming light. Two size-regimes are not described by the electrostatic
theory. Firstly, when the size of the particle increases, an electrodynamic approach is neces-
sary, due to the retardation of the incoming EM field over the particle volume. As a rule of
thumb, the electrostatic approach breaks down when the diameter of the MNP exceeds 100 nm
[28]. Mie theory states that the spectral position of the (dipolar) LSPR redshifts with increas-
ing particle and predict the existence of higher order resonances. Additionally, a broadening
of the linewidth (FWHM) of the LSPR peak is expected as the MNP diameter increase, due to
the increase in radiative damping of the resonance (see Eq. 2.20). Secondly, when the size of
the particle is less than the free mean path of it’s oscillating electrons, surface collisions give
rise to damping (an increase in ε2) and the dielectric function of the MNP changes with re-
spect to the dielectric function of the bulk metal. These so called finite-size effects have been
shown to give rise to a broadening of the linewidth of the LSPR peak [49].

MNP shape

Isolated spheres exhibit a single LSPR peak due to their high symmetry. This is, however, not
the case for asymmetric particles. In the case of a spheroidal metal nanoparticle two spectrally
separated LSPR can be observed, corresponding to electrons oscillating along the minor and
major axis of the spheroid. Within the electrostatic regime, it can be shown that the dipole
resonance along the major axis gradually redshifts as the aspect ratio increases with respect to
a sphere of the same volume [28]. If the metal nanoparticle has the shape of an ellipsoid, three
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distinct LSPR can be observed. Furthermore, for certain asymmetric particle shapes higher
order resonances can be observed in the electrostatic limit. For example, in a cubic MNP the
displaced conduction electrons are not distributed homogenously on the surface of the particle
and higher order resonances can therefore be excited [50].

LSPR of complex structures can be studied as a hybridization of plasmons of simpler sub-
structures. A metallic shell with a dielectric core can in this respect be represented as a hybrid
of a metal sphere and a metal containing a spherical dielectric cavity. Firstly, a redshifted
resonance with respect to the sub-structures is obtained for in-phase oscillation (i.e. bonding
combination) of the metal sphere and the spherical cavity, whereas the anti-phase combination
(i.e. anti-bonding combination) results in a blueshift of the LSPR [39].

Surrounding medium

The dependence of the spectral position of the LSPR upon the dielectric properties of the sur-
rounding medium, is clearly stated in the Frönlich conduction (see Eq. 2.18). If the surround-
ing medium possesses a frequency-independent real and positive refractive index (n =

√
ε) an

increase in the refractive index will cause a redshift of the LSPR.

Near-Field Coupling

In the case of an ensemble of particles, interactions between neighboring particles can change
the LSPR wavelength to that of an isolated particle[28]. Such particle-particle coupling occurs
when the center-to-center distance between neighboring particles is less than 3 times the parti-
cle diameter [25]. Rechberger et al. [25] studied a system consisting of two MNPs interacting
via their near-field. They found that if the polarization of the incident light was parallel to the
long pair axis, there was a weakening of the restoring force on the oscillating conduction elec-
trons, due to the Coulomb attraction between the two particles, as indicated in the left panel
of Fig. 2.3. This resulted in a red-shift of the spectral position of the LSPR with respect to an
isolated particle. On the other hand, when the polarization of the incident light was normal to
the long pair axis the restoring force increased, due to the Coulomb repulsion between the two
particles (see right panel of Fig. 2.3) and a blue-shift was observed [25].

Far-field Effects

Periodic (ordered) MNP arrays can also be subjected to far-field coupling via diffraction [28].
Coupling via diffraction originates from the periodicity of the array, that is, the grating constant
of the array. The grating constant determines the direction of propagation of light scattered
from the MNPs. Temple et al. [51] studied the effect of the periodicity by fabricating a
periodic sqaure array and a random array of MNPs of equal surface coverage. The diameter
of the MNPs was in both cases 150 nm and the interparticle distance in periodic array was
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Figure 2.3: Schematic of particle-particle coupling for different polarization of incident light.
Redrawn from [25]

500 nm. They found that the extinction efficiency of the two arrays was significantly different.
The spectrum of the random array comprised a symmetric, broad peak, while the periodic
array featured a narrower and more asymmetric peak. This discrepancy was attributed to the
suppression and enhancement of scattering at different wavelengths caused by grating orders
in the periodic array.

2.7 Spectroscopy

The optical properties of MNPs deposited on a non-conductive glass substrate are in this thesis
work studied by the means of integrating spheres. The integrating sphere set-up employed is
inspired by the work of Langhammer et al. [52] and is described in greater detail in Chapter
4.6. The experimental procedure is presented in Chapter 5.3, while the results from the optical
analysis can be found in Chapter 6.4. The relative contributions of absorption and scattering
to the total extinction of the MNPs can be separated using an integrating sphere, as the inner
surface of the sphere is coated with a highly reflective and diffuse material that scatters light
in all spatial directions with equal amounts. The sum of the total amount of light transmitted
through the sample (i.e. MNPs and glass in this work) and the total amount of light reflected
by the sample equals the amount of light scattered by the sample [52]. The light absorbed by
the MNPs is then simply found as a consequence of conservation of energy [47]

1 = R+T +A (2.23)

in which R is the reflectance, T is the transmittance and A the amount light absorbed by the
MNPs. Reflectance is defined as the ratio of the intensity of the reflected light to the intensity
of the incident light. In this thesis work the reflectance is calculated as [53]

R(λ ) =
(

I(λ )− IB2(λ )

IR(λ )− IB1(λ )

)
·0.98 (2.24)



24 Theoretical Background: The Localized Surface Plasmon Resonance Effect

where I(λ ) is the intensity of light reflected by the sample and IB2(λ ) the corresponding dark
spectrum (light source blocked). IR(λ ) is the intensity of light reflected by a reference standard,
which is a standard coated with the sphere material. IB1(λ ) is intensity of the dark spectrum
of the reference standard. The reflectance of the sphere is 0.98.

Transmittance is defined as the ratio of the intensity of the transmitted light to the intensity
of the incident light. The transmittance is calculated as [53]

T (λ ) =
I
′
(λ )− I

′
B2(λ )

I ′T (λ )− I ′B1(λ )
(2.25)

where I
′
(λ ) is the intensity of the light transmitted through the sample and I

′
B2(λ ) the corre-

sponding dark spectrum. I
′
T (λ ) is the intensity collected at the transmittance port when the

spheres are empty and I
′
B1(λ ) the corresponding dark spectrum.

The relationship between the extinction cross-section and the absorbance of a diluted sam-
ple is given by Beer-Lamberts law as [28]

A(λ ) = αextτ (2.26)

where A(λ ) is the absorbance, αext the absorption coefficient and τ the optical path length. The
absorption coefficient can be written in terms of the scattering -, absorption-, and extinction
cross-section of an isolated particle, given as

αext(λ ) = f (Csca(λ )+Cabs(λ ) = f (Cext(λ )) (2.27)

where f is a volume-filling factor. The calculated absorbance, in the case of particles situated
on a transparent substrate, is in several cases (such as by Rechberger et al. [25]) directly termed
extinction. This evaluates to [25]

Extinction = Absorbance =− log(Transmittance) (2.28)

In this thesis work the extinction of the MNPs have been calculated as presented in Eq. 2.28.
In order to exclude substrate effects, the extinction of a bare glass substrate was subtracted
from the extinction of the sample (i.e. MNPs and glass), as follows

ExtinctionMNP = Extinctionsample−Extinctionglass (2.29)



Chapter 3

Numerical Modeling: GranFilm

This chapter presents the underlying theory of the scientific software GranFilm [46]. GranFilm

is employed to calculate the transmittance of square arrays of prolate and oblate spheroidal

MNPs truncated by a glass substrate in order to obtain model extinction spectra. In addition to

the transmittance, the reflectance as well as the amount of light absorbed by the MNPs can be

accessed from the simulation. The results are presented in Chapter 6.5, while an introduction

to other numerical methods can be found in Chapter 2.5.

The GranFilm code, developed by I. Simonsen and R. Lazzari [46], is based on the so-

called Bedeaux-Vlieger model. The Bedeaux-Vlieger model describes the optical response of

substrate supported nanoparticles by the means of electromagnetic excess field and surface

susceptibilities [47]. The present chapter provides a short introduction to the Bedeaux-Vlieger

model, followed by a description of underlying principles of GranFilm.

3.1 The Bedeaux-Vlieger model

The Bedeaux-Vlieger model [54] is grounded in classical electromagnetism. The fundamen-
tal objective of the model is to solve Maxwell’s equations (Eq. 2.1) for substrate supported
nanoparticles. The presence of the nanoparticles at the substrate surface is described as a dis-
tortion relative to a bare interface between two bulk media. This distortion can, within the
electrostatic regime, be characterized in terms of auxiliary electromagnetic excess fields. The
excess of the electric field Eex is defined in terms of the actual, real electric field at the substrate
surface E(r,t) and the electric fields far away from the substrate surface E±(r, t) extrapolated
to the interface. The superscript of E±(r, t) denote the regions above (+) and below (-) the
substrate surface. The excess of the electric field reads as follows [47, 55, 56]:

Eex(r, t) = E(r, t)−E−(r, t)θ(−z)−E+(r, t)θ(z) (3.1)

The plane z = 0 is defined to coincide with the substrate surface [55, 56]. θ(±z) is the so-
called Heaviside step function. θ(z) = 0 for z < 0 and θ(z) = 1 for z > 0 [57]. The role of
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θ(±z) is to “switch off” the electric field. The excess field is only significantly different from
zero close to the substrate surface, since E(r, t) = E±(r, t) as z→ ∞ [55, 56]. Excess of other
quantities are defined in an analogous manner [47].

The boundary condition imposed on E±(r, t) at the substrate surface can be expressed in
terms of these excess fields [47]. In this way, exact knowledge about the near-field is not
required to gain information about the far-field (macroscopic) optical response of the substrate
supported MNPs. Of course, this also means that information about the near-field of the MNPs
is not gained. The total integrated excess fields are termed surface susceptibilities. The surface
susceptibilities, denoted γ and β , describe the capability of the substrate surface to polarize
upon interaction with light [44]. In the case of non-magnetic materials, such as MNPs, the
surface susceptibilities are given as a function of the polarizabilities of the particles. As the
Bedeaux-Vlieger model is valid in the electrostatic regime, the polarizabilities are found by
solving Laplace equation (see Eq. 2.11).

3.2 The GranFilm approach

3.2.1 Particle shape

The Bedeaux-Vlieger model deals with two particle geometries – spheres and oblate or prolate
spheroids [47]. These particle shapes encompass a great number of experimental situations
and have been implemented into the GranFilm software. However, GranFilm models spheres
or spheroids that are truncated by the substrate [46, 43], schematically depicted in Fig. 3.1.

The surface susceptibilities is a characteristic property of a boundary [55], meaning that
the exact form of the surface susceptibilities of a sphere differ from those of a spheroid. The
MNP arrays fabricated in this thesis work are disk-shaped. The particle shape of the GranFilm
library that resembles a disk the most is a spheroid. A spheroid is an ellipse rotated around one
of its axes. An ellipsoid rotated around its minor axis yields an oblate spheroid, while rotation
around major axis of the ellipsoid yields a prolate spheroid [57, 55]. Hence, a spheroid is
defined in terms of two radii, one of which corresponds to the particle radius while the other
represents the height of the particle. Model extinction spectra are calculated for oblate and
prolate spheroids. However, due to the complexity of the derivation of the spheroidal NP
polarizabilities, the discussion in this chapter presents the model applied to spherical particles,
since the aim is to highlight the physics rather than getting bogged down in mathematical
notation.

3.2.2 The Truncated Sphere

A cross-section of a truncated sphere is depicted in Fig. 3.1. The truncation of the substrate
surface, located at z = d is expressed through a truncation ratio. The truncation ratio tr is
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defined as [55]

tr =
d

R⊥
(3.2)

tr is defined in the range −1 < tr < 1. A sphere of truncation ratio −1 is completely buried in
the substrate, while a truncation ratio of +1 resembles a sphere sitting on top of the substrate
surface. [43].

z

xd

R

z = d

y

ε2

ε1 ε3

ε4

Figure 3.1: Cross-section of a truncated sphere. The origin of a Cartesian coordinate system
is defined to coincide with the center of the sphere and the substate surface is located at a
distance z = d from the origin. The radius of the sphere is denoted R. The system is divided
into four different regions, labeled in terms of their dielectric functions ε1 - ε4. Redrawn from
[46].

The center of the main spherical coordinate system (r, θ ,φ ) is defined to coincide with the
center of the sphere. Additionally, two reference frames, defined in the following section, will
be used to find the polarizabilities of the substrate supported sphere [46].
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3.2.3 The polarizabilities

The polarizabilities of the MNPs is found by solving Laplace equation through a multipole
expansion of the electrostatic potential [43]. It is assumed that the magnitude of the interparti-
cle distance is large compared to the size of the sphere. The calculation thus revolves around
one isolated spherical particle. Interactions between neighboring particles are subsequently in-
cluded by renormalizing the polarizabilities. The presence of the substrate induces a break of
symmetry with respect to an isolated MNP subjected to an electric field (described in Chap-
ter 2.4.1). The incident electric field induces a dipole moment inside the MNP. This dipolar
electric field polarizes the substrate which in turn distorts the near-field of the MNPs. As a
consequence, the quadrupolar polarizabilities of the MNP are excited. This series of polariza-
tion processes goes to high multipolar order and is modeled using the method of image charges
[43, 58]. In this method the image of the charge distribution inside the MNP is introduced in
the substrate [35].

The spherical MNP is submitted to a homogeneous electric field [43]. The objective is to
solve the Laplace equation 52ψ(r) = 0 to obtain an expression of the polarizabilities of the
MNP [46]. As described in Chapter 2, Laplace equation has in principle an infinite number
of solutions. However, by applying boundary conditions (given in Eq. 2.14) the potential
is uniquely defined [35]. The boundary condition imposed on the solutions of the Laplace
equation should be fulfilled or any two media sharing an interface. Additionally, the potential
itself must remain finite everywhere, in particular when r = 0 and as r→ ∞ [55].

Laplace equation is solved separately in all four media depicted in Fig. 3.1. Laplace
equation is homogenous and linear so any linear combination of solutions is also a solution. In
the surrounding medium (i.e. medium 1 in Fig. 3.1) the electrostatic potential reads as follows
[46]

ψ1(r) = ψ0(r)+
l 6=0

∑
lm

Almr−(l+1)Y m
l (θ ,φ)+

l 6=0

∑
lm

Ar
lmρ
−(l+1)Y m

l (θ r,φ r) (3.3)

Eq. 3.3 is known as a spherical multipole expansion. The source of the expansion is known
as a multipole expansion point [56]. Eq. 3.3 has such two sources, denoted (rr,θ r,φ r) and
(ρr,θ r,φ r). (rr,θ r,φ r) describes the contribution of the induced multipoles in the particle to
the total potential, while (ρr,θ r,φ r) described the contribution of the image multipoles in the
substrate to the total potential [56, 46]. (rr,θ r,φ r) and (ρr,θ r,φ r) are located on the z-axis in
Fig. 3.1 equidistant from the substrate surface [46]. ψ(r) is the incoming potential, while Alm

and Ar
lm is the so-called expansion coefficients of (rr,θ r,φ r) and (ρr,θ r,φ r), respectively. The

expansion coefficients are determined by imposing boundary conditions on the electrostatic
potential [47]. l and m are in principle defined as follows [47]

l = 0,1,2, ....
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m = 0,±1,±2, ....,±l

Since there are no free charges in the system, l = 0 is not included in the summation in Eq. 3.3
[47]. The spherical harmonics Y m

l (θ ,φ) of order l and degree m is given as follows [59]

Y m
l (θ ,φ) =

√
(2l +1)[(l−m)!]

4π[(l +m)!]
Pm

l (cos(θ))(−1)meimφ (3.5)

in which Pm
l (cos(θ)) is the associated Legrendre function [59].

The electrostatic potential in the other media are expressed in an analogous manner [43].
It should be noted that there is images charges do not contribute to the total potential in the
regions below the substrate surface [46, 35].

The electrostatic potential of the substrate supported MNP is strongly related to Eq. 2.13.
While the latter describes the optical response of a particle embedded in a homogenous
medium, the former includes the presence of a substrate as well as the interaction between
the substrate and the MNP.

In order to obtain an expression for the expansion coefficients, the boundary conditions,
defined in Eq. 2.14, are imposed on Eq. 3.5 and its equivalents. This gives rise to a linear
system of equations for the expansion coefficients Alm and Blm [43]. Once the expansions
coefficients are known, the electric field (derived from Eq. 2.12) can be determined – and thus
the polarizabilities of the substrate supported nanoparticle can be obtained [55].

The polarizabilities of a sphere in a homogenous medium is given by Eq. 2.17. In the case
of a substrate supported particle, the introduction of the image charges in the substrate causes
the polarizabilities of the particle to be different parallel and perpendicular to the substrate
surface [47]. The polarizabilities of the sphere are found through a multipole expansion of the
polarization. To dipolar order the polarizabilities read as follows [59]

α⊥ =
2πε1√

2π

3 E0 cosθ0

A10 (3.6)

α|| =−
4πε1√

2π

3 E0 sinθ0e−iφ0

A11 (3.7)

where α|| and αz are the dipolar polarizabilities of the particle, parallel and perpendicular to
the substrate surface, respectively. A10 is the expansion coefficient of degree 1 and order 0 and
A11 is the expansion coefficient of order 1 and degree 1.

In order to account for the interactions of a given sphere with neighboring sphere and
their images the polarizabilities are renormalized [43]. Within this work, interactions between
neighboring particles are included to a dipolar order. Simonsen and Lazzari [46] demonstrated
that modeling the interaction of neighboring particles using this dipole approximation was
sufficient when the surface coverage is less than 50 %. Furthermore, difference between the
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dipolar and quadrupolar order was found to be negligible.

3.3 The Surface Susceptibilities

The capability of the interface to polarize parallel (γ) and perpendicular (β ) upon interaction
with light is described by the surface susceptibilities. The surface susceptibilities are related
to the polarizabilities of the MNP as follows [46]

β = ρα⊥ (3.8a)

γ = ρα|| (3.8b)

where ρ is the density of the particles i.e. the number of particles per unit area [55].

3.4 Reflectance, Transmittance and Absorption

Light incident on a surface, defined as an interface between two bulk media of different re-
fractive indices, is partly transmitted and partly reflected. By imposing boundary conditions
to Maxwell’s equation (see Eq. 2.1) the amplitude of the reflected and transmitted waves, de-
noted r and t respectively, can be found. In the case of parallel polarization to the plane of
incidence the amplitude of reflection and transmission read as follows [55, 47]

r‖ =
nt cosθi−ni cosθt

ni cosθt +nt cosθi
(3.9a)

t‖ =
2ni cosθi

ni cosθt +nt cosθi
(3.9b)

In the case of perpendicular polarization to the plane of incidence, the amplitudes are defined
as [55]

r⊥ =
ni cosθi−nt cosθt

ni cosθi +nt cosθt
(3.10a)

t⊥ =
2ni cosθi

ni cosθi +nt cosθt
(3.10b)

where the subscript ‖ and ⊥ denoted the polarization of incident light. ni and nt are the
refractive indices of the media above and below the interface, respectively. θi the angle of
incidence and θt the angle of transmission. Equation 3.9 and 3.10 are known as the Fresnel
coefficients and characterize the optical properties of the interface.

In the theoretical calculations of this thesis work, light is incident normal to the substrate
surface. At normal incidence there is no difference between paralell- and perpendicular- po-
larized light [47]. The reflection and transmission amplitudes can be written in terms of the
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surface susceptibilities [43]. These will differ from the amplitudes of a bare interface (the so-
called Fresnel coefficients described above), due to the boundary conditions imposed on the
solutions of Laplace equation. At normal incidence the reflection and transmission amplitude,
given as a function of the surface susceptibilities, read as follows [55, 43]

r =
√

ε1−
√

ε2 cos(θt)+ iω

c γ
√

ε1 +
√

ε2 cos(θt)− iω

c γ
(3.11)

t =
2
√

ε1√
ε1 +
√

ε2 cos(θt)− iω

c γ
(3.12)

where ε1 and ε2 are the dielectric functions of medium 1 and 2, respectively (see Fig. 3.1). θt

is the angle of transmission [43].

The reflectance R and transmittance T, defined in Chapter 2.7, can be written in terms of
the amplitude of reflection and transmission [43]

R = |r|2 (3.13)

T = |t|2
√

ε2 cos(θt)√
ε1

(3.14)

The amount of light absorb by the MNP is simply found as a consequence of conservation of
energy.

3.5 The software

The first code of GranFilm [46] was written in FORTRAN 90 programming language by Ingve
Simonsen and Remi Lazarri. This code, which focused on truncated spheres on a substrate, has
been developed to also support truncated spheroids [55, 56, 43]. The software can be freely
downloaded from [60] and is available for Mac OSX, Linux and Windows. It is a terminal
program, which provides a text-formatted parameter file as input and producing a datadase
(.dat) file as output.

GRANFILM is connected to the dielectric database SOPRA [61]. The database consists of
a great variety of materials, ranging from metals to dielectrics. One drawback with the SOPRA
database is that, for most materials, there is no information of how the sample was prepared
or how the dielectric function was measured. Additionally, the database only contains bulk
dielectric functions and hence there exists a lower limit with regard to the size of the MNPs.
When the size of the particle becomes comparable to the mean free path of the conduction
electrons the dielectric function changes with respect to the bulk dielectric function [40].

In the theoretical calculations of this thesis work, the square arrays of MNPs are modeled
as truncated spheroids with a truncation ratio of zero . A truncation ratio of zero corresponds to
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a spheroid in which half of the spheroid is on top of the substrate while the other half is buried
inside the substrate. A truncation ratio of zero was chosen for the simplicity it provides with
respect to defining the radii of the spheroids. The spheroids are defined in terms of two radii,
corresponding to the experimental height and radius. The height is kept constant, while the
radius varies according to the radius of the fabricated MNPs in this thesis work and in the work
presented by Håvardstun [9] and Greve et al. [73]. Model extinction spectra are presented in
Chapter 6.5.

3.5.1 Limitations

The Bedeaux-Vlieger model is strictly valid within the electrostatic regime. Two particle sizes
are not captured by this theory. Firstly, larger MNPs cannot be described adequacy using the
GranFilm software, since the Bedeaux-Vlieger model breaks down due to retardation effects
over the particle volume. Secondly, particle dimensions considerably smaller than the free
mean path of the conduction electrons cannot be described by the bulk dielectric function of
the metal. Although not relevant in this work, so-called finite-size corrections of the dielectric
function have been implemented into the GranFilm software [54, 56].

Truncated spheres and spheroids are the only particle shapes that have been implemented
into the GranFilm software [43]. The LSPR wavelength is highly dependent upon the shape of
the MNP [28]. The fabricated MNPs in this thesis work are disk-shaped. There are therefore
discrepancies between the optical responses, in particular the LSPR wavelength, of the model
and experimental MNP systems.

The surface susceptibilites govern the far-field optical properties, such as the transmittance
and reflectance. However, no information about the near-field is gained. If higher order res-
onances are present, these may not survive to the far-field, and will therefore not be detected
using the GranFilm software.



Chapter 4

Experimental Equipment

The present chapter describes the experimental equipment used to produce large arrays of

MNPs situated on a non-conductive substrate, as well as the equipment used to characterize

the arrays with respect to structure (size, interparticle distance and height) and optical prop-

erties. The starting point is a discussion of the underlying principles of the combined electron

beam lithography (EBL) and scanning electron microscopy (SEM) system, followed by a de-

scription of the metal deposition system, the thin film analyzer and the integrating sphere

set-up. The experimental procedure is described in Chapter 5. The main emphasis in this

Chapter and following Chapter has been on the description of instrumentation and methods

that have been established during this thesis work.

4.1 The NanoStructure Laboratory at UiB

The majority of the experimental work conducted in this thesis is performed in the Nanostruc-
ture laboratory at UiB, located at the Department of Physics and Technology. The laboratory is
divided into four sections; an ISO 5 standardized cleanroom, an ISO 7 standardized cleanroom
cabinet, a semi-clean room and a storage room. The ISO standard of a cleanroom is based on
the maximum number of particles larger than 0.1 µm permitted in a cubic meter (particles/m3).
Outdoor air is classified as an ISO 9 standard and the allowed number of particles/m3 decreases
with standard number [62]. To maintain the cleanness of a cleanroom, temperature-controlled
pressurized air enters the room through filters in the ceiling. This creates a positive pressure
that forces airborne particle contamination to exit the room through integrated gaps at floor
level. All personnel working in the laboratory must follow a dress code to minimize the intro-
duction of particle contamination.

The ISO 5 cleanroom hosts a fume hood and the thin-film analyzer, which in this thesis
work is used for sample processing and thickness measurements, respectively. The electron
beam lithography system is located in the ISO 7 standardized cleanroom cabinet, while the
semi-clean room hosts the electron beam evaporator (i.e. metal deposition system).
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4.2 Electron-Beam Lithography

Electron beam lithography (EBL) comprises scanning a highly focused electron beam across
a surface coated with an electron-sensitive film. This electron-sensitive film, termed resist,
changes chemically upon exposure according to the energy deposited by the electron beam, so
that the exposed (un-exposed) areas can be selectively dissolved in an appropriate developer
solvent. For so-called positive-tone resists the developer solvent eliminates the exposed areas,
whereas for negative-tone resists the invers occurs [63].

The working principle of EBL is very similar to any other lithography technique. However,
EBL does not require the use of a mask such as e.g. optical lithography, in which visible or
UV-light is used to form a pattern defined by a mask placed between the light source and a
light-sensitive resist (photoresist). The use of a mask allows for instant exposure, but the mask
basically acts as a set of slits, so the final resolution is limited by diffraction. EBL, on the other
hand, allows for very high resolution (resolution of sub-10 nm scales has been demonstrated
[64]). However, as the pattern is defined by scanning the beam across the surface of the sample,
the throughput is low; EBL can be several orders of magnitude slower than optical lithography
[64].

4.2.1 Raith E-line Electron Beam Lithography System

The EBL system (Raith E-line) in the UoB Nanostructures facility is depicted in Fig. 4.1. It is
essentially a scanning electron microscope (SEM) to which a beam blanker, a high-precision
laser-interferometer controlled sample stage and a pattern generator have been added. These
additional features make it possible to write in a highly selective manner by the means of a
focused electron beam [63].

Electron column

Secondary (SE2) detector

Loadlock

Chamber Laser Interferometer

Figure 4.1: Electron beam lithography system in UiB Nanostricture laboratory. Note that the
high-speed-patterning computer system is not depicted.
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The electron beam is generated in the so-called electron column, schematically illustrated
in Fig. 4.2. Electrons are extracted from a filament by applying a voltage between a cathode
(i.e. the filament) and an anode and the acceleration voltage is determined by the potential
difference between the two. The maximum acceleration voltage of the Raith e-line system is
30 keV. The aperture is a beam-width limiting hole, of which there are six in the range 7.5
µm and 120 µm. Electromagnetic lenses focuses the electron beam onto the sample surface
and scanning coils control and move its position with respect to the sample surface. Finally,
an electrostatic deflector operate as a beam-blanker [21]. The system is equipped with two
secondary-electron detectors: an InLens detector and a secondary electron (SE2) detector.
Secondary electrons are generated through the ionization of sample (i.e. resist and substrate)
electrons [63]. The InLens detector only collects secondary electrons directly emitted from
the sample volume, while the positively-biased electrode SE2 detector additionally detect sec-
ondary electrons generated when backscattered electrons (defined and discussed in Section
4.3) bounce off the wall of the chamber. As illustrated in Fig. 4.2, the SE2 detector is lo-
cated at an angle with respect to the sample plane. Topographic information can thus be
extracted from these signals. As SEM imaging involves the bombardment of electrons on a
surface, non-conductive samples will accumulate charge causing a substantial drift of the elec-
tron beam which in turn gives rise to significant image distortions. To prevent such charging
effects, non-conductive samples can be coated with a charge-dissipating layer (e.g. a metal).

The Raith E-line system has a CAD (Computer-Aided-Design) software for designing and
editing patterns. The size of the CAD corresponds to the area over which the electron beam
scans just by deflecting the beam. If this area exceeds a certain size, the resolution is reduced
[65]. To maintain a high resolution, the pattern can be divided into several smaller components
called write-fields (typically 100 µm× 100 µm). Neighboring write-fields are stitched together
by moving the sample stage, which is measured and controlled by the laser interferometer.
Alternatively, large and continuous pattern can be written in fixed-beam-moving-stage mode
(FBMS mode). However, FBMS can only be used to pattern area, lines and circles.

The number of electrons deposited by the electron beam per area (or point) is termed
exposure dose. In this thesis work, large periodic arrays of zero dimensional points (dots)
were produced. The exposure dose of a dot is defined as [65]

Dot dose [pC] = Dwell Time [ms] x Beam Current [nA] (4.1)

The dwell time is defined as the period of time the beam exposes each point and can thus
be changed by adjusting the exposure dose and/or the beam current. The latter is directly
proportional to the area of the aperture. Consequently, reducing the aperture will increase the
write-time. Additionally, the beam current depends upon the state of the filament. It should
be noted, as described in the following section, that the exposure resolution of the electron
beam is not solely dependent upon the pre-determined exposure dose. Interaction between the
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Electromagnetic Lenses 
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InLens Detector
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Beam Blanker

Secondary Electron (SE2) Detector

Figure 4.2: Schematic diagram of the essential components of the EBL system. Redrawn
from [21].

incident electrons and the sample can cause additional resist exposure.

4.3 Electron-Beam and Resist Interactions

Interactions between the incident electrons, hereafter referred to as primary electrons, and the
sample (resist and substrate) act as an intrinsic limit to the exposure resolution of the electron
beam. So-called forward scattered electrons originate from collisions between the resist/sub-
strate electrons and the primary electrons. Such small angle scattering events (scattering angle
< 90◦) broadens the beam-profile at the bottom of the resist relative to the top of the resist, cre-
ating an undercut profile (see Fig. 4.3). Forward scattering of electrons is more pronounced at
low voltages (typically less than 15 keV) and the degree of forward scattering increases with
the thickness of the resist [66] Although forward scattering is a limiting factor in terms of the
final resolution, it is in some cases highly advantageous, as will be discussed in the following
section. In addition to forward scattering, backscattering of electrons need to be considered.
Most of the primary electrons have sufficient energy to penetrate through the resist and into
the substrate where they undergo large angle scattering (scattering angle > 90◦). Backscattered
electrons re-emerge into the resist at a different site from which they left it, thereby causing
additional resist exposure [63]. The distance between the site of incidence and the site where
the backscattered electrons re-emerge into the resist, depends upon the energy of the primary
beam and the substrate material [67]. At high acceleration voltages (typically higher than 15
keV), backscattering of electrons prevails over forward scattering of electrons [66] and mate-
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rials of high atomic number (Z) generate more backscattered electron than materials of low
atomic number [64]. Another source that can give rise to subsequent resist exposure is sec-
ondary electrons. A secondary electron originates from the ionization of a sample electron
due to an inelastic collision between a primary electron and a sample electron [63]. Secondary
electrons cause additional beam broadening with respect to forward scattering of electrons and
largely account for the minimum resolution that can be achieved [67]. The combined effect of
these scattering events is termed proximity effect. The proximity effect makes it hard to pre-
dict the highest resolution that can be achieved using an EBL system. Sub-10-nm features has
been patterned using PMMA [64].

Quantitatively, the proximity effect is described via a so-called proximity function. The
proximity function is typically defined as the sum of two superimposed (overlapped) Gaussian
distributions, one of which is attributed to the forward scattering of electrons, while the other
describes the backscattering of electrons [67]. It read as follows [68]

f (r) =
1

(1+η)π

[
1

α2 exp(− r2

α2 )+
η

β 2 exp(− r2

β 2 )

]
(4.2)

in which r is defined as the distance from the point of electron beam incidence, α is the
width (full width at half maximum) of the forward scattered electron function, β the width of
the backscattered electron function and η the ratio of the energy deposited by backscattered
electrons to the energy deposited by forward scattered electrons.

4.3.1 The Resist

PMMA (Poly(methyl methacrylate)) is a widely used very-high resolution positive-tone resist
for EBL [63]. It is a synthetic polymer of methyl methacrylate dissolved in a solvent, typically
anisole (methoxybenzene) or chlorobenzene, of desired concentration. The molecular weight
(i.e. the length of the polymer chain) of PMMA vary in the range 50.000 (50K) to 2.2 million.
During exposure, PMMA is broken into smaller, more soluble fragments, a process known
as chain-scissoring. The exposed areas are subsequently dissolved in a developer solvent. In
general, PMMA becomes less soluble as the length of the polymer chain increase [69].

PMMA is spun onto the substrate at a set rotational speed to form a thin coating. The final
thickness of the PMMA resist depends on the viscosity of the diluted PMMA, the adhesiveness
to the surface and the rotational speed. The spin-coat is followed by a hotplate or furnace bake
to evaporate residual solvent, thereby annealing the PMMA film.

In the present work, a single-layer PMMA scheme and a bi-layer PMMA scheme were
employed to produce large arrays of MNPs by the means of EBL. A lift-off process was used
to remove the un-exposed PMMA after metal deposition (procedure described in Chapter 5)
which in turn removes the metal at these areas. Bi-layer PMMA was employed for the first
time at the UiB Nanolab in this thesis work. The lift-off process requires a so-called undercut
beam-profile, schematically depicted in Fig. 4.3. The undercut prevents the sidewalls of the
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Single resist layer Low resolution resist
High resolution resist

Substrate Substrate

Figure 4.3: Sketch of the desired undercut-profiles obtained using a single layer of resist (left)
and a bi-layer resist (right). The general purpose of such profiles is to separate the deposited
metal-film on the substrate and the metal-film deposited elsewhere.

resist to be coated during metal deposition, that is, it creates a discontinuous metal layer. Such
undercut profiles originate from forward scattering of primary electrons. However, strong for-
ward scattering of electrons is a limiting factor in terms of final resolution [63]. This resolution
issue can be addresseed by using a bi-layer resist scheme. In a bi-layer scheme a higher reso-
lution (i.e. lower sensitivity, higher molecular weight) resist is coated on top of a lower reso-
lution (i.e. higher sensitivity, lower molecular weight) resist. The difference in resolution give
rise to a wider beam profile at the bottom resist layer, as illustrated in the right panel of Fig.
4.3, which aids the lift-off process. A higher acceleration voltage relative to the single-layer
scheme can thus be used and, consequently, a higher resolution can be obtained [63].

4.3.2 The Substrate

In order to study the optical properties of the produced MNP arrays the underlying substrate
should be transparent to light in the visible range. From an EBL (and SEM) perspective, a
conducting substrate is highly favorable as it prevents surface-charging effects. ITO covered
glass slides was initially chosen as the substrate in the work presented by Håvardstun [9], as
it is electrically conductive and transparent. However, the MNPs coupled photons to the ITO
waveguide (a waveguide hosts propagating photons). This was evident as a suppression of the
extinction peak as well as the appearance of several other peaks in the extinction spectra (Ex-
tinction = -log(Transmittance) [25]) of gold NP arrays deposited onto ITO. Thus, the optical
properties of the MNPs could not be extracted using ITO as the underlying substrate. In or-
der to eliminate such substrate effects, borosilicate glass coverslips (No. 1 coverslips Thermo
Scientific) are used as a substrate (dimensions: 22 mm × 22 mm × 0.15 mm) throughout the
work presented in this thesis. A non-conductive substrate complicates the production proce-
dure, because a charge dissipating layer (e.g. a thin metal layer) is required above or below the
resist to avoid charge accumulation in the substrate during exposure [70].

4.4 Electron Beam Evaporator

Electron beam evaporation is a controlled method of depositing a thin film onto a surface. In
short, the deposition process comprises locally heating a source material in a crucible inside a
vacuum chamber to its evaporation point by the means of a high-energy electron beam. The
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vapor of the source material condenses onto the substrate surface as a thin, uniform film.

The electron beam evaporator (Temescal FC 2000) in the UiB Nanostructures facility is
depicted in Fig. 4.4. The available source materials to date are gold, aluminium, nickel,
titanium and silicon dioxide. Prior to the deposition, source material, angle of deposition and
final thickness of the film are defined by the user in the Temescal Control System software. In
fabrication of MNPs that requires a lift-off, the metal must be deposited at normal incidence
to prevent the sidewalls of the developed resist from being coated. The electron beam is
accelerated by a 10 kV power supply (CV-12SLX) and focused onto the crucible of the source
material. The system contains two shutters positioned between the crucible and the sample
holder. At the point of metal evaporation, a first shutter opens while the other covers the sample
holder and the source material condenses onto a quartz crystal. Due to the additional mass,
the resonance frequency of the quartz crystal changes. This change in resonance frequency is
used as a measure of the deposition rate. When the desired thickness is reached, the second
shutter opens and the source material condenses onto the sample surface at a given period of
time depending on the pre-determined thickness.

Figure 4.4: The electron beam evaporator in the Nanostructure Laboratory

4.5 Thin-Film Analyzer

The ISO 5 cleanroom hosts a Filmetrics F10-RT thin-film analyzer depicted in Fig. 4.5. It
consists of a tungsten halogen light source (spectral range 380 nm - 2000 nm) and two VIS-
NIR grating spectrometers (spectral range 380 nm - 1050 nm) connected to a computer. One
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spectrometer collects the light directly reflected off a sample while the other detects the light
directly transmitted through the sample, as illustrated in Fig. 4.6. Prior to the measurements
the materials and their nominal thickness are defined by the user. In order to find the thick-
ness of a thin-film on a flat surface the FilmMeasure software analyzes the reflectance and
transmittance spectra of the sample by comparing them to a series of calculated spectra. The
match between the measured spectrum and the calculated spectra give rise to a goodness of fit,
a number in the range 0 - 1. In this context, 1 is a perfect match corresponding to an accurate
measurement.

Figure 4.5: The thin-film analyzer in the Nanostructure laboratory

The thin-film analyzer is used to measure the thickness of the PMMA resists. PMMA
thickness measurements are presented in Chapter 5.1.2. Additionally, the height of the MNPs
are determined using this system. These results are presented in Chapter 6.2.2. Although not
employed in this work, the thin-film analyzer can be used to collect the transmittance spectra
of the MNPs in order to obtain the extinction of the MNPs.
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Sample with MNP array

Optical Fibers

Figure 4.6: Schematics of the set-up used to determine the thickness of the PMMA resist at
different spin speed as well as measuring the height of the MNP arrays. Redrawn from [21].

4.6 Integrating Sphere Set-Up

In its simplest form, an integrating sphere is a spherical cavity coated with a ideal diffusely
reflecting material (i.e. a so-called Lambertian reflector). The set-up is illustrated in Fig.
4.7 and depicted in Fig. 4.8. Light that enters the sphere is scattered multiple times at the
inner wall of the sphere. As a consequence of this scattering, the light within the sphere is
uniform, meaning that any spatial, angular or polarization variations at the entrance port are
lost. The detector of an integrating sphere collected the total amount of light scattered in all
spatial directions [52]. As described in Chapter 2.7 this separation allows for separating the
contributions of absorption and scattering to the total extinction of a sample.

The direct light path from the entrance or sample port to the detector port must be blocked,
as this light will have a non-uniform distribution. To block these light paths, a so-called baffle
is employed in large spheres. Smaller spheres, like the ones used in this work, do not require
a baffle, due to small radii of the spheres in combination with the low acceptance angle of the
optical fiber [72, 21]. The sample port, entrance port and detector port represent an intrinsic
source of error in an integrating sphere. Firstly, the ports themselves are not coated with the
highly reflective material so the light is not scattered in all directions. Secondly, a certain
amount of information will be lost. As a rule of thumb, the total area of the ports should be
less than 5% of the internal surface of the sphere to minimize these errors [72].

As evident from figure 4.6, the thin-film analyzer is capable of recording the transmit-
tance spectrum of a sample, which is needed to obtain the extinction spectrum (extinction =
-log(transmittance) [25]). However, only the light directly transmitted/reflected through/off
the sample is collected. Absorption of light by the MNPs is expected to contribute to the to-
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Figure 4.7: Illustration of the integrating sphere set-up. Light that enters the sphere is scattered
multiple times at the inner wall of the sphere. The detector of an integrating sphere collected
the total amount of light scattered in all spatial directions [52]. This makes it possible to
separate the contributions of absorption and scattering to the total light extinction of a sample.
Figure taken from [21]

tal extinction. This loss in intensity cannot be detected using the thin-film analyzer due to the
small acceptance angle of the fiber. An integrating sphere, on the other hand, collects the light
scattered in all spatial directions. The amount of light absorbed by the sample is simply found
as a consequence of conservation of energy.

Reflection Sphere

Gloss trap

Transmission sphere

VIS-NIR spectrometer

Light Source

Figure 4.8: The integrating sphere set-up used to obtain the extinction spectra of the produced
MNP arrays in this thesis

The integrating sphere set-up used in this thesis is inspired by the work of Langhammer et
al. [52]. A tungsten halogen light source (Ocean Optics HL-2000) with a wavelength range
of 380 nm -2000 nm is employed. The light is guided to the spheres using an optical fiber
(Ocean-Optics P400-2-VIS-NIR) with a diameter of 400 µm and a spectral range of 400 nm
- 2100 nm. The spot size (i.e. the diameter of the beam at the sample port) is approximately
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3 mm. The set-up consists of two spheres, one of which detects the light transmitted through
the sample while the other detects the light reflected off the sample. The transmission sphere
(Ocean Optics ISP-50-8-I) and the reflection sphere (Ocean Optics ISP-50-8-R-GT) has an
internal diameter of 50 mm and a sample port with a diameter of 8 mm. The reflectance sphere
is equipped with a so-called gloss-trap, which is a light-trap inside the sphere used to exclude
or include the specular portion of the reflected light. The light entrance port is mounted at
an angle of 8◦ with respect to the surface plane. Consequently, the gloss-trap is positioned at
an angle of −8◦. The spectral range of the spheres is 200 nm - 2500 nm. The reflectivity of
the internal coating is > 98 % in the wavelength range 400 nm - 1500 nm and greater than
95 % in the range 250 nm - 2500 nm. The spectral range of the VIS-NIR spectrometer (Ocean
Optics USB400-VIS-NIR ES) is 350 nm -1000 nm. It employs an entrance slit of 25 µm. The
maximum number of peaks that the spectrometer can resolve is determined by the spectral
resolution, which in this case is approximately 1.5 nm.
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Chapter 5

Experimental Procedure

The present chapter describes the experimental procedure for fabricating large periodic arrays

of disk-shaped MNPs on a non-conductive substrate by the means of EBL. The procedure for

fabricating large arrays (16 mm2 - 25 mm2) of MNPs of diameters in the range 45 nm -

150 nm using EBL was established by Håvardstun [9]. The objective of this thesis work has

been to improve the fabrication method established by Håvardstun to enable the fabrication

of smaller nanoparticles (diameters down to 20 nm) by the means of a bi-layer resist scheme.

Furthermore, the topic of this thesis work has been to extend and improve the investigation of

the optical properties of the MNPs by using an integrating sphere set-up.

5.1 Electron Beam Lithography Production Steps

This section presents a detailed description of the procedure for fabricating disk-shaped MNPs
using EBL. It is important to bear in mind that each step cannot be realized independently; the
resulting pattern (resolution) is determined by the accumulative effect of each step.

5.1.1 Solvent Cleaning

Prior to sample-processing all equipment (e.g. beakers, tweezers) was rinsed in three different
solvents to remove particle contaminations;

1. Acetone (Emparta ACS, Merk KGaA)

2. Methanol (Emparta ACS, Merk KGaA)

3. 2-Propanol (Emparta ACS, Merk KGaA)

The bare glass substrates were placed in an ultrasonic bath for 10 minutes in acetone, followed
by 10 minutes in 2-propanol, as indicated in Figure 5.1. The ultrasonic bath was used to agitate
the solvent which in turn removes contaminants on the substrate surface. Subsequently, the
substrates were blown dry using pure nitrogen gas and stored in individual sample containers.
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Figure 5.1: Image of the ultrasonic bath used for substrate cleaning. Note that the sample
holder used in the cleaning process is depicted.

5.1.2 Resist Coating

PMMA (poly(methyl methacrylate)) diluted in anisole was used as a positive-tone resist in this
work (described in greater detail in Chapter 4.3.1). Two different resist scheme were employed

• PMMA 950K in anisole (Allresist, Ar-P672.08) at a ratio of 2:3 as a single-layer resist

• PMMA 495K in anisole (Microchem 495K PMMA A8) at a ratio of 2:3 and PMMA
950K (Allresist Ar-P672.02) in anisole (not diluted) as a bi-layer resist scheme

950K and 495K refers to the molecular weight of PMMA i.e. the length of the PMMA chains.

The cleaned glass substrate was placed on a sticky silicon wafer inside the spin coater
(Chemat technology KW-4A), as depicted in Fig. 5.2. Subsequently, a small vacuum pump
was turned on to prevent the substrate from falling off during the spin-process. PMMA was
dispersed onto the glass substrate using a pipette. The spin-coat process is divided into two
stages. Firstly, the pre-spin stage disperses the PMMA at low speed and secondly, the high-
spin stage homogenizes the PMMA-layer at higher speed. Thereupon, the coated substrate
was placed on a hotplate (UniTemp GmbH – Eurotherm 2132) and baked to evaporate residual
solvent and harden the PMMA-film.

A thick resist-layer(s) was used in this thesis work as this ease the lift-off process (dis-
cussed in Chapter 4.3 and 4.3.1). In the single-layer resist scheme a thickness of approxi-
mately 180 nm was used, whereas in the bi-layer resist scheme the total thickness of the resists
were approximately 150 nm. To realize the desired thickness of the PMMA-film, the thin-film
analyzer was used to measure the thickness of PMMA-films obtained at different spin-speeds.
Due to the transparent nature of PMMA and glass, silicon wafers were used as the underly-
ing substrate for the thickness measurements. So-called thickness versus spin-speed curves for
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Figure 5.2: The spin coater at the Nanostructure laboratory.

PMMA 950K and PMMA 495K diluted in Anisole at a ratio of 2:3 are presented in Fig. 5.3.
The thickness of PMMA 950K (not diluted) was not measured for all spin speeds. The man-
ufacturer Allresist stated that the thickness obtained at 4000 rpm was approximately 70 nm,
which was the desired thickness.

In the single layer resist scheme the low speed-stage was set to 500 rpm for 6 seconds and
the high spin-stage was set to 4000 rpm for 60 seconds. Directly after the spin-coat process,
the substrate was soft-baked on a hotplate at 175◦C for 5 minutes. As illustrated in Fig. 5.3,
this gave rise to a PMMA thickness of 180± 1 nm. In the bi-layer resist scheme PMMA 495K
(PMMA : anisole = 2:3) was used as the bottom resist layer. The low spin-stage was set to
500 rpm for 6 seconds and the high spin-stage was set to 6000 rpm, followed by a soft-bake
on the hotplate for 3 minutes at 175◦C, giving rise to a PMMA thickness of 82 nm ± 1 nm.
Subsequently, PMMA 950 K (not diluted) was spin-coated on top of the PMMA 495K layer.
The low spin stage was set to 500 rpm for 6 seconds and the high spin stage was set to 4000
rpm, followed by a soft-bake for 6 minutes at 175◦C to obtain a thickness of 69 ± 1 nm.
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Figure 5.3: Thickness-versus-spin-speed curves. The thickness was measured using the thin-
film analyzer and the curves are fitted using 20 datapoints. Y-markers are the standard devi-
ation based on four measurements at different sites on the sample. X-markers is based on a
±1% error of the RPM value given by the spin coater manufacturer (Chemat technology KW-
4A). Top panel: Thickness-versus-spin-speed curve for PMMA 950K (PMMA:anisole = 2:3).
Bottom panel: Thickness-versus-spin-speed curve for PMMA 495K (PMMA:anisole = 2:3)
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5.1.3 Deposition of a conductive layer

The non-conductive nature of the glass substrate required a charge dissipating layer to prevent
accumulation of charge in the glass substrate and the associated deflection of the electron beam
during exposure. A 4 nm thick layer of Chromium was deposited on top of the resist-coated
glass substrate using the electron-beam evaporator. The deposition procedure is described in
Section 5.1.8.

5.1.4 Production of Dose Matrices

The optimal exposure doses (described in Chapter 4.2.1) of the large arrays were found by
writing multiple write-fields (defined in Chapter 4.2.1) of increasing exposure dose. One such
array is called a dose matrix. An illustration to how dose matrices are prepared is given in Fig.
5.4. As the resulting pattern depends upon the type of resist and substrate used for exposure,
dose matrices were only written on glass-substrate coated with PMMA (one or two layers) and
Chromium (4 nm). The nominal exposure dose was chosen based on the work presented by
Håvardstun [9] and the exposure dose varied around this nominal dose.

0.6 0.7 0.8

0.9 1.0 1.1

1.2 1.3 1.4

Figure 5.4: Schematics describing the preparation of dose-matrices. Each sqaure is given
a number to indicate the dose factor (multiple of the nominal exposure dose). Each square
consists of 2 × 2 100µm × 100 µm write-fields, so that the stitching between neigboring
write-field as well as the size and shape could be evaluated. Redrawn from [9]

CAD-files (100 µm × 100 µm) containing a 2D periodic array of circles (area exposure)
with a given diameter and periodic spacing were prepared. Each circle within each write-field
is defined by deflecting the electron beam in a circular motion. Dose matrices were written
with an exposure dose ranging from 20 pC/cm2 to 100 pC/cm2 using an aperture of 20 µm
and an acceleration voltage of 15 keV. Additionally, CAD’s (100 µm × 100 µm) of single
coordinate points (dot exposure) with a periodic spacing were prepared. Each dot within each
write-field is defined by centering the beam at each point in a given period of time defined
by the dwell time (see Equation 4.1). Dot dose matrices were written with an exposure dose
ranging from 0.0001 pC to 0.01 pC using an acceleration voltage of 15 keV for the single-layer
PMMA and 20 keV for the bi-layered PMMA (a higher acceleration voltage could be applied
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in bi-layered PMMA scheme due to the difference in sensitivity of the two layers, see Chapter
4.3.1). The aperture was 10 µm or 20 µm. Although the pattern defined by 2D circles gave
more freedom in terms of defining the shape of the MNPs (e.g. by designing an ellipse to
pattern a circle), the dot matrices featured the smallest MNPs and were therefore chosen for
large array writing.

As discussed in Chapter 6.3, it was found that the proximity effect (desribed in Chapter 4.3)
had to be taken into account to achieve the desired particle diameter. This was accomplished
by fabrcating dot-dose matrices were the particle size was optimized for a fixed interparticle
distance.

5.1.5 Electron Beam Writing Procedure

The sample (i.e. glass substrate coated with PMMA and Chromium) was mounted under two
clips in the e-line sample holder. It was found by iteration that mounting the sample under two
clips, as opposed to just under one, reduced the tilt in the sample plane caused by the clip. Sus-
pended polystyrene beads were deposited at a corner of the sample surface using a toothpick.
The polystyrene beads have a diameter of approximately 100 nm and a well-defined circular
shape and were therefore used as a focusing aid. After the loading procedure was executed,
the voltage was turned on and the aperture was chosen. In the single-layer resist scheme the
acceleration voltage used for large-array writing was 15 keV and the aperture was 20 µm. In
the bi-layer resist scheme the acceleration was 20 keV, while the aperture was 20 µm. There-
upon, the stage was moved with respect to the electron beam to the site of the polystyrene
beads. At this site, the working distance (i.e. the distance between the final lens and the sam-
ple surface), the stigmation and the aperture were aligned at increasing magnifications to find
the optimum focus and the clearest SEM image (i.e. minimal aberration). Figure 5.5 depicts
polystyrene beads at a high magnification. Subsequently, the working distance was aligned
close to the start and end position of the exposure area. The average of these two working dis-
tances was used for the exposure. The focus plane of the electron beam is highly sensitive to
changes in the sample plane. A minor change in the sample plane increases the spot size of
the electron beam which in turn increases the diameter of the exposed point. It was highly
important to use the average working distance obtained as described above as opposed to the
optimum working distance at the site of the polystyrene beads to minimize polydispersity of
the particles diameter.

A write-field alignment was then performed to adjust the electromagnetic deflection sys-
tem inside the column to the high-precision interferometer stage. A suitable site for write-field
alignment is a particle contamination (e.g a dust particle) with separable features at low magni-
fications (around 5000 X). The write-field alignment was performed first manually at increas-
ing magnifications by dragging vectors from given positions to the chosen site on the particle
contamination. Secondly, an automatic write-field alignment was performed at very high mag-
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Figure 5.5: SEM image of polystyrene beads situated on the substrate surface. Depositing
polystyrene beads at the corner of the substrate surface was used as a focusing aid.

nifications. In the automatic procedure the software interpret the position of the chosen site
by the means of image contrast and brightness. The correction vectors assessed from the pro-
cedure ensured stage movement of high accuracy. Optimizing the write-field alignment was
highly important to minimize stitching-errors in the junction between write-fields.

The sample holder features a Faraday cup (a conductive cup). After completing the write-
field alignment, the beam current was measured at the site of the Faraday cup holder. The CAD
file comprising the pattern was then imported and given a dose factor (multiple of nominal
dose). Finally, the dwell time was calculated (see Equation 4.1) and the exposure initiated.
The EBL-writing parameters used for large-array writing are presented in Table 6.2.

5.1.6 Wet Etch of the Conductive Layer

The sample was placed in a chromium etchant (Transene company inc.) bath for a few seconds
to remove the chromium-layer. Thereupon, the sample was soaked in deionized water and
finally rinsed with 2-propanol.

5.1.7 Chemical development of the resist

The developer solvent used in this thesis work is MIBK:IPA (1:3). MIBK:IPA (AR 600-56,
Allresist GmbH) consists of methyl 2-methylpropyl ketone and 2-propanol at the ratio 1:3. To
dissolve the exposed areas of the PMMA-resist, the sample was immersed in MIBK:IPA for 2
minutes. Subsequently, the sample was rinsed with 2-propanol in order to stop the developing
process and finally blown dry using pure nitrogen gas.
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5.1.8 Metal Deposition Procedure

A homogenous thin-film of metal was deposited onto the sample using the electron beam
evaporator (Temescal FC-2000). Four different source materials were used in this work

• 4nm Chromium

• 20 nm Gold

• 20 nm Nickel

• 20 nm Aluminum

Chromium was used as a charge dissipating metal layer, while gold, nickel and aluminum
were used for fabricated large arrays for optical analysis. Due to its relatively low cost, dose
matrices were fabricated using nickel.

The process chamber is maintained at high vacuum. To initiate the loading/unloading
procedure the process chamber thus has to be vented to bring it to ambient pressure. Samples,
as well as complementary samples for thickness measurements, were mounted onto the sample
holder by the means of clips. The type of source material, the angle and rate of deposition as
well as the nominal thickness was defined manually in the Temescal software. In this work, the
metal was deposited onto the sample at normal incidence with a deposition rate of 0.2 nm/sec.
The automatic deposition process was initiated by pumping the chamber down to 1.5×10−6

mbar. The high voltage supply was then turned on to power the electron beam. After the
deposition, the samples were un-mounted and placed in individual sample containers. Finally,
the process chamber was pumped to high vacuum and the high voltage turned off.

5.1.9 Lift-Off Procedure

N-Methyl-2-pyrrolidone (NMP) was used to dissolve the un-exposed PMMA areas on the
sample which in turn removes the metal-layer. A glass petri dish was filled with NMP and
heated to 80◦C on a hotplate (Stuart CB160), while the temperature was monitored using a
thermometer. The sample, with the metal layer facing upwards, was placed in the petri dish
when the temperature of the NMP had stabilized at 80◦C. After a few minutes the metal layer
started to crack. 10 minutes into the process, sheets of metal loosened from the sample. After
15 minutes the metal layer was completely removed. Subsequently, the sample was carefully
removed from the petri dish, rinsed with 2-propanol and blown dry using pure nitrogen gas.

In the procedure established by Håvardstun [9], the set-point temperature was 70◦C and
the petri dish was gently shaken if the metal layer did not crack after a few minutes. It is,
however, believed that shaking the petri dish increases the number of missing particles in
arrays with particle diameters ≤ 45 nm, as depicted in Fig. 5.6. Using a set-point temperature
of 70◦C without shaking the petri dish was quite time consuming (up to 1.5 hours). Therefore,
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the set-point temperature was increased to 80◦C and the petri dish and the sample were left
untouched during the process. This increase in temperature did not have any negative effect
on the resulting pattern.

Figure 5.6: SEM image of MNPs subjected to a poor lift-off process. It is believed that the
large amount of missing particles stem from shaking the petri dish during lift-off.

5.2 Structural Characterization

5.2.1 SEM

SEM images were used to characterize and measure the shape and size of the MNPs as well
as the interparticle distance. Additionally, overview images obtained at lower magnifications
were used to evaluate particle arrangement, write-field stitching and the degree of missing
particles and impurities.

The accumulation of charge in the non-conductive glass substrate gives rise to a substantial
drift of the electron beam. This causes significant image distortions. The finest images of the
fabricated arrays were obtained at a voltage of 5 keV and an aperture of 7.5 µm using either
the InLens or the SE2 detector. The SEM characterization of the fabricated arrays is presented
in Chapter 6.2.1.

In the work presented by Håvardstun [9] it was demonstrated that the accumulation of
charge caused a shrinking-effect of the measured dimensions relative to the nominal dimen-
sions. To avoid such charging effects, dose matrices were coated with a 4 nm thick layer of
chromium or a 4 nm thick layer of gold-palladium. The latter was sputtered onto the sample
by the means of a sputter coater. Dose matrices could thus be images at an acceleration voltage
of 10 keV and an aperture of 30 µm.
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5.2.2 Height Measurements

The height of the MNPs was evaluated using the thin-film analyzer. In principle, the thickness
of the metal-film can be measured prior to lift-off. However, to avoid scratches in the metal
film, a complementary glass substrate was coated in the metal-deposition procedure and used
for thickness measurements. It is therefore assumed that the thickness of the metal-film resem-
bles the height of the MNPs. The thickness of the metal film was measured at five different
sites on the sample.

5.3 Integrating Sphere Measurements

An integrating sphere set-up (described in Chapter 4.6) was used to characterize the optical
properties of the fabricated MNP arrays. The set-up can in principle be used to separate the
contribution of absorption and scattering to the total extinction. As discussed in Chapter 6.4
and in Appendix A, only the extinction spectra are presented in this thesis work. Nevertheless,
this section includes the procedure for obtaining the data needed to separate the absorption and
scattering to the total extinction.

All measurements are conducted using the Ocean Optics software SpectraSuite. Prior to
use, each sphere was calibrated. The calibration was performed by letting the SpectraSuite
software set an integration time based on a reference spectrum. The reference spectrum of
the transmission sphere is the light source (i.e. spectrum of an empty sphere), while a dif-
fuse reference standard (WS-1 Reflectance Standard) formed the reference of the reflection
sphere. The integration time is defined as the time of period the detector collects light. In gen-
eral, the longer the integration time, the higher the intensity of the detected signal. Hence, the
integration time was adjusted automatically to maximize the signal without saturating the de-
tector. Furthermore, the software was set to average a certain number of scans, to improve the
signal-to-noise ratio. Calibration of the spheres must be a part of the standard procedure for
use because removing the optical fiber, placing the sample at the sample port etc., allows dust
to enter the spheres which changes the throughput of the spheres. The acquisition parameters
used in all measurements conducted in this thesis are given in Table 5.1.

Table 5.1: Acquisition parameters used in integrating sphere measurements

Sphere Integration time [ms] Scans to average

Reflection Sphere 1350 20
Transmission Sphere 350 100

The gloss trap coated with the same material as the interior of the sphere was used in all
the reflectance measurements in order to include the specular component of the reflection.
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In order to calculate the extinction spectra and the corresponding scattering and absorption
cross-sections of the MNP arrays the following spectra needed to be collected.

• Reference spectrum of the light source and the corresponding dark spectrum in both
spheres

• Reflectance spectrum and dark spectrum of the reference standard in the reflection
sphere

• Dark Spectrum of sample, glass substrate and empty sphere in both spheres

• Reflectance spectrum of sample and glass substrate

• Transmittance spectrum of sample and glass substrate

Transmittance spectrum and dark spectrum of the light source in the transmission sphere
as well as reflection spectrum and dark spectrum of the reference standard in the reflection
sphere were needed for post measurement data processing (see Chapter 2.7). The reflectance
and transmittance spectra of the glass subtracted from the extinction of the MNP array (MNP
and glass substrate) to obtain the extinction of the MNPs.
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Chapter 6

Results and Analysis

This chapter presents the experimental results obtained in this work together with theoreti-

cal calculations. The chapter is divided into two sections. Firstly, the produced MNPs will be

characterized by the means of SEM images and thin-film measurements. In this analysis is size,

shape, height, interparticle distance (center-to-center spacing), particle arrangement, degree

of missing particles and defects of prime focus. Subsequently, the proximity effect is discussed

with respect to the fabrication of dense arrays of MNP of size ≤ 45 nm. Secondly, the ex-

tinction spectra of the produced MNP arrays obtained using the integrating sphere set-up (see

Chapter 4.6) will be presented and analyzed as a function of size and interparticle distance.

The measured extinction spectra collected in the present work and in the work of Håvardstun

[9] and Greve et al. [73], will then be compared to model extinction spectra calculated using

the GranFilm code (see Chapter 3) as well as to experimental spectra obtained by others.

6.1 Samples

A total of five samples were produced as large MNP arrays by the means of EBL (see Chap-
ter 4.2.1) for optical analysis using integrating spheres (described in Chapter 4.6). Standard
spectroscopy techniques, such as an integrating sphere, can be employed to study the optical
properties because the size of the arrays (9 mm2 – 16 mm2) exceeds the light spot size the
sphere (approximately 3 mm in diameter). Sample name, nominal diameter, nominal height
and interparticle distance are given in Table 6.1. Tabulated values are based on SEM images
of small arrays (typically 200 µm × 200 µm) that were produced to find the optimal accel-
eration voltage, aperture and exposure dose for large arrays fabrication (described in Chapter
5.1). A charge-dissipating layer (4 nm chromium or 4 nm gold palladium) was deposited on
top of these small arrays to avoid accumulation of charge in the glass substrate and the asso-
ciated degradation of SEM-image quality. The potential increase in diameter originating from
this final coating layer is not subtracted from the nominal values. A detailed discussion of the
fabrication method can be found in Chapter 5.
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Two different PMMA resist schemes, a single-layer resist scheme and a bi-layer resist
scheme, were adapted to produce large arrays of MNPs. Establishing an EBL procedure for
producing of large arrays by the means of a bi-layer resist scheme was one of the objectives
of this work. In a bi-layer resist scheme, a higher resolution PMMA layer is deposited on
top of a lower resolution PMMA layer. As discussed in Chapter 4.3 and 4.3.1, the difference
in resolution between the two layers ease the lift-off process with respect to the conventional
single–layer resist scheme. The sample Au30_90 was produced using a bi-layer PMMA resist
scheme, while Au45_150, Ni45_150, Al45_150 and Au45_150 were produced employing a
single layer of PMMA resist. The respective interparticle distances are chosen to evaluate how
the magnitude of the spacing affects the optical response of the MNPs. A center-to-center
spacing equal to or greater than 3 times the particle diameter eliminates near-field coupling
between neighboring particles [25]. Hence, Au45_150, Ni45_150, Al45_150 and Au30_90
resemble a periodic ensemble of isolated MNPs, while Au45_100 represent an array of MNPs
interacting via their near-field. The optical analysis is presented in Section 6.4.

Table 6.1: Sample name, nominal diameter and nominal diameter of the large MNP arrays
produced in this work. The samples are named according to the consituent metal, the nominal
diameter and the interparticle distance, respectively.

Sample name Nominal diameter [nm] Int.part distance (x,y) [nm] Height [nm]

Au45_150 45 150,150 20

Ni45_150 45 150,150 20

Al45_150 45 150,150 20

Au45_100 45 100,100 20

Au30_90 30 90,90 20

The EBL writing parameters used in this work are tabulated in Table 6.2. It should be
noted that Table 6.2 is not arranged in chronological order with respect to time of produc-
tion. Additionally, the samples Ni30_60 and Ni20_60 were not written as large arrays. Large
array production of the former was initiated several times without success. Each write-field
(100 µm × 100 µm) of Ni30_60 comprises 1666 × 1666 coordinate points, corresponding to
≈ 2.8 million MNPs. The size of this CAD file might have exceeded the file size limit of the
e-line software. Multiple write-fields were successfully written, indicating that this is not the
case. The production failure is therefore attributed to an e-line software issue that could not
be resolved within the timeframe of this work. The company Raith is investigating the prob-
lem. Large-scale production of Ni20_60, on the other hand, was never intended. A 100 µm ×
100 µm array of Ni20_60 was produced using an acceleration voltage of 20 keV and an aper-
ture of 10 µm. This reduction in aperture, increases the depth of field and decreases the beam
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current, as discussed in Chapter 4.2.1. According to Eq. 4.1, a 3 mm× 3 mm array of Ni20_60
would take 48 hours to complete, not including the amount of time it takes for the stage to set-
tle between each write-field or the amount of time the electron beam needs to stabilize at a new
location. The long write-time of Ni20_60 can, at least to some extent, be reduced through fur-
ther optimization of the writing-parameters and the writing-parameters are therefore included
in the Table.

The low throughput illustrates the main drawback of EBL in terms of fabricating large-
area arrays. However, EBL offers high control of particle shape, particle size and particle
orientation. As discussed in Chapter 2, the extinction peak (i.e. the LSPR wavelength) is
highly sensitive to changes in the above-mentioned parameters. Production of MNPs by the
means of EBL thus minimizes inhomogeneous broadening of the extinction peak caused by
polydispersity in particle size and shape [51]. This is of prime importance in this thesis work
as the long-term objective is to optimize the EnSol solar cell production parameters.

Figure 6.1: Left panel: SEM image of Ni20_60. Right panel: SEM image og Ni30_90. In
both cases, a charge-dissipation layer (4 nm of chromium) was deposited on top of the matrices
to avoid accumulation of charge in the glass substrate. The matrices were produced using a
bi-layer resist scheme. The lift-off process is more feasible in a bi-layer scheme relative to a
single layer resist scheme, due to the difference in sensitivity between the two PMMA layers
(see Fig. 4.3). The writing parameters are tabulated in Table 6.2.
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Table 6.2: EBL writing parameters for MNP arrays. Note that Ni30_60 and Ni20_60 were not written as large array.

Au45_150 Ni45_150 Al45_150 Au45_100 Au30_90 Ni30_60 Ni20_60

Resist scheme Single Single Single Single Bi-layer Bi-layer Bi-layer

Int.part distance (x,y) [nm] 150,150 150,150 150,150 100,100 90,90 60,60 60,60

NP diameter [nm] 45 45 45 45 30 30 20

Total area [mm2] 4×4 4×4 4×4 4×4 3×3

Acceleration voltage [keV] 15 15 15 15 20 20 20

Aperture [µm] 20 20 20 20 30 20 10

Measured beam current [nA] 0.122 0.115 0.124 0.119 0.287 0.138 0.029

Exposure dose [pC/dot] 6×10−3 6×10−3 6×10−3 3×10−3 3×10−3 3 ×10−3 2 ×10−3

Writing hours [hours] 15.5 16 15.5 24 14
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6.2 Structural Characterization

The size, shape, height, interparticle distance, particle arrangement and degree of missing
particles of the MNP arrays form the fundamental of the structural characterization within this
thesis work. The height of the MNP will be evaluated by the means of the thin-film analyzer
(described in Chapter 4.5), while the remaining characteristics are based on SEM images.

6.2.1 SEM Characterization

SEM images were obtained to characterize the shape, size and interparticle distance within
each MNP array as well as to evaluate the particle arrangement, degree of missing particles,
stitching errors and defects. As borosilicate glass is non-conductive, accumulation of charge in
the substrate gives rise to a substantial drift of the electron beam, evident as significant image
distortions (see Fig. 6.1 relative to Fig. 6.2 - 6.6). To minimize charge artifacts, SEM images
were obtained using an acceleration voltage of 5 keV and an aperture of 7.5 µm. Nevertheless,
the drift of the electron beam still caused distortions in the images, even at high raster scan
speeds. None of the samples were subsequently coated with a conductive layer as this would
distort the optical analysis. SEM images of each sample, one overview image and one close-
up, are presented in Fig. 6.2 - Fig. 6.6.

Particle diameter and interparticle distance were measured at five different sites on the
sample; at each of the four corners and in the center of the array. Five interparticle distances
and five diameters were measured at each site. This selection is assumed to be representative
for the whole array. Table 6.3 presents the average particle diameters in x - and y - direction
and the corresponding interparticle distances based on the SEM images. Standard deviation is
used as error bars. As is evident from Table 6.3, the standard deviation of the particle diameter
is typically small, indicating that the variations in particle size within the array are small. The
exception is Au30_90 where the standard deviation of the particle diameter is high with respect
to the other arrays. Although not evident from Table 6.3, the particle diameter of Au30_90
increased along the diagonal of the array. Each particle within the array, as with the other
arrays, is defined as coordinate points in the CAD file. These coordinate points are exposed as
single pixels, so the resulting particle diameter is determined by the exposure time at each point
(and electron-scattering events in the resist/substrate). Hence, small variations in the sample
plane alter the focus plane of the electron beam which in turn increases the spot size of the
electron beam. The increasing particle diameter and consequently the large standard deviation
are therefore attributed to a tilt in the sample plane. That being said, standard deviation is not
the proper statistics to use for quantifying such systematic drift. It has, however, been applied
in order to quickly compare the measurements.
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Table 6.3: MNP diameter and interparticle distance based on SEM images. The tabulated
values are the average diameters and interparticle distances based on five measurements at
five different sites on each array. Five particle diameters and five interparticle distances were
measured at each site. Standard deviation is used as error bars.

Sample NP diameter (y) [nm] NP diameter (x) [nm]

Au45_150 42 ± 3 40 ± 4

Ni45_150 43 ± 3 40 ± 4

Al45_150 43 ± 3 41 ± 3

Au45_100 43 ± 3 42 ± 4

Au30_90 30 ± 8 31 ± 7

Int.part distance (y) [nm] Int.part distance (x) [nm]

Au45_150 140 ± 2 132 ± 4

Ni45_150 141 ± 3 135 ± 4

Al45_150 141 ± 3 134 ± 4

Au45_100 97 ± 4 94 ± 2

Au30_90 89 ± 1 87 ± 2
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Figure 6.2: SEM images of Au45_150. The image distortion and shadow effect evident in
the images are caused by accumulation of charge in the non-conductive glass substrate. Left
panel: A close-up image used to determine the size and interparticle distance within the array.
The average particle diameter along the x-axis and y-axis was found to be 40 nm ± 4 nm
and 42 nm ± 3 nm, respectively. The corresponding interparticle distances were measured to
be 132 nm ± 4 nm and 140 nm ± 2 nm. Right panel: Overview image of the array used to
evaluate particle arrangement, degree of missing particles and defects.

Figure 6.3: SEM images of Ni45_150. Note the effect of accumulation of charge in the glass
substrate. Left panel: A close-up image used to evaluate size and interparticle distance within
the array. The average particle diameter along the x-axis and y-axis were found to be 40 ± 4
and 43 ± 3 nm, respectively. The corresponding interparticle distances were 135 ± 4 nm and
141 ± 3 nm. Right panel: Overview image of the array.
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Figure 6.4: SEM images of Al45_150. Left panel: A close-up image used to evaluate particle
size and interparticle distance within the array. Note the missing particle sites. As will be
discussed below, this was not a frequent feature within the array. The average particle diameter
along the y-axis and x-axis was measured to be 43 ± 3 nm and 41 ± 3 nm, respectively. The
interparticle distance along the y-axis was found to be 141 ± 3 nm, while the interparticle
distance along the x-axis was 134 ± 4 nm,. Right panel: Overview image of the array.

Figure 6.5: SEM images of Au45_100. Left panel: SEM image used to determine the size and
interparticle distance within the array. The average particle diameter and interparticle distance
along the x-axis and y-axis was found to be 42 ± 4 nm, 43 ± 3 nm and 94 ± 2 nm and 97 ± 4
nm, respectively. Right panel: Overview image of the array.
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Figure 6.6: SEM images of Au30_90. Left panel: SEM image used to determine the size
and interparticle distance within the array. The average particle diameter along the x-axis and
y-axis were found to be 30 ± 8 nm and 31 ± 7 nm. The corresponding interparticle distances
were 89 ± 1 nm and 87 ± 2 nm. Right panel: Overview image of the array. Note that the
degree of missing particles is larger relative to the SEM images above.

Charging Effect

As evident from Table 6.3 the measured particle dimensions differ significantly from the nom-
inal dimensions tabulated in Table 6.1. In the work presented by Håvardstun [9], it was found
that the accumulation of charge in the glass substrate caused the interparticle distance as well as
the diameter of the MNPs to shrink relative to the nominal dimensions. Håvardstun quantified
the effect by sputter coating one of the produced samples with a 3 nm thick layer of gold palla-
dium (AuPd). The dimensions of the coated array matched the nominal size and interparticle
distance. The effect was assumed to be independent of particle size and interparticle distance
and a correction factor, defined as the ratio of coated sample dimensions to uncoated sample
dimensions, was applied to all arrays to obtain charge-corrected sample dimensions. Undoubt-
edly, the shrinking effect is also observed in the arrays produced in the present work. However,
the arrays will be used for optical analysis beyond the scope of this thesis work and were there-
fore not subsequently coated with a conductive layer as this would distort the optical analysis.
The nominal dimensions are therefore based on small MNP arrays (200 µm × 200 µm), so the
polydispersity in size within each array is in practice negligible. Table 6.4 presents the average
particle diameter and interparticle distance measured on the small arrays. Standard deviation
is used as error bars. The tabulated values are based on five measurements of particle diame-
ter and interparticle distance at five different sites on the matrix; near each corner and at the
middle of the matrix. As can be seen from Table 6.3 and Table 6.4 the number of MNPs situ-
ated on the glass-substrate seem to influence the magnitude of the shrinking of the interparticle
distance, which approaches unity as the particle density (number of particles/array) increases.
Said in other words, on contrary to correction factor obtained in the work of Håvardstun [9]
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which was described as a constant, the correction factor of the present work seems to change
with the interparticle distance in a systematic fashion. Additionally, in Au45_150, Al45_150
and Ni45_150, the horizontal interparticle distances shrunk significantly more than the corre-
sponding vertical distances. This horizontal shrinking effect originates most likely from the
direction the beam scans to obtain an image. The electron beam scans from the left top to the
right bottom along the horizontal axis across an area, which causes the horizontal direction
of the image to be more influenced by the charge-shrinking effect than the vertical direction.
This horizontal shrinking is also, although to a less extent, observed in the particle diameter.
To gain further insight of the charging effect the samples need to be coated with a conductive
material.

Table 6.4: Particle diameter and interparticle distance of the dose matrices with parameters
used for large-array writing (see Table 6.2). The tabulated values are based the average of five
measurements at five different sites on the matrices. Standard deviation is used as error bars.

Sample Particle diameter (x,y) [nm] Interparticle distance (x,y) [nm]

Au45_150 45 ± 1 150 ± 1

Ni45_150 45 ± 1.5 150 ± 1.5

Al45_150 45 ± 2 149 ± 1

Au45_100 45 ± 1.5 100 ± 1

Au30_90 30 ± 2 90 ± 1

To summarize, the particle diameter and the interparticle distance within each produced
array were determined by the means of SEM images. Accumulation of charge in the glass
substrate and the associated degradation of SEM-image quality complicated the characteriza-
tion in addition to shrinking the particle dimensions relative to the nominal dimensions. SEM
images of smaller arrays indicate that the shrinking effect is systematic, in such a way that the
interparticle distances approaches the nominal spacing as the particle density increases.

Particle Arrangement and Defects

The sizes of the arrays are so large that defects such as missing particles and stitching errors are
in practice inevitable. Nevertheless, with respect to the large size of the arrays the presence of
defects was found to be insignificant with respect to the optical analysis. It should however be
noted that accumulation of charge in the glass substrate complicated this analysis significantly.

The left panel of Fig. 6.7 depicts a metal layer which has not been successfully removed
from Au45_100 (such large layers were not found in any of the other arrays), while the right
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panel feature missing particles in Al45_150. The resulting pattern produced using EBL is
determined by the accumulative effect of each production step (described in Chapter 5). De-
fects can in principle originate from any step of the process. The fabrication was performed
under as identical conditions as possible. Nevertheless, small variations spin-coat speed or
baking time/temperature can change the thickness of the resist. Temperature variations in the
ISO 7 cleanroom cabinet can affect the writing procedure. The time of period the sample was
immersed in the developer solvent, the temperature and purity of the solvent can alter the sol-
ubility of the exposed PMMA. Finally, the temperature of the NMP-solvent can influence the
lift-process process.

Figure 6.7: Left panel: Metal layer left-over in the Au45_100 array. Such large metal left-
overs was not observed in any of the other arrays. Right panel: Missing particles in Au45_150.

The degree of missing particles in Au45_150, Al45_150, Ni45_150 and Au45_100 were
found to be minor. Based on SEM- overview images, the degree of missing particles is found
to less than 1 in a 1000, except at the edges of the arrays. Missing particles at the edges can be
attributed to the lift-off process or scratches in the metal-film. Furthermore, the electron dose
is at its minimum at these sites (discussed in greater detail in Section 6.3) so the edges are more
likely to be underexposed than the rest of the array. Au30_90 featured many missing particle
sites relative to the other arrays. These sites were, as with the other arrays, most pronounced
at the edges of the array. However, throughout the array missing particle sites were present. It
is not understood why the degree of missing particles was so large. Au30_90 was produced
using a bi-layer resist scheme. In all the small arrays that were produced, a bi-layer resist
scheme was found to reduce the degree of missing particle sites.

Stitching error originates from inaccurate movement of the stage at the junction between
write-fields (100 µm × 100 µm). Every array featured stitching errors and the observed in-
terparticle distances in between write-fields were larger than the interparticle distance within
the write-field. That being said, the magnitude of the stitching error does not continuously in-
crease throughout the array. It typically exceeded the nominal interparticle distance by 20 nm
to 100 nm. The CAD-file was designed to minimize the presence of write-fields (i.e. particles)
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that overlap by increasing the distance between neighboring write-fields, to avoid strong near-
field coupling between adjacent particles at these sites. Said in other words, the CAD-file of
e.g. Au45_150 was 99.75 µm× 99.75 µm rather than 100 µm× 100 µm. It is important to note
that increased interparticle distance at the junction between write-field also can distort the opti-
cal analysis. In the produced samples that resembles isolated MNPs (i.e. Au45_150, Ni45_150
and Al45_150, Au30_90), an increased interparticle distance can give rise to far-field coupling
via diffraction [74]. In Au45_100, where near-field coupling is expected, neighboring particles
will not interact via their near-field when the interparticle distance exceeds a certain distance
[74]. Au45_100 is the densest array produced within this work. The percentage of particles
subjected to stitching error in Au45_100 is approximately 0.4 %. In the estimate is the fact
that the outermost write-field only has three neighboring write-field ignored. In the optical
analysis stitching errors will be neglected.

6.2.2 Height Measurements

The thin-film analyzer (described in Chapter 4.5) was employed to determine the height of the
MNPs. The height measurements are not based on the samples themselves, but on comple-
mentary glass substrates that were coated in the metal deposition process (see Chapter 4.4).
During the deposition process, the thickness of the metal-film is continuously measured by the
means of a quartz crystal. Due to deposition of metal during the shutdown procedure (typi-
cally 1 nm – 2 nm) the final thickness assessed by the quartz crystal exceeded the magnitude
of the nominal thickness (20 nm).

In principle, the thickness of the sample-film could have been measured prior to the lift-
off process. However, this could scratch the metal-film and was therefore not done. It is
therefore assumed that the thickness of the complementary glass substrate resembles the height
of the MNPs. Each metal film was measured at five different sites, near the four corners and
in the middle, with a goodness of fit > 0.95. Table 6.5 presents the average height of the
MNPs. Standard deviation is used as error bars. The measured thickness exceeds the nominal
thickness of the films (20 nm) of approximately 5 nm – 6 nm. Nevertheless, the film is highly
uniform, which is one of the main attributes of the electron beam evaporator. To evaluate
the height of the MNPs in further detail atomic force microscopy (AFM) could have been
employed. However, this was not possible within the framework of this thesis, since the UiB
nanolab does not have an AFM with proper height calibration so the sample would have had
to be taken elsewhere.
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Table 6.5: Height of the MNP array determined using the thin-film analyzer. The tabulated
values are based on five measurement at different sites on the sample. Standard deviation is
used as error bars.

Sample Height [nm]

Au45_150 26 ± 1

Ni45_150 23 ± 2

Al45_150 25 ± 1

Au45_100 26 ± 1

Au30_90 26 ± 1

6.3 The Proximity Effect

As described in Chapter 4.3, the so-called proximity effect works as an intrinsic limit to the
final resolution in EBL patterning. It was found that the proximity effect needed to be taken
into account when finding the optimum dose for large array writing. As depicted in Fig. 6.8,
the diameter of the MNP increases as the interparticle distance decreases. The respective dose
was 5.25×10−3 pC, the acceleration voltage was 15 keV and the aperture 20 µm. Note that the
particle diameter increases significantly more when the interparticle distance decreases from
150 nm to 100 nm (increase of ≈ 18 nm) versus 400 nm to 200 nm (increase of ≈ 4 nm).

The proximity effect can be modeled as two superimposed Gaussian functions, one of
which describes backscattered electrons while the other is attributed to the forward scattering
of electrons [68]. Each function is characterized by its width (FWHM), that is, the magnitude
of the length that the forward scattered and backscattered electrons travel. The width depends
upon the thickness of the resist, the substrate material and the energy of the incident electron
beam. Forward scattering of electrons only broadens the beam profile, so the forward scat-
tering function feature a narrow distribution. On contrary, backscattered electrons can give
rise to subsequent resist exposure at another site from which they left the resist. Hence, the
backscattered function features a wide distribution. This additional resist exposure will fur-
ther be enhanced if several functions are placed in near vicinity (i.e. when patterning multiple
features in near vicinity) as the backscattered functions overlap [75]. The increase in diameter
evident in Fig. 6.8 is therefore attributed to increasing overlap among neighboring backscat-
tered proximity functions.

The realization that the proximity effect needed to be taken into account in order to obtain
desired particle dimensions was one of the reasons for adapting a bi-layer resist scheme. In the
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bi-layer resist scheme the lower resist layer function as a substrate which reduces the degree of
backscattered electrons. That being said, a bi-layer resist scheme will by no means eliminate
the proximity effect.

Figure 6.8: SEM images illustrating the proximity effect. The exposure dose used to obtain
the matrices are in all cases 5.25 ×10−3 pC. Note that the particle dimensions decreases less
and less as the interparticle distance increases.

6.4 Optical Analysis

The present section encloses the optical analysis of this work. The optical properties of the
MNP will be evaluated as a function of size, constituent metal and interparticle (center-to-
center) distance. The section is divided into two parts; firstly, the extinction spectra obtained
from the integrating sphere measurements will be presented and analyzed and secondly, model
extinction spectra calculated using the GranFilm code will be analyzed with respect to corre-
sponding experimental spectra obtained in the present work and in the work of Håvardstun [9]
and Greve et al. [73]. The objective is to determine the extinction maxima i.e. the spectral
position of the LSPR and compare the findings to results obtained by others.
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6.4.1 Integrating Sphere Measurements

The integrating sphere set-up employed in the present work consists of a tungsten halogen
light source (white light) with a wavelength range of 300 nm – 2000 nm. The spot size of the
light source is approximately 3 mm in diameter so no lenses have been used to focus the light
beam. Originally, the integrating sphere set-up was employed in order to separate the relative
contribution of scattering and absorption to the total extinction of the MNP. However, the
measured reflectance of the glass substrate is lower than it should be. This is likely attributed to
light-loss mechanisms inside the sphere, but it is yet not truly understood. Preliminary results
from the reflectance measurements are presented in Appendix A. This section presents the
extinction spectra of the MNP arrays. The objective is to determine the wavelength in which
the resonance condition is satisfied (discussed in Chapter 2) i.e. to determine the extinction
maxima. The samples are characterized by their nominal diameter and interparticle distance
(see Table 6.4), due to the charging effect described in Section 6.2.1.

All raw data have been baseline corrected in post measurement data processing as de-
scribed in Chapter 2.7. Extinction is plotted as a function of incident wavelength in the spec-
tral range 400 - 1000 nm, due to limitations in the performance of the light source outside this
range. To improve the signal-to-noise ratio the SpectraSuite software was set to average 100
scans (see Chapter 5.3), with an integration time of 300 ms per scan. The measured extinction
maxima is tabulated Table 6.6. The standard deviation was first estimated by fitting the plot to
a Gaussian distribution. However, the resulting standard deviation of the mean was very small
(less than 1 nm in all fitted distributions). Arguably, the resolution of the spectrometer is 1.5
nm so the standard deviation of mean should be small. Nevertheless, to be on the safe side,
the standard deviation of extinction maximum is estimated as the difference between the peak
position itself and the edge of the shoulder of the peak.

As is evident from Table 6.6 the extinction spectra of Al45_150 and Ni45_150 are not
obtained. Although a UV-VIS spectrometer (wavelength range 200 nm – 1100 nm) as well as
a deuterium tungsten halogen light source (wavelength range 200 nm - 2000 nm) was at hand,
the optical fiber suffered from transmission loss which resulted in minimal or no signal in the
wavelength range (250 nm – 400 nm) where the LSPR was expected to be. It was not possible
to obtain a suitable optical fiber within the time frame for the thesis.
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Table 6.6: Measured extinction maxima of the samples Au45_150, Au45_100 and Au30_90.
Standard deviation is estimated as the difference between the peak position and the edge of the
shoulder of the peak.

Sample Extinction maximum [nm]

Au45_150 550 ± 2

Au45_100 568 ± 3

Au30_90 585 ± 4

Extinction Spectrum of Glass Substrates

The extinction spectrum of a bare glass substrate is given in Fig. 6.9. The reflectance and
transmittance spectra of a total of five glass coverslips were collected. A reflectance standard
(WS-1 Diffuse Reflectance Standard) was used as reference in the reflection sphere, while
an empty sphere was used as reference in the transmission sphere. The corresponding dark
spectra were used as baseline. The extinction spectrum presented in Fig. 6.9 is the average
spectrum based on the five trasmittance spectra. Standard deviation, plotted at every 50 data
point is used as error bars. The manufacturer Thermo Scientific states that the transmittance
of the glass coverslips is approximately 94 % across the wavelength range 400 nm – 800 nm,
which corresponds to an extinction of ≈ 0.03 [76].

Although not evident from Fig. 6.9, it should be noted that the borosilicate glass coverslips
absorbs light in the UV-regime (below 340 nm) [76]. In all of the remaining spectra presented
in this thesis, the extinction of a naked glass substrate has been subtracted from the extinction
of the MNP to eliminate substrate effects, that is, to extract the MNP extinction spectra.
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Figure 6.9: Average extinction spectrum based on five bare glass substrates. Standard devia-
tion per 50 point is used as error bars.

Effect of near-field coupling on the LSPR wavelength

The extinction spectra of Au45_150 and Au45_100 are depicted in Fig. 6.10. The parti-
cles of the former array has a nominal diameter of 45 nm ± 1 nm and an interparticle dis-
tance of 150 nm ± 1 nm, while the particles of the latter array has a nominal diameter of
45 nm ± 1.5 nm and an interparticle distance of 100 nm ± 1 nm. The increased extinction
intensity of Au45_100 with respect to Au45_150 originates from the increased surface cover-
age. The increase in intensity at the left tail of the spectra are attributed to interband transitions
in gold [52], giving rise to the characteristic asymmetric shape of the peak.

The array Au45_150 represents isolated MNPs. However, polydispersity in particle diam-
eter causes inhomogeneous broadening of the extinction peak with respect to a single MNP
[52]. The SEM images revealed that the particles took a slightly elliptic shape (aspect ratio
1.1 ± 0.1). The wavelength of LSPR excitation is known to be highly dependent upon the
shape of the MNP, so a slightly elliptic particle shape can influence the resonance condition.
Guler and Turan [77] studied gold NP produced by EBL that exhibit an elliptic form, although
with a larger aspect ratio (1.37) than the one observed in this work. A broad linewidth was



74 Results and Analysis

4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
0 , 0 0

0 , 0 5

0 , 1 0

0 , 1 5

0 , 2 0

0 , 2 5
Ex

tin
ctio

n =
 -lo

g(T
ran

sm
itta

nc
e)


��������������

����������
��������������
���	����������

���������
��������������
��������������

Figure 6.10: Extinction spectra of Au45_150 and Au45_100 collected by the means of an
integrating sphere. The increased intensity of the latter relative to the former stems from
the increased surface coverage, while the redshift and broadening of the extinction maxima
originates from neighboring MNPs coupling via their near-field.

observed when the gold NP-array was illuminated under unpolarized light due to oscillations
along each of the principle axes of the ellipsoids. Hence, the elliptic shape of the MNP can
cause a broader linewidth. Nevertheless, based on the work presented by Håvardstun [9], the
elliptic shape of the gold NPs is most likely attributed to the accumulation of charge in the
glass substrate and does not necessarily resemble the actual particle shape. The extinction
peak of Au45_150 is located at 550 nm ± 2 nm. Langhammer et al. [52] studied the opti-
cal properties of non-interacting gold NP with a diameter of 38 nm and 51 nm and a height of
20 nm deposited on glass by the means of hole-mask colloidal lithography (HCL). The LSPR
wavelengths were found to be 540 nm ± 30 nm for the smaller gold disks and 580 nm ± 30
nm for the larger gold disks. This is in good agreement with the LSPR wavelength of 550 nm
± 2 nm of the Au45_150 array presented in Fig. 6.10. It should be noted that the height of
the MNP produced within this thesis work is found to be 26 nm ± 1 nm. The height of sil-
ver NP has been demonstrated to strongly influence the LSPR wavelength. Jensen et al. [78]
fabricated triangular shaped silver nanoparticles of diameter 90 nm ± 6 nm using nanosphere
lithography to study the sensitivity of the extinction maxima upon the nanoparticle height. The
extinction maximum of a silver NP of height 58 nm was found to be 501 nm, whereas the ex-
tinction maximum of a silver NP of height 53 nm was found to be 517 nm. The extinction
maximum thus redshifted when the height of the particles decreased.
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In Au45_100 neighboring particles are expected to interact via their near-field [25]. A great
amount of research exists on near-field coupling between adjacent particles using different
polarization of light [74, 25]. The light signals collected at the output port of an integrating
sphere set-up are, as described in Chapter 4.6, virtually unpolarized independent upon incident
polarization. Nevertheless, the effect of near-field coupling upon the LSPR wavelength will
be evaluated in terms of incident polarization. Rechberger et al. [25] studied this effect in
a system consisting of two gold NP, which were treated as interacting dipoles. When the
polarization of the incident light was parallel to the long-pair axis the LSPR broadened and
redshifted relative to an isolated dipole. This was attributed to the Coulomb attraction between
the dipoles, which gave rise to a weakening of the restoring force on the oscillating electrons.
On the other hand, when the incident light polarization was perpendicular to the long-pair axis
the restoring force was reduced, evident as a blueshift of the LSPR as well as a broadening
of the peak. Under unpolarized light illumination, the parallel polarization prevail [79], so the
net result is a broadening and a redshift of the LSPR position, as observed in Fig. 6.10.

Effect of MNP size on the LSPR wavelength

The arrays Au30_90 and Au45_150 should in principle exhibit similar optical properties, as
the nominal surface coverage of the two arrays is identical as well as the constituent metal.
However, the nominal particle diameter of Au30_90 is 30 nm ±2 nm while the nominal par-
ticle diameter of the Au45_150 is 45 nm ± 1 nm. As a consequence, the LSPR wavelength
of the former should blueshift relative to the latter. Furthermore, Juve et al. [49] concluded
that radiative decay becomes negligible when the size of the MNP is less than 30 nm. Hence,
disregarding the polydispersivity in the size distribution, the bandwidth of the two extinction
spectra should be similar. As can be seen from Fig. 6.11, this is not the case. The LSPR posi-
tion of Au30_90 is significantly redshifted with respect to Au45_150. As discussed in Section
6.2.1, the size distribution of Au30_90 is the largest of the produced arrays. Additionally, the
particle diameter was found to increase along the diagonal of the array. Hence, the MNP diam-
eter of Au30_90 frequently exceeds the nominal diameter and particle-particle coupling most
likely influences the extinction spectrum. The effect of near-field coupling upon the extinc-
tion spectrum is discussed in detail in the section above. The closing remarks are; the redshift
and broadening of the extinction maximum of Au30_90 relative to Au45_150 originates from
near-field coupling between neighboring particles, while the increase in extinction efficiency
is attributed to the increase in surface coverage. This indicates, as discussed by Langhammar
et al. [52], that a center-to-center spacing of magnitude 3 times particle diameter is the small-
est interparticle distance at which the optical properties of the MNPs resembles single-particle
properties.
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Figure 6.11: Measured extinction spectra of Au45_150 and Au30_90. The LSPR wavelength
of Au30_90 is significantly redshifted and broadened with respect to Au45_150. This is at-
tributed to near-field coupling between neighboring particles.

6.5 Modeling the NP Spectroscopy Data

This section presents model extinction spectra of spheroidal MNPs truncated by a glass sub-
strate calculated using the GranFilm code (described in Chapter 3). Model spectra are com-
pared to experimentally measured extinction spectral obtained in the work by Håvardstun [9]
and Greve et al. [73] (Modeling of old measurements) as well as in the present work (Mod-
eling of new measurements). If not otherwise specified the extinction spectra are collected by
the means of an integrating sphere (see Chapter 4.6). As stated above, due to the limitations
on the light source of the integrating sphere set-up, the spectra are presented in the spectral
range 400 nm – 950 nm. The extinction is plotted as –log(Transmittance) as a function of
wavelength (described in Chapter 2.7).

Table 6.7 presents the parameters used in the theoretical calculations of this thesis. The
particle radii and the interparticle distances represents the nominal diameter and interparticle
distance of the produced MNP arrays within the work by Håvardstun[9] and Greve et al. [73]
and the present work. The model particles are truncated by a glass substrate and the ambient
medium is either air or SiO2. Håvardstun [9] coated one gold NP array (nominal Au diameter
= 150 nm, nominal interparticle distance = 450 nm) with 40 nm of SiO2 to study the effect of
the surrounding medium upon the LSPR wavelength. Tuning the optical response of MNPs of
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surrounded by SiO2 is highly relevant, as the long-term objective of this thesis is to produce
model solar cells, in which the MNPs are embedded in a glass matrix. The truncation ratio is
kept constant throughout this work and the model MNP are arranged in a periodic square array.
The model spectra are calculated using unpolarized light incident normal to the MNP arrays
(MNP facing the incident light). The bulk dielectric functions of the various media are taken
from the SOPRA database [61]. However, this database does not contain the dielectric constant
of borosilicate glass. The manufacturer Thermo Scientific states that the dielectric constant of
borosilicate coverslips is approximately

√
1.52 across the visible range of the electromagnetic

spectrum [76]. The dielectric constant of the substrate was therefore set to be
√

1.52.

Table 6.7: Input parameters used in the GranFilm runs of this thesis

Parameter Set

Metal Gold, Aluminium, Nickel
Surrounding medium Air, Silica (SiO2)
Substrate Glass (ε =

√
1.52)

Radius/Height 25 nm
Diameter 30 nm, 45 nm, 150 nm
Truncation Ratio tr 0
Interparticle distance 90 - 450 nm
Arrangement Square Array
Inter-particle interaction Dipolar

6.5.1 Modeling of Old Measurements

The section encloses a comparison of model extinction spectra calculated by the GranFilm
code (see Chapter 3) to measured extinction spectra recorded in the work of Håvardstun [9]
and Greve et al. [73]. Håvardstun established an EBL production method for fabricating large
MNP arrays as well as a procedure for analyzing the optical properties of the arrays. As in the
present work work, the objective was to analyze the optical properties of the fabricated arrays
for solar cell applications. The extinction spectra of the gold and aluminium MNP arrays
presented in this section is recorded by the means of the thin-film analyzer (see Chapter 4.5).
The nominal diameters of the MNPs were in the range 45 nm - 150 nm with a fixed interparticle
distance of 450 nm. Unpolarized light was incident normal to the MNP arrays and the light
transmitted directly through the array was collected. A schematic of the set-up can be found
in Fig. 4.6. The following subsections are named according to the name of the samples in
the work of Håvardstun and Greve et al. [9, 73]. A comparison between extinction spectra
obtained using the thin-film analyzer and the integrating sphere set-up is given in Section 6.6.
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AuG

The extinction spectrum of a 4 mm × 4 mm gold NP array, in which the nominal diameter of
the particles are 150 nm, the interparticle distance 450 nm and the height 25 nm is depicted
in Fig. 6.12 together with a model extinction spectrum of truncated spheroidal NP with a
diameter of 150 nm, an interparticle distance of 450 nm and a height of 25 nm.
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Figure 6.12: Modeled and measured extinction spectrum of AuG. The model spheroids have
a diameter of 150 nm, a height of 25 nm and an interparticle distance of 450 nm. The nominal
diameter, height and interparticle distance of the Au NP were 150 nm, 25 nm and 450 nm,
respectively.The discrepancies between the two spectra are attributed to the difference in shape
and size as well as to the polydispersity in particle diameter present in the fabricated array.

The resonance condition of the model spectrum is satisfied at 681 nm, while the spectral
position of the LSPR wavelength of the measured spectrum is found to be 710 nm ± 3 nm.
This redshift of the latter relative to the former is related to the difference in shape and size
of the two MNP systems. The actual MNPs are disk-shaped, whereas the modeled MNPs
are truncated spheroids. As a consequence, the actual MNPs have a larger volume than the
modeled MNPs. According to Mie theory, described in Chapter 2.6, a larger distance between
the conduction electrons and the ion cores reduces the restoring force, which in turn causes
a lowering of the resonance energy (or in this context an increase in resonance wavelength).
There is no exact theory of the absorption and light scattering of non-spherical NPs [80]. In
order to qualitatively evaluate the effect of the difference in size, a model extinction spectrum
of truncated gold NPs of identical volume to that of the nominal volume of the fabricated gold
NPs is presented in Fig. 6.13. This corresponds to truncated spheroids with a diameter of
180 nm and a height of 25 nm. It is important to emphasize that the shape of the MNPs in
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the two systems are not alike, they just share the same volume. The LSPR wavelength of the
model system is in this case found to be 703 nm, which is in much better agreement with the
experimental result. This indicates that it is the difference in volume that primarily causes the
redshift.
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Figure 6.13: Model spectrum of truncated spheroids with a diameter of 90 nm, a height of
25 nm and an interparticle distance of 450 nm. These dimensions corresponds to the nominal
volume of AuG_1, whose extinction also is depicted.

The measured spectrum has a broader linewidth (FWHM) than the corresponding model
spectrum. First and foremost, this broadening of the LSPR stems from the polydispersity in
MNP size within the array. EBL is a fabrication method where such inhomogeneous broad-
ening can be minimized, but compared to a monodisperse model system it is by no means
negligible. Additionally, periodic arrays of identical MNPs can be subjected to far-field cou-
pling via diffraction when the interparticle distance exceeds the distance at which near-field
coupling prevails [28]. As mentioned in Chapter 4.5, the experimental detector has a low an-
gle of acceptance, meaning that to a large extent only the light directly transmitted through the
sample (i.e. the zeroth order of diffraction) is collected. The GranFilm detector, on the other
hand, collects all diffraction orders. Temple et al. [51] studied the effect of periodicity by
fabricating square arrays of gold NP and comparing the optical properties of the square array
to a randomly distributed array of equal coverage. The diameter of the gold NP (in the ran-
dom and ordered array) was 150 nm and the interparticle distance in the ordered array was 500
nm. The extinction spectrum of the random array featured a broad and more or less symmetric
peak, while the peak of the periodic array was narrower, higher and asymmetric. The extinc-
tion maximum of the square array was significantly redshifted relative the peak position of the
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randomly distributed one. They attributed this difference to the constructive and destructive
interference of scattered waves caused by diffractive orders. However, the polydispersity in
particle size in the produced array as well as the difference in shape and size between the two
systems makes it hard to evaluate whether diffraction orders are present in the model system.
The periodicity of the fabricated array is further evaluated in Section 6.6 and is found not to
induce far-field coupling via diffraction. The discrepancies between the model and measured
extinction spectra are therefore attributed to the polydispersity in particle size in the produced
array (causing a broadening of the peak) and difference in shape and size between the two
systems (causing a redshift of the produced array).

The increased intensity at left tail of the extinction is attributed to interband transitions in
gold. However, the model spectrum features a plateau at around 550 nm that is not present in
the measured spectrum. The model system support two dipolar resonances, a low energy (long
wavelength) resonance which is highly dependent upon the shape and size of the MNP as well
as a high energy (short wavelength) resonance which is a characteristic property of the con-
stituent metal (i.e. non-dispersive). The latter resonance can only be excited by perpendicular
polarization of incident light and can therefore not be present as the light is incident normal to
the MNP array. Furthermore, the plateau cannot be a quadrupole resonance since higher order
resonances are excited at longer wavelengths than the dipolar resonance [41]. The presence of
the plateau is not truly understood. It can be further evaluated by plotting the calculated po-
tentials of the modeled system. However, within the timeframe of the present work, this was
not accomplished.

AlG

Figure 6.14 present the model and measured extinction spectra of aluminium NP. The nomi-
nal particle diameter of the fabricated array is 150 nm, the interparticle distance 450 nm and
the height 25 nm. The model spectrum is calculated using identical parameters. As in the
case of AuG, the measured extinction spectrum is significantly redshifted with respect to the
modeled one. However, in the case of AlG this redshift is only partly attributed to the dis-
crepancies in size and shape between the model and fabricated aluminium NPs. A thin layer
of Al2O3 (aluminium(III) oxide) forms spontaneously when aluminium is in contact with air.
This Al2O3-layer will reduce the diameter of the aluminium particle and increase the refrac-
tive index of the local surrounding medium (the refractive index of Al2O3 is approximately
1.8) and this is not included in the GranFilm calculations. Langhammer et al. [48] concluded
that this oxide layer affected the spectral position of the LSRP in the following ways; firstly,
the increase of refractive index of ambient resulted in a redshift and secondly the decrease of
the size of the aluminium MPs gave rise to a blueshift. The net result was a redshift of the peak
position, indicating that the increase of refractive index of the surrounding medium prevails
over the decrease in size. Therefore, the larger discrepancies of the extinction maxima of the
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model and measured aluminium systems with respect to the AuG (see Fig. 6.12) is attributed
to this final coating-layer on the produced aluminium NPs.
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Figure 6.14: Modeled and measured extinction spectrum of AlG_1. The model spheroids
have a diameter of 150 nm, a height of 25 nm and an interparticle distance of 450 nm. The
nominal diameter, height and interparticle distance of the aluminium NP were 150 nm, 25
nm and 450 nm, respectively. The corrected particle diameter along the major and minor axis
were 135 nm± 4 nm and 120 nm± 2 nm, while the corresponding interparticle distances were
found to be 440 nm ± 15 nm and 435 nm ± 15 nm, respectively. Note that the wavelength
range have been increased to fully include the model LSPR peak.

AuG SiO2

Håvardstun [9] coated a gold NP array, of identical particle dimensions as AuG (see Fig. 6.12),
with 40 nm of SiO2 in order to qualitatively study the effect of the surrounding medium upon
the extinction maximum. Figure 6.15 presents the measured and modeled extinction spectra
of AuGSiO2. The Frönlich condition (described in Chapter 2.4.1) states that increasing the
refractive index of the surrounding medium causes a redshift of the LSPR resonance. A quick
estimate of the magnitude of the redshift can be made by excluding the substrate effect and
study an isolated MNP (i.e. by embedding a MNP in a homogenous medium). For a Drude
metal of negligible damping (see Eq. 2.9) the Frönlich condition is satisfied when ω =

ωp√
1+εm

.
The bulk plasma frequency of gold is ≈ 2.2 × 1015 s−1 [28] and the refractive index (n =

√
ε)

of glass and air is 1.5 and 1, respectively. The Frönlich condition implies that the extinction
maxima will redshift with 45 nm when changing the surrounding medium from air to glass.
This is in good agreement, both experimentally and theoretically, with the extinction maxima
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presented in Fig. 6.12 and Fig. 6.15. The discrepancies between the model extinction and
the measured extinction are as discussed above, attributed to the difference in size, shape and
particle-size distribution between the two systems.

4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
0 , 0

0 , 1

0 , 2

0 , 3

0 , 4

0 , 5

0 , 6

0 , 7

0 , 8

Ex
tinc

tion
 = -

log
(Tr

ans
mit

tan
ce)

��"����� ������

�	#������ �!���!
����
���������
�������������$�����

����������� �!���!
����
���������
��������������

Figure 6.15: Modeled and measured extinction spectra of AuGSiO2. The model spheroids
have a diameter of 150 nm, a height of 25 nm and an interparticle distance of 450 nm. The
nominal diameter, height and interparticle distance of the Au NP were 150 nm, 25 nm and
450 nm, respectively. The corrected particle diameter along the major and minor axis were
138 nm ± 6 nm and 123 nm ± 4 nm, while the corresponding interparticle distances were
found to be 440 nm ± 20 nm and 440 nm ± 15 nm, respectively. The array is coated with a
40 nm layer of silica.

Au dot

Figure 6.16 presents the measured and model extinction spectra of Au NPs with a nominal
diameter of 45 nm and an interparticle distance of 450 nm. AuG_dot1 featured a large size
distribution; ranging between 40 nm and 80 nm. This is evident in the extinction spectra
as a large linewidth. However, an exact value of the linewidth could not be obtained due
to the noise level of the data, which is attributed to the low surface coverage ((≈ 8× 10−3).
Nevertheless, the trends outline above is obtained. The spectral position of the measured
spectrum is redshifted with respect to the model spectrum and the FWHM is narrower in the
case of the modeled MNPs. The minor peak located in the model spectrum at approximately
650 nm is discussed in greater detail in Section 6.5.2.

To summarize; the extinction spectra obtained using the GranFilm code have been com-
pared to the experimental spectra obtained in the work of Håvardstun [9] and Greve et al.
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Figure 6.16: Modeled and measured extinction spectra of AuGdot_1 and AuG_dot2. The
nominal diamater and interparticle distance of the Au NP were 45 nm and 450 nm, respectively.
AuGdot_1 featured a large size distribution, the corrected diameter was found to be 65 ±20
nm. The corrected interparticle distance of the AuGdot_1 array along the minor and minor
axis were 450 nm ± 15 nm and 445 nm ± 15 nm. The corrected diameter of AuG_dot2 was
44 nm ± 3 nm and the corrected interparticle distance along the major and minor axis was
440 nm ± 15 nm.

[73]. The underlying theory of GRANFILM is valid in the quasi-static regime [43]. In order
to maintain the validity of the quasi-static approximation a rule of thumb is that D < 100 nm
[81], where D is the particle diameter. A MNP with diameter of 150 nm is in principle not
adequacy described by electrostatic theory due to the phase-retardation of the incident field
over the particle volume. Nevertheless, as a first analysis of the optical properties of the pro-
duced arrays GranFilm has a lot to offer. The spectral position of the LSPR of Au NP could
be determined within a wavelength range of 100 nm. All respective spectra featured two char-
acteristics:

• The volume of the measured MNPs is larger and the shape of the two MNPs system is
different. The net result is a redshift of the LSPR wavelength in the measured spectra
with respect to the model spectra.

• The FWHM of the measured spectra are broader than the corresponding model ones.
This is attributed to polydispersity in size within the produced arrays
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6.5.2 Modeling of New Measurements

This section encloses a comparison of model extinction spectra obtained by the GranFilm
code and measured extinction spectra collected in this work. The nominal dimensions of the
produced samples are tabulated in Table 6.1. All measured spectra are obtained using the
integrating sphere set-up. A schematic as well as a description of the set-up can be found in
Chapter 4.6. The produced arrays are characterized by their nominal diameter and interparticle
distance (see Table 6.4), due to the charging effect described in Section 6.2.1.

Au45 150

Figure 6.17 presents the model extinction spectrum of truncated spheroids with a diameter of
45 nm and a height of 25 nm situated in a square array of interparticle distance 150 nm as
well as the measured extinction spectrum of Au45_150. The extinction maxima are found to
be 550 nm ± 2 nm and 535 nm for the measured and model spectra, respectively. The minor
peak at approximately 650 nm present in the model spectrum could be interparticle transitions
in gold. However, interband transitions, that is, electron-hole generation and decay of excited
electrons from the d-orbital to the sp-orbital is expected for wavelengths less than 520 nm
[82]. The minor peak (present in all the spectra below) might be the quadrupole resonance, as
higher order resonances are redshifted with respect to the dipolar resonance [41]. However,
this is only speculations. The presence of the minor peak is not truly understood. It can be
further evaluated by plotting the calculated potentials of the modeled system. However, within
the timeframe of the present work, this was not accomplished.

GranFilm is an electrostatic model. As a rule of thumb, particles with diameter less than
100 nm can be well described using electrostatic approaches [52]. Hence, the model should
describe the optical response of MNPs of diameter 45 nm well. Indeed, it is found that the
extinction maximum can be determined within a wavelength range of 15 nm ± 2 nm.
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Figure 6.17: Modeled and measured extinction spectra of Au45_150. The particle diameter
of Au45_150 was found to be 43 nm ± 2 nm and 40 nm ± 4 nm along the y- and x-axis,
respectively. The corresponding interparticle distances were 140 nm ± 2 nm and 132 nm
± 4 nm. The sample-dimension measurements are obtained under charging conditions and
is therefore smaller than the expected dimensions of the array. The discrepanties in LSPR
wavelength originates from the difference in volume and size.

Au45 100

The extinction spectrum of Al45_100 is presented in Fig. 5.18 in addition to the corresponding
model extinction spectrum. In such dense arrays, neighboring particles are expected to inter-
act via their near-field. Under unpolarized light illumination, the net effect of this coupling is a
redshift and a broadening of the LSPR peak relative to an isolated MNP [25]. However, in Fig.
6.17 the model spectrum seems to be significantly less redshifted than the experimental one.
A model spectrum in which quadrupolar particle-particle interactions were taken into account
was calculated to see if this affected the magnitude of the redshift. The discrepancies between
the dipole model system and the quadrupolar model system were found to be negligible. How-
ever, this does not necessarily indicate that the size distribution within the array is broad, since
a broad size distribution is accompanied by a decrease of the peak maximum and the height of
the peaks in Fig. 5.18 are found to be in excellent agreement. In order to study size distribu-
tion within the array in greater detail the sample must be coated with a conductive layer. The
extinction maximum can be determined within a wavelength range of 28 nm ± 3 nm.
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Figure 6.18: Model and measured extinction spectra of Au45_100. The particle diameter of
Au45_150 was found to be 43 nm ± 2 nm and 42 nm ± 4 nm along the major and minor axis,
respectively. The corresponding interpartle distances were 97 nm ± 4 nm and 94 nm ± 2 nm,
respectively. In both spectra, particles are expected to interact via their near-field.

Au30 90

The measured extinction spectrum of Au30_90 as well as the extinction spectra of two model
systems is presented in Fig. 6.19. The model extinction spectra are based on spheriodal gold
NPs of diameter 30 nm and 40 nm, a height of 25 nm and an interparticle distance of 90 nm.
The measured spectrum is significantly redshifted and broadened with respect to the two model
spectra. The broadening is attributed to the broad size distribution within the array, the aver-
age particle diameter was found to be 30 nm ± 8 nm and 31 nm ± 7 nm along the y-axis and
x-axis, respectively. As the particle diameter exceeds the nominal size of the array, neighbor-
ing particles are expected to couple via their near-field, which causes a redshift as well as a
broadening of the extinction maxima. Nevertheless, based on the measured particle dimen-
sions, the extinction spectrum of the LSPR of Au30_90 should not be significantly redshifted
with respect to the model spectra of gold nanoparticles with a diameter of 40 nm. This indi-
cates that the shrinking effect caused by the accumulation of charge in the glass substrate does
perhaps not approach unity as the particle density increases, but remains constant as assumed
in the work presented by Håvardstun [9]. However, the good agreement between the model
and measured spectra of Au45_150 and Au45_100 support the assumption of a systematically
changing charge-correction factor. The discrepancies between the model and measured spectra
are therefore attributed to the broad size distribution within the produced array. The extinction
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Figure 6.19: Model and measured extinction spectra of Au30_90. The particle diameter of
Au45_150 was found to be 30 nm ± 8 nm and 31 nm ± 7 nm along the major and minor axis,
respectively. The corresponding interpartle distances were 89 nm ± 1 nm and 87 nm ± 2 nm,
respectively

maximum can be determined within a wavelength range of 53 nm ± 4 nm.

Al45 150

A model extinction spectrum of Al45_150 are given in Fig. 6.20. The extinction maximum is
located at 290 nm. Although a UV-VIS spectrometer (wavelength range 200 nm – 1100 nm) as
well as a deuterium tungsten halogen light source (wavelength range 200 nm - 2000 nm) was at
hand, the optical fiber suffered from transmission loss which resulted in minimal or no signal in
the wavelength range (250 nm – 400 nm) where the LSPR was expected to be. Langhammer et
al [48] studied the LSPR peak of aluminium disk deposited on a glass substrate. As described
above, when aluminium is in contact with air a thin layer of Al2O3 forms. This spontaneous
coating will reduce the diameter of the aluminium particle and increase the refractive index
of the surrounding medium (n of Al2O3 is approximately 1.8). By the means of a spheriodal
electrostatic theory Langhammar et al. quantified the effect of this final coating layer. They
assumed that the thickness of the AlO2 was 3 nm. In the case of an ensemble of aluminium
NPs with a diameter of 61 nm the resonance wavelength was found to redshift approximately
35 nm (from 300 nm ± 30 nm to 335 nm ± 30 nm) due to this oxide layer. These results
indicate that the extinction maximum of Al45_150 will be located at approximately 325 nm.
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By ignoring the effect of the constituent metal, the discrepancies of the two Au45_150 systems
can be used to estimate the extinction maximum. The spectral position of LSPR in Al45_150
is therefore expected to be in the range 320 nm – 360 nm ± 30 nm.

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
0 , 0

0 , 1

0 , 2

0 , 3

0 , 4

Ex
tinc

tion
 = -

log
(Tr

ans
mit

tan
ce)

W a v e l e n g t h  [ n m ]

 M o d e l  S p e c t r u m  A l 4 5 _ 1 5 0
         P e a k  =  2 9 0  n m

Figure 6.20: Model extinction spectrum of Al45_150. The peak is located at 290 nm. Experi-
mental extinction spectrum of Al45_150 could not be obtained due to limitations in the optical
fiber. Nevertheless, the extinction maximum is expected to be located at around 320 nm - 360
nm ± 30 nm.

Ni45 150

A model extinction spectrum of Ni45_150 are presented in Fig. 6.21. A first peak is located at
370 nm. As discussed above, the experimental extinction spectrum of Ni45_150 could not be
obtained, because the optical fiber suffered from transmission loss.

In contrast to noble metals, such as gold and silver, nickel NPs have not received a great
amount of attention with respect to its optical properties. Nevertheless, it has been experimen-
tally and theoretically verified that nickel NP support LSPR [83]. Pirazadeh et al. [84] studied
nickel nanodisks deposited on fused silica by the means of hole-mask colloidal lithography.
The extinction maximum of nickel NPs of diameter 110 nm and a height of 20 nm was found
to be located at 495 ± 40 nm, while nickel disks with a diameter of 52 nm and a height of 20
nm was located at 360 nm ± 40 nm. The peaks, as in Fig. 6.21, were not as pronounced or as
intense as the extinction peak of noble metal. The nickel resonance is weaker due to the larger
imaginary part of the dielectric function (see Chapter 2.2) [83]. Pirazadeh et al. [84] also ob-
served a second peak located at around 270 nm that exceeded the intensity of the LSPR peak.
This second peak was attributed to interband transitions in Nickel.
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The same trends observed byPirazadeh et al [84] is found in the model spectrum of
Ni45_150. The emerging peak at low wavelengths is attributed to interband transitions in
nickel. It is therefore expected, based on the difference in size and shape betweeen the model
and experimental system as well as the polydispersity of size of the produced array, that the
extinction peak of Ni45_150 is located in the range 300 nm - 400 nm.
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Figure 6.21: Model extinction spectra of Ni45_150. A first peak is located at 370 nm ± 10
nm.

6.6 Integrating Sphere versus Transmission Spectroscopy

The thin-film analyzer can, as described in Chapter 4.5, only detect the light directly transmit-
ted through a sample (i.e. specular transmission). An integrating sphere, on the other hand,
captures the light transmitted in all spatial directions (i.e. diffuse and specular transmission).
As discussed in Section 6.5.1, Temple et al [51] studied the effect of far-field coupling via
diffraction by fabricating a square array of gold NP and comparing the optical properties of
the square array to a randomly distributed array of equal coverage. The extinction spectrum
of the random array featured a broad and more or less symmetric peak, whereas the peak
of the periodic array was narrow, higher and asymmetric. The extinction maximum of the
square array was significantly redshifted relative the peak position of the randomly distributed
one. They attributed this difference to the constructive and destructive interference of scat-
tered waves caused by diffractive orders. Hence, if the periodicity causes far-field coupling
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via diffraction, the extinction spectra collected by the means of an integrating sphere should
feature the same characteristics as the extinction spectrum of the ordered array in the work of
Temple et al, while the extinction spectra obtained using the thin-film analyzer would share
the same attributes as the disordered array. Note that AuG_dot has been excluded due to the
noise level of the data. As is evident from Fig. 6.22 and 6.23, the arrays are not subjected
to far-field coupling via diffraction. The AuGSiO2 spectra are almost identical, while the ex-
tinction spectra of AuG feature some discrepancies. This might be attributed to a degradation
of the MNPs arrays over time, which should not be present in AuGSiO2 as the silica coating
shields the array. In summary, the arrays fabricated by Håvardstun [9] exhibit single-particle
optical properties.
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Figure 6.22: Extinction Spectra of AuG obtained using the integrating sphere set-up and the
thin-film analyzer. By comparing the two spectra it is found that AuG exhibit single-particle
optical properties.
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Figure 6.23: Extinction Spectra of AuGSiO2 obtained using the integrating sphere set-up and
the thin-film analyzer.By comparing the two spectra it is found that AuGSiO2 exhibit single-
particle optical properties

6.7 Comparing the New Results with Existing Work

The results from the optical analysis obtained in this work work have been compared to pub-
lished work obtained by others. The results are summarized in Table 6.8. All tabulated values
are based on disk-shaped MNPs deposited on a transparent substrate. Only arrays of interpar-
ticle distance larger than 3 times the diameter of the particle is tabulated.
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Table 6.8: Extinction maxima obtained by others in studies on gold and aluminium NPs. The
samples are produced using electron beam lithography (EBL) or hole-mask colloidal lithog-
raphy (HCL). The extinction maxima obtained by other research group was read of plot. The
extinction maxima could be determined within a wavelength range of ± 30 nm. In all the
tabulated values are the interparticle distance larger than three times the particle diameter.

Research AuNP AuNP Extinction Production

Group Diameter [nm] Height [nm] maximum [nm] method

Niklasson et al. [85] 28 15 540 ± 30 EBL

This work, Au30_90 30 ± 2 26 ± 1 585 ± 4 EBL

Langhammer et al. [52] 38 20 540 ± 30 HCL

This work, Au45_150 45 ± 1.5 26 ± 1 550 ± 2 EBL

Langhammer et al. [52] 51 20 580 ± 30 HCL

Research AlNP AlNP Extinction Production

Group Diameter [nm] Height [nm] maximum [nm] method

Langhammer et al. [48] 51 20 430 ± 30 HCL

This work, Al45_150 45 ± 2 25 ± 1 320 - 360 ± 30 EBL

Temple et al. [51] 150 20 650 ± 30 EBL



Chapter 7

Conclusion and Suggestions for Further Work

The objective of this thesis work has been to investigate the optical properties of arrays of
MNPs both experimentally and theoretically. Large arrays of MNPs have been fabricated
by the means of EBL and the optical properties investigated using a new integrating sphere
set-up. In addition a theoretical framework for a deeper understanding of the experimental
results has been established. The experimental and theoretical analysis of the optical proper-
ties confirmed that the extinction maximum is highly dependent on the size of the MNP, the
magnitude of the interparticle distance within the array and the constituent metal. Using un-
polarized light, near-field coupling between neighboring particles has been found to redshift
the extinction maximum with respect to the optical properties of a single-sized particle array.
It was furthermore found that the agreement between the electrostatic model and experimental
results were good. The LSPR wavelength is also found to be in good agreement with pub-
lished literature which in most cases is based on much smaller arrays. The theoretical model
was also applied on the experimental data obtained by Håvardstun [9], supporting the finding
of his work. A new method relying on a bi-layer resist scheme has been established in the UiB
NanoStructure Laboratory for both improving the experimental results and allowing the fabri-
cation of significantly smaller particles. Gold nanoparticles with a diameter of 20 nm and an
interparticle distance of 60 nm was successfully demonstrated applying this method.

Based on SEM analysis of the 20 nm particles it is believed that producing even smaller
particles using EBL will be challenging, especially with respect to electron scattering events
in the resist/substrate. Furthermore, the array must be produced within an acceptable time.
Therefore, in order to produce large MNP arrays, the write-parameter presented in Table 6.2
should be further optimized. Optimizing the write-parameters to reduce the write-time usually
comes with a tradeoff in terms of final resolution.

In the present work, the production of gold nanoparticles with a diameter of 20 nm and an
interparticle distance of 60 nm by the means of a bi-layered PMMA was successfully demon-
strated. However, based on SEM images of the dose matrices it is believed that producing
smaller particles using EBL will be hard, especially with respect to electron scattering events
in the resist/substrate. Furthermore, the array must be produced within an acceptable time-
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frame. Therefore, in order to produce large MNP array of diameter 20 nm the write-parameter
presented in Table 6.2 should be further optimized. However, optimizing write-parameters to
reduce the write-time usually comes with a tradeoff in terms of final resolution.

EBL has successfully been shown to produce MNPs with cross-sectional shape (e.g.
squares, triangles [51]) different from the disk (i.e. a cylinder). As the extinction maximum is
highly dependent upon the shape of the MNPs, production and optical investigation of MNPs
with different cross-section shape is suggested to be included in the investigation and opti-
mization of the EnSol solar cell.

The integrated sphere set-up needs to be further investigated. The set-up can in principle
separate the contribution of absorption and scattering to the total extinction. This separation
can be used to study the absorption efficiency as a function of MNP size to find at which di-
ameter absorption becomes the dominating contributor to the total extinction. The absorption
efficiency is directly related to the non-radiative decay of the LSPR and the associated genera-
tion of hot electrons; the fundamental process through which the EnSol solar cell will produce
electricity. The MNPs of the array Au45_150, Al45_150 and Ni45_150 produced within this
thesis work were found, based on SEM images, to take a slightly elliptic shape. Although
the elliptic shape is believed to be attributed to the charging effect, it can be further evalu-
ated (without coating the array) by studying the optical response of the arrays using polarized
light. The integrating spheres cannot provide any valuable information in this respect, since
the spheres emit unpolarized light independent upon incident polarization. Also, the thin-film
analyzer cannot be used since polarization is not conserved at normal incidence. This analysis
thus requires a set-up capable of varying the angle of incidence.

The UiB has already started the process of fabricating model solar cells. In this case, ITO-
covered glass coverslips coated with a thin layer (thickness has not yet been determined) of
SiO2 is used as the underlying substrate. ITO, being transparent and conductive, function as
the front electrode contact. The SiO22 layer electrically isolate the MNPs from the ITO. In
addition, a thin layer of SiO2 is deposited on top of the gold NPs, followed by a thin-layer of
metal. The metal function as the back electrode contact.



Appendix A

Prelimenary Integrating Sphere Measurements

This appendix presents preliminary results from the integrating sphere measurements. An inte-

grating sphere was employed in this work so that the contributions of absorption and scatter-

ing to the total extinction could be separated.In the introductory experiments, pure glass slides

were investigated. The measured reflectance of the glass is lower than it should be indicating

that some light is lost. This appendix presents the reflectance and transmittance spectrum of

the glass substrate and discusses possible reasons that can give rise to the observed underes-

timate of the reflectance of glass.

A.1 Reflectance and Transmittance of Glass

Figure A.1 presents the reflectance spectrum of glass collected using the integrating sphere
set-up. The manufacturer of the glass coverslips Thermo Scientific [76] states that the trans-
mittance of the glass is approximately 0.94 across all visible wavelengths. A bare glass cover-
slips, being transparent across all visible wavelength, does not absorb light. As a consequence
of conservation of energy the reflectance and transmittance must sum up to 1. Hence, the re-
flectance of the glass must be around 0.06 across all visible wavelengths. As is evident from
Fig. A.1, this is not the case; the reflectance is too low indicating that some list is lost. The ul-
timate consequence of this underestimate is an underestimate of the amount of light absorbed
by the MNPs (see Equation 2.23).

The sample port, entrance port and detector port are not coated with the sphere material
and consequently, light will not scatter in all spatial directions at these sites. This is not taken
into account and the underestimate of the glass reflectance might be attributed to losses at these
sites. However, ports not in use were closed with plugs to minimize such losses. Furthermore,
if these losses were significant they should also be present in the transmission sphere. The
transmittance of glass is found to be around 0.94 (corresponding to an extinction of 0.03, see
Fig. 6.9) in the wavelength range 400 nm - 1000 nm. It is therefore not believed that the
underestimate of the reflectance of glass is due to port-losses.



96 Prelimenary Integrating Sphere Measurements

4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0
0 , 0 0

0 , 0 2

0 , 0 4

0 , 0 6

0 , 0 8

0 , 1 0
Re

fle
cta

nc
e

W a v e l e n g t h  [ n m ]

 R e f l e c t a n c e  S p e c t r u m  G l a s s

Figure A.1: Average reflectance spectrum of the glass substrate. The spectrum is the average
reflectance based on five glass samples. Standard deviation is used as error bars. The noisy
tails of the spectrum are attributed to the limited performance of the light source.

The spheres, as discussed in Section 4.6, do not come with a baffle due to the small ac-
ceptance angle of the optical fiber and the small radii of the spheres. If the detector collects
un-scattered source light, this would give rise to an overestimate of the reflectance (the source
light would drown out diffuse signals). Furthermore, a bare glass surface reflects light in the
specular direction, so it is highly unlikely that light is reflected off the glass surface in the di-
rection of the detector. By removing the gloss-trap (i.e. excluding the specular component of
the reflected light) the reflectance of glass was found to be zero, so the underestimate is not
caused by un-scattered source light.

In the post measurement data processing it is taken into account that the coating material
of the integrating sphere, experiences some optical losses during the reflection (the factor
0.98 in Equation 2.24). Furthermore, in the reflectance spectrum presented in Fig. A.2 the
reflectance of the light source (i.e. an empty sphere) has been subtracted from the raw glass
reflectance. This has been done to exclude the contribution of the light that is re-transmitted
from the transmission sphere. When light is incident in the reflection sphere, an amount of
light will be transmitted through the glass and into the transmission sphere. An amount of this
light will be re-transmitted through the glass and into the reflection sphere and so forth. If
the contribution of the light re-transmitted from the transmission sphere is not excluded (i.e.
the reflectance spectrum of the light source is not subtracted), the reflectance factor of glass
is highly overestimated (approximately 20 % across all visible wavelengths). However, the
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Figure A.2: Transmittance Spectrum of the glass substrate as well as the sum of the reflectance
and the transmittance of the glass. The tails of the spectra are attributed to the limited perfor-
mance of the ligth source.

reflectance of the light source is likely to be greater than the amount of light re-transmitted
into the reflection sphere. Put in other words, an amount of the transmitted light will be
reflected in the transmission sphere and not (re-)re-transmitted into the reflection sphere when
the glass is at the sample port. This exchange of light between the spheres could in principle
also be significant in the transmittance spectrum of sample, giving rise to an overestimate of
the transmittance. The transmittance spectrum of glass in addition to the sum of the reflectance
and transmittance is plotted in Fig A.2. As can be seen from the figure, the transmittance of
glass iss 0.94 across the wavelength range, as it should be. It is important to note that the
exhange of light between the sphere is not included in the post measurement processing of
transmission data.
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