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1 Introduction 

1.1 Motivation and Background 
Increased negative impact from human activities, such as green house gases 
in the atmosphere and other pollution from traffic, industry and energy 
production, makes the environmental situation of today indeed worrying and 
alarming. Future possible scenarios can, in the worst case, be escalating 
climate changes, followed by the collapse of major polar ice sheets, a change 
in the flow of ocean circulations, increased incidence of coastal flooding, 
storms and extreme rainfall [1]. The need for electricity is also rapidly 
increasing; about 1.6 billion people in developing countries do not yet have 
electricity in their homes [2] and the global population is expected to 
increase to about 10 billion people by 2100. In order to supply us all in the 
future, available energy has to be shared, and this energy has to be produced 
using clean and economical methods. 

Fossil fuels account for ~ 80% of the total global energy production [3] and 
are major contributors to environmental degradation. Nuclear power is the 
only candidate today which can replace fossil-based energy production, and 
which has the possibility of meeting the upcoming energy demands. 
However, nuclear power is a questioned technology, where safety and 
storage of waste products still need to be solved. Furthermore, the sources 
are limited for uranium as well as for fossil fuels. Other already established 
sources are wind-, hydro- and solar-power, but they too have disadvantages, 
such as environmental impact, accessibility, efficiency and cost.  

Obviously, we have a huge challenge ahead and to reach our goals we need 
to reduce our energy consumption significantly, combine several sustainable 
energy production techniques, and we need to improve already established 
methods as well as develop new techniques.  

1.2 Applications to Green Nanotechnology 
Nanotechnology is based on nanosized material (i.e. 10-9 meter) and the 
dimension of these nanomaterials is considered as 0D for particles, 1D for 
rods and 2D for films. Materials of this small size can have very different 
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optical, electrical and magnetic properties, compared to whether the material 
has a larger length scale, and these properties are useful in several green 
applications. Four areas of particular interest are energy efficient windows, 
photovoltaics, light-emitting diodes and photocatalysis, and they are all 
based on or/and can be improved by nanotechnology. In this project the main 
focus was developing gold-based thin films and nanoparticles, in order to 
increase the efficiency of these presented applications, and all of them are in 
one way or another related to solar or thermal radiation. 

1.2.1 Solar and Thermal Radiation  
The sun is 4.6 billion years old and transforms about five million tonnes of 
hydrogen into helium every second [4]. This process creates a huge amount 
of energy, where some parts of the produced radiation reach the earth and 
provide us with heat and light. The sun is approximated as a black body and 
the intensity I of black body radiation can be described by Planck’s radiation 
law [5] according to 

 ( )
2

/5

2( )
1B thc k T

hcI
e λ

πλ
λ

=
−

 (1.1) 

where h is Planck’s constant, c the speed of light, � the wavelength and kB 
Boltzmann’s constant.  

The temperature Tt of the surface of the sun is ~ 5800 K and if we insert this 
value into Equation 1.1, we get the spectral intensity distribution of solar 
radiation. The radiation is affected by absorption and scattering through the 
atmosphere on the way towards the earth, and Figure 1.1 shows the solar 
spectrum that reaches us, ranging between 280 and 2500 nm. If the 
derivative is taken of Equation 1.1 and the result is set equal to zero, we get 
the value of �, for which the intensity I is maximum at a certain Tt. The 
relation is called Wien’s displacement law and can be written as 

 3
max 2.898 10tT mKλ −= ⋅ . (1.2) 

The maximum intensity of the solar light reaching the earth is also shown in 
Figure 1.1. 
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Figure 1.1  Upper panel: Spectra for solar radiation reaching the earth during clear 
weather conditions (left scale bar), blackbody radiation for temperatures occurring 
on the earth (right scale bar) and the sensitivity of the human eye. Lower panel: 
Spectra for solar control coatings and low-E coatings [6]. 

The incoming solar electromagnetic radiation is divided into the following 
intervals in wavelength: 
280 nm < � < 380 nm Ultraviolet radiation (UV) 
380 nm < � < 780 nm Visible light (VIS) 
780 nm < � < 2500 nm Near-infrared radiation (NIR) 

UV radiation transports ~ 5-10% of the incoming solar energy, gives us a 
suntan, makes it possible for us to convert cholesterol into vitamin D but 
gives us unfortunately also unwanted health effects. VIS holds ~ 50% of the 
solar energy, provides us with nice living condition by daylighting and is the 
required radiation for photosynthesis. The NIR part of the radiation is ~ 40-
45% and is an important carrier of heat from the sun.  

The earth can also be approximated as a blackbody and has an average 
surface temperature of 15°C. Inserting the global temperature into Equations 
1.1 and 1.2 gives a range of 3 �m < � < 50 �m for the emitted radiation from 
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the earth. This range for the thermal radiation i.e. infrared (IR) radiation, 
does not intersect with the solar radiation, which is shown in Figure 1.1. The 
balance between the incoming solar radiation and the outgoing thermal 
radiation is the base for our environmental conditions and are referred to as 
the green house effect. In addition, all bodies emit radiation and regardless 
of whether they are perfect black bodies or not, the region of high intensity 
for the radiation shifts depending on temperature.  

1.2.2 Energy Efficient Windows 
Lighting, cooling, heating and ventilation in buildings consume about 30-
40% of all globally produced energy [2] and especially the use of air 
conditioning has rapidly increased during the last few decades and is 
expected to continue to increase. In very hot climates air-conditioning uses 
~ 70% of the total energy load in buildings [7]. Moderately hot climates also 
use a substantial part of building-related energy for cooling, and in cold 
climates both cooling during the summer and heating during the winter are 
needed to maintain a comfortable indoor environment. A reduction of this 
building-related energy consumption is obviously one efficient way of 
reducing total energy consumption, and hence reducing waste products and 
pollution from energy production.  

Low-thermal emittance (Low-E) coatings effectively reduce IR radiation 
transfer through windows, which reduces thermal leakage from indoors to 
the outdoor surroundings, see Figure 1.1 for optical properties. Transparent 
conductors (TC) based on thin silver or tin oxide (SnO2) layers are suitable 
for low-E applications, where the oxide-based layers are often referred to as 
“hard coatings” and the metal-based layers are called “soft coatings”. The 
metal-based TCs typically consist of three or five layer stacks, where the 
metal layers are sandwiched between transmittance boosting dielectrics, and 
the oxide-based TCs consist of single layers [8]. The low-E windows are 
made up of several glass panes, and the outer side of the inner pane is coated 
with the thin low IR-emitting coating. 

Solar control windows limit NIR radiation through windows and into 
buildings, and their use creates reduced indoor solar heating and thus 
significantly less need of cooling, see Figure 1.1. The active coating should 
be placed on the inside of the outer glass pane, and solar control windows 
can be selective or non-selective, where the non-selective windows have a 
low to medium transmittance for the whole solar spectrum, while the 
transmittance for the selective windows is high in VIS and low in NIR. Non-
selective coatings are often made of partly absorbing and reflecting metal 
alloy or oxide layers, while the selective windows are often similar to the 
low-E windows [9]. 
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Figure 1.2  Schematic picture of an electrochromic device [10]. 

When the optical properties of the windows need to be switchable, 
depending on season and demands, electrochromic (EC) coatings, so called 
“smart windows”, can be used. A typical EC device consists of a five layer 
stack, connected in an electrical circuit and sandwiched between glass or 
polymer sheets, see Figure 1.2. The EC layers are often based on transition 
metals and the schematic figure shows how the anode is made of nickel 
oxide (NiOxHy) and the cathode of tungsten oxide (WO3-z). An ion-
conducting electrolyte is placed between the EC layers, and TCs are the 
outer components in the stack. The ions need to be small in order to 
penetrate the materials and therefore H+ or Li+ ions are often used, and the 
TCs serve as electron inserters and extractors. When a voltage of ~1V is 
applied to the circuit the positive ions are extracted from the anode and 
transported by the electrolyte into the cathode, while the charge-balancing 
electrons are transported by the outer circuit. The extraction of ions in the 
anode and the insertion of ions into the cathode make both electrochromic 
layers coloured and absorbing. The colouring and absorption depend on the 
number of transferred ions, so the window is tunable and the user can easily 
chose the optimum optical properties. Furthermore, the process is reversible 
and the windows return to transparent state if the direction of the electric 
field is changed or if the device is short-circuited. These electrochromic 
coatings have attracted great interest in recent years, and apart from the 
advantage of automatic or manual optical control, the device allows large 
optical modulation and energy savings [6]. Furthermore, since the device is 
switchable, a large part of the total incoming solar radiation can be blocked 
out when no persons are present in the room, which gives less indoor solar 
heating followed by less use of air-conditioning.  

TCs are important components in all of the above described window 
applications, and low-E and solar control windows are already well 
established on the market. Electrochromic windows are already used 
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commercially, but for large-scale manufacturing, and to really make an 
environmental impact, certain limiting issues need to be solved. EC devices 
today use oxide-based TCs, often tin-doped indium oxide (ITO) as shown in 
Figure 1.2, but their electrical properties require thick layers of the TCs to 
achieve the desired conductivity, which means a long production time and 
hence high costs. Furthermore, oxide-based TCs are often based on rare, 
expensive and unhealthy elements, which also boosts the need for new and 
improved alternatives. The excellent conducting properties of metal-based 
TCs gives a substantially thinner layer compared to oxide-based ones and 
thus a shorter production time and lower costs; gold-based TCs are 
especially promising candidates. Gold is an electrochemically stable metal, 
compared to, for example, silver, and although it is relatively expensive, the 
very thin layers may make gold-based TCs time- and cost-effective.  

1.2.3 Photovoltaics 
The sun provides us with clean energy, in such amounts that if we could 
transform only a small part of the incoming radiation into electricity, the 
total global need for electricity would be covered. Unfortunately, we lack the 
knowledge and technology to accomplish this task, but nevertheless 
photovoltaics (PV) have already great potential to be important contributors 
towards a sustainable energy future. PVs convert energy from incoming 
solar radiation into electrical energy and the device roughly needs three 
functions; absorption of the incoming radiation, charge separation, i.e. 
creating electron-hole pairs, and transportation of electrons and holes to the 
contacts. The market for PVs is currently totally dominated by devices based 
on crystalline silicon wafers [6], where the silicon is responsible for both the 
absorption of the light and the charge transport.  

Silicon is a well-known non-toxic and abundant element, but it is a weak 
absorber and hence the PVs need to be ~200-300 μm thick to achieve the 
desired efficiency [6]. This disadvantage means a long production time and 
high costs, and in order to challenge fossil-based electricity production great 
efforts in developing improved techniques have been made [11]. Thin silicon 
PVs, instead of the thicker ones described above, and organic dye-sensitized 
solar cells are two of the candidates for the new generation of PVs, and thin 
films of CIGS (copper, indium, gallium and selenide) or CdTe are the bases 
of other alternatives [6]. However, there are still several issues that need to 
be solved, where ineffective absorption of the incoming light is a particularly 
crucial one. Fortunately, the light absorption can be improved by the use of 
plasmonic resonances from noble metal nanoparticles. The mechanism 
behind the improvement is light-trapping caused by scattering on these 
nanoparticles, since metal nanoparticles are strong scatterers of light at 
wavelengths near the plasmonic resonance [12-13].  
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1.2.4 Light-Emitting Diodes 
Energy-saving and environmental requirements have also revolutionized the 
market for lighting, in which light-emitting diodes (LED) are very 
promising. They are already frequently used for signals, displays, decorative 
lighting and medical applications, and have a potential for general 
illumination in the near future [14]. LEDs consist of a semiconductor (SC) 
pn -junction, where electron-hole pairs are injected and emit light when 
recombined. The electron-hole pairs are created by an external voltage and 
the wavelength of the emitted light depends on the band gap of the SC 
involved. SCs of GaN, AlGaN, InGaN, GaAs, GaAsP are the most common, 
and white light is created from blue light together with a phosphor coating 
[6]. The advantages of LEDs are long lifetime, low energy consumption, 
high durability, fast switching, and they are also driven by DC current, 
which facilitates using solar-cell-based power supplies.  

Several weaknesses still need to be taken care of before application as a 
general light source is possible, where increased luminance is an urgent one. 
In the same way as for PVs, metal nanoparticles and their ability to scatter 
light can also be used to improve LEDs, and in this case to increase the 
optical power. The technique is very promising and previous work has 
proved an overall electroluminescence enhancement by a factor of 7 for thin 
silicon–on-insulator light-emitting diodes [15]. 

1.2.5 Photocatalysis 
Photocatalysis is an excellent method for self-cleaning surfaces, self-
sterilization and air purification, and is of fundamental environmental 
interest, especially when activated by solar radiation. The phenomena occur 
when particles of a wide band gap semiconductor are exposed to light with 
higher energy compared to the band gap of the semiconductor, and the 
catalytic efficiency depends on the ability to create electron-hole pairs and to 
avoid recombination before they reach the surface of the particle. 
Semiconductors based on transition metals are well-known photocatalytic 
materials, where anatase TiO2 is the most common [16]. 

The photocatalytic process in the oxides is normally activated by UV light, 
which makes only a small part of the incoming solar radiation usable for this 
application, and since standard window glass is UV-absorbing it complicates 
indoor use. In order to increase the use of the photocatalyst, especially in 
combination with solar radiation, the activating wavelength region needs to 
be red-shifted into the visual part. This improvement can be achieved by 
plasmonic effects of noble metal nanoparticles, and shifting onset 
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wavelengths into visual light would significantly increase efficiency and use 
in combination with solar radiation [17].  

1.3 Aim of This Study and Outline of This Thesis 
As described in previous sections, gold-based TCs and nanoparticles have 
many applications in green technologies due to their optical and electrical 
properties, and they can significantly improve future use of energy efficient 
windows, PVs, LEDs and photocatalysis. Therefore, the aim of this project 
was to study the growth of gold thin films and nanoparticles, as well as their 
electrical and optical properties, in order to achieve the required properties 
for the described improvements.  

For electrocromic devices the gold-based TCs need to have high luminous 
transmittance TLUM, electrochemical stability and short production time, and 
hence detailed studies on how to achieve these properties were performed. 
The study includes substrate and temperature effects of the film growth, 
optimizing of the amount of deposited gold and boosting of TLUM with anti-
reflecting coatings. Furthermore, electrochemical tests were carried out, as 
well as investigations of grain size and mean free path of electrons in the 
films. Improvements by gold nanoparticles for PVs, LEDs and 
photocatalysis are all related to plasmonic resonance and hence to the size 
and shape of the particles, and therefore detailed studies regarding 
nanoparticles were done. Temperature and substrate effects of particle 
growth were investigated, along with how variations of the amount of 
deposited gold can be used to control the size and shape of the particles. This 
was also tested in photcatalytic measurements.  

The first part of this thesis provides background information about thin films 
and nanoparticles, where the categorization of materials, various kinds of 
TCs and nanoparticles, and their use are covered. This is followed by a 
chapter where the growth of metal nanoparticles and thin films is described. 
Thereafter a section regarding electrical and optical properties follows, 
where theoretical models and calculations are also included. All samples in 
this project were deposited by DC magnetron sputtering, and a description of 
the method and parameters for the performed depositions is covered in the 
next section, followed by a presentation of the characterization methods and 
techniques that were used. Finally, a summary of the results is presented and 
discussed, followed by conclusions. 
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2 Thin Films and Nanoparticles 

2.1 Metals, Semiconductors and Insulators 
When atoms or molecules are put together as a solid, the atoms are ordered 
in a periodic lattice for crystalline solids or randomly for amorphous solids, 
and in the latter case a local order is also achieved over small distances due 
to chemical bonds. There are many possible periodic crystal structures for 
the solids, and the most used categorizing method is the Bravais lattice 
system, containing 14 3D space lattices, where the most closed-packed 
structure is a face centered cubic (fcc) structure [18]. However, complex 
locations of the atoms or molecules give many combinations, often related to 
these Bravais lattices, for example the hexagonal closed-packed (hcp) which 
is based on a hexagonal structure, and the diamond structure which is related 
to a fcc strucure. For both crystalline and amorphous solids, the close 
spacing of the atoms, when they are forming a solid, gives interactions 
between the atomic orbitals and, depending on the behavior of the 
interaction, three categories of solids can be formed; metals, semiconductors 
or insulators.  

Metals usually crystallize in closed-packed structures such as fcc and hcp, 
giving a big overlap of the orbitals, and metals are made up of atoms for 
which the valence electrons can easily be removed from the ion core. Thus, 
the valence electron behaves as free and can move freely in the solid, i.e. 
forming a conduction band. Metals have typically 1-2 valence electrons [19] 
and the origin of the metallic binding is the difference in energy for the 
valence electrons when they are bound to a free atom compared to when the 
atoms have formed a solid and the valence electrons can move freely [20]. 
Metals are often categorized depending on if they are free electron metals or 
not, where gold is included in the first category. Many properties of these 
free electron metals, such as electronic properties and optical reflectance, 
can be described classically by the Drude model [18], but for further 
understanding their properties have to be described quantum mechanically 
by the free electron model [18]. The free electron model explains the 
conduction band in metals, including the Fermi level �F, which is defined as 
the highest electron occupied state at absolute zero temperate (0K). 
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Figure 2.1  Schematics of energy bands and electron occupancy for an insulator, 
semiconductor, metal and semimetal, at temperature 0K. 

For semiconductors (SC) the quantum numbers n and l need to be 
considered, where n is the principal quantum number and describes the 
energy of electron orbitals, and l is the subsidiary quantum number which 
describes the momentum of the orbitals [21]. Atoms in SCs have valence 
electrons in several orbitals and due to inter-atomic spacing in the crystal, 
these orbitals overlap and create two energy bands, the valence band and the 
conduction band, with a forbidden band gap between [18,21,22]. The 
number of valence electrons gives that the valence band is completely filled 
and the conduction band is empty at temperature 0K, see Figure 2.1, and 
since electrons in the valence band are tightly bound to the ion cores the SC 
is non-conducting at 0K. When the temperature is increased and electrons 
achieve energy larger than the band gap, they can be excited up to the 
conduction band and the SC becomes conducting. However, it is also 
important to distinguish between direct and indirect band gap, where 
electrons excited over an indirect band gap need both the required energy 
and a phonon-assisted change in the momentum, while direct inter-band 
transition only requires enough energy. Figure 2.1 also shows that �F may be 
set in the middle of the band gap for SCs at 0K, while the chemical potential 
� is a better description above 0K. Furthermore, the location of � is shifted 
closer to the conduction band when temperature is increased and the number 
of electron transitions is increased. SCs are usually formed by covalent sp3 
bonds, i.e. l = 0,1 and hence s- and p-orbitals [18], and SCs are generally 
divided into two groups, intrinsic and extrinsic. The physical behavior of 
intrinsic SCs is described above, while extrinsic SCs have impurity atoms 
added, in order to improve electrical properties, which is described later in 
this chapter.  
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Insulators are very similar to SCs, but their band bap is much larger and 
inter-band excitations are not possible, and hence they remain, regardless of 
temperature, non-conducting. They may have sp3 covalent bonds as in 
diamonds, but they can also have ionic bonds as in the NaCl case [21]. 
Semimetals also need to be considered as somehow related to SCs, since 
they also have conduction and valence bands, separated by a band gap, but in 
this case the two bands overlap, as shown in Figure 2.1. This overlapping 
gives that both the valence and the conducting band are partly filled, and the 
semimetal becomes conducting at 0K [18].  

The conductivity of SCs can be increased by doping, called extrinsic SCs, 
and they can be n-doped by adding atoms with more valence electrons 
compared to the host atoms, or p-doped if atoms with a lower number of 
electrons are added. For n-doped SCs, the extra electrons are loosely bound 
to the dopants and are much more easily excited up to the conduction band, 
i.e. a donor level is formed closely below the conduction band, see Figure 
2.2, and the material becomes conducting at significantly lower temperatures 
compared to the non-doped case. If the material is instead p-doped, the lower 
number of electrons, compared to the host, gives that an acceptor level is 
formed above the valence band, see Figure 2.2. Electrons in the valence 
band can therefore easily be excited up to the acceptor level, which gives 
holes in the valence band. As for the n-doped case, the SC then becomes 
conducting at much lower temperatures compared to if the SC is undoped. 
For n-doped SCs, � is shifted towards the donor level and � is shifted 
towards the acceptor level for p-doped SCs, and for heavy doping � 
intersects with the donor or acceptor level.  
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2.2 Transparent Conductors 
2.2.1 Oxide-Based and Metal-Based Transparent Conductors 
Transparent conductors (TC) have low IR emittance, high luminous 
transmittance TLUM and are good electrical conductors. They are effectively 
used as low-E coatings, and TCs also being reflecting in the NIR region 
serve well as solar control coatings, see previous chapter. Their properties 
also make them useful in other green applications, such as electrochromic 
coatings and photovoltaics, which are also described previously.  

TCs are mainly divided into two categories, metal-based and oxide-based, 
where the latter are often referred to as transparent conducting oxides 
(TCO). TCOs consist of single layers and are based on wide band gap oxides 
which can be n-or p-doped, where the market today is dominated by n-doped 
TCOs, such as SnO2:F, In2O3:Sn(ITO), ZnO:Ga(GZO) and ZnO:Al (AZO). 
However, p-doped TCOs have attracted a lot of interest in recent years, one 
reason being the possibility of making transparent diodes, which can be 
achieved by combining n-doped and p-doped TCOs [8]. TCOs have 
satisfactory optical properties, high durability and chemical stability. But 
several of the involved elements are rare and unhealthy to handle, and due to 
their electrical properties the layers need to be relatively thick to achieve the 
required conductivity, which gives long production time and high cost. 
Furthermore, their optical properties in the NIR region make them less 
suitable as solar control coatings [8].  

Indium oxide (In2O3) can be amorphous or crystalline, where the crystalline 
phases can be of two kinds, cubic and rhombohedral [23]. The oxide exhibits 
increased conductivity by n-doping with tin, forming tin-doped indium oxide 
(In2O3:Sn) also known as ITO, and the optimum doping for thin films is ~4-6 
at% of tin [24]. Above the optimum values of doping concentrations, the 
oxide can enter another phase, In4Sn3O12, which has lower conductivity due 
to the reduced number of charge carriers [24]. Indium oxide can also be n-
doped by oxygen vacancies [25]. Tin dioxide (SnO2) can have an amorphous 
or rutile structure [26], and oxygen vacancies make the oxygen n-doped [27], 
while doping with indium (SnO2:In) make it p-doped [28,29]. However, p-
doping of SnO2 is a difficult task and the oxide needs further improvements 
to achieve the required electrical properties.  

Several metals are suitable as metal-based TCs, and noble-based ones have 
been used as TCs and transparent IR reflectors for more than five decades 
[30]. They are embedded between dielectric anti-reflecting coatings for 
improved TLUM and the stacks of metal and dielectrics can include three or 
five layers. Metals have excellent electrical properties and the layers are 
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therefore considerably thinner compared to TCOs, ~10 nm and ~300 nm 
respectively, and hence the production time and cost are substantially 
reduced. Unfortunately, both copper and gold have some absorption of 
visible light due to electron excitations, which reduces TLUM, and hence thin 
films of silver have mostly been used in metal-based TCs. However, silver is 
not chemically stable and not suitable in electrochromic devices, while gold-
based TCs are electrochemically stable and promising candidates, especially 
when TLUM is boosted by anti-reflective treatments.  

2.2.2 Gold-Based Transparent Conductors 

 
Figure 2.3  Optical properties of a ~7 nm thick homogeneous gold film on glass.  

Gold is a noble metal with a face-centred cubic (fcc) crystal structure, a 
mean free path � of 42 nm for electrons and a bulk electrical resistivity  of 
0.24·10-5 �cm at room temperature. The electron configuration [..]5d106s1 

[31] gives a half-filled s-band from the 6s valence electrons, which serve as a 
conduction band, and the plasma frequency �p at 8.7 eV [32] would, 
according to the Drude model, make gold transparent for UV light. 
However, due to inter-band transitions, such as transitions from 5d-bands up 
to 6s-bands at 1.94 and 2.5 eV [32,33], makes gold absorbing and hence 
non-transparent in UV. For thin films where the thickness d � 100 nm and 
smaller than the skin depth of the light, the interference of reflected light 
from the first and second interface tend to suppress the reflectance and the 
film becomes VIS transparent. For example, gold films with d ~ 7 nm have a 
TLUM  of ~ 72% and switch between reflecting and transmitting in the NIR 
region, see Figure 2.3. These optical properties make thin gold films very 
useful as TCs and their electrochemical stability makes them also suitable in 
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electrochromic devices. The properties of thin gold films are discussed 
further in the chapters dealing with optics and results. 

2.2.3 Anti-Reflective Coatings 
The transmittance of a thin film can be improved with anti-reflective 
coatings, a commonly used method for window applications, the principle of 
which is illustrated in Figure 2.4.  

Constructive interference

�/2
R1 T

�/4
R1

R

I

T

Destructive interference I

n0 n1 n2

R2

R
R2

� � n0 n1 n2

Constructive interference

�/2
R1 T

�/4
R1

R

I

T

Destructive interference I

n0 n1 n2

R2

R
R2

�� �� n0 n1 n2

 
Figure 2.4  Principles of destructive and constructive interference. 

When two light waves are put together, their resulting amplitude becomes 
enhanced or suppressed, depending on if the waves interfere constructively 
or destructively with each other, see Figure 2.4. The figure shows that some 
part of the incoming light is reflected at the first interface and some part is 
transmitted through the first layer and reflected at the second interface, and 
the resulting reflectance R has components from both interfaces, R1 and R2. 
If a dielectric material has a anti-reflective coating with a optical thickness 
nd, where n is the refractive index and d the thickness, and nd is equal to �/4, 
the R1 and R2 components will be out of phase by �/2 and destructive 
interference occurs. If nd instead is equal to �/2, R1 and R2 will be in phase 
and the interference is constructive. Anti-reflective coating of metals is more 
complex and the optimized nd ~ �/4 may not be true. Instead the optimizing 
must be calculated for each combination of metal film and dielectric coating. 
Furthermore, for optimal anti-reflective treatments, the amplitudes for R1 and 
R2 components need to be of same order of magnitude. When forming anti-
reflective coatings, a specific � is selected to have maximum transmittance T, 
called the design wavelength, which is usually ~550 nm.  

Titanium dioxide (TiO2) is a wide band gap semiconductor which can have 
rutile, anatase and brokite crystalline structures, as well as an amorphous 
structure. Small particles of the oxide backscatter visible light [6], and are 
thus used as pigments in paints, and its wide band gap makes TiO2 a good 
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absorber of UV light [34]. Furthermore, TiO2 is often used in various optical 
dielectric anti-reflective coatings, and thin gold films in this project were 
coated with TiO2. 

2.3 Nanoparticles 
When the physical size of a material is approximately 50 nm [6] in diameter 
or less, the material is considered to be a nanoparticle and exhibits different 
optical, electrical and magnetical properties compared to if the material had 
bulk dimensions. A strongly influencing factor for this behaviour is the large 
number for the ratio between surface and bulk atoms Nn. For a spherical 
particle the ratio is given by 
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where r is the radius of the particle and aave is the average distance between 
the atoms. The atoms at the surface are incompletely bound, and due to the 
large surface area of the nanoparticles their stability is dramatically reduced, 
and for instance the melting temperature is much lower for nanoparticles 
compared to the corresponding bulk material [18]. This enlarged surface area 
is of high importance in many applications, such as increasing the efficiency 
of gas storage and photocatalysis [18], and for dye-sensitized solar cells it 
gives nanoporous TiO2 an increased number of sites for the dyes and thus 
increases the possibility for light absorption [35].  

When nanoparticles are so small that the electrons are confined in all three 
dimensions, the particles are often called quantum dots or artificial atoms, 
since their small size gives quantum effects and hence discrete energy levels, 
as atoms and molecules have [18]. For semiconductors, both the hole states 
in the valence band and the electron states in the conduction band are 
discrete and the band gap is increased with decreased particle size [18]. The 
electron states in the conduction band of a metal also become discrete and 
the spacing �E between the energy levels near the Fermi level �F in metals 
can be estimated by  
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where the number of atoms Nn in the particle also gives the number of 
electrons in the conduction band in monovalent metals. For gold and silver, 
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this quantum behaviour occurs at a very small size of the particles, about 2-3 
nm [6].  

A very important property associated with metal nanoparticles is their 
surface localized plasmonic resonance. The phenomena is thoroughly 
discussed in a later chapter, but a brief introduction is presented here as well. 
Conducting electrons in metals are free to follow an applied electromagnetic 
field. Oscillating waves of this polarized electron gas are called plasmons 
and for nanoparticles these oscillating waves are called localized surface 
plasmons (LSP). These LSPs efficient absorb or scatter light near the 
resonance frequency of the LSPs. [6]. There are many excellent examples of 
how nanoparticles can be used, the oldest and probably the most commonly 
known being their use as a dye in old church windows. The colour which is 
reflected is determined by the plasmonic resonance of the particles, and gold 
was often used to give a red luster while yellow was given by silver [36]. 
There are also several upcoming applications, as described in the 
introductory chapter.  

2.3.1 Gold Nanoparticles 

 
Figure 2.5  The Roman Lycurgys cup. Published with permission by the British 
Museum.  

Great advantages can be gained by the use of metal nanoparticles and gold 
nanoparticles can be used to improve the efficiency of light-emitting diodes 
[14], photovoltaics [12,13] and photocatalysis [16,17], as described in the 
introductory chapter. They are also believed to be important components in 
biological sensors and optoelectronic devices [37]. The resonance frequency 
of LSPs in gold nanoparticles lies in the VIS part of the light, and an 
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excellent example showing this optical property and size effects is the 
famous Roman Lycurgus cup [6], see Figure 2.5. The cup is made of glass 
with imbedded nanoparticles of silver-gold alloy, and when the outside of 
the cup is illuminated with white light, the colour is green, but it becomes 
red when illuminated from the inside. The explanation of this property is the 
size-dependence of the LSPs. In the first case, the particles are suitable for 
backscattering green light, but can not create a backscattering of the longer 
wavelength of red light. In the other case, same properties make the green 
light backscattered and only the red light is transmitted through the cup.  

Gold nanoparticles and their properties have been investigated in many 
studies [37-39] and the outcome of my studies is presented in the chapter on 
results.  
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3 Metal Particle and Thin Film Growth 

3.1 Growth Modes and Processes at Surfaces 
When deposited atoms hit a substrate, several processes occur; such as 
surface diffusion, adsorption, desorption and nucleation [40], all depending 
on several complex factors. To begin with, there are different sites on a 
substrate and these sites are separated by energetic barriers. For diffusion, 
the atoms have to hop between the sites, where the energetic barriers 
between the sites represent the diffusion barrier and inter-site motions 
represent surface diffusion [41]. 

The atoms can bind to the substrate by physisorption and chemisorption, 
where the first binding is weak and caused by van der Waals force, and the 
latter is stronger due to chemical bonds. All atoms and molecules experience 
van der Waals forces, and when atoms with the right amount of energy are 
close enough to the surface, they are trapped in the physisorption potential 
well and weakly bound to the surface [41]. When the distance is reduced, the 
atoms can instead be trapped in the chemisorption potential well, and stick to 
the surface with chemical bonds. The adsorbed atoms on a substrate can also 
be desorbed and the rate for atomic desorption depends on the temperature, 
the desorption activation energy and the coverage. 

There are basically three types of crystal growth modes for thin films, 
depending on the substrate and the deposited material. These three modes 
are Volmer-Weber mode (islands), Frank-van der Merwe mode (layers), and 
Stranski-Krastanov (layers and islands) [41]. For the Volmer-Weber mode, 
the deposited atoms are more strongly bound to each other than to the 
substrate and hence islands of the deposited material are initially formed. 
The deposited atoms in the Frank-van de Merwe mode are instead more 
strongly bound to the substrate compared to each other, and the deposited 
atoms form a monolayer on the surface, followed by another layer which is 
less tightly bound. The Stranski-Krastanov mode is an intermediate between 
the other two, for which the atoms initially form one or a few monolayers 
and thereafter islands are formed on top of the monolayers. In this latter 
case, the origin of the behaviour is that the monotonic decrease in the 
binding energy, which occurs for layer growth, is disturbed after a few 
monolayers. There can be several explanations for this disturbance, for 
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example that lattice parameters or molecule orientation are not able to be 
continued for thicker films [40]. The Volmer-Weber mode typically occurs 
for metals on insulators, the Frank-van der Merwe mode for metals on 
metals and semiconductors on semiconductor, and the Stranski-Krastanov 
mode occurs for metal-metal and metal-semiconductor combinations.  

3.2 Grains, Contact Angle and Truncation Value 
During the initial growth of thin metal films small islands are formed on the 
substrate, see Figure 3.2 for thin metal film growth, and when the islands are 
very small they are perfect single crystals [42]. These islands may have 
different crystalline orientation and when the size of particles is increased 
and they start to touch each other, grain boundaries are formed. If the 
particles can grow to a large size, without touching each other, grain 
boundaries can also be formed, due to defects and strains in the substrate. 
The grains affect the optical properties of the metal to some extent, but the 
main influence is decreased conductivity [43]. There are also some re-
crystallization processes when the film is formed, giving a lower number of 
grains in the thin film compared to the number of initially formed islands 
[42] and the grain size increases with increasing film thickness. However, 
the grain size eventually saturates for thicker films. The grain size depends 
on deposition conditions such as deposition rate and substrate temperature, 
and is also affected by the temperature if the film is post-heated [44].  
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Figure 3.1  Contact angle 
c and truncation value tp  

When particles are formed on a substrate, the contact between the substrate 
and particle can be described by the contact angle 
c [16] and the truncation 
value tp [45,46], see Figure 3.1. The figure also illustrates how tp is related to 
the radius r of the particle and the distance x between the centre of the 
particle and the surface of the substrate. Both 
c and tp give information 
about the balance between cohesive forces in the particle, and adhesive 
forces between the particle and substrate, i.e. cohesive if the deposited atoms 
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are strongly bound to each other and adhesive if the atoms are strongly 
bound to the substrate. The cohesive force forms the particle, while the 
adhesive force tends to smear the particle into a layer on the substrate.  

3.3 Gold Nanoparticles and Thin Film Growth  
When gold is deposited on a dielectric material, the film undergoes a number 
of “growth stages” and these stages are shown in Figure 3.2. The figure 
illustrates how the deposited gold at first forms metal nuclei and a typically 
Volmer-Weber mode, followed by irregular islands and then starts to 
coalesce [47]. Then the film becomes non-uniform and finally the film is 
continuous. Figure 3.2 also shows how the thicknesses for the growth stages 
are different if the film is deposited by conventional evaporation (c.e.) or by 
ion-assisted evaporation (i.a.), where the latter technique is similar to 
sputtering. This project involves gold depositions on to both isolators and 
semiconductors, giving a difference in growth and properties for the formed 
particles and films.  

 
Figure 3.2  Growth stages of thin gold films deposited on to glass substrates by 
conventional evaporation (c.e.) and ion-assisted evaporation (i.e.) [47]. 

For non-homogeneous samples the filling factor f [47] is the value of volume 
fraction of deposited material, and for samples containing isolating particles 
f can be described by  

 p pN V
f

V
= , (3.1) 

where NP and VP are the number of particles and volume of particles, and V 
is the volume of the sample. The fraction of coated area in non-
homogeneous films can similarly be estimated by considering the coated and  
non-coated area of the sample.  
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4 Electrical Conductivity 

4.1 The Basics – DC Electrical Conductivity 
In free electron metals, the force F of electrons in a static electric field E can 
be described by Newton’s second law of motion, giving the equation of 
electron drift as   

 *
e

edm q
dt

= =vF E  (4.1) 

where q is the charge and me* is the effective electron mass [20]. The 
solution of Equation 4.1 is  

 *( )e
e

q tt
m

= Ev  (4.2) 

and by considering electron collisions and hence the relaxation time � 
between scattering events, the average electron drift speed ve is given by 

 *e
e

q
m

τ= Ev . (4.3) 

The charge q = -e, where e is the elementary charge and the current density j 
for a system of ne number of electrons can finally be written as  

 
2

*
e

e e
e

n en q
m

τ σ= = =v Ej E ,  (4.4) 

and hence the DC electrical conductivity � for a metal can be written as 
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For semiconductors both electrons in the conducting band and holes in the 
valence band contribute to conductivity and j is written as 

 e e h hn e p e= +j v v , (4.6) 

where ph is the number of holes in the valence band, and vh is the average 
hole drift velocity. The mobilities �e and �h for electrons and holes are given 
by  

 
*

e e
e

e

e
m
τμ = =v

E  (4.7) 

 *
h h

h
h

e
m
τμ = =v

E
 (4.8) 

and the conductivity for a semiconductor is given by 

 e e h hn e p u eσ μ= + . (4.9) 

 

The electrical resistivity  follows the relation  

 
1ρ
σ

=  (4.10) 

and the electrical resistance R� is defined as 

 
c

LR
A
ρ

Ω
= , (4.11) 

where L is the length of the conductor and Ac the cross-section area. In order 
to compare electrical properties, the sheet resistance R  is often used and if L 
equals the width W of the measured sample, R  is given by  
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Wd d
ρ ρ= = , (4.12) 

where d is the thickness of the film [18,19].  

4.2 DC Electrical Conductivity in Metals  
As described in Equation 4.9, conductivity in semiconductors depends on 
both electrons in the conduction band and holes in the valence band, and the 
amount of participating electrons and holes depends on which temperature 
regime the semiconductor is in, the band gap and if the semiconductor is 
doped or not, see Figure 2.1 and Figure 2.2. However, this thesis focuses on 
conductivity in metals and the reader is advised to look elsewhere [18,20,31] 
for a detailed description of electrical properties of semiconductors. 

Electrons at the Fermi surface �F in the conduction band are responsible for 
the conductivity in free electron metals such as gold, and Equation 4.5 gives 
that the electrical properties of metals are proportional to the relaxation time 
�, which is dependent on the origin to the scattering, and hence the 
temperature. At very low temperatures the dominating electron scattering is 
due to dislocations and impurities, but from about room temperature (RT) 
the scattering by lattice vibrations, i.e. phonons, dominates. These two types 
of scattering can be approximated as independent of each other and � is 
given by 

 
1 1 1

L Iτ τ τ
= +  (4.13) 

where �L is the relaxation time for phonon scattering and �I  for scattering 
against impurities and dislocations. The average distance the electrons travel 
between scattering events is given by the mean free path � as 

 Fν τ=�  (4.14) 

where �F is the velocity of electrons at the Fermi level. Obviously, the 
resistivity is also due to both types of scattering and  can be described by 
Matthiessen’s rule  

 L Iρ ρ ρ= + . (4.15) 

where L is due to phonons and is proportional to Tt as 
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 5,L t tT T RTρ ∝ <<  (4.16) 

 ,L t t DT Tρ θ∝ >  (4.17) 

while I is related to the defects and is independent of temperature [21]. The 
Debye temperature 
D is related to the maximum energy associated to 
phonons in a material and 
D = 165 K for gold. Since L vanishes when Tt � 
0, then residual resistivity (0)I can be extrapolated for 0K and an 
approximation due to the defects in the metal can be estimated from the ratio 
between (RT) and (0)I [21]. 

4.3 Grain Boundary Resistivity 
In a bulk metal, the conducting electrons are scattered by phonons, 
dislocations and impurities, as described above. Electron scattering by grain 
boundaries is also a limiting factor for the conductivity and the reduction 
depends exponentially on the number of grain boundaries per mean free path 
� of electrons [48]. The boundaries can be represented as potential barriers 
and the electron-boundary scattering can be described qualitatively with a 
1D-model based on Drude conductivity and with correction factors for grain 
boundary scattering [48]. The electrons can tunnel through these barriers and 
the grain boundary transmission coefficient � denotes the probability of 
tunnelling through a single barrier.  

The total transmission coefficient �i in an array i of boundaries follows the 
relation 

 
2

( , , )i iD QΓ Γ =� , (4.18) 

where D is the average size of the grains, the electrons are considered as 
waves and Q is the amplitude of the transmitted waves. For a large number j 
of arrays, the average value of �j is given by  

 
1

1( , , ) ( , , )
j

j i

i
D D

j =

Γ Γ = Γ Γ�� � , (4.19) 

which converges towards the probability ��/D for electron tunneling through 
�/D grain boundaries [33] and the conductivity �g including grain boundaries 
is experimentally shown [48,49] to follow the relation  
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,  (4.20) 

and g is given by 

 
1

g
g

ρ
σ

= . (4.21) 

4.4 Electrical Resistivity in Thin Films 
If the film is thinner than �, the electrical properties of the film are also 
limited by the thickness d of the film, and the resistivity f in a thin film 
follows the relation [50-52] 

            
1

3 51

3 1 1 11 (1 )
2 1

kt

f bulk kt
ep dt

k t t pe
ρ ρ

−−∞

−

� �−� �= − − −� �	 
−� � �
� , (4.22) 

where bulk is the bulk value, p is the surface scattering factor, and k is given 
by 

 
dk
l

= . (4.23) 
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5 Optics 

5.1 Electrical and Optical Correlation 
When an electric field is applied, the response in a material can be 
represented by the complex dielectric function � according to 

 1 2iε ε ε= + , (5.1) 

where the real part �1 and imaginary part �2 of the dielectric function can be 
written 

 22
1 kn −=ε  (5.2) 

 nk22 =ε . (5.3) 

The refractive index n describes how light is refracted at interfaces between 
different materials, while the extinction coefficient k defines the absorption 
inside the sample [53,54]. These absorption and refractive properties are 
represented in the complex refractive index N as 

 iknN += , (5.4) 

which is related to � by 

 2Nε = . (5.5) 

The response to the applied field can also be described by the complex 
optical conductivityσ~ , which is related to the real and imaginary parts, �1 
and �2 , as 

 21
~ σσσ i+= , (5.6) 

and �1 and �2  are related to the dielectric function as 
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 1 0 2( ) ( )σ ω ωε ε ω=  (5.7) 

 2 0 1( ) (1 ( ))σ ω ωε ε ω= − , (5.8) 

where � is the angular frequency and �0 is the permittivity in vacuum. 
Finally, σ~ can be related to DC electrical conductivity � as 

 0 (1 )iσ σ ε ω ε= + −� . (5.9) 

5.2 Interaction Between Light and Matter 
Interaction between light and charged particles in a material can be described 
by two classical oscillator models, the Lorentz and the Drude models, where 
Drude describes metals and Lorentz describes insulators and 
semiconductors. For clarity, the charged particles are assumed to be 
electrons, and the magnetic part of the light is ignored in both models and 
the electrons are accelerated only by the electric force [53]. 

5.2.1 Lorentz model 
Electrons in the Lorentz model are bound and the oscillation is given by 

 
2

* * * 2
02( ) e e e

d de m m m
dt dt

ω ω− = + Γ +r rE r  (5.10) 

where the left side is the accelerating force, including the elementary charge 
e and the electric field E. The right side of the equation starts with the 
inertia, followed by the viscous friction and finally the spring force from a 
simple harmonic oscillator, including the displacement r, the damping 
coefficient � and the resonance frequency �0. [53]. When the electron is 
accelerated by the field, the electron is displaced and a dipole moment p in 
the atoms or molecule is induced, which can be described as: 

 
2

* 2 2
0

1( )
( )e

ee
m i

ω
ω ω ω

= − =
− − Γ

Ep r . (5.11) 

In a system of ne electrons, the macroscopic polarization P in the material 
can be described by 
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By the use of the expression for dielectric displacement D 

 0 0ε ε ε ε= = +D E P , (5.13) 

a relation for � is given by 
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e

e

n e
m

ε ω
ε ω ω ω

= +
− + Γ

 (5.14) 

and �1 and �2 follow the relations 

 
2 2 2

0
1 * 2 2 2 2 2

0 0

( ) 1
( )

e

e

n e
m

ω ωε ω
ε ω ω ω

−= +
− + Γ

 (5.15) 
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Figure 5.1  The optical properties of the Lorentz model, described by the dielectric 
functions �1 and �2. Here I = transparent, II = absorbing and III = reflecting. 
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The frequency dependence for �1 and �2 is shown in Figure 5.1, which shows 
the frequency regions for transparent, absorbing and reflecting states.  

5.2.2 Drude model 
The Drude model describes classically how electrons in metals respond to an 
applied electromagnetic field and applies the kinetic theory of gases to the 
conducting electrons. The electrons are considered as free while the ions are 
considered as immobile, the electrons do not interact with each other and the 
electrons only interact with the ions by collision and not between the 
collision events [31]. Despite these simplifications, the Drude model gives a 
good description of thermal as well as electrical conductivity and the optical 
reflectance of metals.  

As for the Lorentz model, the electrons are considered to be accelerated only 
by the electric field in the light, and since the conducting electrons are free in 
the metal, the bound part in Equation 5.10 is removed, apart from the 
viscosity part. Thus the expression for the oscillation is  

 
2

* *
2e e

d de m m
dt dt

− = + Γr rE . (5.17) 

By assuming � = 1/� and by the use of polarization and displacement, as 
described for the Lorentz model, �1 and �2 can be expressed as 

 
( )

( )

2

1 2( ) ( )
1

pω τ
ε ω ε

ωτ
= ∞ −

+
 (5.18)  

 
( )

2

2 2( )
(1 )

pω τ
ε ω

ω ωτ
=

+
 (5.19)  

where �(	) is the high frequency dielectric constant. When the electric field 
is applied, the conducting electrons follow and oscillate with the same 
frequency as the field. The electrons then screen the incoming light and the 
light is reflected. With increasing frequency the electrons can eventually no 
longer follow the field and behave as frozen, and thus the metal becomes 
transparent. This occurs for � 	 �p, where the plasma frequency �p, is given 
by 
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and is shown in Figure 5.2. 
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Figure 5.2  The optical properties of the Drude model, described by the dielectric 
functions �1 and �2. 

By inserting the fundamental relation �=2�c/� into Equation 5.18, 
�(	)follows the relation 

 
( ) 2

1 2 ( )
21

p

c

ω τ
ε ε

π τ
λ

− = − ∞
� �+ � �
� �

. (5.21)  

By plotting �1 as a function of �2 and extrapolating the curve towards zero 
wavelengths, the intersection with the �1-axis gives the value of �(	). 
Moreover, Equations 5.18 and 5.19 together with ��=1/� give the relations 

 
1

2

)( εε
ωεωτ −∞

=  (5.22) 
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1 τωωεεω +−∞=P  (5.23)  

where �� is the relaxation frequency which represents the frequency of 
electron scattering.  

5.3 Transmittance, Reflectance and Absorptance 
When waves of light hit a material, the light may be transmitted, reflected 
and absorbed. This process always follows the relation 

 1)()()( =++ λλλ ART  (5.24) 

where T, R and A are the transmittance, reflectance and absorptance of the 
light. Furthermore, the absorptance is equal to the emittance E 

 )()( λλ EA =   (5.25) 

if the sample is in thermal equilibrium. The absorption of the light can be 
expressed by the use of the absorption coefficient �, which is given by 

 
0

4
λ
πα k=   (5.26) 

where �0 is the wavelength of the light before hitting the interface. This 
absorption coefficient reduces the intensity I of the light with incoming 
intensity I0, when penetrating the distance x in a sample, according to 

 0
xI I e α−= . (5.27) 

The Fermat principle [54] states that light takes the fastest path between two 
points in a medium, and the principle is based on momentum conservation 
and leads to Snell’s law: 

 1 1 2 2sin sinN Nθ θ= . (5.28) 

The angles 
1 and 
2 are defined as the angles of the rays towards the normal 
of the plane before and after the interface, while N1 and N2 are the complex 
refractive index for the two involved media. However, light can be both 
reflected and transmitted at a boundary and Snell’s law only considers 
transmitted light. Fresnel’s equations explain both the transmitted and 
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reflected part of the light, as described in Equations 5.29 – 5.32 and 
illustrated for a single interface in Figure 5.3. In these equations the 
polarization of the light is also considered, and index s denotes light 
polarized perpendicular to the plane of incidence, while index p denotes light 
with polarization parallel to the plane. The amplitude transmittance t and 
amplitude reflectance r for parallel and perpendicular components are given 
by:  

 1 1

1 2 2 1

2 cos
cos cosp

Nt
N N

θ
θ θ

=
+

 (5.29) 
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Figure 5.3  Transmitted and reflected light at a single interface. The index s denotes 
light polarized perpendicular to the plane of incidence and index p denotes parallel 
polarized light, and i, t, and r denotes incident, transmitted and reflected 
respectively 
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The measurable intensities T and R are related to the amplitudes t and r, and 
follow the relations  

 
22 2

, .
1 1

cos
cosp s p s

NT t
N

θ
θ

=  (5.33) 

 
2

., spsp rR = . (5.34) 

5.4 Thin Films Optics 
For thin films the light is not extinguished inside the sample before reaching 
the second boundary and hence the optical behaviour is affected by both 
interfaces. A film is considered as thin if �d << 1, see Equations 5.26 and 
5.27, where d is film thickness. In the cases of homogenous films with 
smooth interfaces, the coherence in the films needs to be considered. A 
coherent film means that there is a phase shift � of the interacting light 
waves, reflected at the first or the second interface of a film, and � is 
described by 

 2 2
2 cosN dπδ θ
λ

= − . (5.35) 

Figure 5.4 shows a coherent thin film where both interfaces 1 and 2 
contribute to the resulting r and t, and the figure also describes how r is 
given by  
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The Fresnel equation yields that 

 '
1 1r r= −  (5.37) 

 ' 2
1 1 11t t r= −  (5.38) 

and Equation 5.36 can be written as 
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Furthermore, the two types of polarization for r, as described in the previous 
section, need to be considered, and for non-normal incidence of the light, the 
result from Equation 5.39 is divided into rp and rs components. The intensity 
reflectance R is then given by Equation 5.34. 
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Figure 5.4  Principles of reflectance and transmittance for a thin film.  

Similarly, t follows as 

 ' 3 1 2
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where the intensity transmittance T is given by  

 23 3

1 1

cos
cos

NT t
N

θ
θ

= . (5.41) 

If the film is thick, the phase coherence is lost and does not need to be 
considered, but multiple reflections may still occur. The positive intensities 
can simply be added in these cases, and Figure 5.4 can also illustrate a single 
non-coherent film with multiple reflections, R is then given by  
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and T is similarly given by  
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Multilayer films may consist of several layers of coherent and/or non-
coherent films, and the calculation of the optical properties requires transfer 
matrix methods [54]. For example, this project includes a triple layer of thin 
gold film embedded between two layers of titanium dioxide, all deposited on 
a glass substrate, where the gold and titanium dioxide films are coherent, 
while the glass substrate is non-coherent. However, the calculations follow 
the principles described above but are not discussed in detail in the thesis. 
Further information can instead be found elsewhere [53-55]. 

5.5 Determination of Optical Constants 

 
Figure 5.5  Isoreflectance and  isotransmittance curves in the nk-plane, for a gold 
film with thickness~7.0 nm at � = 2500 nm. 

Optical constants n and k of the thin films were determined using Fresnel 
equations, matrix formalism [53-55], film thickness and measured intensity 
Rexp and Texp [56]. The calculated transmittance Tcalc and reflectance Rcalc for 
various sets of n and k , together with Texp and Rexp, form isoreflectance and 
isotransmittance curves in the nk-plane. The intersections between 
isoreflectance and isotransmittance curves give solutions of n and k to the 
equations 
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 0)())(),(( exp =− λλλ TknTcalc  (5.44)  

 0)())(),(( exp =− λλλ RknRcalc  (5.45)  

Figure 5.5 shows isoreflectance and isotranmittance curves for a thin gold 
film with thickness ~7 nm at � = 2500 nm and gives two possible solutions 
for n and k. In the cases when several solutions are possible, the correct 
solution can by selected from knowledge of the physical properties of the 
material or by determination of which one is Kramer-Kronig consistent. In 
this project, the properties of the studied material are well known and the 
correct solutions could be selected, for instance n ~ 2 and k ~ 16 for gold at � 
~ 2500 nm.  

5.6 Plasmonics 
A general description of plasmonic materials is that they obey the relation  

 1( ) 0ε ω <  (5.46) 

which requires n < k as shown in Equation 5.2. It also means that not only 
electrically conducting materials can be plasmonic. The other type of 
plasmonic material is insulators whose plasmonic behaviour is due to lattice 
vibrations, i.e. phonons [6], and these materials have several promising 
applications, such as for sky cooling. Sky cooling means that IR-radiation is 
emitted from the earth through the atmospheric window and hence the 
radiation does not contribute to global heating. Nanoparticles of insulating 
plasmonic materials can be used to tune the IR radiation to match the 
interval of 8 < � < 13 μm of the atmospheric window [57-58]. However, only 
metallic materials are considered in this thesis, and plasmonics are hereafter 
only referring to those occurring in conducting materials.  

Conducting electrons in metals respond to an applied oscillating electric 
field and this gas of electrons oscillates at the same frequency as the field. 
The oscillating waves of this gas of electrons are called plasmons. The 
oscillating electrons screen the material and hence the incoming radiation is 
reflected at the interface. For increased frequency of the electric field, the 
electrons can eventually no longer follow the field, the electrons behave as 
frozen and the material becomes transparent for the incoming radiation. The 
frequency, where the transition between reflecting and transmitting occurs, is 
called the plasma frequency �p. Furthermore, when the energy of the field 
matches the energy difference between occupied and non-occupied quantum 
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levels, electron inter-band transitions start and the material becomes 
absorbing.  

The conductivity in metals is due to electron intra-band transitions between 
energy levels near �F and where the difference in energy between the 
quantum levels is negligible. For inter-band transitions, the electrons hop 
between two energy levels which are separated by a finite energy gap. The 
response of these two types of transitions can be described by the Lorentz-
Drude model [59] 

 2 2
,

( ) 1 q

q q q

A
i τ

ε ω
ω ω ω ω

= +
− −� . (5.47) 

Each characteristic inter-band transition is labeled q = 1,2, etc, �q is the 
corresponding frequency of the radiation, Aq is the oscillator strength and the 
relaxation frequency ��,q gives the width of the absorption peak, and intra-
band transitions have q = 0 [6]. In order to distinguish the transition between 
reflecting and transmitting states in real materials, both the plasma frequency 
�p and the dielectric constant �(	) at high frequency need to be considered, 
where �(	) depends on how many terms of inter-band transition that are 
included in Equation 5.47. For VIS, NIR and IR range, Equation 5.47 can be 
modified to  
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for several metals, including gold. �1 = 0 for a plasmonic state gives the 
relation for the shielded plasma frequancy �p* , which is given by 
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ω
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ε
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∞
.  (5.49) 

Only the inter-band transition at 3.4 eV is usually included for gold [6], 
which gives that gold has �p* = 4.1 eV and hence �p

*~300 nm, compared to 
�p = 8.6 eV and �p ~148 nm.  

Conducting electrons in metals are located at the surface, and these charge 
states are called surface plasmon polaritons (SSP) when they occur at film 
surfaces, and are called localized surface plasmons (LSP) on particles. The 
waves associated with SSPs and LSPs decay by turning into normal radiation 
or by absorption.  
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5.7 Nanoparticles and Localized Surface Plasmons 
At the surface of conducting particles, the LSPs oscillate back and forth with 
the applied field and an oscillating dipole is formed. The polarizabilty �pol of 
the particle depends on the size and shape of the particle, the material the 
particle is made of and on the surrounding medium. For a particle with 
volume Vp and dielectric function �p , in a host medium with �h , �pol  is given 
by 
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where Lx,y,z are the depolarization factors for the x-, y- and z-axes [6]. For a 
spherical particle, the equation can be rewritten as  
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The incoming radiation can be reradiated by scattering by the particle, or the 
radiation can be absorbed and converted into heat. In the first case, the 
scattering of the incoming beam is determined by the cross section Cscatt,, 
which follows the relation  
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kC α
π

= , (5.52) 

where k is the wave vector of the light inside the surrounding medium and is 
given by 

 
2

hk π ε
λ

= .  (5.53) 

The cross section Cabs for absorption of the incoming light follows the 
relation  

 Im( )abs polC k α= . (5.54) 
 

Equations 5.52 and 5.54 yield that scattering and absorption of light is 
proportional to �pol, and since �pol gets its maximum value at resonance, light 
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is effectively scattered and absorbed near the resonance of the LSPs. The 
resonance of LSPs associated to nanospheres follows the relation  
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In order to determine �p in Equations 5.50 and 5.51, the dielectric function �B 
for bulk material can be adjusted to particle size as follows [45,60]: 

 
2 2

2 2
( ) ( ) p p

p B

B p

i i
ω ω

ε ω ε ω ω ωω ω
τ τ

= + −
+ +

  (5.56) 

The relaxation time �P for the particle is given by 
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where �B is the relaxation time in bulk material, Dp the diameter of the 
particle and �F the Fermi velocity. Equation 5.57 can be rewritten as  
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and �P can also be described in terms of the average distance �ave between 
surface scattering [61,62] by 

 ave
p

F

l
v

τ = . (5.59) 

The width of resonance � is inversely proportional to the particle size and 
follows the relation  
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6 Advanced Optics and Models 

6.1 Effective Medium Theories 
Thin films of nanocomposites consist of a mixture of two or several 
materials, where at least one of the components has structures with sizes in 
the nanoscale. The optical properties of the nanocomposites can be described 
by an effective medium approximation, using an effective dielectric function 
�eff which is related to the dielectric function � of the materials in the 
composites [64]. The approximation can be used when following conditions 
are fulfilled: 

 
1

2
max 1pDπε

λ
<< , (6.1)   

where Dp is the diameter of particles or cluster in the composite and �max is 
the largest value of � in the composite [65]. It follows that the composite is 
considered as homogeneous and optically described by �eff.  

The approximation, also known as the effective medium theory (EMT), can 
be used for rough surfaces and interfaces as well as for non-homogenous 
thin films. In the latter case, voids are considered as one component and the 
film the other component in a composite [47]. Depending on if the 
composite has isolated particles in a surrounding medium or if it consists of 
percolating aggregates, two different models can be used. For isolated 
particles the Maxwell-Garnett model is suitable, while the Bruggerman 
model is better for a percolating structure [66].  

6.1.1 Maxwell-Garnett Theory 
When a composite layer contains isolated particles and the size of the 
particles is small and agrees with the conditions shown in Equation 6.1, the 
optical properties of the composite can be described by the Maxwell-Garnett 
theory [66-68]. If the distance between the particles is also large enough so 
no particle-particle interaction occurs and if the particles are randomly 
orientated, the effective dielectric function �MG from the model is given by  
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where the filling factor f gives the volume fraction of the particles and �h is 
the dielectric function of the host material. The polarizability �MG,pol is 
proportional to �,pol of the particles, and �MG,pol  follows the relation 
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where the depolarization factor L in Equation 6.3 is assumed to pertain to the 
associated axis of the particles. For random orientation of ellipsoids, �MG,pol 
needs to be summed up for the three components of L. Furthermore, the 
condition f < 0.4 needs to be fulfilled in the Maxwell-Garnett model.  

6.1.2 Bruggeman Theory 
The Bruggeman theory [69] can be used for composites with 0 < f < 1, but 
although it has a wide range of f, the model is usually applied to non-
isolating structures. Especially optical properties of non-homogeneous films, 
when going through large scale coalescence (LSC), have successfully been 
described by the model [6]. In the model, a composite with spheres and 
consisting of two components, A and B, the effective dielectric function �BR 
from the model is given by 
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, (6.4) 

where �A and �B is the dielectric function of components A and B and f is the 
filling factor of component A [65].  

6.2 Spectral Density Function Analysis  

Nanocomposites can involve structures of various shapes and sizes, such as 
rods, ellipsoids, spheres, and the structural effects on �eff in a two-phase 
composite can be studied by spectral density function analysis (SDF) [64,70-
72]. The analysis is a state-of-the-art computing method where the SDF of a 
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composite can be determined from experimental results as long as f and �eff 

are known.  

Different shapes of the particles and multi-polar interactions between the 
particles give a variety in the resonances and these effects from the structure 
are described by the spectral density function g(x) given by 
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Several factors have slowed down progress over the years and one crucial 
limiting factor has been the difficulty of applying the analysis on composites 
with disordered structures. In more recent years, the computing has been 
improved by the Monte-Carlo method [73], where non-sharp features can be 
analyzed as well.  

6.2.1 Examples: Maxwell-Garnett and Bruggeman Theories 
In the Maxwell-Garnett theory, an average of the dipole-dipole interaction 
between particles is used, and the shift of the resonance will depend on f and 
L [64]. This is shown by rewriting Equations 6.2 and 6.3 as  
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By considering that the resonance at spectral parameter x = 0 depends on the 
DC conductivity [74] and resonances for x > 0 depend on structure [73,75], 
g(x) in the Maxwell-Garnett theory can be simplified as  

 ( ) ( (1 ))g x f x L fδ= − −  (6.7) 

SDF analysis can be used for the Bruggman model as well, but g(x) is more 
complex in this case [76,77], and is given by  



 57 

                    
1/ 22 2( ) 9 6(1 ) (3 1) 4g x x f x f xπ� �= − + + − − �  (6.8) 

The dielectric function � achieved from experimental results is transformed 
into g(x) by advanced computing techniques and based on Bayesian 
numerical statistics. Furthermore, the SDF estimates are made many times, 
where the values of x are varied in each set [64].  
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7 Deposition Method 

7.1 DC Magnetron Sputtering 
DC magnetron sputtering is a physical vapour deposition (PVD) technique 
and the depositions are performed at low pressure in a versatile system. The 
method is reliable, the results can easily be reproduced and the technique is 
frequently used for large-scale coatings of thin films. Sputtering means that 
atoms from a target are knocked out by energetic ions, the released atoms are 
deposited onto a substrate and a layer is built up. The working gas is usually 
argon and the ionization is caused by a strong electrical field applied 
between the target and the grounded chamber. When the field is applied, 
electrons are emitted from the target and they accelerate towards ground, 
they collide with and ionize argon atoms. The positive argon ions are forced 
to impinge on the target and the substrate atoms are knocked out as well as 
secondary electrons. The electrons are trapped near the target by a magnetic 
field from a magnetron placed behind the target, and these electrons create 
further ionization of the gas and increase the efficiency of the sputtering 
[78,79]. Thin films deposited using this ion-assisted method become 
continuous at lower mass thickness compared to when the coating is done by 
chemical vapour deposition (CVD) [47].  
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Figure 7.1  Schematic setup for DC magnetron sputtering. 

All depositions of films included in this project were performed using a DC 
magnetron sputtering employing a Balzer UTT 400. The base layers of ITO, 
SnO2.In and TiO2 were produced by reactive sputtering, where oxygen gas 
was also led into the chamber near the substrates. The sputtered atoms 
reacted with the oxygen and the oxide was deposited onto the substrates.  
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The parameters during sputtering affect the resulting films in several ways, 
and power P, working pressure p, temperature Tt and oxygen rate can be 
regulated in order to modify the properties of the resulting films. The base 
pressure in the chamber before sputtering begins is also important, since 
high base pressure can cause chemical reactions and thus contaminations in 
the films. The base pressure might also affect the working pressure and 
hence the structure of the films. For oxide depositions, the flow of oxygen 
might be crucial, and too low rates give a non-complete chemical reaction 
and other compounds than those requested are formed. On the other hand, 
too high oxygen rate makes the target oxygen-poisoned and the sputtering is 
strongly suppressed.  

The targets need to be electrically conducting for DC sputtering, a 
requirement fulfilled for all depositions performed in this project. If the 
target is insulating or poorly conducting, the target is charged during DC 
sputtering and the deposition is suppressed. In these cases, RF sputtering can 
be used instead, and the field is then alternating in direction and the target is 
charged and discharged due to the radio frequency (RF).  

7.2 Sputtering Parameters 
All thin films and particles of gold, TiO2, SnO2:In and ITO in this project 
were manufactured by the use of DC sputtering. The glass substrates were 
microscope slides and the substrates were unheated for all oxide depositions, 
while the glass substrates and base layers were non-heated for some series of 
gold depositions and heated for other series. The targets, with a diameter of 5 
cm, were placed 13 cm above the substrate holder, had a purity of 99.99% 
for Sn0.92In0.08, In0.90Sn0.10 and gold, and a purity of 99.9% for Ti. Before 
sputtering, the chamber was pumped down to an initial base pressure and the 
flow of inlet gas was maintained by mass-flow controlled gas inlets, and the 
substrates were rotating during deposition. 

Base layers of TiO2, SnO2:In and ITO were deposited onto glass substrates 
by reactive sputtering and the parameters are presented in Table 7.1. TiO2 
also served as anti-reflecting coatings of gold films and a layer of ~ 55 nm 
was deposited on both glass substrates and on top of a glass/TiO2/Au stack in 
these cases, see Figure 7.2. Thin films of gold were deposited onto glass 
substrates and the oxide base layers, see Table 7.1 for sputter parameters and 
Figure 7.2 for arrangements. Gold also served as a contact for resistance 
measurements and layers with d ~ 60 nm were then deposited. Gold was also 
deposited on photocatalytically active WO3. These oxides were deposited on 
glass slides and CaF substrates. However, these base layers were not 
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produced within this project, and the sputter parameters are presented 
elsewhere [89]. 
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Figure 7.2  Thin film arrangements studied in this work.  

 Working p 
mTorr 

P 
W 

Flow Ar 
ml/min 

Ratio Ar/O2 
ml/min 

Au 6.00 50 50 - 
TiO2 10.00 143 60 37.5 
SnO2:In set A 4.82 90 25 1.7 
SnO2:In set B 4.82 78 25 1.7 
SnO2:In set C 5.25 125 25 1.7 
SnO2:In set D 4.80 125 25 1.7 
ITO set E  4.00 70 30 34.1 
ITO set F  4.00 50 30 34.1 
ITO set G  2.00 70 10 35.7 
ITO set H  3.00 70 20 47.6 
SnO2:In set I 4.10 125 24 1.7 
SnO2:In set J 4.90 125 25 1.7 
ITO set K  3.00 70 20 47.6 

Table 7.1  Sputter parameters for Au, TiO2, SnO2:In and ITO depositions. The 
temperatures during sputtering are presented in the chapter on results and in the 
added articles.  

All gold and TiO2 depositions in this project had the same sputter 
parameters, as shown in Table 7.1. SnO2:In set A-D were used in article II, 
SnO2:In set A-D and ITO set E-H were used in article III. Set I of SnO2:In 
base layers was used in article IV, and both SnO2:In set J and ITO set K 
were used in the study regarding temperatures in windows.  

The base pressure depends on the condition in the sputtering chamber and the 
time spent on pumping down before sputtering. Therefore, the base pressure 
might be difficult to control since it is affected by mechanical parts of the 
sputtering unit, such as valves and seals, and if previous sputtering sessions 
have caused contamination which might outgas and influence the pumping. 
However, in all sputtering sessions, the chamber was heated, i.e. baked, for 
10 hours in order to remove contamination, and the chamber was pumped 
down to a suitable base pressure, which ranged between 10-6 mbar and 10-8 
mbar. 
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8 Characterization 

8.1 Structural Characterization 
8.1.1 Scanning Electron Microscopy 
The resolution dmin of a light microscope is given by  

 min
0.61

sin
d

n
λ
θ

= , (8.1) 

where n is the refractive index of the medium between lens and object, 
 the 
angle of the aperture and � the wavelength of the used visible light. When 
optimising the parameters, dmin ~ 150 nm is possible and details with a size 
of ~ 400 nm can be distinguished [80]. Wavelengths shorter than the visible 
light would decrease dmin and make it possible to distinguish smaller 
particles, but unfortunately complex lens systems will then be needed, which 
makes the use of light microscopes difficult for high resolutions. Instead the 
wave properties of electrons can be used, described by the de Broglie 
relation  

  
ee
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2
≈=λ , (8.2)  

which expresses the de Broglie wavelength �B by the momentum of the 
electrons pe and Planck's constant h. The relation can also be written as a 
function of the acceleration voltage U for the instrument, electron mass me 
and the elementary charge e. The use of electrons instead of light 
substantially improves the resolution for the instrument, but other factors 
such as the diameter of the light spot and the contrast of the sample, reduce 
the resolution. In spite of this, details and particles of a few nm can be 
distinguished using this method, known as scanning electron microscopy 
(SEM). This is a factor ~ 100 better compared to ordinary light microscopy. 

SEM is performed in vacuum and electrons are emitted into a column, 
accelerated by an applied field and focused by lenses. Thereafter the beam of 
focused electrons hits the sample and electrons are elastically and non-
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elastically scattered. The elastic scattering gives back-scattered electrons, 
while the non-elastically scattered electrons give rise to secondary electrons 
released from the sample. The back-scattered electrons have high energy and 
penetrate into the sample, and since the scattering rate from the involved 
atoms differs depending on the atomic mass and hence the atomic number, it 
gives a compositional imaging of the sample. Atoms with a high atomic 
number give rise to a higher rate of backscattered electrons and the image 
becomes bright, while the image of atoms with a low atomic number appears 
darker. Furthermore, the low energetic secondary electrons are surface 
sensitive and useful when imaging the topography of the sample.  

All SEM-images in this project were created by a LEO 1550 FEG Gemini 
instrument and by the use of in-lens detection. The acceleration voltage was 
10 kV for conducting samples and 3-5kV for non-conducting samples. The 
lowering of the accelerating voltage reduces charging of samples consisting 
of gold islands on insulating substrates, but although this action some 
charging remained and the quality of those pictures was therefore negatively 
affected. 

8.1.2 Atomic Force Microscopy 
Atomic force microscopy (AFM) is a useful instrument for investigating the 
structure of a sample, and the method gives high-resolution imaging of the 
topography and variations in the nanoscale range are distinguished. The 
instrument is equipped with a cantilever, which has a sharp tip at one side, 
and the other side is joined to a piezoelectric device. For contact mode, the 
cantilever is lowered and slightly bent, the tip has contact with the surface 
and is swept over the sample. The tip follows the topography of the sample, 
the cantilever responds to the variations in height and the piezoelectric 
device adjusts in height so the cantilever maintains its original bending 
position. A laser beam is directed at the cantilever, the light is reflected, the 
variations in height of the cantilever are detected by a photocell and create 
an image of the topography of the sample. For tapping mode, the set-up is 
the same but the tip does not have constant contact with the surface. Instead, 
high frequency is applied to the cantilever and the cantilever and the tip start 
to vibrate. The vibrating tip scans the surface and the position in height of 
the cantilever is detected by the photocell [81].  

The mean roughness ra, defined as 
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was used for all roughness measurements in this project, where NR is the 
number of measured points and Z the peak-to-valley difference in height 
within the analyzed region. The measurements were performed using a 
Nano-Scope III instrument. 

8.1.3 X-ray Diffraction 
X-ray diffraction (XRD) is a useful analytic method for studies of crystalline 
structure, grain size, orientation, strains and defects in a crystalline material 
[82]. The principle of the technique is shown in Figure 8.1, illustrating X-
rays scattered at the atomic planes and the distance dhkl between the planes, 
where h,k,l are the Miller index and are related to the structure. The figure 
also shows the difference in path length 2AB between two scattered waves, 
and the Bragg’s condition is fulfilled if 2AB = n�. Bragg’s law follows the 
relation  

 2 sinhkld nθ λ= , (8.4) 

where 
 is the angle between the incident X-ray and the planes, n is an 
integer and � the wavelength of the X-rays. The equation gives that waves 
scattered at the different atomic planes interfere constructively with each 
other and give rise to a diffraction peak in the spectrum.  
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Figure 8.1  Principles of X-ray diffraction, where dhkl is the distance between the 
atomic planes, and 2AB is the difference in path length for waves scattered at first 
and second plane.  
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Grains sizes in a crystalline material can also be determined using the 
method, by the use of the Scherrer formula. The average size D of the grains 
is given by 

 
cos

D K
B

λ
θ

=  (8.5) 

where B is the broadening of the peak and K is a constant. 

In this study, crystal structure and grain size were investigated by the use of 
a Siemens 5000 diffractometer with CuK� radiation at grazing incidence.  

8.2 Optical Characterization 
8.2.1 Spectrophotometry 
Specular near-normal reflectance R and normal transmittance T of the 
samples for wavelengths 300-2500 nm were measured by a Perkin-Elmer 
Lamda 900 double beam spectrophotometer, equipped with a Spectralon 
covered integrating sphere. The double beam setup corrects errors such as 
intensity fluctuations of the light, the light sources are tungsten-halogen and 
deuterium lamps, and the detectors are protected from direct light by baffles. 
The integrating sphere detects the total T and R, which have specular and 
diffuse contributions, and the recorded transmittance T and reflectance R are 
given by 

 d sT T T= +  (8.6) 

 d sR R R= + , (8.7) 

where index d and s denote diffuse and specular (non-scattered). If Rd is 
measured, the specular exit port is open and Rs is excluded from the detected 
R. In a similar way, Ts is excluded from the detected T for Td measurements 
by a black cone placed at the reflectance sample port, acting as a beam dump 
for Ts. However, as all samples in this project were considered to be non-
scattering, the diffuse contributions were ignored and T ~ Ts and R ~ Rs, see 
Figure 8.2 for schematics. 

During transmittance measurements the sample was placed at the entrance 
port for the sample beam, a Spectralon plate was placed at the sample port 
for reflectance and the transmittance was given by  
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where I0 is the intensity of the initially incoming light and IT is the intensity 
of the transmitted light. During reflectance measurements the sample was 
placed at the sample port for reflectance, a black cone which dumped the 
transmitted light was placed behind the sample, and R was calculated by   

 corr
R C

I
IR

0

= , (8.9) 

where IR is the intensity of the reflected light and Ccorr gives a correction for 
port losses and sphere geometry. Transmittance measurements were 
performed using normal incidence and the reflectance at near-normal 
incidence, ~8°. 

 
Figure 8.2  Schematics for the integrating sphere, showing reflectance 
measurements. 

8.2.2 Ellipsometry 
Ellipsometry is an optical measuring technique used for thickness 
measurements of films and for determining optical constants of solids and 
films. The technique is based on the change of polarization when light is 
reflected on a surface with non-zero angle of incidence and this change is 
achieved by comparing s- and p-components of the reflected light, see 
Figure 5.3 for s- and p-polarization. These s- and p-components are related 
to the ellipsometrical parameters � and � as 
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in a thin film, where � describes the difference in amplitude of s- and p-
components and � the difference in phase [83].  

8.3 Chemical Composition 
8.3.1 X-ray Photoelectron Spectroscopy 
When X-ray radiation is irradiated onto a material, the radiation is absorbed 
and electrons are emitted. The kinetic energy Ek of the emitted electrons is 
measured and the binding energy Eb of the electrons is calculated by 
 

 kb EE −= ω� , (8.11) 

where ω� is the energy for the incoming X-ray light. Since each element has 
a specific Eb , the composition of the material can be determined. The kinetic 
energy of the electrons is slightly shifted depending on neighbouring atoms 
and this chemical shift can also be determined by the method, and by 
measuring at various angles the orientation of molecules may also be 
detected.  

The technique is called X-ray photoelectron spectroscopy (XPS), or electron 
spectroscopy for chemical analysis (ESCA). The analysis is surface-sensitive 
and enables characterisations of thin films without any influence from the 
substrate [84]. Unfortunately, the surface sensitive analysis also enlarges the 
effects from surface pollution, from elements such as oxygen and carbon.  

The XPS measurements in this project were performed using a PHI Quantum 
2000 scanning ESCA microprobe equipped with monochromatic Al K� 
radiation. 

8.4 Electrical Measurements 
Electrical resistance R� for the samples was registered between sputtered 
gold contacts. Electrical resistivity  and sheet resistance R  were calculated 
from the result and film thickness d according to  
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where Ac is the cross-section for the film and L the length between contacts. 

8.5 Electrochemical Analysis by Cyclic Voltammetry 
Cyclic voltammetry (CV) is a powerful technique for studies of 
electrochemical stability and gives information on oxidation and reduction 
processes in the studied samples [85]. The used setup had the studied sample 
acting as a working electrode, a counter and a reference electrode were 
connected, and the electrodes were immersed in an electrolyte. A potential 
sweep between the working and counter electrodes gave an electrode 
reaction, an electrical current passed between the two electrodes, and the 
current density and charge capacity for the sample could be determined.  

In this project CV measurements were made on multilayers of 
TiO2/Au/TiO2/glass. Li foils served as both reference and counter electrodes, 
and an electrolyte of 0.5 M LiClO4 in propylene carbonate was used. The 
potential was swept between 3 and 5 V with regard to the reference electrode 
at a rate of 1mV/s. The system was computer controlled by an ECO Chemie 
Autolab/GPES and the measurements included 20 cycles. 

 
 
Figure 8.3  Setup of cyclic voltammetry [ 85]. 
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8.6 Thickness Measurements and Porosity Estimations 
Several ways of determining the thickness of the samples were tried out in 
this project, where some methods were used for gold samples and some were 
used for oxide base layers.  

Determination of the thickness of base layers was initially made by SEM-
imaging the cross-section of the layers, followed by optical point-by-point 
fitting [86]. The method had some difficulties, specially cutting the cross-
section to get sharp edges and reliable estimated starting values of the 
thickness d, and hence d was thereafter determined using a surface profiler 
for all produced oxide films.  

For thickness measurements of thin gold films, the normally used 
designation for thickness d need to be revised, since these films are often 
non-homogeneous and have parts with gold depositions and other parts with 
bare substrates. In these non-homogeneous cases, it is more appropriate to 
use the mass thickness dmass and the geometric thickness dgeom. The value of 
dmass means that the deposited amount of gold in a non-homogeneous film is 
assumed to be smeared out, creating a hypothetic homogeneous layer on the 
substrates, and dmass is the average thickness of this film. The porosity and 
area fraction fSEM of the non-homogenous films can be estimated by image 
analysis of SEM pictures of the films and together with dmass the value of 
dgeom can be estimated, where dgeom is the thickness of the actual non-
homogeneous film.  

At first, dmass of the thin gold films was determined by measuring d of a thick 
gold film with a surface profiler, where the thick film was sputtered under 
the same sputtering conditions as for the thin films. dmass of the thin films 
was then determined by linearly scaling by time. The method, used in article 
I, is reliable for thin homogeneous metal films, but the initial film growth is 
not linear and thus the method gives some deviations from the correct values 
of dmass for non-homogeneous films. Therefore the determination of dmass was 
backed-up using Rutherford backscattering spectroscopy measurements, 
which gave more accurate values of dmass. This latter method was used for all 
thin gold films, except for the films in article I.  

8.6.1 Surface profilometry 
For thickness measurements using a surface profiler, a part of the substrates 
was masked before film deposition and hence d could be determined after 
film depostion. The used instruments were Dektak XT and Dektak 150 
surface profilers from Bruker, which were equipped with a sharp surface 
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scanning stylus which gave the variation in height between masked and 
deposited parts of the substrates.  

8.6.2 Rutherford Backscattering Spectroscopy 
Rutherford backscattering spectroscopy (RBS) is based on the result from 
elastic collisions between incoming ions and target atoms. The incoming 
ions are usually 2MeV He2+. When these ions hit the target atoms they are 
backscattered with an energy determined by the collided atoms. By 
considering elemental cross-sections and geometry for the setup, the 
composition of the material can be determined [87]. Furthermore, the He2+ 

ions lose energy when they penetrate the sample, and the energy shift gives a 
depth profile of thicker samples.  

RBS measurements are limited to detecting elements heavier than the 
incoming He2+. It is also important to consider the combination of substrate 
and the deposited material that will be analysed, since it is difficult to 
distinguish elements deposited onto substrates consisting of heavier 
elements, especially if the amounts are small. The best options are 
depositions of heavy elements on light substrates with a simple composition, 
such as carbon and silicon, since the result from the substrate does not 
interfere with the result from the investigated film in these cases. The gold 
films in this project were deposited onto glass substrates or oxide base 
layers. Moreover, elements with similar atomic masses are difficult to 
separate and they often give a collective result in the RBS spectrum, and 
therefore the indium and tin ratios in the base layers could not be determined 
using this method. 

All RBS measurements were performed at the Tandem Laboratory at 
Uppsala University and the analysis of RBS data was done using SIMNRA 
[88], a fitting program for films and substrates.  

If the density  of the film is known, d of the film can be calculated by  

 S

atoms A

MNd
n N ρ

= , (8.13) 

where M is the molar mass, NS is the thickness of the film in atoms/cm2 

determined by SIMNRA, natoms the number of atoms in the molecule, NA the 
Avogadro constant and d the thickness in cm. Gold films were analyzed 
using the method and dmass of the films were calculated. However,  in 
Equation 8.13 is based on bulk gold, and since the gold films in the project 
most likely have small deviations from that value, due to factors such as 
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grain boundaries, the estimated dmass might differ by some few percent. 
Furthermore, if the measurements are performed where the current is not 
fixed at a constant level, the method requires detailed information about the 
substrate material.  

8.6.3 Porosity and Area Fraction Estimations 
The porosity and the area fraction fSEM of non-homogeneous films, as well as 
the average size of the nanoparticles, were estimated by picture analysis of 
SEM images, using MATLAB programming and toolbox Image Processing 
Tool. The method estimated fSEM according to 

 coat
SEM

area

Nf
N

= , (8.14) 

where Ncoat is the number of pixels of the coated area and Narea is the number 
of pixels of the image area, i.e. the sample. Then dgeom, given by 

 mass
geom

SEM

dd
f

= , (8.15) 

was be estimated from the values of dmass, The method was also used to 
estimate the average distance between nanopartilces as well as the distance 
between the voids.  

8.7 Photocatalytic Measurements 
The photocatalytic efficiency in a sample can be studied using Fourier 
Transform Infrared (FTIR) spectroscopy, together with adsorbents and 
photocatalytic activating radiation [89,90]. At first, the sample is placed in 
the FTIR spectrometer and IR radiation is irradiated on the sample, where 
the energy of the IR radiation is in the same range as the absorption energy 
due to molecular vibrations. The absorption peaks, and hence the vibration 
modes, in the sample are recorded and the spectrum is saved as a reference 
spectrum. Thereafter, adsorbents are deposited on the sample and FTIR 
measurements are performed again and the amount of adsorbed molecules is 
recorded. This is followed by further FTIR measurements where the sample 
is irradiated by photcatalytic activating radiation as well, usually a solar 
lamp. In this way, the rate of degradation of the adsorbed molecules can be 
measured and the photcatalytic efficiency of the sample can be calculated.  
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The absorptance A in the sample follows the relation  

 0
ktA A e−= , (8.16) 

where A0 is the absorptance after baseline corrections, k is the degradation 
constant and t is the time. Together with the experimental results and by 
converting Equation 8.16 into 

 
0

ln A kt
A
� �

= −� �
� �

,  (8.17) 

the rate of degradation can be calculated.  

In this work, the IR-range was 800-4000 cm-1, simulated solar light was 
achieved from a Xe arc lamp, operating at 200 W and where the IR-part of 
the light was removed using a water filter [89]. Two kinds of adsorbents 
were used, stearic acid (C18H36O2) and dodecylamine (CH3(CH2)10NH2), 
which were dissolved in methanol. 10 μl of the solution was deposited on the 
samples and then spin-coated at 1500 rpm. The concentrations of the stearic 
acid and dodecylamine were 1 mM and 0.8 mM, respectively. 
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9 Results and Discussion 

The use of thin gold films and nanoparticles has great possibilities for 
improving several green nanotechnologies, such as electrochromic windows, 
photovoltaics, light-emitting diodes and photocatalysis. In order to achieve 
the desired properties of the films and particles, and hence further their use 
in the mentioned applications, the aim of this work was to study gold films 
and particle growth. The work included optical, structural and electrical 
investigations, as well as studies of the electrochemical stability of the thin 
films. How various temperatures, both during and after gold depositions, 
affected the growth was also studied, as well as how the amount of deposited 
gold and substrate properties affected the growth. Photocatalytic 
measurements were also performed. All depositions were performed using 
DC magnetron sputtering. 

This chapter presents and discusses both non-published and published 
results, where the presentations are detailed in the first case and the latter are 
summaries of articles I-V. In articles I-IV, the mass thickness dmass of the 
gold films is named dAu and the thickness of the base layers dsub. In article V 
the geometrical thickness dgeom and dmass are used for the gold films. For 
clarity, and to ease an overview of the different ways of determining and 
considering the thicknesses, the terms dmass, dsub and dgeom are used in this 
chapter.  

9.1 Growth of Gold Films and Their Characteristics 
9.1.1 Article I 
Gold films with a mass thickness dmass between 2.6 nm and 9.8 nm were 
deposited on non-heated glass substrates, and scanning electron micrographs 
(SEM) showed that the films ranged from an island structure to a 
homogeneous film. This range was also consistent with the transmittance at 
� = 2.5 μm, TNIR, where the value was ~90% for a non-conducting island 
structure and TNIR was ~ 10% for a conducting and homogenous film. The 
value of the resistivity  was ~8·10-5 �cm for dmass ~ 4.4 nm and the value 
levelled off for thicker films at  ~ 1.5·10-5 �cm for dmass 	 8 nm. This latter 
value was only a factor of ~ 6 higher than for bulk gold, for which  ~ 
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0.24·10-5 �cm, and the value was a factor of ~ 7 lower than the commercially 
used ITO, which has  ~1·10-4 �cm. The study also showed that a gold film 
with dmas 	 7 nm was Drude-like, and the calculated value of the optical 
resistivity opt from the Drude model and experimental values of 
transmittance T(�) and reflectance R(�), was in excellent agreement with the 
value of . 

The best combination of electrical and optical properties was obtained for 
the film with dmass ~ 8 nm with a maximum transmittance in the VIS-range, 
TLUM, of ~ 72%, which was the highest value of all the included nine films. 
The SEM picture showed that the film was continuous with small voids, but 
since the voids were separated by a larger distance than the mean free path � 
~ 42 nm for electrons in gold, the film was considered to be homogenous. 
Therefore, another gold film with dmass ~ 8 nm was manufactured, but this 
time with anti-reflecting coating of TiO2. The coatings boosted TLUM and the 
TiO2/Au/TiO2 film achieved a TLUM of ~ 80%.  

The electrochemical stability of this TiO2/Au/TiO2 film was then studied, 
using cyclic voltammetry. The voltage was swept between 3 and 5 V, the 
typical range for an electrochromic window, and 20 cycles were performed. 
The results showed no degradation and the film was proven to be 
electrochemically stable. This stability was also confirmed by subsequent 
optical measurements. The results also showed that the TiO2 coating was 
porous, allowing transport of Li ions. As a comparison, an identical test was 
performed on a silver-based transparent conductor, where the film oxidized 
during the first cycle and the film was degraded into a non-conductor.  

9.1.2 Metal-on-Metal Growth and Aging of Gold Films  
Article I shows that a gold film with dmass ~ 8 nm is suitable as a transparent 
conductor, especially when it needs to be electrochemically stable. The 
results also showed the importance of an optimum value of dmass, since the 
films achieved the best electrical properties for dmass 	 8 nm and TLUM was 
reduced for dmass > 8 nm. 

 
Figure 9.1 shows a SEM image of a gold film with dmass ~ 10 nm, same film 
which is included in article I but at a different site. The figure shows a 
typical metal-metal growth, where a hexagon-structured gold feature is 
formed on top of the homogeneous gold layer. Similar results were also 
shown in previous work, for example for Pd/Ag and Pb/Ag combinations 
[40]. This too highlights the importance of the optimized thickness of the 
gold films.  
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Figure 9.1  Scanning electron micrograph of a hexagon-shaped gold layer, formed 
on top on a gold film. 

It is also important to consider if the gold films age. If they do age; in what 
way does this affect their properties as transparent conductors and how can 
this be prevented? Therefore, the gold films presented in article I were 
studied optically three years later. During this time, the films had been stored 
in a non-protected atmosphere. Figure 9.2 shows the T(�)-spectra for the 
films before and after storage.  
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Figure 9.2  Spectral transmittance T(�) for gold film, before storage (left panel)and 
after three years (right panel). 

The results show that the films aged when they were stored, which is clearly 
seen in Figure 9.2. The old films had reduced TLUM and increased TNIR, and 
for the selected film with dmass ~8 nm in article I, the value of TLUM was 
reduced from ~72% to 57% and TNIR was increased from 15% to 52%. The 
results indicate a reformation of the films, towards an island structure, which 
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was also indicated by the characteristic T(�) drop in the VIS range, which is 
a typical effect from localized plasmonic absorption.  

The study showed that further investigations on this matter needs to be 
performed. Eventual aging of the films, when used in their applications, 
needs to be studied as well.  

9.2 Substrate Effects on Gold Film Growth 
9.2.1 Articles II and III 
The variety of applications for transparent conductors gives a variety of 
substrate materials. Therefore, gold film coalescence was studied on 
different kinds of substrates. Article II presents gold depositions on SnO2:In 
base layers and glass slides, where all depositions were simultaneously 
performed on a glass slide and a base layer, for all values of the thickness 
dmass. of the gold films. Article III presents an enlarged study with the results 
from Article II, as well as gold depositions on ITO, TiO2 and corresponding 
glass slides. As for the gold films in article I, the depositions included nine 
values of dmass and in this case 1.5 nm < dmass < 8.4 nm, and the films ranged 
from an island structure to thin homogeneous layers.  

The study was performed on four sets of SnO2:In, four sets of ITO and one 
set of TiO2 base layers. Gold-film growth gives significant “finger-prints” in 
the NIR-region, and hence all base layers were manufactured to have high 
TNIR. All SnO2:In and ITO base layers were conducting, while the TiO2 
layers and glass slides were non-conducting. All glass slides, SnO2:In, TiO2 
and two sets of the ITO base layers were amorphous, while two sets of the 
ITO layers were crystalline. The range of doping concentration was 9.1-10.2 
at% for SnO2:In layers and 5.0 – 6.3 at% for ITO layers. 

The results showed a significant difference in gold-film growth depending 
on if the substrate material was conducting or not. SEM pictures of the initial 
island growth showed larger islands when deposited on the conducting 
oxides compared to depositions with the same values of dmass on glass slides 
and TiO2 layers. This agrees well with the different modes of growth 
described in chapter 3, where the depositions on the non-conducting layers 
and slides indicate a Volmer-Weber mode, and the depositions on the 
conducting layers showed a growth modes towards Frank-van de Merwe or 
Stranski-Krastanov.  

For an increased amount of deposited gold, the study highlights the 
complexity of substrate impact on thin film growth. The difference in 



 76 

roughness rA of the base layers and glass slides was expected to give a 
distinguishable difference in gold film growth and thus a difference in the 
optical and electrical properties, but no clear indications on this matter were 
achieved. Instead the optical and electrical results were similar for gold films 
deposited on two selected sets of base layers, one SnO2:In and one ITO, with 
similar electrical and optical properties but with different roughness. When 
considering the crystal structure of theses two sets of base layers, these 
results were also interesting and surprising, since the SnO2:In layers were 
amorphous and the ITO set was crystalline.  

For an increased amount of deposited gold, SEM pictures also showed a 
different structure of the gold films when they were deposited on conducting 
base layers compared to films on glass slides, and there was also a difference 
in growth between gold films on the two base layers mentioned above. Gold 
films on the other three sets of SnO2:In layers gave similar optical and 
electrical results, but there were some deviations in the results for gold films 
on the other three sets of ITO layers. However, in all included sets of 
SnO2:In and ITO base layers, gold films deposited on glass were better 
conductors for higher values of dmass, which was shown in R� results as well 
as shown in the R(�) spectra at � = 2.5μm. For lower values of dmass gold 
films on base layers were better conductors. 

Gold-film depositions on TiO2 and glass had similar growth, as shown in 
SEM images. But from the values of dmass at which the films became 
conducting, the gold films on glass were better conductors for all values of 
dmass. This result was also shown in the R(�) spectra at 2500 nm, RNIR, which 
was similar for both sets for dmass � ~ 3 nm, and RNIR was higher for films on 
glass for dmass 	 ~ 4 nm.  

The key question obtained from this work is; why are gold films on glass 
better conductors for dmass 	 ~ 6-7 nm, regardless of the electrical and 
structural properties of the base layers, as well as the doping concentrations 
of SnO2:In and ITO layers? The results also gave important input for further 
investigations.  

Due to preferential sputtering of oxygen [91] compared to titanium, indium 
and tin, during XPS-measurements, the oxygen composition of the base 
layers could not be estimated in this work. Earlier work [92] showed that 
gold might prefer to grow initially at oxygen sites. Therefore, it would be 
interesting to determine the oxygen concentration in further investigations. 
The oxygen concentration might also give some leads as to why two ITO 
sets were amorphous and two sets were crystalline. Is it due to a phase shift 
from ITO into In4Sn3O12 [24], or is it that ITO usually becomes amorphous 
for thin layers and can become crystalline for thicker films [93]? 
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It would also be of interest to enlarge the investigation so that the effects 
from sputter parameters, such as base pressure, working pressure and power, 
could be estimated as well.  

Finally, a concluding remark: this work has also shown the sensitivity in 
RBS measurements for very thin films, when the current is not fixed. In 
these measurements, it is important to have the correct composition of the 
backing substrates. Minor corrections of the substrate composition in this 
work affected dmass by about ~15 %, and the range of the gold films on 
SnO2:In in articles II and III was therefore altered from 1.6 nm < dmass  < 10.7 
(article II) nm to 1.5 < dmass < 8.0 nm (article III). 

9.3 Temperature Effects of Gold Film and Particle 
Growth 

As described in chapters 1-2 and in the results discussed above, gold-based 
transparent conductors have great possibilities for applications in 
electrochromic windows. Therefore, it was checked that gold films are 
durable at the typical temperatures occurring at the surface of windows. 

There are also several other applications for gold-based films, as well as for 
gold nanoparticles. This variety of applications can give a variety of 
temperatures, both during their use in the applications and during 
manufacture. The temperature can also be varied and used to tailor the size 
and shape of nanoparticles. In order to gain further knowledge of this matter, 
the impact of temperature on gold coalescence was studied in article IV. 
Investigations on how temperature affects grain size, the mean free path of 
electrons and the resistivity in gold films were also carried out. Furthermore, 
the photcatalytic effect of nanoparticles was studied.  

9.3.1 Gold Films and Their Durability Against Heat 
Studies have shown that a temperature of about Tt ~ 70ºC is a typical value 
for window applications [94]. Therefore, the thin gold films were heated and 
their durability at elevated temperatures was tested. The gold films were 
similar to the film of dmass ~7 nm in article III. Four gold films were 
deposited on two types of base layers, SnO2:In and ITO. The films were 
thereafter studied by SEM, and R� and T(�) were also recorded. Two 
samples, one of gold films on each base layer, were thereafter heated to Tt ~ 
76ºC, and the same procedure was carried out for Tt ~ 82ºC. The structural, 
electrical and optical properties were then studied again.  
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Figure 9.3 shows SEM pictures of the manufactured gold films, with 
continuous layers but with small voids. The figure also shows how the two 
different base layers affect the growth. After heat treatment at Tt ~ 76ºC, 
SEM-imaging showed no change in the structure before and after heating. 
The optical properties were not affected either, as shown in Figure 9.4, and 
the results were found to be the same for electrical properties. At Tt ~ 82ºC, 
both the structure and T(�) were changed after heat-treatment, see Figure 9.3 
and Figure 9.4, and the electrical properties were also changed. However, 
the R� change was only minor, 20 � to 16 � and 23 � to 21 �, for films on 
SnO2:In and ITO respectively, and the optical results in Figure 9.4 also show 
only modest deviations.  

 
Figure 9.3  SEM-pictures of gold films with dmass ~7 nm on SnO2:In and ITO base 
layers. The left sides of the figures show films at room temperature (RT), while the 
right sides show same films after heat-treatment at Tt ~ 76ºC and ~ 82ºC. 

The results show that gold films are non-affected for temperature Tt � 76ºC 
and hence durable in window applications. However, the films were 
negatively affected at Tt 	 82ºC.  

It would be interesting to enlarge the study and perform the same heat-
treatments on continuous gold films with no voids, and to study if these 
films still degrade at Tt 	 82 ºC, or if they are durable at higher temperatures. 
It would also be interesting to study gold films in multi-layers, to see if the 
gold films are more resistant to heat in these cases.  
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Figure 9.4  T(�)-spectra of gold films with dmass ~ 7 nm, on SnO2:In and ITO base 
layers. The left panel shows films at room temperature (RT) and heat-treated at Tt ~ 
76ºC , the right panel shows films at room temperature (RT) and heat-treated at Tt ~ 
82ºC 

9.3.2 Article IV 
Gold films with dmass ~5 nm were deposited on base layers of SnO2:In, where  
the depositions were made on both non-heated and heated layers. In the first 
step, a base layer was cut into two halves and gold was deposited on both of 
them at the same time. This was performed for three sets. From each session, 
one of the samples was not treated further, while the other sample was post-
heated, where the temperatures Tt were ~ 45ºC, ~ 105ºC and ~ 140ºC. In the 
other step, the base layers were also cut into two halves. Gold was then 
deposited on one of the halves, which was non-heated, followed by a 
deposition on the other half, which was heated. This was also performed 
three times, at Tt ~ 45ºC, ~ 105ºC and ~ 140ºC for the heated base layers. All 
samples were studied optically by T(�) measurements, electrically by R� 
recording and structurally by SEM imaging. 

SEM images showed a similar structure for all gold films deposited at room 
temperature (RT), where the films were non-homogeneous, and the same for 
the films post-heated or deposited at Tt ~ 45ºC. At Tt ~ 105ºC, the structure 
of the gold films had a meandering structure, both for the post-heated film 
and the film deposited on a heated base layer. In the first case, the 
meandering structure also included larger voids, while the size order of the 
meandering features was much smaller in the second case. However, there 
was no change in the optical and electrical properties of the post-heated film. 
For the gold film on heated layer, the sheet resistance R� was increased by a 
�R� of ~ 120 �, compared to films produced at RT. This was also consistent 
with an increased TNIR. 
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At Tt ~ 140 ºC, there was a substantial difference in the structure of the two 
gold films. When the film was post-heated, the film was still percolating, but 
with increased size of the meandering structures. The optical result showed a 
minor change in the T(�) spectra and the electrical measurement gave an 
increased R� and a �R� of ~110 �, compared to non-heated films. For the 
film on a heated SnO2:In layer, the SEM image showed an island structure. 
This was confirmed by a distinct feature in the T(�) spectrum in the VIS 
range, due to the localized plasmonic effect. The spectra also showed an 
increase of TNIR, which was also consistent with an increase of R� and a �R� 
of ~ 160 �, compared to films made at RT. 

The results showed a distinct difference in gold film growth, depending on if 
the films were post-heated or the gold depositions were made on heated base 
layers. These results were found although the temperatures were the same in 
both cases. The study also gave useful leads for nanoparticle manufacturing.  

9.3.3 Thicker Gold Films Deposited on Heated Substrates 
In order to achieve the best electrical and optical properties of thin gold 
films, it is important to optimize the thickness dmass. This was shown earlier 
in this chapter, as well as the fact that various applications may require a 
variety of temperatures during gold film manufacturing. It was also shown in 
article IV that heated substrates inhibited the smoothening of the thin gold 
films and that the films instead tend to get an island structure. Therefore, the 
aim of this study was to investigate how temperatures affected the 
optimizing of the films when a larger amount of gold was deposited. Did the 
films become homogeneous, and how were the optical, electrical properties 
affected? 

In this work, gold films were deposited on heated glass slides, where the 
range of the thickness was 1.8 nm � dmass � 17.8 nm and the temperatures Tt 
during depositions were ~ 70ºC, ~ 105ºC and ~ 140ºC.  

At Tt ~ 70ºC, the depositions included 5 values of dmass  and 1.8 nm � dmass � 
8.1 nm. SEM imaging, see Figure 9.6, showed only a minor effect of the 
temperature and the structure and growth were similar to the results in 
articles I-III, with an island structure for the thinnest film and homogeneity 
for the thickest film. The electrical properties, as well as the optical results, 
were also similar to the previous work, see Figure 9.5 and Figure 9.7. 

At Tt ~ 105ºC, the SEM pictures showed a different growth and in order to 
reach a homogeneous film, 6 values of dmass  and 1.8 nm � dmass � 9.4 nm had 
to be included. At dmass  ~ 9.4 nm, the mean free path � of electrons was 
larger than the distance between the voids, i.e. the film could be considered 
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as homogenous, but there were still a larger number of voids and the size of 
the voids was larger, compared to Tt ~ 70ºC. The initial value of  for the 
thinnest conducting film was higher than for Tt ~ 70ºC, but the value was 
similar in both cases for the thickest films, see Figure 9.7. Optical results 
were similar to the spectra for Tt ~ 70ºC. 

At Tt ~ 140ºC, the large scale coalescence (LSC) set in at larger values of 
dmass as shown in Figure 9.6. This difference in growth was also shown in 
the T(�) spectra, where LSC was indicated to set in at dmass  ~ 8 nm. The 
range of thickness was increased to 1.8 nm � dmass � 17.8 nm, including 11 
values, but although that the film could be considered homogeneous at dmass 
~ 18 nm, the film had large voids. SEM images also showed that the gold 
seemed to grow on top of the gold films for dmass 	 11 nm, indicating a 
metal-on-metal growth, instead of a furthering of void reduction. The films 
were conducting for dmass 	 11 nm, and the electrical properties of these films 
were similar to the thickest films manufactured at Tt ~ 105ºC and Tt ~ 70ºC, 
see Figure 9.7. 

 
Figure 9.5  Spectral transmittance T(�) for gold films on glass, with 1.8 nm � dmass � 
17.8 nm and deposited at temperatures Tt ~ 70ºC, ~ 105ºC, ~ 140ºC.  
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Figure 9.6  Scanning electron micrographs of gold films deposted on heated glass 
substrates, with mass thickness 1.8 nm � dmass � 17.8 nm and tempeterures Tt ~ 70ºC, 
~ 105ºC, ~ 140ºC.  
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Figure 9.7  Resistivity  of conducting gold films, deposited on glass with Tt ~ 70ºC, 
~ 105ºC and ~ 140ºC.  

Image analysis was performed on the SEM pictures, and the area fraction 
fSEM of the gold films was estimated, see Table 9.1. The geometric thickness 
dgeom was then estimated for the films, see Table 9.1, and Figure 9.8 shows 
the relation between dgeom and dmass. Figure 9.8 shows that the porosity 
decreases at a similar rate at Tt ~ 70ºC, while there seem to be some plateaus 
for Tt ~ 105ºC and Tt ~ 140ºC. This is distinctly pronounced for Tt ~ 140ºC at 
8 nm < dmass < 12 nm.  

 
Figure 9.8  Geometric thickness dgeom versus mass thickness dmass, for gold films on 
glass, deposited at temperatures Tt ~ 70ºC, ~ 105ºC, ~ 140ºC.  
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Drude analysis was carried out on the conducting films, where dgeom of the 
films was used as a parameter, and the mean free path � in the films was 
calculated. Only the two thickest films in each temperature-set were Drude-
like, and these were included in the study. This was then compared to the 
grain size D, obtained from XRD-measurements at a gracing incidence of 
0.5º, and 2
 was ~ 40º and ~ 80º, see Table 9.1. The table shows that D and � 
had similar size for Tt ~ 70ºC, both for 2
 ~ 40º and ~ 80º, and the results 
were similar for Tt ~ 105ºC. For Tt ~ 140ºC, D and � had similar size for 2
 ~ 
80º, while it was an increased deviation between the values for 2
 ~ 40º. For 
all three temperature-sets, D and � were increased when dmass was increased.  

 
dmass [nm] 
 

Tt 
Cº 

dgeom [nm] fSEM � [nm] 
 

D [nm] 
2
 ~40º 

D [nm]  
2
 ~80º 

1.8 70 3.8 0.48 - - - 
3.4 70 5.7 0.59 - - - 
4.9 70 6.8 0.72 - - - 
6.6 70 7.3 0.90 7.5 5.1 6.3 
8.1 70 8.3 0.98 8.8 7.8 7.6 
1.8 105 4.4 0.41 - - - 
3.4 105 6.4 0.53 - - - 
4.9 105 7.6 0.64 - - - 
6.6 105 8.0 0.83 - - - 
8.1 105 9.3 0.88 8.3 8.7 7.1 
9.4 105 10.3 0.91 9.5 9.0 7.1 
1.8 140 4.3 0.41 - - - 
3.4 140 6.9 0.49 - - - 
4.9 140 9.2 0.53 - - - 
6.6 140 11.1 0.60 - - - 
8.1 140 12.4 0.66 - - - 
9.4 140 13.5 0.69 - - - 
10.9 140 13.8 0.79 - - - 
12.6 140 13.9 0.90 - - - 
14.3 140 16.2 0.88 - - - 
16.1 140 17.6 0.91 11.4 13.8 12.6 
17.8 140 18.8 0.95 12.1 16.7 14.0 

Table 9.1  The mass thickness dmass , geometric thickness dgeom , area fraction fSEM 
and grain size D for films produced at ~ 70ºC, ~ 105ºC and ~ 140ºC. The grain size 
D are shown for 2
 ~ 40º and at 2
 ~ 80º. 

The study shows that the minimum values of  are similar for all sets of 
films, see Figure 9.7, and this although the values of dgeom and dmass were 
much higher for films made at Tt ~140 ºC. Obviously, the increased grain 
size and thickness of the films for increased Tt , gave no positive impact on 
the electrical conductivity.  



 85 

9.3.4 Photocatalytic Application  
Temperature, as well as the amount of deposited gold, was also used to 
design the size and shape of nanoparticles, where the aim of the study was to 
design suitable gold particles for photcatalytic applications. Therefore, the 
study also included investigations on how the particles affected the 
efficiency of the photacatalytic activity in WO3 films. 

 
Figure 9.9 shows T(�) of gold with dmass ~ 5 nm and ~ 7 nm, deposited on 
glass slides as well as on two kinds of photocatalytically active WO3 base 
layers which were deposited on glass. The gold films were deposited at Tt ~ 
115ºC, ~ 175ºC and ~ 245ºC. Figure 9.9 shows the typically plasmonic 
induced absorption in the VIS-region, as well as a shift of the maximum 
absorption between the sets. The same depositions were also made on base 
layers of WO3 which were deposited on CaF2 substrates, as well as on plain 
CaF2 substrates. 

Au/Glass
Au/WO3 dsub ~200 nm
Au/WO3 dsub ~400 nm

dmass ~ 5nm
dmass ~7 nm

Au/Glass
Au/WO3 dsub ~200 nm
Au/WO3 dsub ~400 nm

dmass ~ 5nm
dmass ~7 nm

Au/Glass
Au/WO3 dsub ~200 nm
Au/WO3 dsub ~400 nm

dmass ~ 5nm
dmass ~7 nm

 
Figure 9.9  Spectral transmittance T(�) of gold films with dmass ~ 5nm and ~ 7 nm, 
deposited on WO3 films and glass.  

The efficiency of photcatalytic activity is suppressed by electron-hole 
recombination [95], and a low TNIR can indicate an increased occurrence of 
this recombination [96]. Figure 9.9 shows that TNIR is highest for samples 
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produced at Tt ~ 115ºC, and thus these samples were indicated to have the 
best photocatalytic properties. Figure 9.10 shows a SEM picture of a gold 
film on glass, produced at Tt ~ 115ºC and with dmass ~ 7 nm, where the 
average size of the particles was ~ 25 nm.  

 
Figure 9.10  Scanning electron micrograph of gold nanoparticles on a glass 
substrate, deposited at Tt ~ 115º and with dmass ~ 7 nm.  

The photocatalytic efficiency was tested for all samples, using FTIR-
spectroscopy together with both stearic acid (C18H36O2) and dodecylamine 
(CH3(CH2)10NH2), under simulated solar light. See chapter 8.7 for details of 
the experimental setup. Unfortunately, the results showed no improvement 
of the photocatalytic activity of the WO3 films when gold particles were 
added.  

It might be suitable to use even smaller gold particles and therefore another 
study was performed. In this study, the gold particles had dmass ~ 0.5 nm, ~ 1 
nm and ~ 1.5 nm, and were deposited on non-heated CaF2-substrates, and the 
same photocatalytic tests as described above were performed. However, no 
improvement of the photocatalytic efficiency of the WO3 films was found in 
this case either. 
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9.4 Spectral Density Function Analysis 
9.4.1 Article V 
In this work, nine gold films were deposited on non-heated glass slides, 
where the mass thickness dmass ranged between 1.4 nm and 9.2 nm, and the 
films went from an island structure to homogenous films. This was also 
performed in Article I, but in this work both the dmass and the geometric 
thickness dgeom were considered. Furthermore, dmass in article I was obtained 
by linear scaling by time from a thick gold film, where d was recorded using 
a surface profiler. In this study, dmass was obtained from Rutherford 
backscattering spectroscopy, which gave more accurate values, especially 
for the thinnest non-homogenous films. All samples were studied using 
SEM, and image analysis of the SEM pictures was performed, see chapter 8, 
and the area fraction fSEM was estimated. Then dgeom was calculated for all 
samples.  

Both normal transmittance T(�) and near–normal reflectance R(�, as well as 
ellipsometric measurements were performed on the samples. The range of 
recording was 0.3 μm � � � 2.5 μm in the first case, while it was 
0.25 μm � � � 2. μm for ellipsometric measurements. In the ellipsometric 
measurements, several angles of incidence between 50º and 75º were 
included.  

The dielectric functions �1 and �2 were obtained from T(�) and R(�) results, 
as well as from ellipsometric results, and they were in good agreement with 
each other. However, since the ellipsometric results included values from 
shorter wavelengths, i.e. UV, these values of �1 and �2 were selected for 
spectral density function (SDF) analysis. 

In the SDF-analysis, the samples were considered as composites of gold and 
air, see chapter 6, and it was shown to be very difficult to achieve accurate 
values of �1 and �2 of gold in the model, due to the complex structure. Fur-
thermore, the analysis was very sensitive to deviations. Therefore, �1 and �2 
of the most homogenous film, with dmass ~ 6.6 nm, were chosen and these 
data were used in the fitting process, together with �1 and �2 of air.  

The results showed that the experimental values �1 and �2 from ellipsometric 
measurements agreed well with the effective dielectric functions from the 
SDF analysis, both for nanoparticles and percolating films. The results of the 
spectral function g(x) also showed a broadening of the function, for all 
included films. This is a characteristic feature in the Bruggeman theory and 
hence it was concluded that the Bruggeman theory can be a good 
approximation to the optical properties of nanostructured gold films. 
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However, the results also showed an increase of g(x) for larger values of x, 
which still need to be explained.  
 
Experimental values of the percolation strength, both from electrical results 
and from optical results, were compared to the percolation strength obtained 
from the SDF analysis. In this latter case, both input data from gold film 
with dmass ~ 6.6 nm and ~ 7.9 nm were used. When the film with dmass ~ 6.6 
nm was used as indata, the results showed a good agreement with the 
percolation strength from the optical, electrical results.  
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10 Conclusions 

Thin gold films deposited on non-heated substrates became homogenous at a 
thickness about 7-9 nm, where the variation depended on the substrate 
material, and their luminous transmittance and resistivity were ~ 72% and 
~ 1.5·10-5 �cm respectively, when they were deposited on glass. The work 
showed how the luminous transmittance of the homogeneous film was 
increased to ~ 80% with anti-reflective coating, and the films were also 
proven to be electrochemical stable and hence suitable in electrochromic 
windows. Furthermore, spectral density analysis showed that the Bruggeman 
theory is a good approximation to the optical properties of nanostructured 
gold films. 

The gold films were shown to be durable at 76ºC, which was above the 
typically maximum window temperature of 70ºC When the temperature was 
increased further, the study showed a distinct difference in temperature 
impact on the gold film growth, depending on if the films were post-heated 
or if the films were deposited on heated substrates. The latter case tended to 
damp the smoothening of the films. This was clearly pronounced at 140 ºC, 
where gold films with mass thicknesses of ~ 5 nm and ~ 18 nm gave an 
island structure and a film with larger voids, respectively. The study also 
showed that the minimum value of electrical resistivity was ~1.5 10-5 �cm, 
regardless the mass thickness of the gold films and temperature during 
deposition.  

 
The outcome from this work yielded several important inputs about gold 
film coalescence and their ability as transparent conductors, but further work 
need to be done. For instance, the study showed that gold film aged after 
three years of storage in a non-protected atmosphere, a result which need to 
be further studied. Further studies are also requested on substrate impact on 
gold films growth, as well as how gold particle may increase the 
photcatalytic efficiency in photocatalytic active oxides.  
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11 Swedish Summary 

Ökande växthusgaser i atmosfären och utsläpp från trafik, industrier och 
energiproduktion är ett mycket aktuellt och alarmerande problem idag. 
Förutom den direkta påverkan med global temperaturökning och de följder 
som detta ger, kan det även innebära ändringar av havsströmmar och ökad 
förekomst av extremt regn, stormar och översvämningar [1]. Det globala 
behovet av elektricitet ökar även dramatiskt, eftersom ca 1.6 miljarder 
människor fortfarande inte har elektricitet i sina hem [2]. Dessutom ökar 
jordens befolkningsmängd med en mycket hög hastighet och vi förväntas bli 
10 miljarder människor på jorden år 2100. För att energin ska räcka till oss 
alla måste vi hushålla med den energi vi har och vi måste producera energi 
med miljövänliga och resurssnåla metoder.  

Fossila bränslen står för ca 80% av dagens globala energiproduktion [3] och 
är en av de största faktorerna till dagens miljösituation. Kärnkraft är i dag 
den enda energiproducent som skulle klara av att ersätta merparten av 
fossilbaserad energiproduktion, men kärnkraftens framtid är starkt ifrågasatt 
eftersom många osäkerheter kvarstår, bl.a. gällande slutförvaret. Flera 
lovande förnybara metoder för energiproduktion är redan etablerade, som 
vind-, vatten- och solenergi. Tyvärr har dock dessa fortfarande problem med 
bl.a. effektivitet, tillgänglighet, kostnad och negativ miljöpåverkan.  

För att komma tillrätta med detta stora problem måste vi utveckla nya 
metoder, samt förbättra redan existerande metoder, för en resurssnål och 
miljövänlig energiproduktion. Flera synnerligen lovande tekniker är 
elektrokroma ”smarta fönster”, solceller, ljusemitterande dioder och 
fotokatalys. Elektrokroma fönster förhindrar uppvärmning från solen 
inomhus och reducerar markant behovet av energikrävande 
luftkonditionering. Dessa elektrokroma fönster är redan etablerade på 
marknaden, men för att de ska kunna användas i större utsträckning och 
minska energibehovet i byggnader krävs det att de blir mer 
kostnadseffektiva. Att ersätta dagens oxidbaserade transparenta elektriska 
ledare i dessa fönster med guldbaserade, skulle minska produktionstiden och 
därmed produktionskostnaden. Guldfilmer behöver bara ha en tjocklek på ca 
7 nm för att få de elektriska och optiska egenskaperna som krävs och trots att 
guld är ett relativt dyrt ämne gör dessa tunna filmer att det ändå blir mer 
kostnadseffektivt, jämfört mot de ca 300 nm tjocka oxidbaserade 
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transparenta ledarna. En hämmande faktor för dagens kiselbaserade solceller 
är att de behöver vara ca ~200-300 μm tjocka för att absorbera tillräckligt 
med solljus. Lika som för oxidbaserade elektriska transparenta ledarna i 
elektrokroma fönster, innebär dessa tjocka lager att produktionskostnaden 
blir hög och produkten har svårt att konkurrera på markanden. Genom att 
använda tunna kisellager och förstärka ljusupptagningen med hjälp av 
nanopartiklar av guld, kan solcellerna bli avsevärt mycket mer 
kostnadseffektiva. Nanopartiklar av guld är även ljusspridande och denna 
egenskap kan användas till att öka ljusstyrkan i ljusemitterande dioder, vilket 
ger förutsättningar till att ersätta traditionella ljuskällor med dessa 
energisnåla dioder. Guldpartiklar i nanostorlek kan även användas till att 
styra in den aktiverande våglängden för fotokatalys, mot längre och mer 
fördelaktigare våglängder och öka effektiviteten i självrengörande ytor och 
luftrening. 

Avsikten med detta arbete var att studera guldfilmer och guldpartiklar, hur 
de tillväxer, dess optiska, elektriska och elektrokemiska egenskaper. Detta 
för att öka förståelsen och för att möjliggöra tillverkning av filmer och 
partiklar, med egenskaper som krävs för de beskrivna applikationerna. De 
olika applikationerna innebär även en variation i underlag och temperatur 
och därför har även studier hur dessa två faktorer påverkar guldets tillväxt 
utförts.  

Samtliga filmer och partiklar har tillverkats med hjälp av DC magnetron 
sputtring, en metod som ofta används vid beläggning av tunna filmer. 
Filmerna och partiklarna har därefter studerats optiskt, strukturellt, 
elektrokemiskt och elektriskt. Dopningsgraden i filmer av dopade oxider, 
som har används som underlag till guldfilmer, har också studerats. 
Guldfilmerna och partiklarna har även studerats teoretiskt, där elektriska och 
optiska egenskaper har analyserats och verifierats med hjälp av Drude 
anpassning. Hur strukturen hos icke-homogena guldfilmer påverkar optiska 
egenskaper har studerats med spektral densitet analys. Guldpartiklar har 
även deponerats på fotokatalytiskt aktiva WO3 filmer och fotokatalysiska 
mätningar har gjorts på dessa. 

Detta arbete har visat att tunna optimerade homogena filmer av guld med en 
tjocklek på ~ 7 nm har en transmittans på ~ 72% i det synliga 
våglängdsområdet och en resistivitet på 10-5  �cm. Jämfört med 
oxidbaserade transparent elektriska ledare, t.ex. den vanligt använda ITO, 
som har en tjocklek på ~ 300 nm och en resistivitet på 10-4  �cm, innebär det 
en avsevärd minskning i produktionstid och även förbättrad elektrisk 
ledningsförmåga, om dessa oxider skulle ersättas med tunna guldfilmer. 
Däremot kan en transmittans på ~ 72% vara för låg för vissa applikationer. I 
de fallen kan den ökas till ~ 80% genom att anti-reflektionsbehandla 
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guldfilmerna med ~ 55 nm tunna lager av titandioxid. Guldfilmerna var 
också elektrokemiskt stabila, vilket gör dem mycket lämpliga även i 
elektrokroma fönster. Temperaturstudier visade också att guldfilmerna klarar 
de temperaturer som krävs för fönsterapplikationer, utan att deras 
egenskaper påverkas 

Tunna filmer av guld har också deponerats på olika sorters substrat, där 
studien visade att underlagets egenskaper påverkar hur guldpartiklarna och 
de tunna guldfilmerna tillväxer. Skillnaderna var speciellt stora mellan 
deponeringar på elektriskt ledande och icke ledande substrat. Resultaten 
visade också att tunna homogena guldfilmer var bättre elektriska ledare då 
de var deponerade på glas, jämfört med då de var deponerade på oxidfilmer. 
Detta oavsett elektriska, optiska eller strukturella egenskaper för oxiderna, 
eller dopningsgrad för dopade oxider.  

Variationer i temperatur påverkade också guldtillväxten och det gav en stor 
skillnad i struktur beroende på om substraten värmdes under deponering 
eller om guldfilmerna värmdes efteråt, trots att temperaturen var densamma i 
bägge fallen. En deponering, med en masstjocklek på ~ 5 nm, på ett substrat 
med en temperatur på ~140ºC, innebar att isolerade guld partiklar bildades 
på substratet, i stället för en film med porer som vid lägre temperaturer. 
Denna effekt användes till att tillverka nanopartikar, där både masstjocklek 
på guldfilmerna och temperaturen på substraten varierades.  

Temperaturstudien innebar också att mängden deponerat guld ökades upp till 
en masstjocklek av ~ 18 nm, även det vid flera olika temperaturer. Det 
visade sig att det krävdes högre masstjocklek, jämfört med deponering vid 
rumstemperatur, för att få en homogen film för temperaturerna ~ 70ºC och ~ 
105ºC. Vid ~140 C blev filmerna inte homogena, utan istället skedde en 
tillväxt av guld ovanpå den icke-homogena guldfilmen. Studien visade också 
att resistivitet för samtliga filmer som längst blev ~ 1.5·10-5 �cm, oavsett 
masstjocklek eller temperatur på substratet under deponering.  

Detta arbete har visat att tunna guldfilmer är mycket lämpliga som ersättare 
till oxidbaserade transparenta ledare i elektrokroma fönster. Projektet har 
också visat hur temperaturen, både under och efter deponering, påverkar 
tillväxten och även hur det kan användas till att tillverka nanopartiklar av 
guld. Viktiga ledtrådar gällande hur substratets egenskaper påverkar 
filmtillväxten för guldfilmer har också erhållits, samt information om hur 
nanopartiklars storlek och form påverkar de optiska egenskaperna. Arbetet 
gav också viktig information inför fortsatta studier om nanopartiklars 
förmåga att effektivisera fotokatalytiska filmer.  
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