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Summary

Since the technology 1s available to produce materials in smaller and smaller dimensions, it has
been noticed that along with the size also the material properties change, once a certain limit 1s
reached. These so-called size effects have been discovered for many different properties, such
as the electrical resistivity of metal films or the fracture toughness of nano-sized particles. The
resistivity increases due to a growing amount of scattering sites, such as interfaces and grain
boundaries, which divert the electrons from their path. The number of defects that are present
within nanoparticles decreases with their size, which improves their mechanical strength. Also
the optical properties of metal films have been found to change as the thickness is reduced.
When the thickness falls below a critical value, the reflectivity decreases continuously and the
layer becomes transparent. This critical thickness 1s material dependent and was investigated for
three different metals (Au, Pt and Al) and an intermetallic phase (AuAl:) during the course of
this thesis. It became clear that the amount of free electrons determines the film thickness at
which the optical properties start to deviate from the bulk material.

The design of alloys on small scales such as thin films can be very beneficial when materials are
mvestigated that are cost-intensive, such as precious metals. The possibility to upscale the optical
properties of sputter-deposited layers to bulk material was mvestigated. Several well-known
alloys were produced with thicknesses above the critical value: three Au-Ag alloys with different
compositions and the bimary intermetallic phases AuAls, PtAl: and Auln.. While the optical
properties of the Au-Ag alloys, which form solid solutions over the whole composition range,
corresponded nicely to the bulk materials, differences were found for the intermetallics.
Common features of the three phases are their crystal structure (fluorite) and the display of
special colours. The origin of the colours 1s a so-called pseudo-gap in their density of electronic
states, which inhibits the absorption of light with certain wavelengths that would otherwise occur
due to mterband transitions of electrons. The reflected wavelengths add up to create a purple
(AuAl), yellow (PtAL) or blue (Auln.) colour. When produced as thin films by means of
magnetron sputter deposition, only the blue colour of the Auln. 1s visible. The other two phases
are mitially grey and require a heat treatment for the colour to appear. It seems that depending
on the mobility of the atoms during the deposition process, a significant amount of defects 1s
mtegrated in the structure. When the distance between these defects, which can be point
defects, hine defects or grain boundaries, 1s too small, the band structure is smeared out. As a

consequence the possible electron transitions change and lead to a lack of colour.

In final experiments, ternary samples were produced consisting of Au, Pt and Al. The Al
content was kept at a constant 66.6 at.%, while the ratio of Au to Pt was altered. The resulting
phases still crystallised in the fluorite structure and, after a suitable heat treatment, displayed
colours that varied linearly from purple to yellow with increasing Pt content. The variation of
the colour is attributed to a changing electron density within the material. Pt contributes one
electron less than Au, meaning that with mcreasing Pt content the Fermi level 1s shifted towards
lower values while the band structure remains roughly the same, due to the persistent crystal
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structure. The energies at which the electron mterband transitions are possible are thus shifted
to different wavelengths of the visible spectrum, leading to a change in the perceived colour. We
hence achieved to produce an intermetallic phase with an easily tuneable colour that can be

applied for decorative purposes.



Zusammenfassung

Seit Materialien in immer kleineren Dimensionen produziert werden kénnen wurde festgestellt,
dass sich auch die Eigenschaften der Matrialien dndern, wenn die Grosse unter einen
besttimmten Wert sinkt. Solche Grosseneffekte sind fir verschiedene Figenschaften bekannt,
beispielsweise fiir den elektrischen Widerstand diunner Metallfilme oder die mechanische
Festigkeit kleiner Metallsiaulen. Der Widerstand der diinner werdenden Schichten nimmt zu
wegen der steigenden Anzahl von Streuzentren fiir die Elektronen, wie die Filmoberfliche oder
Korngrenzen. Wenn das Volumen der Siulen abnimmt, enthalten sie mmmer weniger
Versetzungen, bis sie ab einer besimmten Grosse praktisch defektfrer sind. Die Festigkeit, die
mit sinkendem Volumen steigt, entspricht dann dem theoretischen Wert. Auch die optischen
Figenschaften dndern sich mit der Grosse, so zum Beispiel die Reflektivitit von dinnen
Metallschichten. Wird eine bestimmte kritische Dicke unterschritten sinkt die Reflektivitit
kontinuiertlich, gleichzeitig werden die Filme zunehmend transparent. Diese kritische Dicke 1st
materialabhinglg und wurde fiir drei verschiedene Metalle (Au, Pt, Al) und eine
mtermetallische Phase (AuAl) untersucht. Die Messungen zeigten, dass die Anzahl freier
Elektronen bestimmt, ab welcher Dicke die optischen Eigenschaften sich von denen eines

massiven Materials zu unterscheiden beginnen.

Die Entwicklung von neuen Legierungen in der Form von Diinnschichten ist vorteilhaft, wenn
kostspielige Materialien verwendet werden, wie zum Beispiel Edelmetalle. Die Moglichkeit des
hochskalierens der optischen FEigenschaften von diinnen metallischen Filmen zu massiven
Metallen wurde untersucht. Die Filme wurden durch Magnetron Sputter Deposition hergestellt,
mit Dicken oberhalb des kritischen Wertes. Drei verschiedene Au-Ag Legierungen und die
bindren intermetallischen Phasen AuAl:,, PtAl: und Auln. wurden untersucht. Wihrend die
Farben der Au-Ag Legierungen, die iiber den gesamten Zusammensetzungsbereich einen
Mischkristall bilden, gut mit denen der massiven Metalle tibereinstimmen, wurden bei den
mtermetallischen Phasen gewisse Unterschiede gefunden. Den drer Phasen ist gemeinsam, dass
sie die Fluont Struktur besitzen und spezielle Farben aufweisen. Die Herkunft der Farben
beruht auf einer so genannten Pseudo-Liicke in der Zustandsdichte der Elektronen. Diese
Liicke verunmoglicht die Interbandliiberginge der FElektronen, die normalerweise zu eimer
Absorption des Lichts fithren. Die aus diesem Grund reflektierten Wellenlingen erzeugen die
Farben violett (AuAl), gelb (PtAl:) und blau (Auln.). In den Diinnschichten die mittels Sputter
Deposition hergestellt wurden 1st jedoch lediglich die blaue Farbe des Auln. zu erkennen. Die
andern beiden Phasen sind anfinglich grau und benotigen eine Wirmebehandlung um die
gewlnschten Farben erscheinen zu lassen. Abhingig von der Mobilitit der Atome wihrend der
Abscheidung des Films, wird eine grosse Menge von Defekten in die Filme eingebaut. Wenn
die Distanz zwischen diesen Defekten, welche Punkt-, Liniendefekte oder Korngrenzen sein
konnen, zu klein wird, wird die normalerweise ausgeprigte Bandstruktur verschmiert und die

moglichen Elektronentiberginge dandern sich, was ein Fehlen der Farbe zur Folge hat.



In abschliessenden Experimenten wurden ternire Proben aus Au, Pt and Al hergestellt. Der Al
Gehalt wurde konstant ber 66.6 at.9% gehalten, wihrend das Verhiltnis von Au zu Pt geindert
wurde. Die resultierenden intermetallischen Phasen besassen immer noch die Fluorit Struktur
und zeigten, nach adidquater Wirmebehandlung, mit dem Pt Gehalt linear varierende Farben
zwischen violett und gelb. Die Farbinderung kommt durch die wechselnde Elektronendichte
mm Material zustande: Da Pt ein Elektron weniger enthilt als Au wird die Fermi Energie mit
steigendem Pt Gehalt zu niedrigeren Werten verschoben, wihrend die Bandstruktur wegen der
gleich bleibenden Kristallstruktur nahezu unverindert bleibt. Der Energiebereich, in dem
Interbandiiberginge moglich sind, verschiebt sich, was eine Farbinderung zur Folge hat. Auf
diese Weise wurde es erreicht Phasen herzustellen, deren Farben sich auf einfache Weise
einstellen lassen und Anwendungen als dekorative Schichten erlauben kénnte.
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1. Introduction

1.1 Colours

When we get up in the morning, look out the window and see a blue sky, we decide to wear our
red shorts. If the sky 1s grey, we try not to forget our yellow umbrella. Then we have breakfast
and pour white milk over our brown miiesh and drink a cup of black tea. By the time we leave
the house, we have seen tens of different colours and probably did not even take notice.
Technically speaking, ‘colour’ 1s only a perception - something our brain creates when the
cone-shaped receptors in our eyes are struck by electromagnetic radiation with a wavelength
between roughly 380 nm to 780 nm [1]. But how materials interact with light and thus
determine what portion of the visible spectrum 1s reflected back and enters our eyes is a
fascinating subject. In his book, Nassau [2] summed up 15 different causes of colour, describing
how light 1s selectively absorbed, reflected, refracted, scattered or diffracted by matter. Often
treated as a side effect with minor importance, maybe even with a slightly feminine touch, the
physical and chemical features behind the creation of colour are numerous, diverse and
mtriguing. While treating them all exceeds the scope of this introduction, a few of the most

commonly encountered will be mentioned here.

Colour due to the scattering of light

The blue sky, but also the grey sky we see are both caused by the scattering of sunlight in our
atmosphere. The blue colour 1s produced by Rayleigh scattering, which 1s scattering at particles
that are small compared to the wavelength of light, such as air molecules. Rayleigh found that
the intensity of scattering depends on the wavelength and is proportional to A', meaning that
light with shorter wavelengths, hence violet and blue colour, 1s scattered more strongly than the
longer, reddish wavelengths (llustrated in Figure 1). To us, the sky is blue and not violet
because the sensitivity of our eyes to radiation with very short wavelengths is reduced. In the
evening, when the light has to travel a long way through the atmosphere, most of the blue
wavelengths are filtered out of the light before it reaches our eyes; hence a setting sun appears

red.
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Figure 1: Schematic illustration of the scattering in the atmosphere and the perceived colour of the light. While
during the day the light that comes directly from the sun appears yellow, in the evening it is red, due to the longer
distance it travels through the atmosphere, which scatters the light with blue wavelengths.

The white colour of the sky 1s produced by the scattering of light at the little water droplets in
the clouds. When the scattering particles are of a size comparable with or larger than the
wavelength of light, the process 1s termed Mie scattering. When all particles are roughly the
same size, Mie scattering can also produce colours [3]. This is usually not the case in a cloud;
hence the produced colour 1s white or grey, depending on the thickness. The same scattering is
responsible for the white colour of milk; there it 1s the small droplets of fat in watery solution
that serve as scattering centres.

Colour m dyes and pigments

Most of the artificially produced objects that surround us owe their colour to dyes or pigments.
The fabric of our clothes has been dyed, our houses and cars painted. The difference between
dyes and pigments 1s that the former generally are water soluble, while the latter require a binder
[2]. What they have in common i1s that the mechanism that produces the colour is based on the
preferential absorption of a certain part of the visible spectrum. For example, a pair of red
shorts has been dyed with a substance that preferentially absorbs the blue, green and yellow light
from the sun. The molecules used for dyes and pigments are very diverse; the absorption of the
light 1s normally based on the transition of electrons mto higher lying molecular orbitals. Apart
from synthetically produced colorants, there are many natural pigments, such as chlorophyll,
which 1s responsible for the green colour in plants, or melanin that is found in the skin, hair and

eyes of animals.
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Colour in metals

Probably the most obvious property of metals 1s their shiny appearance, or ‘metallic lustre’. This
lustre 1s simply a very high reflectivity, which i1s mostly due to the free electrons. The exact
nature of the interaction of light with metals 1s rather complicated and different theories have

been advanced to explain it.

The electron theory of metals developed by P. Drude in 1900 treats a metal as consisting of a
lattice of positive 1on cores, surrounded by a gas of free, negative electrons [4], disregarding any
electron-electron or electron-ion interaction apart from the occasional collision and assuming
the Maxell-Boltzmann distribution for the electron velocity distribution. Despite its simplicity
several physical phenomena, for example the electrical and thermal conductivity or the Hall
Effect could be explained with it quite satisfactorily. According to the Drude theory, when the
surface of a metal is hit by electromagnetic radiation, such as a light wave, the free electrons
begin to oscillate with the same frequency as the incoming wave. Thus, being a moving electric
charge, the electrons themselves become the origin of an electromagnetic wave, reflecting all
mcident light with the original wavelength. This can occur similarly for all wavelengths of Light
up to the point where the plasma frequency is reached - the frequency at which collective
oscillations of the electron gas set in and absorb the incoming energy. For simple, monovalent
elements like Na or K, the Drude theory holds rather well [5], however the behaviour of more
complicated metals requires different approaches.

The theory of electron bands describes how the electrons in a solid are distributed i bands of
different allowed energy states. It 1s derived from the discrete energy states of a single atom,
which for a solid containing around 10* atoms become indistinguishably close and form near-
continuous regions of allowed energies, separated by regions of forbidden energy states, the
band gaps. Conductors, semiconductors and

msulators can be readily described using the

band theory (Figure 2). In a conductor the Corédau:éiun
Fermi Energy Er - the highest filled electron B

energy level at zero K - lies within a band of 2 g
allowed states and the electrons mn the é ki
outermost band are able to travel freely % =
through the material. The Fermi Energy of a

semiconductor and an msulator lies within a

band gap, the valence bands are filled and Metal Semiconductor Insulator
their electrons tied to the 1onic cores. While Figure 2: Schematic drawing of the band structures of
the energy gap between the highest filled different types of materials. While the valence and

band and the lowest unfilled band is rather conduction band in a metal overlap, a band gap 1s

. . . . . present in semiconductors and insulators.
high in an insulator (>2eV), it requires only

little energy (<2eV) to promote an electron from the valence band across the gap nto the

conduction band in a semiconductor. This promotion can be done, for example, by a light wave
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mmpinging on the surface. The energy 1s absorbed by the excitation and not reflected; as a
consequence semiconductors usually have a black or dark grey appearance. In insulators on the
other hand, the energy that is required to promote an electron from the valence nto the
conduction band 1s so high that the corresponding wavelengths lie outside the visible spectrum.
Thus, no light 1s absorbed and a perfect msulator is transparent. If it contains imperfections,
such as pores, the light 1s scattered and the material appears white.

For a metal the colour that 1s perceived strongly depends on its band structure. Different types
of electron transitions can occur, depending on the energy of the incoming light. Figure 3 (left)
shows a strongly simplified section of a band structure of a metal, describing the first Brillouin
zone (from [6]). The transitions requiring the least energy are so-called ntraband transitions,
where an electron from around the Fermi Energy 1s promoted to a previously empty energy
level within the same band. As no gap has to be overcome, no minimum energy is needed.
These mtraband transitions correspond to the oscillations of the free conduction electrons as

described by the Drude theory.

100
| |
| | 80
| |
| |
| | =
Bandn' | S 60
Interband I é
L | o= Onset of interband
Tt transition | .. 5 .
! Transition & 40 fransitions
ransgtron N _ 4 at critical é
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|
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1.6 1.8 20 22 24 26 28 30 32 34
Energy [eV]
Figure 3: Left: Simplified band structure of a metal showing possible transitions (from [6]). Next to intraband
transitions that occur within the same electron band, interband promotions of electrons to a different energy band
can happen once a certain energy 1s reached. Right: Reflectivity spectrum of Au showing the onset of interband
transitions around 2 eV by a sharp drop in the curve (own data, right).

When an electron 1s promoted from one energy band into a higher energetic one, it 1s called an
mterband transition. This can happen when an electron from the valence band 1s raised into an
energy level above the Fermi Energy, or when electrons from around the Fermi Energy are
promoted mto higher lying bands. Interband transitions require a mimimum energy which 1s at
least the energy difference between the involved bands. The light that enables the interband
transition 1s absorbed and thus missing in the spectrum. The onset of such transitions is easy to
observe in the reflectivity spectra of the metal, which drops noticeably when the threshold 1s
reached, as for example in the spectrum of gold (Figure 3, right). The selective absorption of
light with wavelengths higher than around 550 nm (the green and blue part of the wvisible
spectrumy), renders the metal its famous yellow colour. The red colour of copper is also due to
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mterband transitions, here the energy difference between the bands 1s shightly smaller and light
of longer wavelengths 1s able to transport electrons across. A large part of the yellow light 1s also
absorbed, leaving the reddish wavelengths to create the colour.

Apart from intra- and interband transitions a third type of interaction can occur between light
and a metal, the plasma oscillation. When the frequency of the light corresponds to the plasma
frequency, the frequency at which the collective oscillations of the conduction electrons set 1n,
the metal loses its high reflectivity and suddenly becomes transparent to the radiation.
Depending on the electronic structure of the material, the plasma frequency 1s reached in the
visible [5] or ultraviolet [7] part of the spectrum.

Structural colours

Regular geometric structures in the same dimensions as the wavelengths of visible light can
mteract with incoming rays and lead to selective absorption and reflection and give colour to an
object. The responsible geometric structures can have numerous different build ups. Just a few
will be mentioned here.

- Interference colours

A simple example 1s the interference of light reflected
by the front and the back surface of a thin, transparent
medium. The phenomenon was thoroughly described
by Newton, experimenting with a convex and a flat
surface of glass [9]. He discovered that the thickness

difference of the air gap between flat and round surface

leads to the occurrence of a series of rings (now termed
Newton’s rings, [8], bottom) on the surface - dark and
bright rings when a monochromatic light source 1s used,
and a sequence of colours when white light 1s employed. 1§
The reason for this 1s the constructive and destructive '
mterference of light waves that are reflected from the
front and backside of the air gap. This happens under

defined conditions, namely when the path difference A

b . o .

= AB+BC between the two rays corresponds to m*A Figure 4: Newton’s experiment with a

(constructive), or 1.5m*A (destructive), where m is an convex and flat glass surface (top) and the

integer number and % the wavelen gth i air. One resulting Newton’s rings (bottom) from [8].
mmportant thing to note 1s that when light 1s reflected at an interface with a higher refractive index
n than the medium it has been travelling through, a phase shift of /2 will occur. In the case of
an air gap between two glass objects, a phase shift occurs at the air-glass interface (B) but not the

glass-air interface (C). For different wavelengths of light, these criteria are fulfilled at different
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thicknesses of the gap, which 1s why the different colours are observed at different positions on

the surface. The same phenomenon can be seen on oily patches on the street on a rainy day,

soapy bubbles or even the wings of a house fly [2].

Interference colours are also a well-known occurrence in metals. When, after a heat treatment

or conditioning with chemicals, a formerly grey metal suddenly displays a colour, 1t 1s normally

due to mterference colours produced by a thin dielectric film on the metal surface. The colour

1s uniform when the thickness of the film is homogeneous over the sample, but changes with the

angle of observation. The so-called temper colours on steel or copper were even a means of

determining the achievement of a desired heat treatment [10]. Today, interference colours are

applied as decorative coatings on all different types of surfaces, from jewellery to art or

architecture, or even as a means of fraud prevention on bank notes, when small metallic

particles with interference coatings are printed on the paper [11]. A metallic shimmer with

shightly shifting characteristic interference colours 1s obtained that is very difficult to imitate.

- Diffraction gratings

More complicated structures are diffraction gratings, where the
light waves are reflected from small, periodical structures.
Fach feature of the grating becomes the origin of a spherical
wavelet and depending on the wavelength of the light they
constructively interfere with each other m very specific
directions, as schematically drawn in Figure 6. The condition

of constructive mterference is the fulfilment of the Bragg

White light

equation, nA = Zdsinf, where A 1s the wavelength of the light, d WW

the period of the grating and 6 the angle under which the
radiation leaves the surface. Diffraction gratings are often
found 1In nature,

bearer, as for example seed shrimp in Figure

Figure 6: Schematic drawing of the
splitting of colours at a diffraction
grating.

where they render conspicuous colours to their

5

(Azygocypridina lowryr) [12]. The brilliant colours on
the bottom of a CD are an accidental consequence of

L the data containing pits, which are arranged in a
L regular fashion. Other man-made diffraction gratings

Figure 5: Image of a seed shrimp find application for example as monochromators,
(Azygocypridina lowryi), displaying colours where their ability to divert light according to its

due to a diffraction grating (SEM image in the .
cuon statng . 5 wavelength 1s used.
insert), from [12].
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Colour measurements

The colour of a reflecting or transmitting object 1s not a physical property; therefore it cannot be
easily quantified. Depending on the illuminant, the surface roughness, the angle of observation
and the observer, the perception might be quite different. Early colour determination was
therefore based on the direct comparison of two objects. Colours were arranged in so-called
colour spaces, as for example the one developed by A. Munsell in 1905 [13]. His system
categorised colour by means of their hue (the shade of colour), chroma (the intensity) and value
(the brightness) (Figure 7). Even today, the method of comparison is still in use, for example n
architecture, art or the food mdustry [14].

WHITE vellow

yellow-red green-yellow

© 1996 Encyclopaedia Britannica, Ine.

Figure 7: The Munsell colour space, with the three axes hue, chroma (intensity) and value (brightness), from [15].

CIE - Commission internationale de I'éclairage

By the beginning of the 20" century a significant amount of research in the field of colours had
been made but there was need for a quantitative measure of the colour perception of the human
eye, so that a more scientific method for colour measurements could be developed. In 1931,
based on the research of J. Guild [16] and W.D. Wright [17], the CIE 1931 standard
colorimetric observer was dehined. From a series of experiments where a number of test
subjects had to match a given test simulus by mixing three primary colours, the so-called colour
matching functions (CMFs) were determined, which reflect the spectral sensitivity of the human
eye to light of different wavelengths. As primary colours spectral light sources (‘spectral’

meaning of only one wavelength) of red, green and blue colours were used. The resulting

CMFs, called 7, gand b are shown in F 1igure 8 (left). The disadvantage of using that set of colour
matching functions 1s that the curves contain negative values, which complicate further
calculations. To solve the problem, they were linearly transformed mnto functions which would

only have positive values, resulting in the x, y, z CMFs (Figure 8, right). The same linear
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transformation also instated that y(A) equals the photopic luminous efficiency of the standard

observer - the perception of the brightness of light depending on its wavelength [18].
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Figure 8: Colour matching functions (CMFs) 7, g b (left) and X, Y, Z (right) of the CIE 1931 standard observer.

While 7, g b contain negative values, X, y, Z have been transformed in a way that only positive values remain.

By means of these CMFs the colour of a light source can be numerically determined in the

XYZ. colour space by means of its spectral intensity distribution ¢@).

780 nm _ 780 nm _ 780 nm _
X=k f380 m PV x(A)dA,Y =k f380 m PpD Yy dA,Z =k f380 m (1) zZ(A) dA
The determination of the colour of a non-self-luminous object, an object that does not itself
produce light but solely reflects or transmits light from a source, requires knowledge of the
reflectivity spectrum of the object R@), and of the spectral intensity of the light source S@),
giving (1) = R(1) * S(A). The value k, which is defined in a way that the value Y becomes

. . . . 100
100 for objects with R(A), or T(A) = 1, 1s given by k = TSy DdA [19].

More commonly used for the illustration of a colour than these basic colour coordinates are the

chromaticity coordinates x, y and z, where
b's Y z

X+v+z' y X+Y+z' X+Y+Z'

From the definition it follows that x+y+z = 1, making it sufficient to determine x and y. However,
the value Y, which is the luminance of the colour, 1s generally required, too. The x/y plot 1s the
well-known chromaticity diagram in Figure 9. On the outer curve of the horseshoe lie the
spectral colours - colours containing only a single wavelength of light, on the straight line
connecting red and blue lie the purple colours, which do not correspond to a single wavelength.
The colours within the horseshoe can be produced by combination of the right proportions of
spectral colours.
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Figure 9: Chromaticity diagram based on the 1931 standard observer; the spectral colours are located along the
horseshoe line; the inscribed triangle is the range of the CIE RGB colour space.

Based on the 1931 XYZ colour space, numerous other colour spaces were developed. For
example, the CIE L*a*b* which, in contrast to the XYZ space 1s a uniform colour space,
meaning that the difference between the values of two colours always corresponds to the same
difference in colour perception. The conversion 1s carried out using the following calculations.

L™ =116"AQy - 16,
a” =500"[AQx) - AQY],
b* = 200" [AQV-AQ)I,

Where Qx = X/X., Q=Y/Y. and Q~7/Z., AQ) = Q" if Q> (6/29)" and AQ) = (841/108)*Q: +
4/29 if Qi < (6/29)". The values X., Y. and Z. are the XYZ values of a perfectly white object [20].

The 1931 colorimetric standard observer holds certain flaws, namely the fact that it measured
the response of the eye under an angle of 2°. This narrow angle lies completely within the fovea
of the eye, the central pomnt of the visual field, where the concentration of the colour-sensing
cone cells 1s highest. It has been found that the colour response at higher angles, extending to
the region of the eye where the density of cones 1s lower, leads to a somewhat different colour
perception [21]. Therefore, in 1964 a new standard observer, the 1964 10° standard observer
was introduced, whose colour matching functions are termed X1, Y1 and Zwo to enable distinction
from the 1931 observer. Both observers are still in use and the appropriate one 1s chosen

depending on the application.
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The CIE RGB colour space 1s one of many different RGB spaces. They all have in common
that they are based on the three primary colours red, green and blue and are able to reproduce
all the colours contained in the triangle defined by them. The CIE RGB colour space, which 1s

mnscribed in the chromaticity diagram in Figure 9, is directly derived from the 7, g and b values
by means of

R=["1() 7(1)dA
G=J, 1(M)g)da
B=["I1(A)b(A)dA.

RGB spaces are widely used in displays, where each pixel of the screen consists of a red, green
and blue light filter, creating the required colour by applying the correct mixture of the three
colours. It 1s employed for computer screens, video cameras, mobile phones, colour television
and many more.
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1.2 Gold

The first archaeological findings of gold date back to as early as 4000 B.C. [22]; gold was since
used all over the world by nearly every culture in history. There are several reasons for this
continuous fascination: due to its nobility, gold occurs naturally in its elemental form and does
not have to be tediously extracted from ores. Furthermore, it 1s highly ductile and can therefore
be shaped with simplest techniques. Additionally, its persistent yellow colour 1s unique among
metals and its rarity makes it a valuable trade article. Already around 3600 B.C. the Egyptians
were producing cast gold objects [23] and also managed to beat gold into leaf. For a long time,
the main applications were ornamental or ceremonial objects until the Chinese started using
little squares of gold as a form of money, shightly before 1000 B.C.

About 500 vyears later, the first gold coins were
employed as currency in Lydia, a kingdom of Asia
Minor under the reign of King Croesus - known for
his enormous wealth [25]. From then on, coins
became the preferred currency, some made of pure
gold but more commonly of gold alloys. The grading
of gold alloys 1s based on the carat system. The name
carat originates from the Greek word «epdtiov

(keration), “fruit of the carob tree” whose seeds were

Figure 10: Lydian gold coin from around 600 used as weight standard due to their uniform weight.

BC, from [24]. Formerly, one gold coin weighed 24 carats [26] while
i today’s terminology, 24 carat signifies 100% pure gold. To define the carat of an alloy, the
weight per cent of the contained gold is expressed in /.. For example, an alloy containing 75
wt.9% 1s termed as 18 carat gold.

The use of gold has long ceased to be limited to jewellery and coins. In medieval times, gold
was considered to have healing powers, mainly based on the belief that something so pure and
special could only be good for someone’s health [27]. Later, it was found that gold, or more
precisely gold complexes really are a valuable aid in the treatment of rheumatoid arthritis [28].
Today, gold 1s applied mn areas ranging from microelectronics to dentistry, from catalysts to
nanostructures and medical applications. It is even employed in slightly eccentric food [29] and
luxury cosmetic products [30].

Gold alloys

Despite numerous other applications, gold is still one of the preferred metals for luxury watches
and jewellery. Yet, the research dedicated to gold for such applications has, in comparison with
other fields, been rather small. A big part of the research in the last 30 years about alloying of
bulk gold has been performed with the focus on the binary and ternary alloys of gold, silver and
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copper [31, 32]. A variety of different colours can be obtained with the three elements, ranging
from yellow to red towards the copper-rich side, and over a slightly greenish tinge to the white of
the silver (Figure 11, left). However, not all the alloys are equally suited for an application.
While gold and silver, as well as gold and copper are soluble in each other over the whole
composition range, silver and copper form a eutectic phase diagram, showing very little
solubility at room temperature. For the ternary phase diagram this means that a solubility gap
reaches nto the system from the silver-copper side (Figure 11, right). As a consequence of this
solubility gap, it i1s possible to differentiate between three different alloy types in the system [31].
Type I alloys are in the solid solution range and therefore rather soft and easily workable. Type
IT alloys are in a two-phase region, but can be solution annealed at high temperatures. They can
be worked in the resulting soft state and subsequently age-hardened. In contrast, it is very hard
to quench alloys from type III, as they are located in the middle of the solubility gap, where the
solid solution 1s only stable at very high temperatures. Their processing is accordingly difficult.
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Figure 11: Colour areas [33] and miscibility gap [31] in the ternary Au-Ag-Cu diagram.

Next to yellow and red gold, the most widely known variation is white gold. Inmitially, it was
developed to replace Pt, which grew more and more expensive but quickly became very
popular. White gold alloys can contain platinum, palladium, nickel or several other elements.
Often, they require a rhodium coating, as the sole addition of whitening alloys does not reach

the desired colour.

24



Cu
Figure 12: Au-Cu-Al ternary phase diagram, from [34].

An alloy system which only recently attracted
mterest is the gold-copper-aluminium system
[34], shown in Figure 12. The area in which
the B-phase 1s present 1s probably the most
mteresting region. Within this area, several of
the alloys exhibit a shape-memory effect.
they

undergo a martensitic phase transformation,

When cooled to lower temperatures,

meaning that the structure changes from body-
centred (bcc) to face-centred (fcc) cubic by
shear transformation.

diffusionless Upon

reheating, the alloy switches back to the

original structure, the atoms ‘remembering’ their position and restoring the initial shape of the

work piece. Due to their high gold content, these shape memory alloys are only rarely used in

mdustry. Only one of them 1s occasionally used for jewellery, a composition that has been

termed and trademarked ‘Spangold’ [35]. The decorative effect of the spanghng surface 1s

utilised, which occurs due to the tilting of the
grains after the martensitic transformation.
An example 1s shown in Figure 13. The Au-
Cu-Al phase diagram also contains a few
differently coloured alloys. Along the binary
Au-Cu line, the a-phase forms, displaying the
typical red colour of copper-rich gold alloys
(see Figure 11). The alloys of the B-phase are
apricot coloured, while the y-phase that forms
along the 30 at. % Al lLine 1s whitish-grey.
Perhaps the most notable colour has the deep
purple AuAl: phase, formed in a small region
around 66 at.9 aluminium, which will be
more closely described in the next section.
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Figure 13: Example of Spangold the spanghng surface
is obtained by a martensitic transformation of a
previously polished surface (from [35]).



In 1892, an itermetallic phase of gold and aluminium
was discovered [36], which displays a striking purple
colour (Figure 14). The AuAl: phase forms at 33 at.%
Au and 66 at.% Al, crystallises in the fluorite structure
(Figure 15) and, because the carat system 1s based on
weight and not atomic per cent, still qualifies as an 18
carat gold alloy. The purple colour has its origin in the
selective absorption of light with wavelengths around 530
nm, in the region of yellow and green light. The
remaining light from the blue and the red ends of the
spectrum 1s reflected and combined creates the purple
colour perception. The selective absorption was
traditionally attributed solely to interband transitions
from Au s-p bands (1-2 €V below E») to the Au p-d/Al p

Figure 14: Example of the purple AuAl.
phase, used as pseudo-gem stone (from

[33]).

band (1-2 €V above Er [37]. These transitions are possible for a certain energy range, above
which a so-called pseudo gap in the density of states (DOS) reduces them (Figure 16, from [37])
and the reflectivity increases again, until at higher energies the transitions resume. In addition to

the electron interband transitions, it was recently found that the excitation of a bulk plasmon

around 2 eV enhances the effect and thus intensifies the colour [38]. Despite its stunning

colour, the purple phase is rarely used due to its inherent brittleness and low corrosion

resistance, which makes the production and application difficult.
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Figure 15: Phase diagram of Al and Au (left) and schematic of the fluorite structure (right), where the Au atoms

(grey) form an fcc lattice and the Al atoms (yellow) fill the tetrahedron gaps.
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Figure 16: Density of states (DOS) of AuAl., displaying the pseudo gap between 3 and 4 eV (from [37]). The

allowed electron transitions are indicated with a green, the forbidden ones with a red arrow.

Two very similar intermetallic phases of gold were discovered with the same crystalline structure
as AuAL. AuGa: and Auln: both display a shade of blue colour, which 1s not as mtense as the
purple of AuAl, probably because they lack the plasmon excitation in the visible range [38].
The two phases are not quite as brittle as AuAl; still they are rarely applied as bulk metals. A
large amount of research has been carried out with the aim of improving the mechanical

properties of the three phases and enabling an application, for
example as jewellery. By means of microalloying an improvement of
the crack resistance could be achieved without affecting the optical
properties of the materials [39]. Investment casting of those alloys was
successfully performed but the mechanical properties still complicate
an application as bulk materials. However, design strategies were

suggested, where by means of bi-metal casting technologies the brittle

Figure 17: Blue gold
(Aulny), produced by fem
Schwibisch Gmiund /

Janine Rall.

phase 1s protected by a ductile matrix. A different approach 1s the
application of the materials as coatings. Several techniques have been
tried out: sputter deposition [40], electroplating with subsequent
annealing, surface cladding and liquid-metal dip coating [41]. The
latter reference also performed metal release tests and concluded that an mvisible protective
coating 1s required as the corrosion resistance of all the three phases 1s rather low. The possible
applications of the intermetallic phases go further than just jewellery: Research has been carried
out with an application as architectural coatings on glass [40] or as transparent electrode material
in mind [42], and even as coating for cutting tools [43] which would facilitate the detection of an
overused blade.
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The display of special colours 1s a property that 1s common to a lot of intermetallic phases;
roughly 100 of them are known [44]. It was found that a prerequisite for colour is the formation
of a crystal structure with a high symmetry. This leads to distinct band structures and potentially
the required pseudo-gaps in the density of states curve, which leads to a selective reflection of
certain wavelengths [44, 45]. Examples are CoSt., Ni1S1: (both blue), PtAl:, PtGa. (both yellow) or
PtIn: (apricot), all crystallising in the fluorite structure, or PdIn (brown-rose) and NiAl (bluish),

which both have the caesium chloride crystal structure.

From the viewpoint of colour development with precious metals, the intermetallic phases of Pt
with Al, Ga and In are especially interesting. Like their gold counterparts, they crystallise in the
fluorite structure, with a Pt content of 33 at.% and 66 at.% of Al, Ga or In, respectively. Due to
this similarity, the production of a ternary phase seems possible, even though no ternary phase
diagrams are available.

Klotz et al. [41] and Fischer-Biihner et al. [39] manufactured such ternary alloys. The former
produced alloys of Au, Pt and In by casting and found that the colour continuously changes
from blue to apricot as the Pt content 1s increased. However, a close investigation of the
microstructure revealed that the material does not consist of a single, ternary phase but a
mixture of binary phases. The intermediate colour 1s then produced by combining the light
reflected from all of them. Similar results were obtained by the latter reference, exchanging the
aluminium m AuAl gradually by gallium, aiming for the production of a ternary Au(Al/Ga):
phase. While a smooth colour shift was received from purple to blue with increasing gallium

content, the material again consisted of a mixture of binary phases.
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1.3 Size Effects

As mentioned above, metals can not only be produced as bulk materials but also in the form of
thin films. While the fabrication of such films had been possible for a while [46], the
development of the technology has reduced the achievable dimensions further and further, into
the nanometre regime. Subsequently, it has been discovered that the properties of materials
change once a critical size limit has been reached. These so-called size effects have been found
for all different types of properties, for example the mechanical ones [47], where suddenly the
strength or hardness increases largely. Another example 1s the electrical properties, where the
conductivity of a metal depends on the size of a sample due to the increased importance of
surface or interface scattering contribution [48, 49]. Also the optical properties are subject to
size effects. Below a critical value, which depends on the material [46], the reflectivity of a metal
thin film decreases with the film thickness. Under a certain value, the layer becomes transparent
and can display a different colour in transmission and reflection. A thin silver film, for example,
obtains a blue colour i the counter light, while the light transmitted through a thin gold layer
becomes green [46].

Thin films that are produced by the condensation of a vapour phase (such as sputter deposition
or thermal evaporation) do not form a continuous layer at the initial stage of film growth, but
separate 1slands that grow and coalesce when the deposition continues (termed Volmer-Weber
growth). Again, the film thickness required to form a continuous film depends on the material,
the deposition method and the temperature of the substrate. At room temperature, the
condensed atoms are mobile enough to move from their initial position to energetically more
favourable places and a longer deposition 1s required until the film i1s continuous. Such
structures lead to yet other optical effects and can be described as colloids.

A colloid 1s per defimition a two-phase system,
consisting of a disperse phase of particles in a matrix.
Those particles, typically with sizes between 1 nm
and 1 um, scatter and absorb light selectively,
according to their dimension and shape. Famous
colloids are, for example, gold or silver nanoparticles
mmmersed in solution [50]. When the size and aspect
ratio of the particle 1s changed, surface plasmons are

excited at different wavelengths and light of specific

colours is absorbed, creating colloidal solutions with

a colour that 1s adjustable over the whole visible range

Figure 18: Colloidal solutions display a
of the spectrum [51]. When films are so thin that different colour, dependent on the size and

they form separate islands, the optical properties are shape of the Au particles they contan (from
also determined by their size and shape. Norrman et 150D
al. [52] investigated gold films of thicknesses between 1 nm and 4 nm and found that the

discontinuous layers lead to absorption phenomena that differ from the bulk properties. Kaiser
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[53] reported that the plasmon frequency of isolated particles depends on the electronic
structure of the metal, the size and shape of the particles and the substrate. He also found that
after the percolation threshold 1s reached, metal films behave optically similarly to the

corresponding bulk materials.
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1.4 Aim of the project

The aim of the project was to design noble metal-based alloys that display novel colours for a
possible application in watches and jewellery. While the final application m mind was bulk
materials, the alloys in this thesis were produced i the form of magnetron sputter-deposited
thin films. This allowed the production of multiple different compositions with minimal
material expenditure. Another advantage of the technique is that the produced films are rather
far from an equilibrium state, which allows the production of phases and phase compositions
that cannot be obtained by conventional casting techniques [54].

A first series of experiments examined the film-thickness dependence of the optical properties
of selected materials, three elements (Au, Al and Pt) and one intermetallic phase (AuAl:). As the
designed alloys were required to display bulk behaviour, size-effects due to the layer thickness
needed to be excluded.

A further study investigated a range of well-known noble metal alloys and intermetallic phases,
namely Au-Ag alloys with different compositions, AuAl:, PtAl: and Auln.. The film thickness of
all samples was well within the bulk-behaviour range. Differences and similarities in the optical
and electrical properties were studied between the thin films and literature values of bulk
materials.

In final experiments, the production of ternary alloys based on noble metals was attempted. The
purpose was to obtain an intermetallic phase with tuneable colours. While maintaining the
abovementioned fluorite structure, a change of colour can be induced in two different ways.
When atoms are added that have a very similar size as the ones they are replacing, as for
example Pt to AuAl, the lattice parameter, and hence the band structure remains the same (the
unit cell of AuAl: measures 0.5997 nm compared to 0.591 nm for PtAl:). What changes 1s the
number of electrons, as Pt has only 78 compared to the 79 of Au. As a consequence, the
position of the Fermi Level 1s shifted to lower energies, causing the light-absorbing interband
transitions to occur at higher energies. If, in contrast, the added atoms have an equivalent
electronic configuration as the ones they are replacing, but a rather different size (such as In to
AuAl, where Auln. has a lattice constant of 0.65 nm), a change of the band structure would
occur, also resulting in a change of the colour. Due to technical reasons, only the first option
was chosen, and ternary alloys consisting of 66.6 at.9% Al and different Au to Pt ratios were
produced.

In a parallel doctoral thesis by D. Kecik, efforts were made to establish a way to model the
optical constants and thus reflectivity of an arbitrary alloy composition by ab mtio simulations.
This thesis has already been successfully defended [55].
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2. Materials and methods

2.1 Sample production

All samples were produced by means of magnetron sputter deposition in a tool that allowed
simultaneous deposition of up to four different materials (PVD products, Inc.), the target
diameter of all materials being 3 inches. The magnetrons were normally aimed at the centre of
the substrate (0°) but could be tilted away to up to 15° to reduce the deposition rate. The base
pressure In the sputter chamber was less than 510" mTorr and for the sputter process an argon
pressure of 2, 5 or 10 mTorr was introduced. Different substrate materials were employed: Si
wafers with a (100) orientation, coated with a diffusion barrier of 50 nm of Si10O., S1 wafers with
50 nm of S10: and 50 nm of Si:N. as a diffusion barrier, Cu grids (2 mm in diameter), coated
with an amorphous carbon film and standard laboratory glass slides. Before deposition, the glass
slides were cleaned 1n an ultrasonic bath in acetone for five to ten minutes, then rinsed with
water and dried with pressurised air. To obtain thin films with homogeneous composition the
substrates were rotated during the deposition; to produce samples with a concentration gradient,
the substrate was kept static.

The exact sputter parameters are found in appendix A; i the following a short description of
the samples produced for the different chapters will be given.

Chapter & - Thickness dependence of colour

To mvestigate the mfluence of the layer thickness on the colour, samples of four different
materials, Au, Al, Pt and AuAl, were deposited with a number of different thicknesses,
nominally 5, 10, 50, 100 and 200 nm. Glass slides were used as substrate for the reflectivity
measurements, and pieces of Si wafers with a size around 2 cm” were employed for the exact
thickness determination by AFM. The films with a thickness of 5 nm, 10 nm and 50 nm were
also deposited on carbon-coated Cu grids, for the examimation of the film continuity in the

transmission electron microscope (TEM).
Chapter 4 - Colours due to electronic band structures

A sample with a composition gradient of Au and Ag was deposited on a 3 inch wafer by keeping
the substrate still during the production, with a film thickness of roughly 500 nm. Three
different homogeneous Au-Ag alloys were produced with an targeted composition of 20, 50 and
80 at.9 Ag and a film thickness of about 300 nm. Also a pure Ag film was produced at a
thickness of roughly 300 nm and an Au layer with a thickness of 950 nm.

A sample with a composition gradient of Au and Al was obtained on a 3 inch wafer, with a
thickness of roughly 500 nm. The homogeneous AuAl. films were deposited with an Au to Al
ratio of 1:2 and also a thickness of 500 nm. A Pt-Al gradient sample was deposited on a 3 inch
wafer with a thickness of 500 nm. The homogeneous PtAl: samples were aimed at a thickness of
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800 nm, having a Pt to Al ratio of 1:2. The Auln. films, having an Au to In ratio of 1:2 were
produced with a thickness of 200 nm. The sputter power of the In target had to be kept very
low (<50 W) and deposition was mterrupted twice in order to prevent the melting of the target.

Different ternary (Au/Pt)Al: samples were produced, with a constant Al content of 66 at. % and
a varying Au to Pt ratio. Due to technical issues, some of the samples were deposited at an

argon pressure of 10 mTorr.

2.2 Sample treatment
Heat treatinent

Two different ovens were used for the heat treatments. One of them was a circulating air oven
(750/1, Heraeus). To reduce oxidation during the heat treatments, the samples to be treated in
this oven were placed in quartz tubes and flushed with argon several times. Then the argon was
adjusted to a pressure corresponding to 1 bar at the temperature of the heat treatment and
sealed off by melting the tubes with a gas burner. The second oven was a vacuum oven (RTA-
1000-3-P, SY116, CreaTec Fischer & Co. GmbH), that was operated at a pressure of 2.5°10"
bar. Heat treatments were carried out at different temperatures and for different durations

depending on the material/system that was investigated.
Chapter & - Thickness dependence of the colour

The pure Au, Al and Pt films were not heat treated, but the AuAl. films required a heat
treatment of 30 min at 350°C (RTA oven) to obtain the purple colour.

Chapter 4 - Colours due to electronic band structures

The gradient sample of Au-Ag was not heat treated. Despite displaying the expected colours, the
homogeneous Au-Ag alloys and the pure Au and Ag layers were treated for 5 h at 350°C i the

RTA oven to investigate a possible change of the properties.

The gradient sample of Au-Al was broken mto two halves, one of which was annealed for 5 h at
400°C in the RTA oven. The homogeneous AuAl: films were annealed for varying times at
350°C to examine the colour development from the imitial grey to intense purple over time.
Samples were treated for 2 min, 10 min, 30 min, 60 min and 300 min in the circulating air oven.

One half of the produced Pt-Al gradient sample was heat treated for 1 h at 400°C. The
homogeneous PtAl: were heat treated at 100°C, 200°C, 300°C and 350°C for 30 muin.
Additionally, a series of treatments was made at 200°C for 1 h, 3 h, 6 h and 24 h, all in the RTA

oven.
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The Auln. film displayed a shade of blue colour already after the deposition. To nvestigate a
possible intensification of the colour, heat treatments at 300°C were carried out for 30 min and
12 h in the RTA oven.

The ternary Au-Pt-Al sample with the lowest Pt content (Au89Pt11) was heat treated for 1 h at
250 °C as it was found that higher temperatures led to strong hillock formation and
delammation. The other Au-Pt-Al samples were heat treated for 30 min at 350°C in the RTA
oven. Longer heat treatments of 24 h at 350°C were carried out on the four samples with the
highest Pt contents, to gain more information about their stability over longer terms.

lon rradiation

The 1on irradiations of chapter 4.2 were carried out with 3.5 MeV Au+ 1ons using a Van de
Graaff EN tandem accelerator (High Voltage Inc.) at an angle normal to the sample surface.
Different 1on fluences listed m Table 1 were used while the 10on current ranged between 1 and
50 nA. The sample temperature during most irradiations was monitored by a thermocouple and
kept at about -196°C by circulating liquid nitrogen through a custom made cooler. In one
nradiation, the temperature of the sample was kept at room temperature. All the samples
nrradiated had been previously heat treated for 5 h at 350°C.

Table 1: Fluences and temperatures of the irradiations

Sample Temperature [°C] Fluence [ions/cm’] Substrate

AuAl 10" -196 10* Si-S510:-S1:N. wafer
AuAl 10" -196 10" Si-Si0»-Si:N. wafer
AuAl 10" -196 107 S1-S10:-St:N. wafer
AuAl 510" -196 5*10" Si-S10:-S1:N. wafer
AuAl 5*10" RT 25 5*10" S1-S10:-St:N. wafer
AuAl 5*10" glass -196 5*10" Si0: glass
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2.3 Investigation methods
Optical methods

Images of all samples were taken with a Nikon D80 equipped with a 200 mm macro objective.
As most of the samples were specularly reflective, the images were taken at a small angle
(roughly 5°) and a white paper was used as a reflector to be able to properly capture their
colour. For chapter 3, images were taken of the thin films in counter light, to examine their
transparency. For this purpose, a lamp was covered with a patterned piece of paper and placed

underneath the samples. Again, the images were taken from a small angle.

A Polyvar-MET microscope (Reichert) was used for light microscopy, to determine the

presence of large second phases and detect areas of delamination and hillocks.

Reflectivity measurements were performed with a fibre spectrometer (USB2000+,
OceanOptics), equipped with a deutertum/halogen light source (DH-2000-BAL, OceanOptics)
and operated by SpectraSuite software (OceanOptics). The measurements were performed at
an angle of 0° incidence. A sputter-deposited Al film of 500 nm thickness was used for the

calibration measurement and a non-unity correction file was employed.

The reflectivity of the semi-transparent films was measured by placing the glass slide on top of a
black, absorbing layer of foam rubber that ensured that the light that had been transmitted
would not be reflected at the back interface. The internal reflection in the glass slid was assumed
to be negligible.

The reflectivity data were converted into colour coordinates of the XYZ colour space using a
standard procedure [20], according to the description in the introduction on page 16. Based on
that, the CIE L*a*b”, and the xyY were determined. For ease of display, the colours were

mapped in the xy chromaticity diagram.

The reflectivity of the semi-transparent films on S10. was modelled according to the method
specified 1n [56]. The reflection coefhicient 1s described as
Fip + Ty3e?f

T =

o ~ ~ ~ ~ ~ ~ 5 5 21 5
Where T = Bm — Pn)/@m + Pn)y  Pm =1ficos(6y,), f= (7”) fi,hcos(8,) and
0, = sin~'(sin (:—1)), which 1s the complex form of Snell’s law. The refractive indices

references were taken from [57].
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FElectron microscopy

Scanning electron microscopy (SEM) mvestigations were carried out in a SU-70 mstrument
(Hitachi), equipped with a secondary (SE) and a backscattered electron (BSE) detector and an
energy-dispersive X-ray (EDX) detector operated by the Inca program (Oxford Instruments,
UK). Next to the composition of the films, their topography and phase uniformity was
mvestigated.

The samples for the transmission electron microscopy (TEM) mvestigations were either directly
deposited on carbon coated copper grids (for very thin films), or cross-sectional lamellae were
prepared by means of focused 1on beam (FIB) (NVision 40, Zeiss) (for films of any thickness).

The transmission electron microscopy (T'EM) measurements were carried out in a field
emission gun (FEG) TEM (Tecnai F30, FEI) operated at 300 kV. The morphology of the films
in bright and dark field was mnvestigated as well as the crystal structure by means of diffraction
analysis. High-resolution images were taken and their fast Fourier transformed (FFT) images
used as additional source of phase information. In certain cases the machine was operated n
Scanning-TEM mode (STEM) and an energy dispersive X-ray (EDX) mapping was performed
to gain information about the distribution of the elements in the film.

Electron backscatter diffraction (EBSD) was employed to investigate the texture of selected
samples from chapter 4.2 using a FEI Quanta 200 FEG microscope.

LElectrical resistivity

Electrical resistivity measurements were performed on the samples of chapters 4.1 and 4.2 to
gain information about the defect content in the films. The four-point technique developed by
Van der Pauw [58] was employed, using a Jandel probe head. The pins on the probe were
arranged 1n a square geometry and had a spacing of 0.51 mm. A direct current of 0.1 A was
applied and the resulting voltage was measured (National Instruments PXI-8187). For every
sample an average of 200 measurements was made and the sample size was between 1 cm” and
2 cm’. The evaluation was done using LabView 8.2 software and the results were compared with
calculated values, obtained from the combined Fuchs-Sondheimer/Mayadas-Shatzkes models,
which will be described in the following.

Modelling of the resistivity

The resistivity of the samples was modelled using the combined Fuchs-Sondheimer (FS) and
Mayadas-Shatzkes (MS) method [59], which takes into account the reflection of the electrons at
the surface and interface (FS) and at the grain boundaries (MS). The formula after which the
resistivity 1s calculated 1s:

3

P = Po [<§*§*(1—P))+§/(§—%+a2—a3*ln(1+§))]
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Where a =4/D*(R/(1-R)), p. being the bulk resistivity, 4 the electron mean free path, d the film
thickness, p the surface scattering parameter, I) the gramn size and R the grain boundary
reflection coefficient.

AuAl: The bulk resistivity of AuAl: at room temperature p.is 8 pQem [42] and d was 500 nm as
determined from TEM images. The mean free path length A has been calculated to be 13 nm
by means of its Hall coefficient A, which is 1.56*10" cm’/C [60]. From the Hall coefficient, the
electron density can be determined using 1 = 1/{A *e), which 1s used to obtain the Fermi velocity
vi following v» = h/m * (37'n)”. With the help of the relaxation time, which depends on the
electrical conductivity and the electron density according to t = ym/(e’n), A can be calculated
using A =v “7[61].

The surface scattering parameter p takes values between 0 and 1, and describes whether