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Chapter 1

Introduction

The need for even smaller and more efficient electronic devices or more sturdy ma-
terials has given rise to a vast number of research activities, especially in the field of
nanoscience. As quantum effects come into play for nanoscale objects, and the sur-
face to volume ratio becomes eminently large, a number of interesting new material
properties arise. These properties may be tailored to meet certain needs, provided

the growth processes are well understood.

This work focuses on the investigation of the mechanisms driving the formation
of various morphologies of metal-containing amorphous carbon films. In the course
of the experiments, an intriguing variety of different morphologies was found: in
amorphous carbon films containing either copper or—under certain conditions—
gold (a-C:Cu and a-C:Au), metallic precipitates with diameters in the order of a
few nanometres are homogeneously distributed; silver-containing amorphous carbon
(a-C:Ag) decomposes and the silver accumulates at the surface of a silver-depleted
amorphous carbon film; and films containing either gold or iron (a-C:Au or a-C:Fe)
may show a structure of alternating layers of more and less densely distributed
metallic nanocrystals. Such a self-organized formation of multilayers was found for
the first time in the course of this work and presented at nearly the same time as
similar studies by Wu and Ting [1]. It is the aim of this thesis to achieve a better

understanding of the evolution of these different morphologies.

Metallic particles of nanometre size embedded in dielectric, and in particular
diamond-like, matrices have a number of properties that can make these materials
suitable for various applications. These include an interesting linear and non-linear
optical behaviour, chemical inertness of the matrix, very good tribological perfor-

mance, and, where applicable, magnetic properties. Section gives a broader
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4 1. Introduction

overview of the promising application potential of such materials. The recent re-
search activities on the structure and structure formation mechanisms are discussed
in Section [L.2l

At present, nanoscale device fabrication is mostly limited to lithographic tech-
niques, which are rather expensive and time-consuming. Therefore, self-organization
effects are both technically and scientifically appealing. A range of different mecha-
nisms that are known and used at present are summarized in Section [1.3] However,
it will be shown further down that non of these mechanisms are able to account for
the morphologies found in this thesis.

Chapter [2] is an introduction to the materials this thesis deals with: the class
of interesting carbon materials has grown immensely in the recent past. The two
basic carbon phases, graphite and diamond, and especially the matrix material of
this work, amorphous carbon, are introduced in Section 2.1} Four different metals
were incorporated into the films: the three non-carbide forming metals of the cop-
per group, as well as the magnetic and carbide-forming metal iron. Their chemical
properties and interactions with carbon are described in Section [2.2] The structural
properties of small metal clusters have turned out to play a major role in the pa-
rameters influencing the structure of the films. An overview of experimental and
theoretical considerations is given in Section [2.3] Furthermore, the film formation
mechanisms of metals on an amorphous carbon surface will help understand the
structure of the multilayers. A summary is given in Section [2.4]

The two film growth techniques used in this thesis are mass selective ion beam
deposition and reactive magnetron sputter deposition. Both are based on the depo-
sition of particles of energies exceeding thermal energies (a few to a few hundred eV),
a process also called deposition of hyperthermal species. The two methods are intro-
duced in Chapter [3| with special emphasis on the setups. A comparative discussion
of the growth parameters of these two techniques is given. Furthermore, in Sec-
tion [3.4] the processes provoked by energetic ions in matter are described, as these
are the basic mechanisms that have to be considered for the understanding of the
evolution of the different film morphologies. The following Chapter [4 describes the
characterization techniques implemented for the analysis of the film composition and
nanostructures.

Chapter 5| gives a summary of preceding studies on diffusion of foreign atoms in
amorphous carbon as well as the results for copper- and silver-containing amorphous

carbon films.
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A self-organized multilayer structure similar to the results of this work for the
gold- and iron-containing amorphous carbon films was also found by three other
groups [1}, 2, B]. Their experimental results and models are described in Chapter [6]

Chapter [7] presents the results of the structural analysis of the films grown by
mass selective ion beam deposition. Sections through give the results of an
ion energy dependent analysis of the copper-containing films and the investigation
of two further systems: gold and iron incorporated in amorphous carbon films.
Including the results presented in Chapter |5 three different structures were found:
a homogeneous cluster distribution for the a-C:Cu films, surface accumulation for
the a-C:Ag films, and self-organized cluster layers separated by amorphous material
for the a-C:Au and a-C:Fe films. An attempt to model the formation of the different
structures is given in Chapter [§] This includes an estimation of the periodicities of
the multilayers found for a-C:Au and a-C:Fe films, taking into account the structural
properties of small clusters of the different metals as well as the influence of the ion
impact. A comparison with the models of Wu and Ting [1], Corbella and co-workers
[2], and He and co-workers [3] is given in Section

In order to investigate whether the multilayer formation processes are similar
or driven by the same parameters for both magnetron sputter deposition and mass
selective ion beam deposition, magnetron-sputtered a-C:Cu and a-C:Fe films were
grown. The results are presented in Chapter [0

The thesis closes with a final discussion, conclusion and an outlook to future

research.

1.1 The Qualities of Metallic Particles in an
Amorphous Carbon Matrix

Metallic particles embedded in dielectric matrices bear useful linear and non-linear
optical properties [4]. These properties have to be attributed to the limited size of
the particles, where surface-to-volume effects and quantum effects come into play. In
a particle of nanometre size, the electron gas is spatially extremely confined in com-
parison to its bulk extension. For example correlation lengths or mean free paths of
the respective bulk material are much larger than the diameter of the cluster [4] 5.
The optical properties reflect the structure and the dynamics of the delocalized elec-
trons. The more strongly bound electrons and the core form the ionic background

for the electron gas. In the case of alkali metals, there is no further influence of
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Figure 1.1: Artificial heart valves coated
with diamond-like carbon (from [19]).
Even better performance may be obtained
by introducing metals into medical im-
plants and thus achieving an antibacterial
behaviour [1§].

excitations in the core levels on the electron gas. However, for transition and noble
metals, core level excitation energies are of the order of a plasmon resonance. This
also holds true for II-VI and III-V semiconductor clusters [0l [7]. For noble metal
nanoparticles, the third-order non-linear susceptibility x® is strongly enhanced up
to ~ 2.5 x 107% esu around the plasmon resonance with response times in the pi-
cosecond range [8,[9]. These properties make a metal cluster/dielectric host material
a promising candidate for optical devices, for instance optical switches [I0]. A good

overview of linear and non-linear optical properties is given in Reference [11].

Another broad field of application derives from the excellent tribological proper-
ties of diamond-like carbon thin films. These may be further advanced when metal
particles are embedded in the film. Here, one major aim is the reduction of com-
pressive stress. The compressive stress is typical of most diamond-like materials and
limits the film thickness [12,[I3]. The incorporation of metals provides the possibility
to relieve some of this internal stress. Although the sp? bonding content of the car-
bon matrix decreases with increasing metal content ([I4], this work), the hardness
and Young’s modulus may remain at rather high values [15]. An approach to achieve
the best performance is to grow metal-containing amorphous carbon films with a
gradient metal concentration, yielding a higher metal content at the substrate/film
interface that decreases towards the surface. This is, for example achieved by al-
ternate laser ablation of carbon and the respective metal from a rotating graphite
target with metal strips attached to its surface. During deposition, the laser spot is

moved from its position close to the centre towards the edge of the target [16, [17].

Together with the chemical inertness and the resulting biocompatibility, the good
tribological properties of diamond-like carbon lead to two biomedical applications:
as a coating for either blood contacting implants, such as heart valves or stents, or
prosthetic joint replacements [18]. The former are already commercially available
(see Figure . In various in vitro and in vivo experiments, diamond-like carbon

coated medical implants feature a high albumin/fibrinogen ratio, a low number of
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platelets adhering to the surface, a decreased platelet activation, and a decreased
tendency of thrombus formation, due to their excellent haemocompatibility. The
introduction of certain toxic elements, such as copper, silver, or vanadium results in
an antibacterial effect.

Another field of application arises, when the metal incorporated in the diamond-
like carbon matrix offers magnetic properties. FePt and CoPt nanocrystals may
exhibit a large uniaxial magnetocrystalline anisotropy of K, = 7 x 10 J/m? if
present in the face centred tetragonal phase. The K, value together with the par-
ticle volume determines the magnetic stability of individual particles. Therefore,
small CoPt and FePt particles may be suitable for future ultra-high density record-
ing media [20] 21], 22]. In order to decrease the exchange interaction, it is expedient
to separate the clusters by a non-magnetic matrix material, for example carbon
[23, 24], 25]. Diamond-like carbon films are already used as coatings of commercially
available hard disk drives [26], and progress is being made towards ever thinner
amorphous carbon films with high sp® bonding contents in order to further decrease
the spacing between the disc and the read/write head and hence increase the record-
ing density [27]. A further progress would be to grow CoPt or FePt particles within

an amorphous carbon matrix of diamond-like quality.

1.2 Overview of the Status of Research on Metal-
Containing Amorphous Carbon

Over the past two decades, there has been a considerable amount of research about
the structure and structure formation of metal-containing diamond-like carbon thin
films, which is, of course, mainly due to the promising potential in the various fields
of application mentioned above. There are a number of methods that are used for the
preparation of carbon films containing metal nanoparticles, including pulsed laser
deposition [28, 29], integrated nanocluster deposition [30], filtered cathodic vacuum
arc deposition [31), [32], ion beam co-sputtering [33], 34], 35], and DC [36] 37] and RF
magnetron sputtering [38, [39)].

The analyses performed on metal-containing amorphous carbon films, of course,
depend on the field of application that the researchers are aiming at. A number of
the above groups investigate the influence of the metal on the tribological properties
of the films [31], 32, 38], while others focus on the behaviour of the metal within the

films, i.e. cluster formation and the corresponding cluster properties in dependence
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Figure 1.2:  High resolution transmis-
sion electron micrograph of an a-C:Cu film
with 55 at.% copper. Layers of carbon
hexagons arranged parallel to the cluster
surfaces can be distinguished (from [40]).

on the deposition parameters [29} [33] 34, [36, [37].

Generally, the former find a decrease in the "diamond-like properties”, such as
sp® bonding content, Vickers hardness, and wear resistance with increasing metal
content. Accordingly, the stress reduction of the film is successful.

The results of the latter depend on the deposition technique, partly even on the
specific setup. The pulsed laser ablated films of Benchikh and co-workers contain
rather large Ni clusters with diameters of about 100 nm [29]. The Ni content is
assumed to be close to 50 at.%. They find evidence for the existence of Ni-C bonds;
however, no quantitative information is given.

Babonneau, Cabioc’h and co-workers examined the formation of graphene cages
around silver, copper, and iron nanoclusters in co-sputtered a-C:Me films [33], [40]
41, 42]. Generally, the reported cluster sizes are much smaller than those in the
laser-ablated films by Benchikh and co-workers, ranging from 2 to 12 nm. For the
silver-containing films, cage growth occurs at temperatures higher than 773 K, or
higher than 573 K if ion assistance was implemented. The particle diameters vary
from around 2 nm for the non-assisted films to 2—12 nm with broad size distributions
for the ion beam assisted films. The a-C:Cu films show a graphene cage formation
without ion beam assistance even at room temperature (see Figure [1.2]). This is
attributed to a catalytic effect of copper that leads to the graphitization of the sur-
rounding amorphous carbon matrix. The copper clusters in the matrix are elongated
along the growth direction of the film. This is explained by a nucleation and growth
process utilizing surface diffusion and demixing of carbon and copper and a resulting
copper island growth. The ongoing film growth then leads to a columnar growth.
The cluster diameters parallel and perpendicular to the growth direction are in the
range of 5 and 7 nm, respectively. Similar results are presentend for a-C:Fe films. In
the later publication by Babonneau and co-workers, a comparison to Fet ion implan-
tation and post-deposition irradiation as well as co-irradiation with inert gas ions is

drawn. While the non-irradiated as well as the He™ ion irradiated sputter-deposited
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films show a structure of elongated iron-rich clusters, the clusters are spherical for
the co- and post-deposition Ar™ ion irradiated films. This is attributed to a stress
reduction and the rearrangement processes during so-called thermal spikes caused
by the ion impacts. Furthermore, the Fe' ion implanted films also exhibit spherical
clusters. Babonneau and co-workers argue that in this case, the clusters form within
the matrix, and the process is therefore not driven by surface diffusion.

Schiffmann and co-workers investigated the particle size and distance dependence
on the metal concentration of gold, platinum, tungsten, and iron in a-C:H films
grown by reactive gas sputtering of metal targets [34]. The various characterization
techniques implemented (Transmission Electron Microscopy (TEM), Scanning Tun-
nelling Microscopy (STM), Small Angle X-Ray Scattering (SAXS)) show that the
particle radii as well as their centre distances increase with increasing metal content.
The particle diameters range from 1 to about 5 nm. For the highest amount of incor-
porated metal, the particle distance is about twice the particle radius, corresponding
to a closed package of metal clusters in the films. The fact that films containing
carbide-forming metals show smaller particle sizes is attributed to a smaller mobility
of deposited carbide molecules.

Rather extensive studies on amorphous carbon and amorphous hydrogenated
carbon films containing either copper, iron, or cobalt were published by Ivanov-
Omskii, Yastrebov, and co-workers [36] 43, [44] [45] 46]. They used a planar DC
magnetron setup for the deposition of a-C:H(Cu) films. The deposition setup was
operated with an Ar/H, gas mixture. Different areas of a graphite target were
covered by copper platelets yielding various copper concentrations. In their early
publications, they present data showing a constant mean copper particle diameter
of about 3 nm for copper concentrations up to 14 at.%. The size distribution of
a sample can be fitted by a Gaussian function. At the smallest copper content of
4 at.% they derive a smooth sphere structure from their SAXS data, while at larger
copper contents the cluster surface is found to be rather rough. A model presented
by Kulikov and co-workers assumes the following: the incoming carbon and copper
atoms arrive at the film surface with low energies and therefore do not penetrate the
surface. The copper clusters are formed due to surface diffusion, as the diffusivity
of copper within amorphous carbon is negligible. Therefore, the cluster formation
process takes place only during the growth of one or two monolayers [43]. The cluster
size distribution function derived from this model represents the experimental data

fairly well. However, the constant cluster diameter at low concentrations presented
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in Reference [30] is not discussed and not easily understandable from the model.
Furthermore, the assumption that the incoming atoms do not penetrate the surface
seems rather questionable, because the magnetron power of 350-450 W is rather
high and the deposition pressure of 1-10 mTorr is comparatively moderate.

A rather cursory study on cobalt-containing amorphous carbon films also re-
veals a cluster formation with a cluster diameter of approximately 7 nm for a film
with a cobalt concentration of 18 at.% [46]. Upon annealing at 800°C in an argon
atmosphere, the cobalt concentration of the film is increased to 80 at.% due to evap-
oration of the a-C:H host. The cluster size distribution is then considerably broader
and can be fitted by two Gaussians centered at 12 and 26 nm. No interpretation of
this effect is given.

In their studies on iron-containing amorphous carbon films, Yastrebov and co-
workers restricted themselves to a closer analysis of the matrix structure as a function
of the metal content [47, [39]. In this case, films were grown by RF magnetron
sputtering. In the first publication, they derive from Raman spectra in the range
of 1000-1800 cm ™! that the matrix structure remains unchanged by the presence of
iron up to a concentration of 25 at.%. The latter study analyzes Raman spectra in
the range of 200-1000 cm~!. From the features found in these spectra, the formation
of short carbon nanotubes promoted by the presence of iron is suggested.

At the National Cheng Kung University of Tainan, Taiwan, various researchers
work on the deposition and analysis of metal-containing amorphous carbon films.
Chen and Hong grew a-C:Cu films in a pulsed magnetron with RF biased substrates
[48]. They found clusters with diameters in the range of 15-30 nm embedded in
an amorphous carbon matrix. Again, the main interest is the improvement of the
film ductility, i.e. the reduction of stress while maintaining high hardness. The
incorporation of about 11 at.% copper at a magnetron pulse power of 280 W resulted
in a stress reduction by a factor of 4 and an improved work load of 80 N as compared
to 66 N while maintaining a reasonable film hardness of 16 GPa as compared to
22 GPa of a metal-free amorphous carbon reference sample. Lee and co-workers
used a DC magnetron setup for the growth of magnetic Fe3C and FePt particles
in an amorphous carbon matrix by non-reactive sputtering of graphite targets onto
which pellets of the respective metals were attached [37, [49]. The as-deposited
a-C:Fe films consist of clusters with sizes below 5 nm. Selected area diffraction
patterns indicate the presence of crystalline FesC as well as iron. Upon annealing

at temperatures up to 550°C, the iron carbide signals become more pronounced and
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Figure 1.3: TEM micrographs of magnetron-sputtered a-C:Ni films. (a) In plane
view transmission electron microscopy, nickel clusters appear to be uniformly distributed
throughout an amorphous carbon matrix. (b) A cross-sectional view reveals the multilayer
structure of an a-C:Ni film (from [51] and [1]).

the cluster size rises up to a maximum value of 18 nm. At higher temperatures,
the Fe3C starts to decompose. In contrast to this, the a-C:FePt films are rather
insensitive to thermal treatment. All films are composed of face centered tetragonal
FePt clusters of ~ 3 nm size.

Ting and co-workers employed RF as well as DC magnetron setups for the deposi-
tion of amorphous carbon films containing platinum, nickel, or copper. They used an
Ar/CH, gas mixture and sputtered from pure metal targets. The RF magnetron-
grown a-C:Pt films show platinum clusters with cluster sizes of 1-5 nm, the size
increasing with increasing Ar/CH, ratio, which corresponds to a higher platinum
concentration [38,[50]. The deposition of a-C:Pt and a-C:Cu films by DC magnetron
sputtering results in cluster sizes below 5 nm, while a-C:Ni films obtain clusters of
5-15 nm, increasing with the nickel concentration. From plane view TEM, Wu and
Ting concluded that the clusters of all films are spherical and distributed homo-
geneously throughout the amorphous carbon matrix [51]. However, cross-sectional
TEM analysis and depth resolved Auger electron spectroscopy revealed that the
films really consist of alternating layers of densely distributed metal clusters and
almost metal-free amorphous carbon layers [I]. The respective micrographs are
shown in Figure [1.3] Their findings, along with their multilayer formation model,
are discussed in more detail in Chapter [6]

Recently, Corbella and co-workers published a study on the spontaneous forma-
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tion of carbon/titanium multilayers in a pulsed DC magnetron sputtering process
with RF biased substrates [2]. They assumed a spinodal decomposition process that
leads to a surface-directed decomposition of the growing film. The energy of the in-
coming species from the Ar/CH, plasma is believed to strongly enhance diffusion in
a region near the surface. The formation of alternating layers is caused by the affin-
ity of one of the components to the substrate. An important feature of their films
is that the multilayers become blurred towards the film surface and the morphology
passes into a homogeneous distribution of clusters. In an earlier study, the growth of
carbon-metal multilayers by alternating magnetron deposition was reported [52]. In
further investigations, the composition and morphology of metal-containing amor-
phous carbon was studied, comparing the differences of the four carbide-forming
metals tungsten, molybdenum, niobium and titanium [53, 54]. The experimental
conditions were the same as in the case of the self-organized multilayer films. The
multilayer structure had not been revealed by TEM studies at the time of the ear-
lier publications as only plane view images were recorded. The results are therefore
summarized along with a more detailed description of the experimental findings on

the multilayer films and the model approach in Chapter [6]

1.3 Examples of Self-Organization

The development of techniques of industrial interest for the fabrication and opti-
mization of nanostructured materials is based on a thorough understanding of the
nucleation and growth processes. In this context, self-organization mechanisms are
especially appealing for both technological and scientific reasons. Of course, the
term self-organization is somewhat vague, since there is always a physical force driv-
ing the process. In this work, the definition of the "Lexikon der Physik” [55] will
provide the basis for discussion: Self-organization refers to a spontaneous evolution
of stable, ordered structures in dissipative systems.

Self-organization occurs in any order of magnitude, ranging from star clusters
to just a few atoms [56]. It is of considerable value for the generation of low-
dimensional semiconductor structures, as lithography and etching-based fabrication
are rather complicated processes. A number of examples are given by Moriarty
[57]: semiconductor nanoclusters with narrow size-distributions grow self-assembled
on semiconductor substrates due to a lattice mismatch of the cluster and substrate

materials. Also, lateral positioning of clusters can be controlled by using a suitably
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prepared substrate.

An organization into columnar structures has been observed in epitaxial LSMO
(Lanthanum-Strontium-Manganate) films grown by pulsed laser deposition onto
LaAlO3 (Lanthanum-Aluminum-Oxide) [58]. In the initial stage, a few monolay-
ers grow coherently onto the substrate, followed by a misfit dislocation formation at
a critical thickness and a proceeding island-like rough surface structure formation.
The islands are believed to be unstressed regions that act as nucleation sites for the
columns. The valleys are filled with material of much lower density and show an
amorphous structure. Babonneau and co-workers [59] also found a columnar struc-
ture for Fe-BN films grown by ion beam co-sputtering of a BN disk with an attached
iron platelet if an assistance ion beam is applied. The columnar structure arises for
both reactive and inert gas ion beam assistance. However, a short range ordering
is only observed when the assistance ion beam is inert. The effect is attributed to
advanced surface diffusion.

A technique of growing films with a multilayer structure that is often associated
with the term self-assembly is the Langmuir-Blodgett growth. Langmuir and Blod-
gett developed a technique to spread a monomolecular layer of fatty acids onto an
air/water interface. The molecules self-assemble in such a way that the carboxyl
group is in contact with the water and the hydrocarbon chains are oriented perpen-
dicular to the surface. The film is transferred to a substrate by dipping. In the first
dip, the carboxyl group attaches to the substrate. When the substrate is lowered
into the water again, the second layer is attached, the third when it is raised again
and so on. This dipping process results in a multilayer film with an opposite molec-
ular orientation of the successive layers [60]. This technique has gained renewed
attention starting in the 1980s in connection with the advancement of the field of
molecular electronics. A review of the recent development is given in Reference [G1].

Another chemical process resulting in multilayer structured films is the layer-
by-layer self-assembly. This process relies on the self-assembled adsorption from
alternately polyanionic or polycathionic aqueous solutions onto a charged substrate
[62]. The substrate is dipped alternately into each solution. However, this technique
is not strictly a self-organization process for the purpose of the above definition.

Fukunaga and co-workers report on the self-assembly of lamellar ABC triblock
co-polymer films into multilayer systems during solvent-vapour treatment [63]. The
as-prepared dip-coated films are of a sponge-like structure. When exposed to tetra-

hydrofuran at room temperature, the films start to organise into layers of the differ-
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ent polymers starting from the surface.

A mechanism often leading to some form of self-organized structure is spinodal
decomposition. In the case of supercooling, an alloy is unstable against concentration
fluctuations when the second derivative of the molar free energy with respect to the
concentration of one component is negative. This results in a negative interdiffusion
coefficient, which may, for instance, lead to the formation of periodic structures
known as Liesegang patterns [64, 65]. Depending on the initial geometry, rings or
layers are formed in a diffusion process of one electrolyte into a material containing
another electrolyte. At certain depths, the concentration of both electrolytes rises
above a threshold level and precipitation occurs. The position of the precipitation
front is ocy/t (¢ is the time), which is a direct consequence of the diffusive nature
of the process. The evolution of nearly periodic concentration variations of Cd-
over-stoichiometric ion implanted CdSe nanocrystals reported by Grosshans and
co-workers is very closely related to the Liesegang pattern formation [66].

The above-mentioned self-organization processes basically result from one of the
following: either, the conditions given by the surroundings, the chemistry of the
system, or equilibrium thermodynamics. This is important to note for the under-
standing of the structure formation processes described in this thesis. It will be
discussed further below that all of the processes described in this section can be
excluded from being responsible for the formation of the layered structures of this

work.



Chapter 2

The Base Materials

2.1 Carbon

Carbon is a very versatile element. Most widely known are the two crystalline phases
graphite and diamond. Graphite is composed of layers of hexagons; each atom is
sp2-hybridized and is bonded to three neighbours. The layers interact by weak Van-
der-Waals forces and may slip with respect to each other. Therefore, graphite is a
very soft material and frequently used as a lubricant. In contrast to this, diamond
is to date the hardest known material. The carbon atoms in a diamond lattice

are sp3-hybridized, which leads to a tetragonal atomic structure with very strong

bonds. The graphite and diamond lattices are schematically shown in Figure [2.1

Figure 2.1: Schematic of the atomic structures of graphite (left) and diamond (right)

(from [67]).
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The crystal structure of graphite is hexagonal close packed with the lattice constants
a =2.4612 A and ¢ = 6.7079 A and the space group is Dgy*. The diamond crystal
structure is face centred cubic with two base atoms. The second atom is shifted
with respect to the first in the direction of the space diagonal of the unit cell by
one quarter of the length of the diagonal. The lattice constant is a = 3.5670 A. The
differences between graphite and diamond stretch far beyond their hardness values:
graphite is a black metallic conductor, while diamond is a transparent wide band
gap semiconductor (£, = 5.45 eV) with excellent thermal conductivity and a high
index of refraction.

Additionally, there is the large class of amorphous carbon structures ranging from
fully sp2-bonded material to films with over 85% sp?-hybridized carbon atoms. De-
pending on the deposition method, the material may also contain significant amounts
of hydrogen. Figure shows the ternary phase diagram covering the amorphous
carbon and amorphous hydrogenated carbon materials. The hardness values of the
hydrogen-containing phases are usually of the order of 20-30 GPa, but the material
can still posses a number of high quality properties, such as a large band gap, high
index of refraction, chemical inertness, and a very low friction coefficient [70]. With
increasing sp>-bonding content, towards the tip of the phase diagram in Figure ,
the material becomes harder and its properties become more diamond-like.

In the literature, the term diamond-like carbon (DLC) has been stretched some-
what beyond its definition for amorphous carbon containing virtually any amount
of sp3-bonded atoms. However, the material’s properties approach the extreme val-

ues of diamond only when the film is free of hydrogen and the sp®*-bonding content
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Figure 2.3:  Calculated atomic struc-
ture of amorphous carbon. Blue atoms
are sp>-bonded, green atoms sp?-bonded

(from [68]).

is > 80%; such a material is then called tetrahedrally bonded amorphous carbon
(ta-C). Figure shows an amorphous carbon structure with a certain fraction of
sp3-bonded atoms which was calculated using molecular dynamics simulations.
Ta-C has been the subject of research in our group for several years (e.g. Refer-
ences [69] (70, [71), [72]). The excellent properties of ta-C thin films deposited using the
mass selective ion beam setup ADONIS are given in Table 2.1]in comparison with the
physical properties of diamond. Compared to chemical vapour-deposited diamond
films, ta-C films show a very low surface roughness (< 1 nm) but bear a rather
high internal compressive stress of 4-15 GPa [70]. This high internal stress limits
the maximum film thickness, because the films peel off when a critical thickness is
reached. Some effort is made to decrease the internal stress of amorphous carbon

films, either by thermal treatment (e.g. References [73] and [74]) or by incorporation

Table 2.1: Properties of ta-C films deposited using the mass selective ion beam deposition
setup ADONIS compared with the properties of diamond (from [70]).

ta-C  Diamond

Hardness [GPa ~ 40 — 80 100
Density [g/cm?] ~3 3.51
sp® Bonding Fraction > 80% 100%
Spec. Resistivity [ cm] ~ 1010 > 1016
Band Gap [eV] ~2-3 5.45
Index of Refraction ~ 2.5 24
Transparency UV-IR UV-IR

Thermal Conductivity [W/(cmK)] 1-7 20
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of foreign atoms (e.g. Reference [75]). As mentioned above, incorporating metals is
another attempt to improve the tribological properties of a-C. All of the attempts
mentioned before eventually lead to a reduction of the sp*-bonding content, mostly
accompanied by a degradation of the diamond-like properties. In this work, one aim
is to maintain the high standard of the properties of the embedding matrix that

were achieved for pure ta-C films, even though the metal is introduced.

2.2 Metals of the Copper Group and Iron

The deposition techniques employed in this study result in growth processes far
from thermodynamic equilibrium. Nevertheless, it is useful to have a look at the

thermodynamic properties of the bulk of the metals and their chemical behaviour

in the presence of carbon.
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The three metals of the copper group all have a face centred cubic crystallo-
graphic structure. They are malleable and ductile, and good electrical and thermal
conductors. Non of them are carbide-forming and the mutual solubilities of carbon
and each metal are negligibly small, as it can be seen in the phase diagrams in Figure
2.4| [78, [79, 80, [&T].

The iron-carbon system is somewhat more complex. The respective equilibrium
phase diagram is displayed in Figure At very small carbon concentrations, the
body centred cubic a-iron (ferrite) and, at higher temperatures, d-iron phases can
be found. Furthermore, the face centred cubic y-iron (austentite) may contain up
to 8.3 at.% carbon at interstitial sites. At higher carbon concentrations and lower
temperatures, a-iron and the stable orthorhombic §-FesC (cementite) phases are

present; at elevated temperatures, y-iron and 6-Fe3C are found.

Additionally, there is a group of metastable phases, which can only be obtained
by non-equilibrium processes: the body centred tetragonal martensite, in which
carbon is incorporated at interstitial sites, and the monoclinic y-Fe;Csy (Hagg-car-
bide), hexagonal e-FesCy_, (e-carbide), or orthorhombic n-Fe;C (n-carbide). All of
the phases can be synthesized using ion implantation of carbon into iron films and
consequent thermal treatment [86]. It is important to note that the highest carbon

concentration of all these carbides is 33 at.% in the case of n-carbide.
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2.3 Structural Properties of Small Metal Clusters

When only a small number of atoms of a specific element agglomerate to form a
cluster, the structural properties of this cluster are likely to differ greatly from the
bulk properties. In an ion beam growth process, where a rather large amount of
energy is transferred to the growing material, the stability of a small cluster may be
an important factor determining the final film structure.

Two related types of models describing the electronic properties of simple metal
clusters can be found in the literature: the shell models and the jellium models
[87, 88, 89, O0]; for reviews cf. References [91] and [92]. Both model types rely
on rather simple assumptions. The ionic cores are treated as a uniform positively
charged background. The shell models describe the valence electrons using an ef-
fective single particle potential—e.g. a spherical square well potential for spherical
clusters, a harmonic potential for spheroidal, or a distorted harmonic potential for
ellipsoidal clusters. Such potentials result in spherical shell structures due to their
symmetry, with the valence electrons successively filling the degenerate states. As
opposed to this, the jellium model treats the valence electrons self-consistently, while
the positively charged ionic background (the jellium) may be spherical, ellipsoidal
or otherwise deformed. Despite their strong simplifications, both models are sur-

prisingly successful in reproducing experimental data, such as magic numbers and

Figure 2.6: Mass abundance spec-

tra of (a) copper and (b) silver clus-
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Figure 2.7: Silver clusters distributed on silicon surface (a) before and (b) after manip-
ulation with the STM tip. The numbers are to guide the eye in identifying the original
positions (from [95]).

the fine structure of the mass abundance spectra. Figure [2.6] shows the mass abun-
dance spectra of copper and silver clusters generated by a sputter cluster ion source
employing a 20 keV krypton ion beam [91]. The spectra show pronounced steps at
cluster sizes corresponding to the predictions of the shell model. The closed shells at
atom numbers N = 8, 20, 40, 56, ... are surpassed always by one atom due to the fact
that the spectroscopy was performed on singly charged cluster cations. The higher
abundance of clusters at electronic shell closures implies that these clusters are more
stable than agglomerations of other numbers of atoms. Fragmentation preferentially

produces clusters with closed shells.

Despite the astonishing success the two models described above, their neglect
of the geometric structure of the ionic background is a problematic drawback. The
studies by Winter and co-workers and Fournier suggest that clusters of the two
metals copper and silver show indeed very different structural behaviour [93] [94].
Although both their electronic properties are well described by the jellium and the
shell model, Winter and co-workers suggest that copper clusters also show an icosa-
hedral geometrical structure, while Fournier finds silver clusters to appear as liquid
droplets with large vibrational amplitudes and many different isomers for a given
number of atoms. Such a structural difference is supported by further experimental
evidence: in an experiment by Chey and co-workers [95], copper and silver clusters
were attempted to be moved across Si(111)-(7x7) surfaces using the tip of a scan-
ning tunnelling microscope (STM). The copper clusters could not be moved and

broke when the applied force was too strong. The attempt to move silver clusters
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with the STM tip was successful and resulted in a track of silver atoms along the
path the cluster was moved—an effect described as nanopainting (see Figure . It
can be concluded that the Ib-group metals behave rather differently when reduced
to agglomerates of only a few atoms, and therefore differences in the structures of

their nanocomposites are not surprising.

2.4 Nucleation and Growth of Thin Metal Films
on Carbon Substrates

The transport of atoms arriving at the surface of a substrate at thermal energies
mainly includes adsorption, desorption and surface diffusion. The rate of adsorption
is dominated by the vapour pressure and the square root of both the molecular weight
of the particles and the source temperature. For the other two processes, activation
energies have to be overcome and the rates at which each of them occurs is given
by a respective Arrhenius law. Another important mechanism that proceeds in the
same manner is the capture of adatoms by already existing agglomerates, which is,
of course, the main requirement for the growth of a film.

There are three basic growth modes: layer or Frank-van de Merve growth, island
or Volmer-Weber growth, and the combined layer and island or Stranski-Krastanov
growth. Figure [2.8 schematically shows their main characteristics. The mode in
which a film grows is determined by the strength of the cohesion forces between
the film atoms and the adhesion forces between the film atoms and the substrate
atoms. Frank-van der Merve growth is the result if the adhesion forces are predom-
inant. Therefore, a full coverage of the substrate with one monolayer of film atoms
is completed before the next monolayer starts growing. On the contrary, when the
cohesion forces dominate, the film atoms form small three-dimensional islands on the

substrate (Volmer-Weber growth). The film closes only when the density of islands

d<1 ML=

Figure 2.8: Growth modes
of thin films: (a) Frank-van de
Merwe (b) Volmer-Weber and (c)
Stranski-Krastanov.

d=1ML g
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Figure 2.9: An island on a substrate sur-
face. vs, yr, and vg/p are the surface
tensions of the the substrate and the film
and the interface tension between the sub-
strate and the film, respectively. The di-

rection of these tensions are given by the
forces resulting from adhesion and cohe-
sion.

becomes large and the islands coalesce. The Stranski-Krastanov growth is an inter-
mediate case. After the deposition of one or even several monolayers according to
layer growth, the mode switches to island growth. This is predominantly generated
by a lattice mismatch between the substrate and the film that cannot be maintained
into the bulk.

The growth mode can be determined by evaluating the involved surface and
interface tensions, which are given by a force per unit length. Regarding the case
depicted in Figure [2.9, one finds that the equilibrium of forces for an island on a
substrate is accomplished for vg = vg/r + yrcosp. This results in the following

selection rules for the growth modes:

e Frank-van de Merwe growth: vg > vs/F + vp, w=0
e Volmer-Weber growth: Vs < Vs/r +VF, >0

If the substrate and film materials exhibit a lattice matching, and the substrate is of
good crystalline quality, epitaxial layer growth is favoured. Otherwise, island growth
predominates as in the case of metals on alkali halides, mica, or graphite [96]. The
presence of defects then profoundly affects the growth of the islands, as the binding
energy of adatoms to defects is much higher than that to the plain surface. More
detailed information on the growth of thin films by evaporation can be found in the
book by Liith [97] and the review article by Reichelt [96].

Ion beam sputtered films of copper, gold, platinum, and nickel were grown on
evaporated amorphous carbon films at room temperature or substrate temperatures
up to 300°C by Xu and co-workers [98] 99 [100]. They studied the particle size
distribution and deposition rate as a function of the sputtering parameters as well
as the fractional substrate coverage as a function of the equivalent thickness of the

film. From their observations they conclude an island growth for all the examined



24 2. The Base Materials

Ay Cu

15

20

30

& §

b
:Eh 3.

50

T0

90

100 200

50 nm 50 nm

Figure 2.10: TEM micrographs of gold and copper islands grown by ion sputtering onto
amorphous carbon substrates at room temperature. The number next to each micrograph
denotes the equivalent thickness of the respective film in A (from [98]).
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metals (copper, gold, platinum, and nickel). Platinum and nickel coalesce already
at small equivalent thicknesses and the small islands are observed to grow mainly
in two dimensions into a disc-like shape. However, gold and copper islands grow in
three dimensions into hemispherical shape and coalescence starts only at equivalent
thicknesses of 20 A and 40 A, respectively (see Figure . A full coverage of the
substrate can be observed at an equivalent thickness of 100 A in the case of gold
and at 210 A for copper. It is also found that the island size in the case of gold films
depends on the voltage of the sputtering source in very much the same manner as
on the substrate temperature: A higher source voltage results in larger islands. The
sputtering source voltage also influences the energy at which the metal atoms arrive
at the substrate and therefore the mobility of the atoms on the surface is enhanced.

In more recent studies, the tendency of a preferred island growth of metals on
amorphous carbon was verified by Borchers and co-workers [101}, 102]. They exam-
ined the structure of ultrathin metal/light element multilayer films in view of poten-
tial application as X-ray mirrors. The growth of both nickel and chromium/amor-
phous carbon multilayers shows the following: while carbon wets the metal, the
metal grows in islands on the amorphous carbon layers. Borchers and co-workers
explain this by the surface energies of nickel, chromium and amorphous carbon:
Ya—c ~ 0.5 J/m? x5 ~ 2.3 J/m?, yor ~ 2.0 J/m? (see References [103] and [104]).
The surface tensions of the metals are larger than the surface tension of amorphous
carbon. Bilamiuk and Howe also found values for the interface energies in between
the values of the metal and amorphous carbon. Therefore, a carbon surface is ener-
getically favourable.

The theoretical surface tensions for copper, silver, gold and iron are: ¢, ~
1.9 J/m? vyag ~ 1.3 J/m? vya, ~ 1.6 J/m? and g ~ 2.9 J/m? [104]. These
values confirm island growth for gold and copper on amorphous carbon, and island
formation can also be expected when silver or iron atoms emerge at the surface of

amorphous carbon films.



Chapter 3

Film Growth

3.1 Mass Selective Ion Beam Deposition (MSIBD)

From the summary of the status of research on metal-containing amorphous car-
bon in Section [I.2] it can be concluded that the atomic structure of carbon-metal
composite films and their morphology on the nanoscale strongly depends on the
deposition method used. Even the specific setup geometry can play a major role
in determining the final film structure. In general, the specific parameters that are
of great influence cannot easily be varied separately or even be precisely controlled.
Therefore, it is difficult to gain a general understanding. Mass selective ion beam
deposition (MSIBD) is a suitable tool to achieve a better knowledge of such films.
MSIBD is a rather unique thin film growth technique. Its properties are especially
valuable for the understanding of growth processes rather than technological ap-
plications. The strong advantage is that the deposition parameters can be varied
independently and are quite well defined. The species to be deposited are filtered
to an isotopically pure ion beam and the ion energy can be selected to meet the
requirements of the experiment. The samples discussed in the present work were
deposited on either of the two MSIBD setups available at the 2" Institute of Physics
of the University of Gottingen.

3.1.1 The MSIBD Setups ADONIS and MR. STRINGER

The two MSIBD setups are very comparable but differ in a few details. For both of
them, the ions are extracted from the ion source by a voltage of up to 30 keV. The
ions are filtered by a 90° separation magnet and focused by an ion optical setup into

the respective deposition chamber. The ion beam is scanned across the substrate

26



3.1 Mass Selective Ion Beam Deposition (MSIBD) 27

deceleration deposition
unit sample chamber
\ holder I
slit Ea;a:iay e lens \ ‘\ T
u
separation beam sweep 3 kv current
magnet

S

! e 1 | ——/’, I I
, Faradayl

einzel lens 2 cup 2
quadrupole /
steerer1 7 oy lons valve /

defocussing il
lens 0-10kV | [0 +/-3 kV

____,_.valve

B — ginzel lens 1

20 -25 kV
WE

|
l+|0-2.5k\f| |22-3DkV|

L
[ b+ = co./arIN,
Penning

ion source

Figure 3.1: Schematic of the MSIBD setup MR. STRINGER.

by a beam sweep in order to assure a good lateral film homogeneity. Just before
impinging on the substrate, the ions are decelerated to the desired kinetic energy;
for the films presented here, the ion energy values range from 40 to 200 eV. The ion
current is measured on the substrate and time integrated. This way, the deposited
charge is determined and can be used in order to steer the separation magnet and
deceleration unit. The differences between the two set-ups lie mostly in the ion

sources, deposition base pressures, and specifications of the ion optical setup.

Specific Properties of MR. STRINGER

Figure schematically shows the setup of MR. STRINGER. A set of Frankfurt
type penning ion sources [105], including a pure gas source, a source operating with
a sputter gas and a sputter target, and a source equipped with a heating coil for
the evaporation of solids, is available for this deposition setup. The great advantage
of this type of ion source is the high currents that can be produced, especially for
metal ions. However, a high discharge voltage has to be applied in order to ignite
the plasma. This results in a rather broad energy distribution of the extracted ions
of about 60 eV. The beam line and the deposition chamber are kept at pressures
< 107% mbar.
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Figure 3.2: Schematic of the MSIBD setup ADONIS.

Specific Properties of ADONIS

Figure [3.2) gives an overview of the MSIBD setup ADONIS. ADONIS is operated
with Sidenius type hot filament hollow cathode ion sources [106]. This type of
source produces carbon ions from CO, gas and metal ions from evaporated metals
or metal chlorides. The advantage over the Frankfurt penning ion sources used at

MR. STRINGER is the very narrow energy distribution of less than 10 eV.

By differential pumping, a pressure of ~ 10~® mbar is achieved during deposition.
A 5° deflection capacitor filters all recombined atoms from the ion beam just as it
enters the UHV deposition chamber. By this means, the deposition process is kept

very clean and very well controllable, as only the selected species are deposited.

Furthermore, ADONIS is equipped with a chamber for surface analysis by elec-
tron spectroscopy, including Auger electron spectroscopy (AES), electron energy loss
spectroscopy (EELS) and X-ray as well as UV photoelectron spectroscopy (XPS and
UPS). This chamber is directly linked to the deposition chamber and the sample can

be transferred under UHV conditions.
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Figure 3.3: Schematic of the R-MSD setup.

3.2 Reactive Magnetron Sputtering Deposition (R-
MSD)

The second growth method employed in this work is reactive magnetron sputter
deposition (R-MSD). On the one hand, this technique provides higher deposition
rates than MSIBD, but on the other hand, the deposition parameters cannot be
varied independently and are not very well defined.

Figure [3.3] schematically shows the R-MSD setup used. An RF high voltage is
applied between the sample holder, which serves as the anode, and the sputtering
target holder cathode. The discharge gas is fed into the chamber and a plasma is
ignited. The ions from the plasma sputter atoms off the target. Unlike conventional
diode sputtering, a magnetic field is applied in the way displayed in Figure [3.3
Therefore, secondary electrons from the target cathode are forced onto closed trails
and the plasma density is enhanced. R-MSD is characterized by a specific fraction
of a reactive gas (e.g. an Ar/CH, gas mixture).

The energy distribution of the sputtered material is centred at about 0.5-2 eV.
Ions from the plasma or reflected neutrals from the target arrive at the substrate with
energies of about 20-30 eV, corresponding to energies up to the plasma potential
107, [108].

The controllable parameters for R-MSD are the gas composition, the RF power,
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the gas pressure during deposition, the target—substrate distance, and the substrate
temperature. While the gas composition mainly effects the final sample composition,
the RF power influences the sputtering yield, i.e. the number of particles sputtered off
the target and the energy the particle carries after being sputtered. The gas pressure
and the target—substrate distance also influence the energy of the impinging particles.
At higher pressures, the mean free path of the particles is shorter and therefore the
particle energy is reduced due to a larger number of collisions with other gas particles.
If the distance between the target and the substrate is decreased, the particles do
not have to travel as far and the propability for collisions is reduced.

One problem with reactive sputter deposition techniques can be the coating of
the sputter target with atoms from the reactive gas. This effect is known as target
poisoning [109]. It results in a reduced content of the sputtered element in the
growing film. The deposition parameters can be adjusted to control target poisoning.
However, this strongly limits the number of parameter sets and is therefore an

unfortunate restriction to the analysis of film structures.

3.3 MSIBD versus R-MSD Processes

The processes involved in the two deposition techniques described above show mainly
one important similarity, i.e. in all of them the energy of the impinging species is of
the same order of magnitude. However, there are a number of differences that can
be summed up to the point that the MSIBD parameters are much better defined
than the R-MSD parameters.

In MSIBD, the deposited charge can be measured and a well defined fluence
ratio of the different elements can be selected by this means. In R-MSD, however,
samples of different metal content are grown by varying the Ar/CH, ratio, but
the final sample composition remains somewhat uncertain and cannot be precisely
preset.

In MSIBD, only the selected species, singly charged C* and Metal (Me™) ions, are
deposited with a rather well defined energy. Choosing an ion energy of the order of
100 eV results in an implantation depth of 1-2 nm. The ions are implanted just below
the surface or subplanted [I10} 111]. The current densities are low and therefore the
incident ion beam does not cause any global heating of the substrate. In contrast
to this, there are a number of different species at various energies contributing
to the growth by R-MSD. From the Ar/CH, plasma, CH, radicals are deposited
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onto the substrate. Ions from the plasma and reflected neutrals impinge on the
substrate with energies in the order of the plasma potential with a rather broad
distribution centred around 3-20 eV, depending on the deposition pressure and the
applied discharge voltage. At these energies, the target atoms may also penetrate
as far as 1-2 nm into the substrate, comparable to the subplantation process in
MSIBD. A comparison of the penetration ranges of the respective ions using the
Monte-Carlo computer program SRIM [112] (Version 2003) results in only slight
differences in the low energy regime. Taking gold ions bombarding an a-C:Au film
with a gold concentration of 20 at.% as an example yields the following: 100 eV Au*
ions penetrate about 1.3 nm with a straggling of 0.5 nm while 20 eV ions still have
an ion range of 0.9(3) nm. Although SRIM was developed for ion implantation, the
calculated ion ranges for low-energy ions are reasonably accurate [I13]. Furthermore,
the focus here is not on the exact values but on the comparison, which in the example
above results in a factor of only 1.4 in the ion ranges. For the same example a
factor of 1.8 for carbon ions with ion energies of 20 (0.6 nm) and 100 eV (1.1 nm),
respectively, can be calculated. Recapitulating, a factor of 5 in the ion energy yields
only a factor of 1.3-2 in the ion ranges in this low energy regime. Since the absolute

values are very small, the differences are just one or two bond lengths [114].

3.4 Processes During the Deposition of
Hyperthermal Species

The term hyperthermal species was introduced by Lifshitz in 1989 and denotes ions,
atoms, or molecules with energies in the range of a few to a few hundred eV [110].
Using them in thin film deposition leads to a number of—partially competing—
processes that differ somewhat from processes during deposition by evaporation.
The techniques based on the deposition of hyperthermal species includes, for example
sputter deposition, magnetron sputter deposition, laser ablation, ion beam assisted
deposition, cathodic arc evaporation, and mass selective ion beam deposition. The
comparatively high transfer of kinetic energy and momentum from the incident
particle to the substrate or growing film severely influences the final film morphology.
Therefore, the qualities of the resulting films may be improved in various ways:
higher film hardness, better substrate adhesion, low surface roughness, or epitaxial
growth at low temperatures [I15] [IT6] [IT7]. The use of hyperthermal species can

also result in the formation of metastable phases that may not be producible by



32 3. Film Growth

other means (e.g. cubic boron nitride thin films) [T18, 119, 120].

In this section, the basic effects of an energetic ion travelling through matter
are summarized. Comprehensive early studies on the subject are given by Slater
[121] and Seitz and Koehler [122]. A thorough review can be found in the book by
Nastasi, Mayer, and Hirvonen [123].

An ion impinging on a material with a certain energy loses this energy to the sur-
rounding material until it comes to rest. Generally, there are two ways for the energy
to dissipate: by electronic excitation (inelastic scattering) or by nuclear collisions
(elastic scattering). As long as the material is conductive, the electronic excitation
usually has no permanent effect on the atomic structure of the material. An estimate
of the influence of electronic excitations in the case of an insulating material like
tetrahedrally bonded amorphous carbon is given by Hofséss and co-workers [72]: the
fraction of an energy of 500 eV deposited in the form of electronic excitation that
is transferred to the phonon system is as low as approximately 20 eV /nm?, yielding
an energy of 130 meV per atom. If the activation energy for the displacement of
an atom is £’ ~ 3 eV, the contribution from the electron system can be neglected.
The energy transfer responsible for changes in the atomic structure is therefore the
nuclear elastic scattering process.

In the case of hyperthermal species, where energies are comparatively small and
therefore the projectiles are rather slow, the repulsion between the two collision
partners is provided by the Coulomb interaction of their electron clouds. This is

described by a Thomas-Fermi type screened Coulomb potential ([123], p. 32):

. 212262

Vi) =22

X(r), (3.1)

where Z; and Z, are the atomic numbers of the impinging particle and the target
atoms, respectively; r is their distance; e is the elementary charge; and x(r) is the
screening function. Using this potential and integrating over the product of the
energy transfer and the differential cross-section then yields the nuclear stopping
power S, (E). With the reduced energy

_ _Grr M, E
212262 Ml + M2 ’

€

(3.2)

where arp is the Thomas-Fermi screening length, and M; and M, are the the masses
of the impinging ion and the atom in the target, respectively, we get ([123], pp. 90—
99),
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From the stopping power, the mean ion range r; in an amorphous material of atomic
density n can now be derived by integration from the initial ion energy Fy to the
point where the ion is at rest ([123], p. 121):

o1
rr = /EO S5 E (3.4)

The reduced range is related to this ion range by

M,
(M + M)

Equations (3.4) and (3.5) are not limited to the low energy regime, where only

nuclear stopping is relevant. However, for small energies, the stopping power is

€ 1
pr = /o %de = ridnnMya’, (3.5)

S(F) < VE and the integration yields 7; o< v/E, as is in accordance with the values
calculated using the Monte Carlo program SRIM [112] in the previous section. Of
course, the ion range does not take discrete values, but can rather be described by
a Gaussian distribution with straggling in the xy-plane if the surface normal is in
z-direction.

The basis of the Monte Carlo simulation program SRIM for the calculation of
mean ion ranges is a linear collision approximation using empirical screened Coulomb
potentials similar to the one given in Equation [112] and semi-experimental
stopping powers S.l. In the case of 100 eV C™ ions impinging on either a-C or a-
C:Me (Me=Cu, Ag, Au, Fe; metal concentration: 20 at.%), the ion ranges calculated
by SRIM result in values between 0.9(4) nm and 1.1(6) nm. For the metal ions (40 eV
Fe™, 40 eV Cu*, 60 eV Ag*t, and 100 eV Au'), the ion ranges in a-C lie between
0.8(1) nm and 1.6(1) nm. For the same ions impinging on the respective metal-
containing a-C, with a metal concentration of 20 at.%, the values range between
0.7(2) nm and 1.3(5) nm. The implantation profile of 100 eV Au™ on a film of
80 at.% carbon and 20 at.% gold is shown in Figure [3.4]

The process of energy transfer from the incoming particle to the surrounding
material can be divided into three regimes that occur at rather different time scales:
the collision cascade, the thermal spike, and the relaxation stage. Within the first
1071 s, the impinging ion is scattered by the atoms in the solid. If an atom is

released from its site in such a binary collision, it travels at a velocity according to
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the residue of the energy it received minus the bonding energy. If this remaining
energy is small, the released target atom does not impose any further damage to
the target and we talk about primary displacements. If it is large enough, it may
release further atoms from their sites. Therefore, secondary or even higher order
displacements are possible, and the result is a collision cascade. In this time regime,
also phonons are excited.

On a time scale of 107! s, the generated phonons dissipate. According to Seitz
and Koehler [122], the portion of the energy transmitted to the lattice by an incident
particle results in very concentrated lattice vibrations yielding extremely high local
temperatures. The affected volume is called a thermal spike and resembles a liquid,
in which a number of atoms move freely until the material freezes in a rearranged
atomic structure. In the case of a low energetic ion impinging on a film, the geometry
of the spike is assumed to be cylindrical rather than spherical. The energy is released
radially from the initial path of the ion. The cylindrical thermal spike is treated
theoretically in Reference [124]. The total number of displaced atoms in a cylindrical
thermal spike is derived from the assumption that the deposited energy produces a
localized increase in temperature that spreads and dissipates according to classical
heat conduction in a continuum.

After the collision cascade and thermal spike stages, the material relaxes until the
next particle arrives in the same surroundings. During this stage, diffusion processes,
chemical reactions, phase transformations, or stress relaxation occur. Depending on
the current densities, this may take up to milliseconds.

The displacement of atoms from their original sites can have various wanted or
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unwanted effects: in a crystalline material, defects are induced, surface atoms may
desorb (sputtering), mixing of interfaces may occur, the material may be transformed
to a metastable phase, and radiation-triggered diffusion may occur. In this thesis, all
of these effects play a certain role. First, the silicon substrates of the MSIBD-grown
films are pre-treated with a 1 keV Ar' ion beam in order to sputter off the SiO,
layer and amorphize the material. Second, during analyses that employ ion beams
in order to deliberately sputter the film for depth profiling, a multilayer structure
may be blurred. Third, the aim is to grow the matrix with a high content of sp?
bonds. Fourth, if enough energy is transferred to a surface atom it may overcome
the binding to the film and will desorb. This can influence the final film composition.
And fifth, metal atoms are transported through the matrix. In the following, the last
three points will be discussed in more detail as well as the enhancement of surface

diffusion.

The Generation of sp® Bonds During Ion Beam Deposition

In their publication on the cylindrical thermal spike model, Hofséss and co-workers
examined the influence of the ion energy on the sp® bonding content of amorphous
carbon films [72]. They regard a Gaussian energy density rather than a temperature
in the spike volume and consider only the energy () available for phonon excitations.
The energy dissipation is regarded as a transport process with a diffusion constant D
determined by the velocity of sound and the phonon mean free path. The number of
rearrangement processes ny can be calculated and compared to the number of atoms
in the spike volume ng. The length L and width o of the thermal spike is assumed
to be given by the mean ion range and the width of the cylindrically symmetric
Gaussian energy density distribution, respectively. Rearrangement processes require

E'/kT

an activation energy E’ and occur at a rate v = vge , where 14 is the attempt

frequency, which is of the order of phonon frequencies. These assumptions yield

ny Q 1 ey

2/ 2
— =) =)—= — 3.6
ng (L) (E’) 47mDeXp( U/JC> (3.6)
for the fraction of rearrangement process of available atoms in diamond-like carbon

materials. In Equation 1) n is the atomic density and o¢ = /Q /27w E’'N L denotes
a characteristic width of the thermal spike. Using this, Hofséss and co-workers found
an optimum ion energy of 100 eV for the generation of the maximum sp3-bonding

content in amorphous carbon [72].
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The sputtering yield s is defined by the mean number of eroded atoms per incoming
particle. The incident ion transfers energy to atoms in the target which may transfer
energy to other target atoms. If the recoil energy of an atom at the surface due to
a collision is large enough to overcome the surface binding energy, it is released
from the target. A possible collision cascade leading to the sputtering of an atom is
schematically shown in Figure 3.5 The sputtering yield is mainly influenced by the
amount of energy deposited into the region near the surface, Fp(FEy) = anS,(Ey),
where « is a correction factor that is a function of My /M; and accounts for the angle
of incidence of the beam to the surface. It furthermore depends on the material factor

A, which contains the surface binding energy Uy, etc. ([123], pp. 218-223):

s = AFp(Ep). (3.7)

According to Sigmund’s description (Chapter 2 by P. Sigmund in Reference [125]),
the material function is A ~ 4.2(nU)~! nm/eV. Therefore, the sputtering yield can

be written as

S = 42@SN(EQ)/UO (38)

The linear collision cascade approximation does not apply to the deposition of
low-energy ions, because the sputtering yield is strongly enhanced by the thermal
spike close to the surface ([123], pp. 244-247). The atoms in a cylindrical volume
can be treated as an ideal gas with a Maxwellian velocity distribution and a mean
velocity 7 = 1/%. The spike surface temperature Ty, ¢ is proportional to the
average deposited energy at the surface Fg,,; o S,(E)/A3T where A3/ is the

spike surface area emitting particles. The evaporation rate per unit time and unit
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area is

—U
J. & nvexp ( 0 ) (3.9)
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For a spike lifetime 7, the sputtering yield is then given by

Sepike = TASTI .. (3.10)

cas

A comprehensive description of sputtering is found in the books edited by Behrisch
[125], 126, 127].

The MC simulation program SRIM makes use of the binary collision model for
the calculation of sputtering yields. The thus obtained sputtering yields can be
compared with the sputtering yields gained from experiments. In the case of the
MSIBD-grown films, the experimental sputtering yields are easily accessible from the
comparison of the metal ion fraction during deposition with the actual concentrations
obtained from composition analysis methods, such as Rutherford Backscattering

Spectroscopy.

Ion Beam Induced Atomic Transport

The cylindrical thermal spike model can also be used to estimate the ion-induced
transport of atoms within the film. The displacement and rearrangement is, of
course, a means of transportation. The number of displacements arising from the
collisional stage is negligible in comparison to the rearrangement during the thermal
spike for the low ion energies employed in this thesis [72]. We express the number
of atoms rearranged in a thermal spike, as it was calculated by Vinyard [124], in
correspondence with the cylindrical thermal spike model by Hofséss and co-workers
[72] to
Voe?

" 8rkCE?’
where 1y is the jump attempt frequency, € is the energy density per unit length

(3.11)

nr

introduced at time ¢ = 0 along the centre line of the cylindrical spike, and s and
C' are the temperature-independent thermal conductivity and heat capacity of the
material, respectively [124]. If the fraction ny/ng ~ 1 (see Equation (3.6)), each
atom within the surrounding of the ion path moves the distance of about 1 atom
spacing per incoming ion. This results in an overall transport of atoms with travelled

distances in the order of a few nanometres.
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Ion Beam Enhanced Surface Diffusion

The enhancement of surface diffusion under the bombardment by energetic particles
has been observed in various experiments, but is nevertheless not fully understood
yet. Thermally activated surface diffusion proceeds according to Fick’s law [ =
—Dﬁc7 where T is the flux of the diffusing species, ¢ denotes the concentration, and
D = Dyexp (—E4/kgT) is the diffusion coefficient with the activation energy F, for
diffusion (see e.g. Reference [129)]).

The most common influence of an ion impinging on a surface is given by its
collision with a surface atom. The probability of this atom to diffuse is then signifi-
cantly enhanced, as more energy is transferred from the ion to the atom FE; .,. This

is introduced by lowering the activation energy [130]:

_(Ed - Ei—>a)
kgT )

Furthermore, as discussed above, low-energy particle bombardment leads to ther-

P o exp (3.12)

mal spikes in the region near the surface. The local increase in temperature 67" due
to the spike should also enhance the surfaces diffusion. The diffusion constant yield-
ing the combined effect of thermally activated diffusion plus the enhancement due
to the thermal spike is then [129):

—E )
D = Dy |exp Kjﬁl + fspike,t eXp /{IB<T'—|—d(5T') ’

where fspike+ gives the fraction of the surface that is in the state of a thermal spike

(3.13)

at any given time. In particular, fypr.: only depends on the current density of the
bombarding ions and not on the temperature. Therefore, from Equation (3.13]) it is
expected that the relative increase of diffusion due to an increasing current density
will be larger for lower substrate temperatures. However, the temperature depen-
dence found in experiments is just the opposite. Robinson and Rossnagel therefore
imply that the enhancement of surface diffusion should be related to the increased
number of ion beam excited phonons from the ion impact [129]. As their relaxation
to lower energy phonons is comparatively slow, they have an effect over larger areas
and interaction between multiple ion impacts may occur. This process implies the
same temperature dependence as suggested above. It is therefore suggested that a
minimum ion-induced phonon density in the surface regions may be required for the

radiation enhanced surface diffusion.



Chapter 4

Characterization Techniques

Several characterization methods were implemented in order to obtain a good un-
derstanding of the structural properties of the films and the mechanisms by which
these structures evolve. This chapter gives a short overview of the basics of these

techniques.

4.1 Transmission Electron Microscopy and
Energy Dispersive X-Ray Spectroscopy

The most powerful tool for the analysis of film morphologies is transmission electron
microscopy (TEM). As in nanoscience ordinary light microscopy fails due to its
limited resolution, microscopes offering radiation of much shorter wavelengths are
essential. However, the theoretically feasible resolution as determined by Abbe’s
formula, when applying high energy electrons, cannot be reached in actual electron
microscopes. The resolution is rather limited because of the poor quality of the
electron lenses, which is often compared to the quality of using the bottom of a
coke bottle as a magnifying glass [131]. Reference [131] is also an excellent textbook

dealing with most aspects of transmission electron microscopy.

Specimen Preparation

Electrons are easily absorbed by matter. Therefore, a sample has to be thinned ex-
tensively, before it is suitable for TEM analysis. Especially for amorphous materials,
the sample thickness has a strong influence on the resolution that can be obtained.
Using specimens thinned perpendicular to the film surface allows a cross-sectional

view of the sample and therefore the analysis of its vertical structure.

39
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Figure 4.1: The TEM sample preparation process (not to scale).

Before preparing a sample for TEM analysis, a few questions have to be con-
sidered: how does the film respond to certain solvents? Is the film well adherent
to the substrate? Is it sensitive to thermal treatment? Considering the ion-beam
deposited samples, the answer to the first two questions is positive: the films are
chemically inert and withstand any contact with conventional solvents. Further-
more, the film adhesion is rather good due to the sub-surface growth of the films
and a pre-deposition Argon sputtering process, which leaves a pure amorphous sili-
con substrate to deposit onto. However, previous annealing experiments showed that
the films may undergo changes in composition and structure, even at temperatures

as low as 150 °C. Therefore, the TEM specimen preparation has to be performed at
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room temperature. Only glues that do not need heating as a hardening process or
that do not have to be melted can be used. The preparation mechanism employed
for the samples discussed in this thesis is shown in Figure and will be outlined

in the following.

e Making a sandwich: in the first step, a homogeneously coated part is cut
from the substrate using a diamond scriber. The resulting piece is cut in
half. The two parts are cleaned in an ultrasonic bath and glued together with
the coated sides facing one another, comparable to a sandwich (bread=silicon-
substrate, butter=film, cheese=glue). The glue used for sandwiching is a UHU
Endfest 300 Plus two-component adhesive.

e Preparing a number of slices: the sandwich is glued to a ceramic block
using UHU Sekunden-Alleskleber. The ceramic block serves as a sample holder
for a diamond wire saw. It allows accurate sawing of the sandwich into a
number of slices, each of 0.5 mm width. Afterwards, the slices are removed
from the holder by bathing in acetone. Only one slice is necessary for the
following steps. However, a slice may easily break in the process. In that case,

one of the additional slices serves as a backup.

e Grinding and polishing: one of the slices is glued onto a 150 pum thick
cover slip on a glass block of known thickness. The glue line is now vertically
oriented. Two pieces of silicon (silicon dummies) are glued on either side of
the cover slip. They serve as protection and allow the measurement of the
current thickness of the sandwich slice. The silicon dummies and the cover
slip are glued to the glass block using an epoxy resin with a melting point
of 150°C. The glue used to fix the sandwich slice onto the cover slip is again
UHU Sekunden-Alleskleber. The sample is ground using abrasive paper with
granularities P 500 and P 1000 (Fepa) to about half its original thickness. In
the next step, the sample is polished with Winter Diaplast polishing paste of
7 pm, 1 pm, and 0.25 pm diamond grains. The sample is then removed from
the holder in an acetone bath, turned over and glued back onto the cover slip.
Now, the other side is ground and polished until a final thickness of < 30 pm is
reached. At this stage, the sample shimmers in a reddish tone when observed
in the dark field mode of an ordinary light microscope. Again, the slice is

removed from the holder in an acetone bath.
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e Attaching the sandwich slice to a support ring: the slice has to be glued
onto a support ring, usually made of copper, gold, or nickel. The ring has a
suitable diameter and thickness to fit into regular TEM sample holders. It is
important to choose a ring material that is not contained in the film to be

analyzed.

e Jon milling: the sample is now thinned by ion milling in a Gatan dual ion
mill; first under an angle of 17° at 4 kV and 1 mA. When the sandwich shows
a dent, the angle, voltage, and current are reduced to 12°, 3 kV, and 0.8 mA,
respectively. The sample is sufficiently thinned when the dent in the slice has
reached and cut the glue line. The sample holder is mounted on a pole that is

cooled with liquid nitrogen during the entire ion milling process.

Three samples were prepared for cross-sectional TEM using the focused ion beam
setup Nova 600 Nanolab. In order to obtain electron transparent lamellae, the
following procedure is implemented: first, two layers of platinum of about 3 pm
overall thickness are grown by electron beam and ion beam assisted chemical vapour
deposition from an organometallic gas. In the next step, a lamella about 5 pm in
width, 7um in depth, and 1um in thickness is cut free by using 30 kV focused Ga™*
ions. Only one small bridge connects the lamella to the surrounding material. It
is then fastened to an Omniprobe nanomanipulator by platinum deposition and the
connection to the material is cut by the focused ion beam. From here, it is fastened
to a support that fits into regular TEM sample holders by platinum deposition.
The connection to the manipulator is cut by focused ion beam sputtering. Finally,
the lamella is thinned to a thickness of a few nanometres by 30 kV and 5 kV Ga*
ion sputtering. A comprehensive description of TEM sample preparation using a

focused ion beam is given in Reference [132].

The Microscope Philips CM 200-UT

The Philips CM 200-UT of the 4" Institute of Physics of the University of Géttingen
was used for all TEM analyses reported on in this thesis. This microscope combines
a field emission electron source with a high-resolution objective lens. Therefore, the
best point resolution is 0.187 nm and the smallest distance that can be resolved is
0.11 nm. In addition to conventional TEM and high resolution TEM (HRTEM),

this microscope can be operated in scanning mode. It is equipped with an X-ray
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detector, in order to allow energy dispersive X-ray spectrometry (EDX). This is a
very convenient tool for a chemical analysis at specific locations of the film with
a resolution of down to 1-2 nm. For instance, the chemical composition can be
obtained along a line across the film (line scans). These line scans are of great value

for the analysis of multilayer structured films.

4.2 Rutherford Backscattering Spectroscopy

In order to determine a sample’s integral elemental composition and obtain a con-
centration depth profile, Rutherford backscattering spectroscopy (RBS) is a very
convenient tool. Figure [4.2] shows the principle of an RBS measurement. A beam
of light ions (e.g. He?") is focused onto the sample. The particles are backscattered
due to elastic scattering by the target nuclei and therefore suffer a characteristic
transfer of energy, depending on the mass of the nuclei they were scattered by. The
energy loss due to this process is expressed by the K-factor, which gives the ratio

of the projectile energy before and after scattering:

K Ep _ <\/1 — [(Mp/Mry)sin )2 + (Mp/Mr) COSQ) | (4.1)

Ey 1+ (Mp/Mr)

where Fy and Ep are the energies of the incident and backscattered projectile,
respectively; Mp and Mg are the masses of the projectile and the target atom,
respectively; and 6 is the scattering angle. The K-factor value is characteristic to
My for fixed Ey, Mp and 6. Therefore, it is possible to identify the elements in

the target and gain information about the sample composition. This technique is

Figure 4.2: The principle of Rutherford

Backscattering Spectroscopy: A beam of DET?CTOI Torget
particles of the mass Mp is focused onto :

the target at an energy Ey. The incoming L Ep

projectiles are backscattered by the target 0

atoms of mass M and therefore encounter . O

a characteristic loss of energy in addition to Mp Eo T Recoll

the electronic energy loss depending on the
incoming and outgoing path length. The
energy of the backscattered projectile Ep
is measured by the detector.
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Figure 4.3: Example of a typical RBS spectrum of an a-C:Fe film of about 120 nm
thickness on a silicon substrate. The incident particles are He?t ions with an energy of

900 keV.

especially applicable for the analysis of heavy elements in light matrices, such as
amorphous carbon.

If the incoming projectile is not backscattered at the surface of the film, it will
suffer a loss of energy while travelling through the material. Therefore, a particle
scattered at some depth also carries a smaller energy than a particle scattered at
the surface. One obtains a box-shaped signal. Light elements incorporated in a
thin film on top of a substrate of heavier elements will result in an overlap of the
sample signal and the substrate signal. A representative spectrum of an a-C:Fe film
grown on a silicon substrate is given in Figure [1.3] The carbon signal and the silicon
substrate signal are superimposed. The large signal with its surface edge at about
680 keV arises from the ions backscattered from iron atoms. The areal density of
the incorporated metal can be obtained from the integral over its RBS signal if the

Rutherford scattering cross-section in the centre-of-mass frame is considered:

di . ZPZT€2 2 1 (4 2)
dQ  \16megEy ) sin*(0/2) ‘

Here, Zp and Z; are the atomic numbers of the incoming projectile and the

target atom, Ey and 6 denote the same quantities as above, and e, 7, and ¢y have
their usual meaning. If NV is the number of counts integrated from the metal signal,

@ is the number of impinging ions, and A() is the detector opening angle, then the
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areal density n is given by

N
"= o%Ag (4.3)

The areal density of a given element in the ion beam deposited films can then
be compared to the fluence of the respective ion species during deposition. Analysis
of the integral concentration or, where applicable, investigation of the concentration
depth profile, was performed using the software packages RUMP and NDF [133] [134].
A general introduction to RBS is given in Reference [135].

RBS was performed at the Gottingen heavy ion implanter IONAS using 900 keV
He?" ions [136]. The RBS chamber is equipped with three silicon surface barrier
detectors with an opening angle AQ2 = 3.4 mSr. The detectors are placed at an
angle of § = 165° to the incident He?" beam. The depth resolution depends on the
energy resolution of the detectors, which is typically 12.5 kV in the present setup.

4.3 Raman Spectroscopy

The Raman effect was first predicted by Smekal in 1923, and in 1928 Raman suc-
ceeded in its experimental verification [137, [138]. An incident laser beam aimed at
a sample interacts with the molecular vibration modes or phonons. If inelastic scat-
tering occurs, the light may either loose or gain energy according to the quantized
states of these vibrations (Stokes and anti-Stokes scattering). The case of energy loss
to the sample vibrations has a much higher probability, as mostly the vibrational
ground states are occupied at moderate temperatures. The energy shift (or shift in
wavenumbers) after inelastic scattering from the sample gives insight into its atomic
structure. Reference [139] is a good textbook introducing theoretical and practical
aspects of Raman spectroscopy.

There are several methods suitable for the analysis of the sp3-bonding fraction
of an amorphous carbon film, and visible Raman spectroscopy is not the most ac-
curate one of these. However, it becomes invaluable, as the other methods, for
example electron energy loss spectroscopy or X-ray photoelectron spectroscopy are
very surface-sensitive and are only reasonable if the measurements can be performed
without breaking the vacuum. Furthermore, these methods may yield wrong results,
when the films to be analyzed are not pure carbon films.

The Raman spectra of different carbon phases are shown in Figure [4.4] The

1

Raman line of diamond at 1331 cm™" arises from the transverse optical phonon.
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Figure 4.4: (a) Raman spectra of diamond, HOPG, and disordered carbon. In the
spectrum of disordered carbon, the G-band is situated at 1581 cm™! and the D-band at
1352 ~! (from [140]). (b) Vibration modes of graphite rings (from [I41]).

Highly ordered pyrolytic graphite vibrates in E,, symmetry resulting in a Raman
shift of 1580 cm™!'. When the aromatic rings of graphite are disordered, this peak
significantly broadens into the (G-band), and the A;, breathing mode becomes active
and gives rise to a further signal at 1352 cm™' (D-band) [140, 141].

In highly tetrahedrally bonded amorphous carbon, there are virtually no com-
plete aromatic rings present. Therefore, the D-band vanishes from the spectrum and
leaves a slightly skew broad peak. The intensity distribution of this peak can best
be fitted using a Breit-Wigner-Fano (BWF) function [143]

o I()[l —|— 2(0} — WO)/QF]Q
Hw) ==+ 2(w — wo) /T2

(4.4)
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Here, I is the line intensity, w is the angular frequency of the scattered light, wy is
the peak position in the spectrum, I' is the full width at half maximum, and @) is the
BWF coupling parameter. If 1/QQ — 0, Equation (4.4) approaches a Lorentzian
line shape and the sample has a high sp3-bonding content. However, () has no
physical meaning. As the sp?-bonding content increases, the signal becomes more
skew and the D-band gains in intensity an additional Lorentzian is used to fit the
spectrum.

A few publications promote a quantitative analysis of the sp® content of a film
by calculating the ratio of the intensities of the G and D-band and observing peak
positions and the coupling parameter ) [I41] [T44]. However, this procedure seems
to be suitable only under certain growth conditions and a comparison with more
reliable techniques shows that the method should rather be regarded as a means of
gaining relative and qualitative information.

More reliable information can be gained if UV Raman is available [142]. As
described above, the G and D-band in the spectra gained by visible Raman spec-
troscopy are both generated by vibrations of sp? bonds. The commonly used 488
and 514.5 nm lines of Ar ion lasers energetically correspond to m — 7* transitions at
sp? sites. Therefore, the Raman signal of the sp? bonds is resonantly enhanced. The
spectrum is dominated by the G and D-band described above. The vibrational mode
of the sp? bonds, positioned at about 1100 cm™!, cannot be seen, as the G-band is
about two orders of magnitude stronger. Using a UV laser of 244 nm wavelength
for excitation, this band becomes visible (see Figure . Nevertheless, even a film
with 88% sp? bonds still shows a strong G-band at about 1650 cm™*.

The Raman spectra presented in this thesis were obtained with two different
setups. The first is the Jobin Yvon T 64000 of the Institute of Physical Chemistry,
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Department of Chemistry. This spectrometer can be operated in micro mode or in
macro mode. It is equipped with a three stage monochromator and a 2000 x 800
pixel CCD camera. The excitation laser is an argon ion laser. Spectra were recorded
using an excitation wavelength of 488 nm. The second spectrometer is a Dilor XY
at the 4" Institute of Physics of our Department. It is also equipped with a three
stage monochromator and a CCD camera. In this case, the excitation wavelength

of 514.5 nm of an argon ion laser was aimed at the sample at grazing incidence.

4.4 X-Ray Diffraction

The aim of using X-ray diffraction (XRD) for this thesis was twofold: it is, of course,
a powerful tool for the analysis of different phases in a film, but can also yield a mean
particle size of small crystal grains within a sample. Employing the powder method
to a film with randomly oriented crystals will result in a ring-shaped diffraction
pattern, as the X-rays diffracted according to Bragg’s law will form a cone when
leaving the sample. The width of the intensity profile of such a diffraction ring gives
insight into the mean size of the particles that the incident beam was diffracted by.
An infinite crystal results in an intensity profile of zero width, because for every
X-ray scattered under an angle only infinitely smaller or larger than the Bragg angle
there is an X-ray scattered at a lattice plane in such a way that the phase difference
is A\/2. The smaller the crystal, the larger the angular interval contributing to the
diffraction signal. The mean particle diameter can therefore be calculated from the

Lorentzian line width gained from the deconvolution of the Voigt function used to

Focussing

circle — T T T~

Figure 4.6: Schematic of the XRD setup:
coming from the focus (F) of the X-ray
source (R), the incident beam passes an
aperture (AB) and is aimed onto the sam-
ple (P). The diffracted beam passes a scat-
tering light aperture, a Kg filter and a
detector aperture before entering the de-
tector. This schematic also illustrates the
6/26-method described in the text (from
- [146]).
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fit the diffraction signal according to the Scherrer formula [145]:

0,00
~ Becosh’

This rather powerful method is mainly limited by the small intensities gained from

(4.5)

a too small number of diffraction sites. It can only be reasonably employed if ei-
ther rather thick films are investigated or the sample obtains a high fraction of the
crystalline phase.

The diffractometer used here was a Bruker AXS equipped with a Cu Ka source
(A=154 A) The setup is schematically illustrated in Figure . Two measuring
modes were important for this thesis: 6/20 and grazing incidence XRD. In 6/20
geometry, as depicted in Figure [4.6] the sample holder rotates at a constant angu-
lar velocity, while the detector moves around the sample with twice that angular
velocity. Therefore, the detector is always at a position of 26 with respect to the
incident beam. In the grazing incidence mode, the incident beam is kept at a con-
stant small angle (e.g. 2°) to the sample surface. This mode is especially valuable
for the characterization of thin films, because the incident beam always travels a
longer way through the film and therefore the intensities in the final diffractogram

are increased.

4.5 Auger Electron Spectroscopy Depth Profiling

A concentration depth profile can be obtained if the film is consistently sputtered
and simultaneously a concentration analysis technique is applied. Auger Electron
Spectroscopy Depth Profiling (AESDP) is based on this principle. While the film is

Figure 4.7: A KLL Auger process: a
K electron of an atom in the sample is

from source &

stricken out of its shell by collision with _::.,Z:
an electron from the source. An electron \ energy ransfer
from the L shell falls into the vacancy in

the K shell. The gained energy is directly

1o debecmr
transferred to another L electron, which

therefore leaves the atom with a kinetic ;" L2
energy Eii, = Ex — Ep, — Ep,3 — ®a, \\ /
where Ef, B, and Ep, , are the energies

of the K, Ly, and Lg 3 shells and ® 4 is the
work function of the solid.
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being sputtered, the energy of Auger electrons created in the sample due to electronic
excitation by an electron beam is being analyzed. As the energies of the Auger
electrons are element specific and their line widths (i.e. peak-to-peak distances of
the derived spectra) can be used to obtain the surface composition of the sample, the
subsequent Auger electron spectra can be used to calculate a concentration depth
profile. Figure [4.7] gives a schematic description of the Auger effect.

There are three limitations: first, the resolution is restricted by the information
depth of the Auger spectra. Second, the sensitivity factors given in the literature
vary strongly, and therefore the calculated concentration is very unreliable. Third,
the sputtering process leads to a mixing of the film and may therefore weaken or
destroy an originally existent concentration variation.

Several samples that showed a multilayer structure in TEM images were analyzed
by AESDP. The measurements were performed by Ms. Wu using the VG Microlab
310D setup at the National Cheng Kung University of Tainan, Taiwan.



Chapter 5

Review of Previous Work

This chapter reports on the results of two previous studies. First, in Section the
work by Kréger and co-workers on the diffusion behaviour of metals in amorphous
carbon is summarized [12§]. In the following two sections, the findings for the first

two systems, a-C:Cu and a-C:Ag, are described.

5.1 Diffusion in Amorphous Carbon

Kroger and co-workers examined the diffusion of metals as well as lighter elements
and carbon in amorphous carbon. A J§-layer of each element is introduced into an
amorphous carbon film by either implantation or deposition of first an amorphous
carbon sublayer, then a layer of the foreign element of about 1 nm width, and a
subsequent amorphous carbon cover layer. The samples were annealed in a vacuum
furnace at a pressure of ~ 107% mbar for 10 min at temperatures up to 1200°C.
Except for hydrogen /deuterium, neither dominantly sp? nor dominantly sp?-bon-
ded amorphous carbon allows diffusion up to temperatures of 900°C (carbon and
nitrogen) or 1000°C (metals). Figure shows the metal signals in RBS spectra
at different annealing temperatures. It is quite evident that the line shape and
intensity do not change for any of the three systems up to temperatures of 800°C
for copper (middle panel in Figure and 1000°C for tungsten and silver. The
first remarkable feature is the additional peak in the RBS spectrum of the copper-
containing sample annealed at 1000°C. This signal appears at the lower energy side
to the otherwise unchanged copper signal and is generated by copper at greater
depth. It is therefore concluded that this signal arises from copper that has diffused

from the copper sample holder through the silicon substrate towards the substrate—

o1
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film interface. The diffusivity of copper in ta-C is still zero at this temperature:
the copper from the sample holder does not enter the ta-C film and the deposited
copper d-layer stays intact.

Only at 1200°C, all three metals diffuse out of the sample; the distributions of
metal atoms are broadened and the intensities significantly decrease (not shown for
the copper case). At this temperature, amorphous carbon is converted into graphite.

It can be expected that the metal atoms within the films of this thesis will stay
at rest, once its surroundings are no longer effected by incoming ions. The transport
mechanism for metal as well as carbon atoms is purely driven by the ion-induced

rearrangement processes described in Section [3.4]

5.2 Amorphous Carbon Containing Copper

In previous studies, films grown by MSIBD of singly charged carbon and copper
ions were analyzed [14], [147]. All these samples were grown onto p-type Si < 100 >
substrates at room temperature using the MSIBD setup ADONIS. The ion energies
and deposition temperature were kept at the same values for all samples, while the
carbon/copper ion fluence ratio rfjyence = carbon ion fluence/metal ion fluence was

varied between 99 and 1. By this means, sputtering effects as well as the dependency
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Table 5.1: Deposition parameters of the a-C:Cu samples. All samples were deposited at
room temperature onto p-Si < 100 > substrates.

Sample No.  Tfyence  Eion (CT) [eV]  Eion (Cu™) [eV] Deposited charge [C]

619 99 80 40 0.097
571/610 19 80 40 0.065/0.1
568 9 80 40 0.05
973 5.67 30 40 0.077
581/569 4 80 40 0.095/0.12
074 2.33 80 40 0.041
540 1.5 80 40 0.1
513 1 80 40 0.11

of the cluster size and the quality of the a-C matrix on the metal content were
analyzed. The deposition parameters are listed in Table [5.1]

The a-C:Cu samples consist of nanometre size copper clusters distributed rather
uniformly throughout an amorphous carbon matrix. The TEM micrograph of Figure
shows a sample deposited at a carbon/copper fluence ratio of 7 fyence = 4.

The RBS analysis shows that there is a moderate shortage of copper atoms per
unit area compared to the areal density of deposited copper ions (see Figure .
The loss has to be attributed to sputtering of copper surface atoms by impinging
C* and Cu' ions. It is not possible to gain reliable information on the carbon
areal density, because the carbon signal is superimposed on the signal of the silicon
substrate. It is assumed that the sample compositions represent the Cu™ ion fraction
due to some sputtering of carbon atoms off the film surface. The analysis of the mean
cluster size of each sample was conducted by different methods, depending on the
possibilities the sample offered. The two samples with the highest copper content
(samples 540 and 513, deposited at carbon/copper fluence ratios  fjyence = 1.5 and 1)
were analyzed by XRD. The mean cluster size can be calculated from the Lorentzian
line width using the Scherrer formula given in Equation (4.5 [145]. However, the
samples discussed here suffer from some compressive stress and the signal-to-noise
ratio is weak due to the small absolute amount of copper. Therefore, a precise
calculation is impossible and the results have to be regarded as an estimation of the
mean cluster diameters of both films. For films containing smaller amounts of copper,
XRD analysis is impossible. The cluster diameters of films 610 and 581 (7 fiuence =
19 and 4, respectively) were determined from TEM micrographs and samples 568
and 574 (7 fiyence = 9 and 2.33, respectively) were analyzed by D. Babonneau using
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Figure 5.2: HRTEM of the a-C:Cu sam-
ple 581 (7 fiuence = 4). Copper clusters
are distributed uniformly across the film

(from [14]).

Grazing Incidence Small Angle X-Ray Scattering (GISAXS). The results yielded by
means of all three techniques are summarized in Figure [5.4] There is an obvious

correlation between the copper ion fraction and the cluster size.

The structure of the amorphous carbon matrix was analyzed using Raman spec-
troscopy. Figure shows the spectra corresponding to the different carbon/copper
ion fluence ratios. At about 1350 cm™! the intensity of the D-band rises with the
copper content of the films. The matrix can be regarded as consisting of ta-C up to

T fluence = 19 (N 5 at.% Copper).
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Cu Areal Density [10"fem]
kY
Mean diameter [nm]

Deposited Cu’ [10"fcm’]

Figure 5.3: Results of the RBS analysis
of the copper areal density in dependence
on the deposited Cu™ ion fluence (from

[14]).

Cu concentration [at. %]

Figure 5.4: Results of the cluster size
analysis using TEM and X-ray Diffraction
methods of the copper-containing films
grown with constant ion energy. The solid
line is to guide the eye.
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Figure 5.5: Raman spectra of a-C:Cu
films. The number next to each spectrum
denotes the respective ion fluence ratio.
The solid line shows the fit using a BWF-
function centred at about 1550 cm~! and
a Lorentzian at about 1350 cm™!. The
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5.3 Amorphous Carbon Containing Silver

In a further experiment, samples were grown by co-deposition of singly charged
12C+ and 07199 Agt jons onto p-type Si < 100 > substrates using the MSIBD setup
ADoONIs [148]. The deposition parameters are listed in Table [5.2] Transmission
electron micrographs as well as EDX line scans of various samples show that the
films contain hardly any silver except for a small amount at the interface between the
substrate and the film, where at the beginning of the deposition process a mixture

layer of silver-, carbon-, and silicon-atoms is formed. Only the TEM and EDX

Table 5.2: Deposition parameters of the a-C:Ag samples. All samples were deposited at
room temperature onto p-Si < 100 > substrates.

Sample No.  Tfence  Eion (CT) [eV]  Eion (Ag") [eV] Deposited charge [C]

616 99 30 60 0.102

620 19 80 60 0.094

624 9 80 60 0.039
510/650 4 80 60 0.07/0.071

649 2.33 80 60 0.069
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Figure 5.6: Dark field image of the a-C:Ag
sample 650 (r¢luence = 4). A number of
small and large clusters are visible on the
film surface. The large cluster was formed
due to mechanical handling of the sample
during TEM specimen preparation.
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Figure 5.7: EDX-Linescan across sample
650. The silver signal has a small peak
at the substrate-film interface and a large
peak where the scan crosses a large silver
cluster at the film surface.
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Figure 5.8: The composition analyses of the a-C:Ag films by XPS and RBS yield different
results: XPS shows only small silver losses when regarding the surfaces of the films, RBS
reveals a significant silver shortage in the integral film composition. For the RBS results,

see also Reference [148].
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analyses of sample 650 reveal a surface layer of silver clusters on top of a silver-
depleted amorphous carbon film (see Figures and .

The composition analyses by XPS and RBS yield very different results: while
the surface-sensitive method XPS shows that the surface of the films has a slightly
smaller silver concentration as compared to the ion fraction, the result of the RBS
analyses is a significant shortage of silver in the integral film composition (see Figure
. This phenomenon has two reasons: first, silver obviously segregates at the film
surface, as verified by the TEM and EDX analyses of sample 650 depicted in Figures
and Second, the silver is not tightly bonded to the amorphous carbon film
surface and may easily be wiped off. The XPS measurement was conducted directly
after deposition without breaking the vacuum. Therefore, the sample surfaces are
not subject to any disturbance prior to the XPS measurements. When the samples
are taken out of the vacuum chamber and then mounted onto the RBS sample
holder, some or even all of the silver at the surface may accidentally be removed. In
the TEM image of Figure there are a number of very large clusters in addition
to the layer of small clusters on the sample surface. These large clusters were most
likely formed during the TEM specimen preparation, when the sample pieces were
cleaned prior to being sandwiched. This also accounts for the complete loss of silver
on the other films. Furthermore, if the silver is not incorporated into the film but
segregates at the surface, there is a greater loss due to sputtering and the integral

silver concentration is reduced compared to the silver ion fraction during deposition.



Chapter 6

Spontaneous Formation of
Multilayers Reported in the
Literature

There are three other groups studying the self-organized formation of multilayers.
Wu and Ting as well as Corbella and co-workers also analyzed metal-containing
amorphous carbon [I} 2], whereas He and co-workers observed a similar self-organi-
zation effect for the immiscible system AuNi [3]. All of them use deposition tech-
niques involving a film bombardment with hyperthermal species. In the following,

their experimental results and model approaches are described.

6.1 Experiments by Wu and Ting

6.1.1 Experimental Results

Wu and Ting report on self-assembled alternating nanoscale layers of carbon and
various metals [I]. They apply DC R-MSD for the deposition of their films. The
deposition parameters can be summed up as follows: films were grown by sputtering
from metal targets (nickel, copper, and platinum). The Ar/CH, gas ratios were
1/1 and 3/1. The pressure during deposition was 1.33 x 1072 mbar, the DC power
was 100 W, and the electrode distance was 4 cm. At these deposition parameters,
multilayer structures were found for all three metals except for the a-C:Ni film
deposited at an Ar/CH, ratio of 1/1. The multilayer structure emerges, however,
when the Ar/CHy ratio is raised to 3/1 (see Figure [6.1)). In general, Wu and Ting
found that the multilayers are more pronounced at the higher Ar/CH, ratio and

the periodicities rise from oo, 13 nm, and 10 nm up to 15 nm, 15 nm, and 22 nm

o8
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(a) (b) (€)

Figure 6.1: Multilayer structure of (a) a-C:Ni, (b) a-C:Cu, and (c) a-C:Pt. The Ar/CHy
ratio during deposition was 3/1 (from [1]).

for a-C:Ni, a-C:Cu, and a-C:Pt, respectively. An AES depth profile confirms the

alternating concentration of carbon and platinum for one of the films.

6.1.2 Catalysis Model for Multilayer Formation

According to Wu'’s and Ting’s model, the appearance of a periodical variation of the
metal concentration of their magnetron-sputtered films is generated by two compet-
ing mechanisms: the difference in the deposition rates of carbon and the respective
metal, and a catalytic behaviour of the metal. The mechanism is schematically
shown in Figure In a previous study, Wu and Ting had found that the de-
position rate of all three metals are higher than that of carbon in reactive sputter
deposition. Therefore, at the beginning of the film growth, a metal-rich layer con-
taining a relative smaller amount of carbon should arise right at the interface to
the substrate. This is in agreement with Wu’s and Ting’s experimental findigs. As
known from the formation of carbon nanotubes, metals can act as catalysts for an
enhanced growth of carbon. Wu and Ting conclude that this is the case also for
their films, and therefore a carbon-rich layer containing a smaller amount of metal
is deposited. As this new layer grows in thickness, it begins to shield the metal layer
underneath and the carbon deposition rate decreases to a value smaller than the

deposition rate of the metal. Again, a metal-rich layer is formed and so forth.
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Figure 6.2: Multilayer formation model of Wu and Ting: in the beginning, metal de-
position is favoured until carbon is preferentially deposited due to catalytic promotion
of carbon deposition. The deposited carbon shields this catalytic behaviour and again a
metal-rich layer is deposited. The diagram was generously provided by Ms. Wu [149].

6.2 Experiments by Corbella and Co-workers

Corbella and co-workers have been studying the incorporation of metals into amor-
phous carbon in order to enhance the ductility of their diamond-like carbon films.
In their earlier studies, they deliberately grew metal-carbon multilayer films by al-
ternate sputtering from two targets and found a decrease in the internal stress and
therefore an improvement of the film adherence with respect to pure a-C films. How-
ever, the film hardness was not investigated [52]. Recent TEM studies on R-MSD
films revealed a multilayer structure that evolved spontaneously during the deposi-
tion of films that were previously thought to have a homogeneous cluster distribution
structure [2, 53, [54].

6.2.1 Experimental Results

The films were grown by reactive magnetron sputtering of either titanium, molybde-
num, tungsten, or niobium targets using various CHy gas flow fractions of up to 25%
in an Ar/CH, mixture. The magnetron was driven by an asymmetric bipolar pulsed
DC power supply with a pulse frequency of 10 kHz and a power of 100 W. The sub-
strates were placed on a water-cooled sample holder and RF biased to -200 V. The
TEM micrographs of samples containing 60, 25, and 5 at.% titanium clearly show

a nearly periodical contrast variation (see Figure [6.3]). In all three cases, the layer
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(a) (b) ()

Figure 6.3: Multilayer structure of a-C:Ti films containing (a) 60 at.% Ti, (b) 25 at.%
Ti, and (c) 5 at.% Ti (from [2]).

closest to the substrate is the thickest one. From electron energy loss spectroscopy
mapping, it is concluded that the dark layers are titanium-enriched, whereas the
brighter layers are rich in carbon. Selected area electron diffraction indicates that
TiC crystallites are embedded in the darker layers. This is in agreement with the
XRD results presented in an earlier publication [54]. The sample containing only
5 at.% titanium is decomposed into two layers: a carbon layer on top of a titanium-
rich interlayer adjacent to the substrate. In the other cases, the multilayer structure
is lost towards the sample surface.

Further TEM analyses performed on films containing molybdenum and tungsten
do not reveal any multilayers. While films with 85 at.% and 50 at.% of tungsten
show a columnar structure inherited from pure tungsten films and a completely
amorphous structure, respectively, films containing 60, 40 and 30 at.% molybdenum
are of a granular structure and SAED patterns as well as XRD indicate the presence

of nanocrystalline MoC clusters.

6.2.2 Cahn-Hillard Based Spinodal Decomposition Model

Corbella and co-workers explain the multilayer formation in their experiments using
a Cahn-Hillard based spinodal decomposition model, further developed by Puri and
Binder [I50]. They assume diffusion to be strongly enhanced in a region close to
the surface due to the energy transfer from impinging atoms to the growing film.
This favours the decomposition of the immiscible carbon and metal carbide phases.
The determining factor for the concentration variation is the affinity of one of the

components to the substrate. This leads to an enrichment of this component in a
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Figure 6.4:  Simulation of Ti-C
layer formation based on the Cahn-
Hillard Model. The assumed con-
centrations are (a) up = —0.2, (b)
up = 0, and (c) up = 04 at a
growth velocity of vy, = 0.6, and
(d) up = —0.2 at a slower growth
(@) b) c) (d) velocity of vy = 0.3 (from [2]).

subsurface region and a depletion of the adjacent layer towards the surface. Spinodal
decomposition then drives the formation of multilayers towards the film surface. The
affinity of one of the components to the substrate is introduced into the chemical
potential of the Cahn-Hillard model by a potential in the z-direction normal to
the growth direction: V(z) = hy for z < 29 and V(2) = hy2?/22 for z > 2.
The simulations were done using a new variable defined from the integral carbon
concentration ¢ and the carbon concentrations ¢, and cg in the carbon-deficient and
carbon-rich areas: u = (2c—c,—cg)/(ca—cs). The ongoing growth of the film is taken
into account by assuming a growth velocity vs,. The wavelength of the segregation
pattern ), is then determined by the ratio of the curvature of the free energy at the
given initial concentration and the interfacial gradient coefficient. Figure shows
the results of the simulation with various concentrations and growth velocities. From
these simulations, Corbella and co-workers conclude that the segregation induced by
the substrate is more effective for concentrations in the middle of the miscibility gap
(Figure 4(b)). A disturbance is generated by the growth velocity, as the time scale
during which the enhanced diffusion process is active is too short. Well pronounced

multilayers should therefore be found at smaller growth velocities vy, (Figure 4(d)).

6.3 Experiments by He and Co-workers

The experiments by He and co-workers show that the spontaneous formation of
alternating layers is not limited to metal-carbon systems. They implement an ion
beam assisted evaporation setup (IBAD) for the growth of AuNi alloy films. Gold

and nickel show very limited mutual solubility.



6.3 Experiments by He and Co-workers 63

6.3.1 Experimental Results

Films were grown at room temperature onto Si < 100 > substrates at deposition
rates of 0.3 A/s and 0.9 A/s for gold and nickel, respectively. The assisting Ar™
ions were of energies between 100 and 800 eV and beam current densities of 25
or 50 pA/cm?  The film morphology was analyzed by X-ray reflectivity (XRR)
measurements. The spectra show a number of Bragg peaks indicating a multilayer
structure (see Figure (a)). A dependence of the multilayer period and amplitude
on the ion energy as well as the ion flux is discernible. The variation of the periodicity
is given in Figure (b). The periods of the multilayers are smaller than what is
found in the carbon-metal films investigated by Wu and Ting, Corbella and co-
workers, and this work. The periodicities vary in the range between 2 and 8 nm.
They apparently rise monotonically with the ion energy at higher ion energies and
ion fluxes, but a dent is obvious around 300-400 eV at beam fluxes of 50 pA /cm?. Tt
is especially noteworthy that no multilayer evolves when the film is grown without

any ion beam assistance.

(a) | -
\ \".:'\
— T E(eV) .
e — o a8
—— S 800 R3]
T BU0 3
S T A — A

..\_hx e ) E (V)

o

k.,\‘ —— oty 500

\‘“\“Ha“““*m
A

Figure 6.5: (a) XRR spectra of AuNi VN x:‘::""' 200

films grown at various assistance ion en- —— e 100

e

e N0 bream
01 €2 03 0"4.5 .05 06 07 DS

Nomulized Intensity (Log, T)
50 pAfem’

ergies and ion fluxes. The Bragg peaks

show variations of intensities and peak po-

A)
sitions. (b) The multilayer periodicity as - (A
calculated from the spectra (from [3]). (bF .
4 LA
; ¢ ,; -
E 4 . O— ‘_,//
2 o ¥ e TpAakem’
& 2F S —C— 50 padem”

%100 200 300 300 500 600 700 200 800
Ion Encrgy (cV)



64 6. Spontaneous Formation of Multilayers Reported in the Literature

6.3.2 Combined Cahn-Hillard/Ion Beam Induced
Segregation Model

He and co-workers present a model for the formation of multilayers in their IBAD
process that is similar to the model presented by Corbella and co-workers (see Section
. However, they extend the potential V'(z) by a radiation-induced term. They
assume two competing transport mechanisms within a subsurface region of nanome-
tre depth: one is provided by spinodal decomposition in the immiscible AuNi alloy
favouring a phase separation and therefore resulting in a mass flow J5*™ for species
A in the direction of the concentration gradient. The other is the bombardment-
induced segregation in growth direction yielding a mass flow JE7 for species A. At
the early stages of growth, the bombardment-induced segregation leads to a deple-
tion of one element (say A) at the surface and an enrichment in the subsurface region.
The spinodal decomposition flux J5*™ is therefore adjusted in the same direction
as JE5 and the surface depletion of A is enhanced. Because the concentration is

determined by the deposition flux ratio before diffusion, the surface concentration

Jchem

is higher than in the just buried surface layer, as the film grows. Therefore, J§

now acts in the direction opposite J?¥, the over-all mass transport of A being gov-
erned by the total flux Ji = J§em + JBIS 1f JES is dominant, the A-atoms from
the newly deposited surface are still being transported into the A-rich subsurface
region. The A-concentration profile in this zone becomes broader and grows into the
depleted layer until A reaches a critical concentration. Below this critical concentra-

tion, J5"™ becomes dominant in J{* and A enriches the surface. This feedback loop

@ % ‘ allercd layer halk {tromzen

§ - Figure 6.6: Schematic illustration
E B showing the concentration profile for
--E%; species A and the two fluxes J§*™ and
g e Jfls driven by spinodal decomposition
'é A surkace H,e"' \ and bombardment-induced segregation,
& / Y ; respectively. The inset shows a kinetic
U j.ﬂf _J.f’{ Monte Carlo simulation with 5J = —0.45
T o and U = 0.3, the quantity 3 is not de-

o . , fined in the publication (from [3]).
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finally results in the formation of multilayers. Figure schematically demonstrates
this scenario.

He and co-workers applied an ABV|I| model in order to perform Monte Carlo sim-
ulations. For the sake of simplicity, only the interplay of equilibrium segregation and
phase separation in an advancing nanoscale subsurface diffusion zone are considered.
This assumption represents the growth of AuNi films under low-energy ion irradia-
tion. The system Hamiltonian is given by H = Hy+J Y _; j» 0:0;+U X _; j= (070 +
0:07)+K ¥ _; ;- 0707, where the spin variable oy = (1, —1,0) represents that site i is
occupied by either an A-atom, a B-atom, or a vacancy, respectively. The segregation
process is represented by the parameter U # 0, which is determined by the differ-
ence in surface energies of A and B. The phase separation is given by the parameter
J < 0. The parameter K is not specified in the publication. For the NiAu system,
both processes are strong. Therefore, the calculation yielding the inset in Figure[6.6|
was obtained by using strongly competing parameters. The resulting morphology

resembles the multilayer structure of the films.

!The ABV model regards a binary alloy AB with pairwise interactions between nearest neigh-
bours. Direct interchange of atoms is impossible. Transport can only be generated by vacancies
[151].



Chapter 7

Morphology of MSIBD-Grown
a-C:Me films

Starting from the results summarized in Chapter 5| the following mass selective ion
beam deposition (MSIBD) experiments were undertaken: First, the influence of the
copper ion energy on both the development of clusters as well as the matrix quality
was analyzed. These films were grown using the MSIBD setup ADONIS. Second
and third, a-C:Au and a-C:Fe films were grown. In both cases, the variation of the
metal/carbon ion fluence ratio was in the main focus. While the a-C:Fe films were
also grown using ADONIS, the a-C:Au films were prepared with the second MSIBD
setup MR. STRINGER. All films were grown on p-type silicon substrates in < 100 >
orientation. The substrates were pretreated by 1 keV Ar™ sputtering in order to
remove the native SiOy layer and amorphize the substrate surface. In some cases,
a pure amorphous carbon layer was deposited first, before the co-deposition process
was initiated (see the respective tables of deposition parameters). This prevents the
formation of a ternary mixture layer of silicon, carbon, and the metal at the interface.
Some of the results presented in this chapter were also published in References [14]
and [152].

7.1 a-C:Cu Film Morphology Dependence on Cu*
Ion Energy

A set of films was grown for each of the two carbon/copper ion fluence ratios of 4
and 19 at copper energies varying from 40 to 80 eV. The deposition parameters are

summarized in Table From the RBS spectra, a strong dependency of the incor-

66
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Table 7.1: Deposition parameters of the second set of a-C:Cu samples. For the two ion
fluence ratios 4 and 19 a set of samples were grown with various Cu™ ion energies. All
samples were deposited at room temperature onto p-Si < 100 > substrates.

Sample No.  7fuence  Eion (CT) [eV]  Eion (Cu') [eV] Deposited charge [C]

715 19 100 40 0.078 on 0.02 ta-C
717 4 100 40 0.089 on 0.02 ta-C
732 19 100 60 0.1 on 0.02 ta-C

727 4 100 60 0.1 on 0.02 ta-C

729 19 100 80 0.18 on 0.02 ta-C
724 19 100 80 0.06 on 0.02 ta-C
737 4 100 80 0.167 on 0.02 ta-C

porated amount of copper on the copper ion energy is obtained, as shown in Figure
[7.1] Sputtering becomes stronger at higher copper ion energies, but in particular the
higher carbon ion energy leads to far more aggressive copper sputtering (see Table
. The values of the sputtering losses obtained from RBS measurements and the
sputtering losses expected from the SRIM simulation, taking into account the car-
bon ion fluence ratio as well as a surface composition according to the ion fluence
ratio, are partly in the same range. However, the experimental values are generally
slightly higher with a few strong deviations. It has to be concluded that some of
the deposited copper atoms segregate at the surface and therefore the sputtering of

copper atoms is enhanced.

The carbon matrices of the samples were analyzed by Raman spectroscopy. The
spectra are shown in Figure All samples exhibit a typical broad skew signal
centred at about 1580 cm™! (G-band) with a more or less pronounced shoulder at
about 1350 cm™! (D-band). The sharp peak superimposing the G-band is gener-
ated by atmospheric oxygen. The spectra were fit using the BWF function given
in Equation in order to account for the G-band and another two Lorentzian

Impinging Ion Energy sqc,  sc

Table 7.2:  Sputtering yields s¢,, and lon [eV]

sc of copper and carbon atoms, respec- C 80 0.25 0.05
tively, by impinging carbon and copper C 100 0.40 0.07
ions of various ion energies. Calculated Cu 40 0.1 0
using SRIM [112]. Cu 60 023 0

Cu 80 033 0
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Figure 7.1: Composition of a-C:Cu
samples deposited with Cu™ ion en-
ergies of 40, 60, and 80 eV and car-
bon/copper ion ratios of 19 and 4
(from [14]).

Figure 7.2:
C:Cu samples deposited at Cu™ ion
energies of 40, 60 and 80 eV. The
purple line represents the fit. There

Raman spectra of a-

is apparently no dependence of the
matrix structure on the Cu™ ion en-
ergy (from [14]).
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Figure 7.3: HRTEM of a-C:Cu sample
717 (Ecy = 40 eV). Crystalline copper
clusters are distributed uniformly across
the film (from [14]).

functions for the D-band and the oxygen signal. The samples obtain a slightly higher
sp?-bonding content than the ones reported on in Section as can be seen by the
smaller intensity of the D-band. This is clearly a consequence of the deposition at
the optimal carbon ion energy of 100 eV. However, the sp*-bonding content does
not depend on the energy of the Cu™ ions, as the intensity ratio of the G-band and
D-band remains constant. The dependency on the deposited copper ion fraction is
equivalent to what has been discovered on the first set of samples: smaller copper
ion fractions result in higher sp3-bonding contents. The matrix structure evidently
depends on the deposited Cu™ ion fraction and not primarily on the actually incor-
porated copper concentration.

The only sample of this set that showed crystalline areas in TEM micrographs
is sample 717, deposited at a copper ion energy of 40 eV and a carbon/copper ion
fluence ratio of 4 (see Figure. For all the other samples, the copper concentration
is too low for the formation of clusters that are large enough to be distinguishable in
TEM. The mean particle diameter of sample 717 is about 5 nm. This is very close
to the mean particle size of 6 nm of the equivalent sample deposited with the same
parameters but 80 eV C* ion energy. From this, it is concluded that the carbon ion

energy has no significant influence on the cluster diameter.

7.2 Amorphous Carbon Containing Gold

As gold or AuCl yield very poor ion currents from a Sidenius type ion source, the

a-C:Au films were grown using the MSIBD setup MR. STRINGER, where a Penning
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Table 7.3: Deposition parameters of the a-C:Au samples. All samples were deposited at
room temperature onto p-Si < 100 > substrates.

Sample No.  7fiyence  Fion (CT) and (Aut) [eV] Deposited charge [C]

s008 39 ~ 100 0.52

s006 19 ~ 100 0.26

s010 9 ~ 100 0.36 on 0.075 ta-C
s033 9 ~ 100 0.053 on 0.04 ta-C
s031 5.67 ~ 100 0.085 on 0.015 ta-C
s007 4 ~ 100 0.25

s009 4 ~ 100 0.41 on 0.075 ta-C
s034 4 ~ 100 0.23 on 0.02 ta-C

s035 4 ~ 200 0.18 on 0.024 ta-C
s032 3 ~ 100 0.12 on 0.026 ta-C

sputter ion source is available (see Section [3.1.1)). The deposition parameters are
listed in Table [7.3]

Figure [7.4] depicts an overview transmission electron micrograph of the entire
cross-section of the a-C:Au sample s007, deposited at a carbon/gold fluence ratio of
T fluence = 4. A multilayer structure is obvious in the overview micrograph with layer
distances between 3 and 15 nm. The HRTEM micrograph reveals a nanocrystalline
structure in the dark layers and an amorphous structure in the brighter regions.
Fourier transformations of the micrographs of the crystalline particles match the
dq11 lattice plane spacing of gold of 2.35 A. An X-ray diffractogram of this sample
shows several gold signals. Using the Scherrer formula given in Equation (4.5)) [145],
an approximate average cluster diameter of 4.2 nm from the line width of the gold
(111) signal can be derived.

The composition of the layers is verified by the EDX line scan shown in Figure
[7.5} The first dark layer following the interface to the silicon substrate is a mixture
of carbon, gold, and silicon atoms formed at the beginning of the deposition process
when the first incoming ions were subplanted into the topmost nanometres of the
silicon substrate. The successive layers are alternately Au-deficient and -rich. How-
ever, corresponding to the very broad bright layer following the mixture layer, there
is a small peak in the gold signal, while no nanocrystals are visible in TEM images.

The chemical composition was also analyzed by AES depth profiling. The result
is depicted in Figure [7.6] The concentration of gold, carbon, and silicon are given

as a function of the scan time. Due to the ongoing sputtering of the film, the scan
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Figure 7.4: TEM micrographs of the a-C:Au sample s007 (7fjuence = 4). The layer
structure is clearly visible in the overview micrograph (from [152]). The HRTEM image
shows crystalline particles in the darker layers and an amorphous structure of the brighter

layers.

_ , — AuLa*3
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time correlates with the depth of the film. Therefore, the spectrum can be read as
a depth profile. The concentration variation derived from this correlates well with
the EDX line scan and TEM results, however, the structure is not as pronounced.
This sample was also the only one to show a variation of the gold concentration in
AES depth profiling. As stated in Section the multilayer structure of the film
may be destroyed due to ion beam mixing in the process of sputtering the film for
depth profiling.

Figure shows the RBS spectrum of the same sample. The gold signal exhibits
a double peak structure, which indicates an inhomogeneous gold concentration depth
profile. Using the information gained from TEM for a RUMP analysis of the appen-
dant RBS spectrum, one obtains the simulated plot depicted in Figure[7.7 The small
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Figure 7.8: TEM overview micrograph of the a-C:Au sample s009 (7 fiyence = 4). The
deposition parameters were generally the same as for sample s007. The multilayer structure
is not very pronounced in the micrograph but is evident from the EDX line scan (from
[114]). The arrows in the TEM image indicate the positions of the maxima of the gold
signal in the EDX line scan.

signal at ~ 570 keV arises from argon that is incorporated in the substrate due to the
pre-deposition argon sputter cleaning process. The inset of Figure [7.7] accounts for
the assumed layer composition for the RUMP simulation. The best fit results in the
following composition: The first layer adjacent to the silicon/carbon/gold mixture
layer at the substrate film interface contains 8 at.% gold at a thickness of 15 nm.
The following layers contain 37 at.%, 6 at.%, 13 at.%, 1 at %, and 100 at.% gold at
thicknesses of 6.5 nm, 7 nm, 5 nm, 2.5 nm, and 3.5 nm, respectively. The topmost
two gold-rich layers give rise to the higher energy peak of the spectrum, with the
6 at.% layer generating the dent between the two peaks. The lower energy peak is
dominated by the third gold-rich layer. The 8 at.% gold layer and the mixture layer
lead to the shoulder at the lower energy side of the signal.

Figure [7.8| shows an overview TEM micrograph and EDX line scan of sample
s009. This sample was deposited principally under the same conditions as sample
s007. The sample was nominally grown thicker and onto a pre-deposited amorphous
carbon layer. However, the sample is only about half as thick as sample s007 and
seems rather inhomogeneous. Therefore, some irregularities during deposition have
to be presumed. Sample s009 does not show such a pronounced layer structure

in the TEM micrograph as sample sO07. Nevertheless, the variation of the gold
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Figure 7.9: TEM micrograph of the a-C:Au sample s034 (7 fjyence = 4). Layers of higher
and lower cluster density are indicated by arrows in the overview micrograph. The HRTEM
image was taken from the middle of the film. On the right of the HRTEM image a layer
of greater cluster density can be seen, while on the left the cluster density is smaller. The
image clearly shows the crystallinity of the particles.

concentration is clearly notable in the EDX line scan. The general decrease of
the gold intensity is caused by the wedge shape generated in the ion mill thinning

process.

Two further samples were grown at an ion fluence ratio of r¢jyence = 4. These two
samples were prepared using a focused ion beam system for TEM analysis. In the
corresponding overview micrographs, the sample surface is indicated by the interface

to the platinum cover layer.

Sample s034 was another attempt to grow a thicker sample with a larger number
of pronounced layers. The overview micrograph as well as a HRTEM image are
shown in Figure[7.9, The sample is about 80 nm thick as compared to a thickness of
about 60 nm of sample s007. However, the layer structure is by far not as pronounced
and shows no clear periodicity. There are eight alternately darker and brighter
layers distinguishable on top of an amorphous carbon layer on the substrate. The
layers are indicated by arrows in the overview micrograph in Figure The layer
thicknesses are (starting from the substrate): 5.3 nm, 2.6 nm, 18.4 nm, 3.2 nm,

12.1 nm, 20.0 nm, 3.7 nm, and 15.8 nm. The transition from the amorphized
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Figure 7.10: EDX line scan across the a-
C:Au sample s034. A variation of the gold
concentration is not clearly detectable.
The carbon signal rises at the interface
to the substrate due to the pre-deposited

Au-edge |

Counts [a. u.]

200 200 600 800
Backscattering Energy [keV]

Figure 7.11: RBS spectrum of the a-
C:Au sample s034. The gold signal shows
a clear double peak structure. A small
dent can be identified in the lower energy
peak of the signal.

amorphous carbon layer and a possibly
gold-depleted zone of the a-C:Au film.

silicon substrate to the amorphous carbon sublayer is not clearly visible, but can
be estimated from the difference of the increase of the carbon and gold signals in
the EDX line scan (see Figure [7.10). However, the EDX line scan does not verify a

variation of the concentration throughout the depth of the film.

The HRTEM micrograph shown in Figure[7.9]is taken from the area in the middle
of the film (differently oriented—the border between the fifth and sixth layer runs
vertically through the image). From this and further HRTEM images, the mean
cluster diameter can be obtained. Within the different layers mean cluster sizes be-
tween 1.78 £0.12 nm and 3.334+0.23 nm are found, with smaller cluster diameters in
the brighter layers than in the darker layers and decreasing mean cluster size towards
the surface. The RBS spectrum of sample s034 is given in Figure [7.11} In contrast
to the EDX line scan, the gold signal in the RBS spectrum exhibits an explicit
double peak structure. The smaller intensity of the gold signal at higher energies
corresponds to the thicker bright layers in direction of the sample surface, while the
stronger intensity at lower energies corresponds to the thicker dark layers towards
the substrate. A small dent can be seen in the lower energy peak corresponding to

the thin brighter layer between the two thicker dark layers.
Sample s035 was deposited with a slightly higher ion energy of 200 eV for both

carbon and gold ions. This sample shows no layer structure in TEM micrographs
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Figure 7.12: TEM micrograph of the a-C:Au sample s035 (7 fiuence = 4, Eion = 200 eV).
The a-C:Au film appears to contain a uniform distribution of clusters embedded in an
amorphous carbon matrix.

(see Figure[7.12)) and no variation of the concentration can be seen in the EDX signal
(not shown). It is evident that this sample is overproportionally thinner than sample
s034. This can be attributed to enhanced sputtering at this higher ion energy. From
HRTEM micrographs a mean cluster diameter of 2.64 + 0.13 nm can be derived.

The results of the composition analyses by RBS are displayed in Figure [7.13]
There is no clear correlation between the film composition and the carbon/gold
fluence ratio. For samples grown with the same deposition parameters, the gold
concentration differs by up to a factor of two. However, a general trend comparable
to the a-C:Cu films can be seen: with rising gold ion fluence fraction, the gold
concentration of the films also increases. All samples have a rather severe shortage
of gold as compared to the gold fluence fraction during deposition in common. Such
losses suggest that gold atoms segregate at the film surface during deposition, and

therefore the effective sputtering yield is increased.

A general gold cluster size dependency can be found in analogy to the a-C:Cu
samples described in Section (see Figure [7.14): At smaller gold contents, the
cluster sizes are smaller. In particular, a corresponding variation of the cluster size

between brighter and darker layers was found for sample s034.
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Figure 7.13: RBS results of the a-C:Au
films. The gold concentration rises in ten-
dency with the gold ion fluence fraction,

Figure 7.14: The mean gold cluster di-
ameters rise with the gold concentration
of the films.

but the deviations at a specific gold ion

fluence fraction are rather large.

7.3 Amorphous Carbon Containing Iron

Although the C-Fe system is very different from the C-Au system (see Section ,
these films show similar layer structures. The films were grown using the MSIBD
setup ADONIS.

The sources were fed with FeCly and CO, gas. The deposition

parameters are listed in Table [7.4]

Figure shows a TEM micrograph of sample 787 deposited at a carbon/iron
fluence ratio of 7fjyence = 4. The dark layer near the substrate interface is a silicon-
carbon-iron mixture phase similar to the silicon-carbon-metal mixture phases de-
scribed above for the a-C:Au films. EDX confirms that the subsequent brighter

layers are deficient in iron compared to the iron-rich darker layers. From TEM and

Table 7.4: Deposition parameters of the a-C:Fe samples. All samples were deposited at
room temperature onto p-Si < 100 > substrates.

Sample No.  Tfyence  Fion (CT) [€V]  Eion (Fe™) [eV] Deposited charge [C]
800 99 100 40 0.061
765 19 100 40 0.083
797 9 100 40 0.102
772/787 4 100 40 0.053/0.085
802 2.33 100 40 0.1
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Figure 7.15: TEM micrograph of the a-C:Fe sample 787 (7 fjyence = 4). The darker stripes
contain a larger number of crystalline iron carbide clusters, whereas the brighter areas
consist of amorphous carbon. The iron signal in the EDX line scan varies periodically over
the whole depth of the film, clearly exhibiting four maxima with distances of 6-7 nm (from
[152]). The maxima of the iron signal correspond to the darker layers in the micrograph.
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Figure 7.16: TEM micrograph of the a-C:Fe sample 797 (7 fiyence = 9). A very slight
indication of multilayers can be distinguished in the micrograph. The iron signal in the
EDX line scan across the film also shows a small variation over the depth of the film, with
maxima of 812 nm distance. The maxima of the iron signal are indicated by arrows in
the micrograph.
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Figure 7.17: HRTEM image of the a- Figure 7.18: TEM image of the back side
C:Fe sample 797. The clusters appear of the a-C:Fe sample 797. In this overview
amorphous and of a prolate shape oriented micrograph, an indication of a columnar

along the growth direction. structure can be seen.

the EDX line scan one can derive the period of the iron-rich layers to about 6-7 nm.
The iron-rich dark layers are again composed of nanometre size crystals of prolate
shape. Some micrographs give the impression of an alignment of the long axis along
the growth direction. From others, the crystallites appear disordered. The mean
value of the long axis of the particles of sample 787 is a = 4.51 & 0.12 nm, the mean
short axis is b = 3.06 = 0.07 nm. Fourier transforms deliver a lattice plane spacing
of 0.21 nm. This strongly disagrees with the lattice plane spacings of a-iron.
Sample 797 was prepared for TEM using the focused ion beam setup. The
overview micrograph and EDX line scan are shown in Figure [7.16] Again, the film
surface is indicated by the interface to the platinum cover layer. This image obtains
only a slight indication of a multilayer structure. The EDX line scan confirms a weak
variation of the iron content. The maxima of the iron signal are indicated by arrows
in the micrograph. These maxima are a little further apart from each other than
the ones of sample 787. The distances are between 8.5 and 12 nm. The mixture
layer of iron, carbon and silicon is not discernible. Figure [7.17] shows a HRTEM
micrograph of sample 797. All the clusters appear amorphous and are of prolate
shape with the long axis aligned along the growth direction. The mean long and
short cluster diameters are @ = 3.97 4+ 0.14 nm and b = 2.86 & 0.11 nm, respectively.
The prolate shape of the clusters leads to another striking feature of sample 797. It
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Figure 7.20: TEM micrograph of

the a-C:Fe sample 765. The film
consists of an iron-rich layer embed-
ded in iron-deficient amorphous car-
bon layers.

shows an indication of a columnar structure due to an alignment of several prolate

clusters in direction perpendicular to the surface. This becomes especially evident

in the overview micrograph displayed in Figure [7.18 This image was recorded from

the backside of the sample (the sample was turned over and re-introduced into the

microscope).

Not all of the RBS spectra measured for the a-C:Fe films show a double peak

structure of the metal signal as it is the case for most of the a-C:Au films. A double

peak iron signal is only observed in the RBS spectrum of sample 765 (see Figure

== =k
-

-
=
T

Measured Fe [10"/em’]

m

2 N B O @

2 4 6 8 10 12
Fe' Fluence [10'%/cm?]

14

Figure 7.21: RBS results of the a-
C:Fe films. The iron areal atomic
density of the films is given in de-
pendence on the deposited iron ion
fluence. All deposited iron atoms
are incorporated into the films. Ap-
parently, iron is not subject to sput-
tering and the sputtering yield is
Spe = 0 for all samples (from [152]).
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. For higher iron contents, the distances between the layers are too narrow
to be resolved by RBS. In Figure [7.19] the peak at smaller backscattering energies
resembles the silicon-carbon-iron mixture layer. The peak at higher energies arises
from an iron-rich layer separated from the substrate by an iron-deficient layer. This
structure is in accordance with the TEM micrograph of the sample (see Figure.
The TEM image shows that there are two bright layers both above and underneath
the dark iron-rich film.

The iron areal densities of the films measured by RBS resemble the deposited
iron ion fluences (see Figure [7.21)). The sputtering yields of iron obtained from
SRIM simulations [112] are in the range of 0.26 and 0.33, considering a surface
composition according to the iron ion fraction and taking the carbon/iron fluence
ratios into account. As the experiment results in a sputtering yield of Sg. = 0 for
all a-C:Fe samples and no sputtering of iron atoms off the film surfaces occurs, it is
deduced that the surface consists of only carbon atoms during the entire deposition

process.

7.4 Summary and Discussion

The influence of the copper ion energy on the film structure was investigated. As
samples deposited with the lower carbon ion energy of 80 eV obtained relatively small
fractions of sp? bonds, the ion energy was raised to 100 eV, although this also yields a
higher sputtering yield for copper. At higher copper ion energies, only small fractions
of the deposited copper is incorporated in the film. No increased sputtering is found
for the comparison sample that was grown at a copper ion energy of 40 eV and an
ion fluence ratio of 4. At these parameters, the sputtering yields are rather low.
However, at higher copper energies, the copper atoms are subjected to more severe
sputtering. The sputtering losses are slightly or sometimes even much stronger than
expected from the carbon/copper fluence ratio and the proposed surface composition
according to the copper ion fraction. It is therefore suggested that a certain fraction
larger than the copper ion fraction must therefore segregate at the film surface during
deposition. Due to the lack of copper, no clusters were found in TEM micrographs
at higher copper ion energies. The matrix contained a slightly higher fraction of sp?
bonds than for the films grown with a carbon ion energy of 80 eV and show otherwise
the same dependence on the carbon/copper fluence ratio. There are much smaller

amounts of metal actually present in the samples, but the sp3-bonding content is
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nevertheless decreased. This is rather astonishing, as it is sometimes argued that
the increased sp?-bonding fraction is concentrated at the cluster/matrix interfaces.
This is obviously not the case.

A variation of the film structure in growth direction was found for a-C:Au films.
However, the multilayer structure of sample s007 cannot be reproduced in detail, and
rather less pronounced layers result for samples grown under the same deposition
conditions. In the case of sample s034, which was prepared for TEM analysis using
a focused ion beam setup, the multilayer structure may have been blurred in the
preparation process. The use of the focused ion beam results in a more severe
damage of the material than is imposed by the ion mill used in conventional TEM
sample preparation. This hypothesis is supported by the clear double peak structure
seen in RBS.

The increase of the carbon and gold ion energies to 200 eV resulted in a ho-
mogeneous distribution of gold clusters throughout an amorphous carbon matrix.
When the energy is raised, two processes lead to the suppression of a multilayer mor-
phology: First, the gold ions are implanted deeper into the film and only smaller
fractions reach the surface. Second, the sputtering yield becomes larger and there-
fore any gold atoms segregating at the surface are eventually sputtered off. The
evolution of a multilayer structure may therefore be established only in a small and
rather well defined ion energy range. This could also explain the less pronounced
layers for sample s009 if the conditions in the ions source during deposition yielded
a broader ion energy distribution.

The mean cluster diameters are in the range of 1.6 to 5 nm. The sizes rise with
the gold concentration in the film. This is a reasonable behaviour, as there is a
larger number of gold atoms within a volume according to an ion-induced diffusion
length around the cluster.

A pronounced multilayer structure with rather periodic variations was also found
in the a-C:Fe sample 787. The iron concentration varies over the depth of the sample
and iron-rich layers consist of crystalline particles surrounded by amorphous carbon.
For smaller iron contents, as for samples 797 and 765, an indication of the formation
of multilayers can be seen. In particular, for sample 797, which was deposited at
a carbon/iron fluence ratio of rpyence = 9, the period of the layers is increased
as compared to sample 787, which was deposited with 7fyence = 4. The rather
rudimentary variation may be caused by the preparation using the focused ion beam

system.
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The prolate shape of the iron clusters, as it was found in sample 787, may be
generated by the internal compressive stress that is typical for ion beam deposited
films. Under the influence of the gallium irradiation in the focused ion beam setup,
this effect may be enhanced and therefore result in the columnar structure of sample
797. A surface diffusion and island growth generation of such a prolate shape, as is
was proposed by Babonneau and co-workers [42], can be ruled out: From the RBS
and TEM analyses it is evident, that the iron stays within the film and does not
segregate at the surface.

The unequal results for samples of similar deposition conditions but prepared
by different techniques (conventional mechanical TEM preparation or focused ion
beam) demand more thorough comparative studies. It is essential to ensure that the

focused ion beam has no influence on the film morphology.



Chapter 8

Model for a-C:Me Structure
Formation During the Deposition
of Hyperthermal Species

In order to understand the structure formation during ion beam deposition, an
atomic transport mechanism inside the film, which can either be thermally acti-
vated or ion-induced, has to be taken into account. All the samples were grown
at room temperature. The ion current densities were low (< 15 pA/cm?) and did
not cause any global heating of the sample. As summarized in Section [5.1] previous
studies by Kroger et al. [128] showed no diffusion of copper and silver and sev-
eral other elements upon thermal treatment up to 1000°C within amorphous carbon
environments. Thus, thermally activated diffusion of atoms within the films and
Ostwald ripening, a basic process leading to cluster formation, can be excluded. In-
stead, an ion-induced transport process is assumed as was introduced in Section [3.4}
Due to atomic collisions and the excitation of phonons resulting in a thermal spike,
an incoming ion severely changes the atomic structure of the close environment of
its path. For the ion energies chosen in the experiment, the cylindrical thermal spike
model suggests significant atomic rearrangements along the length of the ion path
r; (~ 1-3 nm) during a time scale of about 10712 s, before the impact energy is
dissipated. The value of the fraction of rearrangement processes per atom in the
spike volume, as it can be gained from Equation , is approximately ny/ng = 1.
For the diffusion of the metal atoms, this can be treated as a random walk process,
where each diffusion step is triggered by a single ion impact. A given metal atom in
the collision cascade volume is rearranged approximately once for each ion impact

process, and it is assumed that it travels a distance of one typical atom spacing a
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(=~ 0.15 nm for amorphous carbon). The cylindrical thermal spike model predicts
typically 10-20 rearranged atoms per ion impact for the ion energies regarded here.
Once the film thickness has increased by the mean ion range ry, the successive ion
impacts have resulted in about N ~ 10%-10% rearrangement steps of a particular
atom. If a uniform three-dimensional random walk diffusion is assumed [I53], the
average travelled distance T = v/3Na? results in 2-5 nm. This ion-induced diffusion
length is sufficient to account for the cluster formation within an amorphous carbon
matrix and it is a determining factor of the final cluster diameters. However, if the
small metal clusters that form in the course of the film growth are not stable against
further ion impact, the metal atoms are dispersed and the diffusion direction is pref-
erentially oriented towards the surface. In this case, the mean travelled distance
is increased, because the regarded atom stays in the area effected by ion impacts.
Therefore, an ongoing transport of atoms to the film surface is also possible solely
generated by ion-induced diffusion.

The processes involved in the deposition process are far from thermodynamic
equilibrium and the material does not resemble a supercooled liquid at any stage. A
description on the basis of spinodal decomposition in the bulk of the film is therefore
not applicable. Furthermore, spinodal decomposition would not be able to account
for the formation of a multilayer structure in the a-C:Au and a-C:Fe case on the one
hand and a homogeneous cluster formation, as it was found for a-C:Cu films [14] on
the other hand.

The following sections will describe, how the atomic transport processes de-
scribed above may lead to the various structures taking three major determining
factors into account: first, the miscibility of the phases involved; second, the sta-
bility of the small clusters formed during the deposition process; and third, the

sputtering yield of the respective elements under certain conditions.

8.1 The Uniform Cluster Distribution of
a-C:Cu films

As described in Section [5.2] a-C:Cu films deposited using MSIBD consist of nano-
metre-sized copper clusters distributed uniformly within an amorphous carbon ma-
trix. The mean cluster diameter is tunable between about 3.5 nm and 9 nm by
selecting different ion fluence ratios 7 fyence = 19...1.

Since copper is immiscible with carbon, the formation of precipitates is energeti-
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cally favourable. According to the transport processes discussed above, it is assumed
that a copper atom within the film moves one typical atom spacing into a random
direction with each ion impact in its immediate neighbourhood. When it meets
another copper atom, a dimer will be formed. This dimer (or a cluster of a small
number of atoms that is formed in a subsequent process) is assumed to be stable
under further ion impacts. Otherwise, a segregation of copper at the film surface
would be expected. This scenario is also supported by the experiment by Chey et
al. described in [2.3] where small copper clusters were attempted to be moved across
a Si(111)-(7x7) surface using the tip of a scanning tunnelling microscope (STM)
[95]. The copper clusters could not be moved and broke, when the applied force was
too strong. Furthermore, the theoretical analyses of copper clusters summarized in
Section suggest that they are rather rigid. The clusters can grow as newly de-
posited copper atoms encounter them in their ion-triggered random walk. A rather
homogeneous cluster distribution within the amorphous carbon matrix arises. The
mean cluster size is related to the average metal concentration provided by the car-
bon/copper fluence ratio and the ion-induced diffusion length T of copper atoms. In
the regarded concentration range, the cluster diameters are expected to be of the
order of a few nanometres, as T ~ 2-5 nm. This is confirmed by TEM of the a-C:Cu
films.

The experimental analysis of the sputtering yield for the a-C:Cu films grown with
a higher carbon ion energy and at various copper ion energies reported on in Section
result in a slightly overproportionate loss of copper from the films. This suggests
that the small copper clusters formed during the deposition process are partially
destroyed when the copper ion energy is raised and copper segregates at the surface
yielding a copper surface concentration larger than the copper ion fraction. In such
cases, the morphology of the film may evolve in a manner as it is presented in the

following for a-C:Ag and a-C:Au films.

8.2 Surface Segregation and Multilayer
Formation

The co-deposition of C* and Ag*t ions using MSIBD resulted in a complete segre-
gation of the silver atoms at the surface, where they either formed clusters or were
nearly completely sputtered off the film, as was described in Section It is there-

fore assumed that small silver clusters that may have formed in the ion-triggered
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P

Figure 8.1: Schematic of the multilayer formation process.

diffusion process do not resist successive ion impacts. The silver atoms are dispersed
and eventually transported towards the surface. This assumption is in agreement
with the above mentioned experiment by Chey et al., where the attempt to move
silver clusters across the Si(111)-(7x7) surfaces with the STM tip was successful
and resulted in a track of silver atoms along the path the cluster was moved [95].
Furthermore, the theoretical analysis shows that silver clusters can be regarded as

liquid droplets in contrast to the rigid copper clusters (see Section [2.3]).

The scenario leading to the formation of alternating metal-deficient and metal-
rich layers is schematically depicted in Figure 8.1 Due to successive ion impacts, the
silver atoms are eventually transported towards the surface. The driving forces be-
hind the surface segregation are most likely the density gradient and the compressive
stress that is characteristic of ion beam deposited films. This scenario should also
apply to the case of the a-C:Au films, as small gold clusters can also be described
by a liquid drop model [154].

The fraction fg,,s of silver or gold atoms that reach the sample surface in the
course of ion impact induced diffusion are then subjected to severe sputtering. Con-
sidering a given metal that segregates at the surface, there are two possible cases:
either the sputtering yield Sy, is greater than 1. Then, all metal atoms are sputtered
off the film. Or the sputtering yield depending on the ion fluence ratio and the ion

energies is Sy < 1. This results in an accumulation of metal atoms at the surface,
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as the supply of metal atoms by the incident ion beam exceeds the sputtering loss.
As described in Section the supply of metals to the surface results in a growth
of metal islands on the surface due to surface diffusion. The diffusion on the surface
may even be enhanced by the irradiation with ions (see Section [3.4). In this way,
the metal clusters on the surface grow to a size where they cannot be considered as
liquid droplets anymore and become rigid.

While the clusters grow on the film surface, incoming C* ions contribute to the
growth of a carbon layer underneath. Any carbon that is implanted into a cluster is
transported out towards the amorphous carbon film, because carbon is not soluble
in silver or gold. Eventually, spaces in between clusters are filled with carbon and
the cluster layer is buried underneath a newly forming carbon layer. As long as the
incoming metal ions reach the buried clusters when being subplanted into the film
or during their rearrangement steps, they further contribute to the cluster growth
of the buried layer. If not, they will again segregate at the newly forming carbon
film surface. There, they form a new layer of metal clusters while incoming C* ions
contribute to the growth of a metal deficient layer separating the cluster layers. The
growth of the clusters of one layer is complete when the thickness of the film above
exceeds the ion range ;.

This scenario may apply in general to both the a-C:Au and the a-C:Ag case. If
the sputtering yield S); depending on the material, the ion fluence ratio, and the
ion energies approaches a value of Sy, ~ 1, the metal-rich layers are separated by
thicker metal-deficient layers compared to the ones where Sy, is smaller. In the case
of the a-C:Ag films described in Section where the sputtering yield reaches values
of up to Sy = 0.95, the layer period is larger than the total film thickness, resulting
in just a single layer of silver clusters on top of a silver-depleted amorphous carbon
film.

8.3 Multilayer formation of a-C:Fe films

The mechanisms involved in the formation of multilayers in a-C:Fe films are in part
the same as described above for the a-C:Au films. Iron carbides are rich in iron
(we assume that the most frequent Fe3C phase is formed) [86], whereas the samples
reported on in this thesis bear an average iron content of only 5-20 at.%. There-
fore, iron carbide clusters embedded in an amorphous carbon matrix will form. The

deposited iron accumulates in a buried iron carbide layer by ion-induced transport
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until the FesC stoichiometry is reached and stable Fe3C clusters are formed. The
excess carbon atoms are transported out of the FesC layers due to ion-induced rear-
rangements, most likely towards the surface. As a result, a pure carbon surface layer
emerges. No iron atoms are lost due to sputtering, because they are not part of the
surface during the entire deposition process. This is in agreement with the measured
sputtering yield of Sg. = 0. With increasing thickness of the amorphous carbon sur-
face layer, the incoming iron ions cannot reach the buried iron carbide cluster layer
anymore, and a new iron carbide layer grows, separated from the previous one by a

thin carbon-rich layer. As a result, a multilayer film structure evolves.

8.4 Sputtering Losses

In the energy regime of the ions used for this work, the sputtering of carbon atoms
is negligible. We therefore have to concentrate on the loss of metal atoms due to
sputtering. Under steady-state conditions, the sputtering yield for metal atoms per

incoming metal ion is given by
SM = T fluenceSCM + SvM, (81)

where scpr and sy are the sputtering yields of metal atoms due to impinging
carbon ions and the respective metal ions if a pure metal surface is assumed. The
values for scys and sy were obtained from SRIM calculations [112] and are listed
in Table[8.1} The number of metal atoms sputtered per incoming metal ion can then
be calculated using Equation . The results are presented in Table .

The sputtering loss of metal atoms, however, also depends on the respective
average surface concentration cg,, ¢, which should be proportional to the metal ion
fraction fj; in the case of isotropic ion-triggered diffusion. From the RBS analysis of

the a-C:Cu samples [14], we find an average sputtering loss of Sy; = 0.21 + 0.05. A

Table 8.1: SRIM calculated self-sputtering yields syras (M=Cu, Ag, Au, Fe) and sput-
tering yields sops of metal atoms by incident carbon ions of the respective energies.

Impinging scycw Impinging  ssg4, Impinging  saua, Impinging spepe
Ton SCCu Ion 5CAg Ton SCAu Ton SCFe
40 eV Cu™  0.10 60 eV Agt 0.18 100 eV Au™ 0.37 40 eV Fe™  0.05
80 eV CT 0.22 80 eV CT 0.04 100 eV C* 0.03 100 eV C*  0.32
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Table 8.2: Total sputtering yield induced by both carbon and metal ions. The values
S RI M — fluenceSCM + Sy were calculated using the sputtering yields given in Table
The SA]}BS values were determined from RBS measurements. In the a-C:Cu case,
these have to be compared with the values of cgy fofI M " as the sample surface contains

only a fraction csyrf = far = fo /7 fluence of copper atoms.

Cu Ag Au
T fuence  SSRIM SEBS Courf SSRIM  GSRIM ShBS SSRIM SEBS

19 0.94  0.90+0.04 0.94  0.50+0.03
9 2.08 0.384+0.10 0.21 0.54 0.95+0.04 0.64 0.7440.04
3 0.46  0.76+0.04
4 0.98  0.26+0.11 0.20 0.34  0.69+0.04  0.49  0.50+0.03

2.33 0.61  0.12+0.14 0.18 0.27  0.44+0.04

1.5 0.43 0.2040.13 0.17
1 0.32  0.10+0.14 0.16

dependence on the metal ion fraction f; cannot be claimed from the RBS results,
as the errors are too large. However, the experimental values are in accordance with
the calculated values cgyy fS J*\ZRI M " as shown in Table

For both a-C:Ag and a-C:Au films, RBS analysis reveals larger sputtering losses
of metal atoms than for the a-C:Cu films. The measured sputtering losses vary
between 0.44 + 0.04 and 0.9 £ 0.04 for silver and about 0.5 + 0.03 and 0.76 £+ 0.03
for gold. This confirms that both metals segregate at the film surfaces and therefore
a strongly increased amount of metal atoms is subjected to sputtering. Assuming
that all metal atoms reach the surface, the sputtering yields gained from RBS have
to be compared directly to the values calculated from Equation (8.1 using SRIM

simulations.

8.5 Estimation of the Multilayer Period for Metal
Surface Segregation

Now, the period of the layer structures for the case of metal surface segregation,
i.e. the a-C:Ag and a-C:Au films, will be estimated based on sputter yield data and
ion fluences. The films were deposited at a carbon/metal fluence ratio rfyence. We
apply the metal’s bulk atomic density n,, and the bulk density of graphite ng. The
total sputtering yield Sy, of the metal per incoming metal ion is extracted from

RBS measurements and can for comparison be calculated from the SRIM data by
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Equation . The sputtering yield of carbon by metal ions is zero for all conditions
under investigation and the sputtering yield of carbon by carbon ions scec &~ 0.1.
The covering of the carbon layer with a layer of metal clusters may be incomplete,
which is described by the covering factor c. The thickness dj; of the layer of metal
clusters is taken from experimental data (TEM micrographs). The areal density Ny,
in this metal cluster layer is Ny, = nydye. Using this, the necessary total metal
fluence F); that has to be deposited in order to grow one metal cluster layer and
account for sputtering losses and the fraction of dispersed metal atoms that remain
within the matrix is calculated, where fg, ¢ gives the fraction of deposited metal

atoms segregating at the surface:

NM nMnd
Fu = = ) 8.2
M (1_SM)fsurf (1_SM>fsurf ( )

The corresponding total fluence of carbon atoms is larger than Fj; by a factor of

the carbon/metal fluence ratio r fryence:

FC = TfluenceFM' (83)

The deposition of this amount in addition to the fraction (1 — fs,,r) of dispersed
metal atoms and lacking the amount of sputtered carbon atoms leads to a thickness

d¢ of the carbon layer of

Fo(l—s Fror(1— four
do = Foll = sce) | Full = fows) (8.4)
ne Nm
Applying Equations (8.2)) and ({8.3|) to Equation (8.4)), the period t = dj;+d¢ results

m

nycC 1 1
t=d 1+><(7‘ wencell — S + —(1 — four )] 8.5
M (1 - SM)fsurf nc n ( CC) 77,]\/[( f f) ( )

This expression can be simplified if a full segregation of the metal atoms at the sur-
face, a complete coverage for the metal cluster layer, and negligible carbon sputtering

is assumed (fourf =1, c =1, scc = 0):

Nar 1
t~d 1 - uence | - 8.6
Y l Ta=sn” ”C] 50

Instead of a rectangular metal cluster layer with thickness d;;, a layer with Gaussian

concentration profile of the same areal density should be assumed. The FWHM value
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is taken from the TEM and EDX analysis. Therefore, dy; = 1.06 - FWHM has to be

replaced in (8.5) or (8.6).

For the a-C:Au sample number s007, where 7fjyence = 4, v = 59/nm3, and
ne = 110/nm?, and Sy; = 0.5 and FWHM = 5-9 nm are derived from RBS and EDX
analyses, a period of the layer structure of ¢ &~ 28 nm is obtained from Equation (8.6)).
From the TEM micrographs and EDX analysis one finds the experimental value
teap ~ 14 nm. It is, however, most likely that the covering factor ¢ < 1. Although
the TEM micrographs suggest complete layers of metal clusters, presumably clusters
that are not in the interstice of two clusters but are rather behind this blank are
seen. A comparison of the gold areal density determined by RBS (a4 x 10'6) with
the necessary amount to create a multilayer structure with cluster layers of gold bulk
density (1.6 x 10'7) results in a value of ¢ ~ 0.25-0.3 and a layer period ¢, which is

in good agreement with the experiment.

8.6 Estimation of the Multilayer Period for
Carbide Forming Metals

The period of the a-C:Fe multilayer structures can be estimated in analogy to the
a-C:Au case, taking a few alterations into account. As the iron ions do not segregate
at the film surface but accumulate in layers within the film, a parameter fqye,, which
reflects the fraction of iron atoms accumulating in an iron carbide cluster layer, has
to be introduced. The fraction (1 — fayer) of iron atoms is dispersed throughout
the carbon-rich layers. Furthermore, it has to be considered that the clusters of the
metal-rich layers contain a significant amount of carbon which is not available for
the separating carbon layers. If np.,c = 103/nm? is the atomic density of Fe3C, the

iron fluence for one cluster layer covered with a fraction ¢ with clusters is

. 0.75 - NFesC * dM - C

Fr. = , (8.7)
flayer
which again corresponds to a deposited carbon ion fluence of
FC - TfluenceFFe‘ (88>

The thickness d¢ of the carbon layer is reduced by the amount of carbon necessary
to meet the FesC stoichiometry and the sputtering of carbon atoms. It is, however,

increased by the dispersed iron atoms that do not add to the iron carbide cluster
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layers:

uence 11— —0.25 11— ayer
dC — FFe <(Tfl ( SCC) + fl y ) ’ (89)

e Npe

where ng = 110/nm? and ng, = 85/nm? are the atomic densities of graphite and

iron, respectively. Applying Equation (8.7) to Equation (8.4]) yields a period ¢t =
d Mt dc of

0.75 - Npesc -
t= dy [1 g2 e € (8.10)
flayer
% <rfluence(1 - SCC> —0.25 + 1 - flayer)] '
Ne Npe

Assuming a covering with metal clusters in each cluster layer of ¢ = 0.7 and that
the fraction of iron atoms contributing to the cluster layers is fiqyer = 0.7, one gets
t = 7 nm for the sample number 787, where dy ~ 2 nm, 7 fjyence = 4. This is again

in good agreement with the results derived from TEM and EDX.

8.7 Predictions

From Equation ({8.5)) it follows that the period of the layer structure strongly depends
on the total sputtering yield of surface metal atoms Siys = Syrar + 7 fruenceScm- Sur
itself depends on the ion energies and the carbon/metal fluence ratio 7fjyence. A
careful selection of these parameters would allow the growth of multilayer structures
with variable layer periods. If, however, S); > 1, all metal atoms are sputtered off
the film and no layer structure can arise. The film contains only small amounts of
dispersed metal atoms or small metal clusters, depending on fg, ;. In order to grow
films with a uniform distribution of metal clusters within a diamond-like amorphous
carbon matrix, the carbon ion energy has to be kept at about 100 eV in order to
achieve a high sp3-bonding content. The energy of the metal ions should be raised
so that the mean ion range well exceeds the carbon ion range of about 1 nm, and
in addition Sy; > 1. The first condition increases the probability for metal atoms
to remain within the amorphous carbon matrix and form clusters; the second one
ensures that all surface metal atoms are completely sputtered off. The maximum
metal ion energy is, however, limited to several hundred eV, because otherwise
the sputtering yield of carbon by metal ions becomes significant. This scenario
can be compared to the ion beam deposition of 1 keV silver ions into tetrahedral

amorphous carbon by Kroger and co-workers [12§]. They observed that about 10%
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of the deposited silver was incorporated in the film, corresponding to a fraction of
fsurf = 0.9 of the silver atoms segregating at the surface. As the sputtering yield
Sag > 1 at the given circumstances, all silver reaching the surface is removed. As
the deposition procedure is not a co-deposition process but rather implantation of
only Ag* ions into a carbon film followed by the deposition of a carbon covering
layer, the result is a buried layer of silver.

For the case of carbon surface segregation, sputtering plays only a minor role.
Here, the superfluous carbon atoms are transported towards the surface in order to
achieve the required stoichiometry for the formation of an iron carbide, for example
Fe3C. It is derived from Equation that only a variation of the ion fluence
ratio 7 fjyence can influence the layer period in such a way that larger 7 fjyence lead to

smaller layer periods.

8.8 Comparison of the Multilayer Formation
Models

The model proposals described in this chapter and Chapter [6] partly take rather
different approaches. Wu and Ting base their interpretation of the multilayer for-
mation process on the assumptions that the deposition rates of carbon and the metal
vary periodically due to a catalysis effect [I]. This model is therefore not applicable
to MSIBD-grown films, where the deposition rates are determined by the respective
ion currents and no reaction occurs. It is, however, successfull in explaining certain
features of their films, such as the fact that the first layer at the interface to the
substrate is always a metal-rich layer.

The model by He and co-workers is in principal an extended version of the model
proposed by Corbella and co-workers [3, 2]. The assumptions are mainly based on
non-equilibrium thermodynamics due to spinodal decomposition. Corbella and co-
workers do not discuss the magnitude of diffusion and claim that their samples
are kept at room temperature during deposition. The transport mechanism is not
specified. Furthermore, it is not clarified whether the proposed affinity of one element
to the substrate is thermodynamically in accordance with the element found near
the substrate in experiments.

He and co-workers hold the incoming species responsible for an increase of dif-
fusion in a region close to the surface. A moderate heating of the substrates can be

expected due to the particle flux if no cooling is provided. Therefore, an enhanced
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diffusion may be a reasonable assumption. The additional transport induced by en-
ergetic particles is also taken into account. However, it is not clear from Reference
[3] whether the resulting transport direction from the theoretical considerations is
in agreement with the experimental findings.

The model ideas proposed in this chapter regard certain transport processes;
particles impinge on the growing film, move around due to an ion-induced energy
transfer to the material, and possibly leave the film due to sputtering. As described
in Section [3.3] the difference in deposition energies when comparing MSIBD to
R-MSD result in implantation depths of the incoming ions that differ only by a
factor of 1.3-2. In R-MSD, incoming metal atoms from the target obtain smaller
energies and are deposited into a region very close to the surface. Therefore, the
considerations made above are not necessarily limited to the MSIBD technique but
may also explain growth processes for samples grown by other techniques with similar

deposition parameters, such as sputtering techniques or laser deposition.



Chapter 9

Magnetron Sputtered Films

In order to investigate in more detail whether the multilayer formation model de-
scribed in Chapter [§]is also applicable for deposition techniques other than MSIBD,
a-C:Cu and a-C:Fe films were also grown by reactive magnetron sputtering depo-
sition (R-MSD). The a-C:Cu system was chosen, because multilayers were already
found by Wu and Ting for such films grown by magnetron sputtering. The a-C:Fe
system was chosen as a carbide-forming example that was also found to show mul-

tilayers in MSIBD-grown films.

The films were grown on p-type < 100 > silicon substrates. For each deposition,
two substrates were mounted at equal distance to the centre of the sample holder
in order to ensure equally thick films (the growth rate is not constant over the full
range of the sample holder [I55]). For the a-C:Fe films, the native SiO, layer was
removed prior to mounting the substrate in the vacuum chamber by etching in a
10% HF solution. The substrates were washed in destilled water and cleaned with

acetone.

The sputter targets were a copper plate with a diameter of 76 mm and a thickness
of 5 mm and a 99.5% pure iron target of the same diameter and 1 mm thickness.
Before starting the deposition, the target was sputter cleaned by pure argon sput-
tering in order to remove any carbon that was deposited during the growth of the
previous film as well as other precipitates from the residual gas. For film deposition,
argon and methane gases were introduced into the chamber by two separate mass
flow contollers with a total flow of 12 sccm. The pressure during deposition was

~ 3 x 10~* mbar.
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9.1 Magnetron Sputtered a-C:Cu

In this section, some preliminary results on magnetron-sputtered a-C:Cu films are
presented. In general, all films were grown at the same deposition parameters but
at various Ar/CH, gas flow ratios. Only sample M001 was deposited at a higher
target—substrate distance than the others. The precise deposition parameters are
listed in Table Q.11

The RBS spectra of all the films are shown in Figure [156]. All samples
show a contamination with oxygen of up to 30 at.%. This may be due to diffusion
from the SiO, layer at the substrate-film interface or oxygen incorporation during
deposition from the residual gas in the deposition chamber. In order to rule out
these two factors, further samples were pretreated by HF dipping, whereby the SiO,
layer is removed. Furthermore, the magnetron setup was connected to a nitrogen
gas supply for venting. Therefore, the HyO content in the residual gas is reduced.
Recent experiments that were not yet fully analyzed showed that oxygen-free a-C:Cu

samples could successfully be grown.

The RBS spectra displayed in Figure|9.1| were normalized to the charge deposited
during measurements. This allows a direct comparison of the copper signals for the
relative copper content of the films. Samples M003 and M001 show the same copper
concentration of about 50 + 5 at.%. The greater film thickness of M001, which
can be seen from the shift of the silicon edge towards lower backscattering energies
(indicated by small lines), is due to a longer deposition duration. The different
target—substrate distance does not have an effect on the sample composition as this
mainly influences the energy of the particles arriving at the substrate. Sample M004
was deposited at a smaller Ar/CH, ratio of 1.5/1. It shows a strong decrease of the

copper signal from the substrate towards the surface. This effect has to be attributed

Table 9.1: Deposition parameters of the a-C:Cu films grown with R-MSD. All samples
were deposited at room temperature onto p-Si < 100 > substrates.

Sample No. Ar/CH, ratio Target—Substrate Distance [cm] RF-power [W]

MO01 3/1 5.5 100
M002 1/1 4 100
M004 1.5/1 4 100

MO003 3/1 4 100
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to target poisoning: At the beginning of the deposition process, the copper target
surface is clean and the full surface is available for the ablation of copper atoms.
With ongoing deposition, carbon from the Ar/CH, plasma is deposited onto the
target. Therefore, less copper atoms are sputtered off the target and the copper
deposition rate decreases with respect to the carbon deposition rate. As carbon is
then also sputtered off the target, a state of equilibrium is reached. The copper
content near the target is as high as 20 at.% and quickly decreases to below 2 at.%
towards the surface. In this spectrum, the oxygen surface edge and the shifted silicon
edge appear at almost the same backscattering energy.

The two spectra of sample M002 (denoted as "red” and “green”) were recorded
at two different areas of the sample. This film is rather inhomogeneous in thickness
which is evident from the rainbow-like colouring of the surface caused by interference.
The two spectra were obtained from a red and a green area of the film. A RUMP
analysis [I33] yields a copper content of below 0.5 at.% for both areas. The shifted
silicon edge of the green area is indicated by a small line, in the spectrum of the
red area, the shifted silicon edge is at the same position as the carbon surface edge.
From these positions of the silicon edges it is found that the sample is thicker in the
red area.

Obviously, the target poisoning effect and therefore the sample composition are

very sensitive to the Ar/CHy gas flow ratio. This is understandable if we consider
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Figure 9.2: TEM micrograph of the a-
C:Cu sample M001 (Ar/CHy= 3/1, dis-
tance: 5.5 cm). The film consists of
clusters that are uniformly distributed
throughout an amorphous carbon matrix.
There is no indication of layers of varying
concentration near the substrate or else-
where in the film.

that the increase of the CH, fraction results in two factors decreasing the sputtering
of copper atoms from the target: There is less argon available for the sputtering
of copper atoms and the copper target surface area is decreased due to the larger
amount of carbon deposited on it. In addition to these two effects, there is more car-
bon available in the plasma for the deposition on the substrate. The large influence
of the target poisoning effect on the sample composition is supported by the strong

and sudden decrease of the copper signal in the RBS spectrum of sample M004.

Figure(9.2/shows a TEM micrograph of sample M00O1. This sample was deposited
at an Ar/CH, ratio of 3/1 and a target—substrate distance of 5.5 cm. The specimen
was too thick for high-resolution microscopy where the full film was intact. Only
where part of the film had already been destroyed in the argon ion mill thinning
process could HRTEM images be obtained. Therefore, Figure [0.2] shows only a
small part of a film near the substrate. Copper clusters are uniformly distributed
throughout an amorphous carbon matrix, but in this small section, an alignment of

clusters parallel to the substrate can be seen. The clusters have a mean diameter of
5.2 + 0.7 nm.

The EDX line scan across sample M001 displayed in Figure 9.3|shows three clear
maxima in the copper signal. These maxima are about 100 nm apart and they
cannot be correlated to any features in the overview STEM micrograph. This layer
period is by 1-2 orders of magnitude larger than the ones found by Wu and Ting
[1] or the layer distances described above for the MSIBD-grown a-C:Au and a-C:Fe

films. The appearance of these layers is therefore attributed to a preparation artifact.
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Figure 9.3: EDX scan of the a-C:Cu sample M001 along the line indicated in the mi-
crograph. The three strong maxima in the copper signal cannot be correlated to areas of
higher cluster density in the TEM micrographs.

Figure 9.4: Overview TEM and HRTEM images of the a-C:Cu sample M003 (Ar/CHy=
3/1, distance: 4 cm). Crystalline clusters are uniformly distributed throughout the amor-
phous carbon matrix.
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Figure 9.5: EDX scan of the a-C:Cu sample M003 along the line indicated in the micro-
graph. No periodic variation of the concentration is detectable.

Furthermore, an overall increase of the copper signal along with a decrease of the
carbon signal towards the substrate is found, which can be explained by a moderate
target poisoning. Usually, the intensities of the X-ray signals of all elements in the
film decrease towards the film surface because of a wedge shape of the specimen
generated by the thinning process.

Figure shows an overview micrograph of sample M003. This film also con-
sists of a uniform distribution of clusters, as it was seen for sample M0O01. In the
appendant HRTEM image, clusters of various diameters can be distinguished. A
mean cluster diameter of 8.0 & 2.7 nm is derived from TEM micrographs. The
EDX line scan across sample M003 given in Figure [9.5| shows no periodic variations
of the copper signal. However, the carbon signal decreases towards the substrate.
As described above for sample M001, this can be explained by the target poisoning
effect.

Sample M002 was also prepared for TEM analysis. This film has a purely amor-
phous structure, and no clusters could be found (not shown). This is not surprising,

as it was found by RBS that this film contains only marginal amounts of copper.

9.2 Magnetron Sputtered a-C:Fe

Three sets of samples were grown: In the first series, the gas flow ratio was varied,
while the target—substrate distance and the magnetron power were kept constant;

in the second series, the target—substrate distance was varied at constant gas flow
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ratio and magnetron power; and for the third set, the magnetron power was var-
ied at constant gas flow ratio and target—substrate distance. After connecting the
magnetron deposition chamber to a nitrogen gas supply for venting and employing
HF-dipping to the substrates prior to deposition, oxygen-free samples were obtained.

The results are given in the following sections.

9.2.1 Variation of the Gas Flow Ratio

The variation of the gas flow ratio implies a variation of the amount of material
sputtered off the target and the amount of carbon available for film deposition. Ta-
ble [9.2 summarizes the deposition parameters for the samples grown with various
Ar/CH, ratios. The samples M014 and M016 grown with Ar/CH,4 ratios of 5/1 and
15/1, respectively, were prepared for TEM analysis. The bulk of the films consist
of crystalline clusters of nanometre size uniformly distributed throughout an amor-
phous carbon matrix (see Figures and [9.7). The mean cluster diameters gained
from the TEM micrographs are 2.3 £ 0.5 nm and 3.7 + 0.7 nm, respectively. Both
samples show a layered structure near the substrate—film interface. In sample M014,
the first layer is purely amorphous and rather bright. As the contrast depends,
amongst other parameters, on the atomic weight of the material, this layer is prob-

ably iron-deficient. The next layer consists of a line of densely arranged clusters.

Table 9.2: Deposition parameters of the a-C:Fe films grown with R-MSD at various gas
flow ratios. All samples were deposited at room temperature onto p-Si < 100 > substrates.

Sample No. Ar/CH, ratio Target—Substrate Distance [cm] RF power [W]

MO010 1/1 1 100
MO08 1.5/1 4 100
MO007 2/1 4 100
MO009 3/1 4 100
M018 3/1 4 100
Mo11 3.5/1 4 100
M012 4/1 4 100
M014 5/1 4 100
M015 6/1 4 100
M013 7/1 4 100
M016 15/1 4 100
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Figure 9.6: HRTEM micrograph of the a- Figure 9.7: HRTEM micrograph of
C:Fe sample M014 (Ar/CHy = 5/1). The the a-C:Fe sample MO016 (Ar/CHy =
film consists of uniformly distributed clus- 15/1). Four alternately cluster-deficient

ters embedded in an amorphous carbon
matrix. Close to the substrate, a cluster-
deficient and a cluster-rich layer are indi-
cated by two arrows.

and cluster-rich layers near the substrate
are indicated by arrows. Towards the sur-
face, the layers become less pronounced.
Otherwise, the film contains uniformly
distributed crystalline clusters embedded
in an amorphous carbon matrix.
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Figure 9.8: EDX scan of the a-C:Fe sample M014 along the line indicated in the micro-
graph. No variation of the iron concentration is detectable.
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Figure 9.9: EDX scan of the a-C:Fe sample M016 along the line indicated in the micro-
graph. No variation of the iron concentration is detectable.

Sample M016 shows the same assembly plus an additional bright amorphous/dark
cluster-containing bi-layer. The layers are indicated by arrows in Figures and
9.7l

EDX line scans were recorded across the films and are depicted in Figures
and [9.9) Neither the iron signals nor the carbon signals show periodic variations.
The thicknesses of the layers visible in the HRTEM micrographs are of the order
of 2-3 nm. These small structures were not resolved in the line scans. Samples
MOO07 through M012 were the first a-C:Fe films to be deposited with the R-MSD
setup. The deposition times were rather short and the gas flow ratios small. The
RBS spectra recorded of these samples are shown in Figure[9.10, For samples M007
through M010, the iron content is higher near the substrate. This property can be
attributed to the target poisoning effect, as it was also found for the a-C:Cu films.

The signals were normalized to the value of the silicon edge in order to facilitate
the comparison of the iron signals. From RUMP simulations [133], the iron concen-
tration is found to range between ~ 0.5 and ~ 8.5 at.% [156]. In general, the iron
concentration in the films increases with the Ar/CH,4 ratio with exception of sam-
ples M011 and M012. These samples obtain smaller iron concentrations. A possible
explanation is that these samples were grown after the deposition of sample M010,
where the Ar/CH, ratio was 1/1. The target may have been strongly contaminated
with carbon at this low Ar content in the plasma. The pre-deposition sputter clean-

ing may not have been sufficient to remove all the carbon from the target. This
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Figure 9.10: (a) RBS spectra of the first a-C:Fe samples grown with short deposition
times and rather low gas flow ratios. (b) Enlarged display of the iron signal. The expected
iron content dependency on the gas flow ratio is broken by samples M011 and M012.
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Figure 9.11: The RBS spectra of the a-C:Fe samples deposited with longer deposition
times and higher gas flow ratios show the expected tendency of higher iron contents at
higher gas flow ratios.



9.2 Magnetron Sputtered a-C:Fe 107

Figure 9.12: RBS results of the a- 3 ¢ U
C:Fe films grown at various gas flow & 25¢ _ N ’
ratios. The dotted line is to guide _é 20¢ .« e

the eye. The dependency of the iron E 15} . I

concentration on the Ar/CHy ratio § 10k ZJ"

shows that larger amounts of argon 3 sl 1 » I

in the gas mixture result in higher E ol -,-’J .

iron contents. - A

0 2 4 6 8 10 12 14 18
;lf'«Ln'{:H4 Gas Flow Ratio

scenario is also supported by the fact that these two samples show a homogeneous

iron concentration profile.

The RBS spectra of samples M013 through MO018 are shown in Figure [9.11]
Again, the spectra are normalized to the value of the silicon edge for better compar-
ison. The raised iron signal at lower energies corresponding to a higher iron content
is also present in these spectra. In this case, the iron concentration increases with
the Ar/CH,4 ratio from ~ 6.4 to ~ 28.5 at.% [156]. This result is in agreement with
the expectation: For smaller Ar/CHy ratios, the available amount of carbon is larger
and less iron is sputtered off the target. The iron concentrations of all samples are
displayed in Figure [9.12] in dependency of the gas flow ratio. In this graph, the
general increase of the iron concentration with the Ar/CHy ratio is evident and a
possible saturation of the iron concentration is suggested by the development of the

values.

The concentration variation suggested by the HRTEM micrographs of Figures
and [0.7] are by far too small to be resolved by RBS. Probably, this variation is
a result of reaching a steady state of deposition at the beginning of the deposition

process.

No reliable information can be gained on the cluster size dependency of the gas
flow ratio, as mean cluster diameters could only be measured for the two samples
MO014 and M016. However, the trend shows that smaller iron concentrations result

in smaller clusters.
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9.2.2 Variation of the Target—Substrate Distance

The distance between the target and the substrate has substantial influence on the
energy of the particles impinging on the film. At smaller distances, the particles
collide less often with other particles and therefore lose less energy. This may have
a distinct influence in the film morphology. The deposition parameters for this set
of samples are listed in Table (9.3

Figures [0.14] and show the HRTEM micrographs of the samples M019
(3.5 cm), M020 (5 cm), and M023 (7 cm), respectively. Figure can be taken
for comparison, because sample M016 was deposited with the same parameters as
the samples of this series at a target—substrate distance of 4 cm. The cluster sizes
derived from HRTEM are as follows: 3.5 4+ 0.6nm at 3.5 cm, 3.7 £ 0.7nm at 4 cm,

Table 9.3: Deposition parameters of the a-C:Fe films grown with R-MSD at various
target—substrate distances. All samples were deposited at room temperature onto p-Si
< 100 > substrates.

Sample No. Ar/CH, ratio Target—Substrate Distance [cm] RF power [W]

MO019 15/1 35 100
M016 15/1 4 100
M022 15/1 45 100
M020 15/1 5 100
M021 15/1 6 100
M023 15/1 7 100

Figure 9.13: HRTEM micrograph of the
a-C:Fe sample M019 (distance: 3.5 cm).
The film consists of clusters that are uni-
formly distributed throughout an amor-
phous carbon matrix. There is no indi-
cation of layers of varying concentration
near the substrate or elsewhere in the film.
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Figure 9.14: HRTEM micrograph of the Figure 9.15: HRTEM micrograph
a-C:Fe sample M020 (distance: 5 cm). of the a-C:Fe sample MO023 (distance:
Clusters in this sample are uniformly dis- 7 cm). This sample shows three al-
tributed and no layer structure is visible. ternately cluster-deficient and cluster-rich

layers. Towards the surface, the film con-
tains a uniform distribution of clusters
within an amorphous carbon matrix.

3.2+ 0.7 nm at 5 cm, and 3.0 0.5 nm at 7 cm target-substrate distance. Within
the interval of error, the cluster size does not show any dependency on the target—

substrate distance.

In addition to sample M016 (4 cm—discussed in the previous section), only the
micrograph of sample M023 (7 c¢m) in Figure [0.15 shows three alternately bright
and dark layers. Obviously, this phenomenon is not directly dependent on one of

the measurable parameters.

The EDX linescans of samples M020 and M023 are displayed in Figures[9.16|and
Neither of them shows a periodic variation of the iron concentration. The
decrease of the iron and carbon signals in Figure represents the wedge shape of

the specimen due to the ion mill thinning process.

Figure 9.18] shows the RBS spectra of the target-substrate distance series nor-
malized to the silicon edge [I56]. The iron concentration does not change with
the target—substrate distance up to a distance of 7 cm. The concentration of sam-
ples M016, M019, and M020 through M022 remains at very similar values around
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Figure 9.16: EDX scan of the a-C:Fe sample M020 along the line indicated in the micro-
graph. No concentration variation is detectable.
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Figure 9.17: EDX scan of the a-C:Fe sample M023 along the line indicated in the micro-
graph. No concentration variation is detectable.
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Figure 9.18: (a) RBS spectra of the sam-
ples grown at various target—substrate dis-
tances. (b) Enlargement of the iron signal.
The iron content does only decrease at a
distance of 7 cm.
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Figure 9.19: RBS results of the
a-C:Fe films grown at various target—
substrate distances. The iron concen-
tration shows no clear dependency on
the target—substrate distance but drops
abruptly when the distance is raised from

6 to 7 cm.

~ 30 at.%, while sample M023 contains only ~ 14 at.% iron. This becomes even

more clear from Figure [9.19] The concentration shows no monotonous dependency

on the target—substrate distance.

If now the results of the TEM analysis are considered together with the RBS

results, the following is found: The cluster sizes vary only very little, as it is the

case for the iron concentration. Sample M023 is the exception from this rule. This

sample contains less iron and contains the smallest clusters. However, such small

changes in the target-substrate distance should not have a considerable influence

on the film composition. It is therefore questionable whether increasing the target—

substrate distance from 6 ¢cm to 7 cm is responsible for the sudden decrease of the

iron concentration.
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9.2.3 Variation of RF Power

For the last set of samples, the RF power was varied. This parameter influences the

sputtering yield of the target material by the ions from the plasma and the energy

the sputtered atoms. In this manner, it may have an influence on both the sample

composition and morphology.

Table 9.4: Deposition parameters of the a-C:Fe films grown with R-MSD at various RF
powers. All samples were deposited at room temperature onto p-Si < 100 > substrates.

Sample No. Ar/CH, ratio Target—Substrate Distance [cm] RF power [W]
MO027 15/1 4 80
MO025 15/1 4 90
MO16 15/1 4 100
M024 15/1 4 110
MO026 15/1 4 120
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Figure 9.20: (a) RBS spectra of the a- Figure 9.21: RBS results of the a-C:Fe

C:Fe samples grown with various RF pow-
ers. (b) Enlargement of the iron signal.
The iron concentration is only increased
for an RF power of 120 W.

films grown at various magnetron pow-
ers. The iron concentration shows no clear
dependency on the target—substrate dis-
tance.
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Figure shows the RBS spectra of these samples [156]. Again, the spectra
are normalized to the silicon edge for better comparability of the iron signals. The
iron concentration is similar for all samples, with exception of sample M026, which
was grown with the highest RF power of 120 W. This sample contains the slightly
higher amount of ~ 35% iron. Such an increase is reasonable, as the increase of
the RF power results in higher sputtering yields. Therefore, more iron atoms are
sputtered off the target and transported to the substrate. Up to now, non of the
samples could successfully be prepared for TEM analysis. Therefore, no information

on the morphology is available yet.

9.3 Summary and Discussion

Copper- and iron-containing amorphous carbon films were grown using R-MSD in
order to investigate a possible multilayer formation. While a-C:Cu films grown
by MSIBD consist of uniformly distributed clusters of nanometre size within an
amorphous carbon matrix, Wu and Ting found a periodic concentration variation
for their magnetron-sputtered a-C:Cu films [I]. Although the deposition parameters
were chosen very similar, such a film morphology could not be reproduced by R-MSD
in this work. However, there are a number of differences between the setups: First
of all, the films reported on by Wu and Ting were grown using a DC R-MSD setup,
while the setup used here is driven by an RF power supply. Therefore, the energy
distribution of the particles impinging on the substrate are possibly quite different
even though the nominal power was 100 W in both cases. During recent discussions,
Ms. Wu reported on the formation of multilayers in a-C:Pt films grown by RF R-
MSD at higher RF powers [157]. Furthermore, in the magnetron setup used by Wu
and Ting, the target and substrate holder are positioned at an inclined angle towards
each other. In the setup used for this thesis, the target and substrate surfaces are
parallel to each other. Therefore, the particles impinge on the substrate at different
angles in both studies. This may result in slightly different ion ranges within the
films. The target holder of Wu’s and Ting’s setup is not water cooled. This may
also have an influence on the mobility of the deposited species. Furthermore, the a-
C:Cu samples reported on above are severely oxygen contaminated. The formation
of copper oxides is very likely to have a strong influence of the morphology of the
films.

The EDX line scan of sample M001 suggested a periodic variation of the copper
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concentration throughout the film. However the distance of the maxima is 1-2 orders
of magnitude larger than the layer distances found for the MSIBD-grown a-C:Au and
a-C:Fe films. A variation of this magnitude should have been resolved by RBS. As
the copper signal in the respective RBS spectrum shows no such periodic variation,
the maxima in the EDX line scan are obviously a preparation artifact.

The cluster diameter of the R-MSD deposited a-C:Cu films are of the same
order of magnitude as for the MSIBD films. While films M001 and MO003 were
deposited at the same gas flow ratios and exhibit the same copper concentration,
their mean cluster diameters are quite different. The clusters of sample M001, which
was deposited at a larger target—substrate distance, are smaller. Presumably, the
particles impinging on the substrate have smaller energies and therefore the mobility
of the copper particles is smaller. The composition of the samples shows the expected
dependence on the gas flow ratio.

Corbella and co-workers observed a multilayer formation also for a-C films con-
taining the carbide-forming metal titanium [2]. Furthermore, MSIBD-grown a-C:Fe
films also show a multilayer structure. Therefore, the morphology of a-C:Fe films
grown by R-MSD was also of interest. As in the case of the a-C:Cu films, no multi-
layer structure was found. The exception is a variation over two to four layers near
the substrate for some films. As no correlation with the measurable parameters can
be found, this effect is not in accordance with the model proposed by Corbella and
co-workers, who also find a diminishing multilayer structure of their films. It rather
has to be attributed to variations of the deposition conditions at the beginning of
the process, when target poisoning and carbon sputtering of the target are not yet
in equilibrium. Again, a comparison of the results is rather difficult due to the
differences in the experimental setups. The R-MSD setup used by Corbella and co-
workers is driven by a pulsed DC power supply and the substrates were RF-biased
yielding a different energy distribution of the particles impinging on the substrate.
Furthermore, a comparison is difficult, as Corbella and co-workers found multilayers
for the non-magnetic metal titanium. Especially in magnetron sputter deposition,
the deposition conditions can be very different when the target material is magnetic.

The compositions of the a-C:Fe films investigated here depend mainly on the
Ar/CHy gas flow ratio. The composition changes only at the largest target—substrate
distance and the largest RF power to smaller or higher iron concentrations, re-
spectively. However, the strong change in composition when changing the target—

substrate distance from 6 cm to 7 cm remains unclear. Generally, much higher
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Ar/CH, ratios have to be used in order to obtain films with a reasonable metal con-
centration than in the case of a-C:Cu films. This arises from the magnetic nature
of the iron target, which leads to a magnetic short circuit and the enhancement of
the permanent magnet on plasma is significantly reduced.

The cluster diameters of the a-C:Fe films are slightly smaller for the a-C:Fe films
than for the a-C:Cu films as it was also the case for the MSIBD films. The ten-
dency of smaller clusters at smaller metal concentrations can also be found for these
samples. Furthermore, the cluster diameters for all samples deposited at different
target—substrate distances are in the range of 3.0 and 3.7 nm. In particular, the
mean cluster size remains at 3.5 nm for sample M019, which was closest to the tar-
get during deposition, although the iron concentration was notably reduced for this
sample. This also implies a higher mobility of iron and carbon atoms in the sample

at shorter target—substrate distances.
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Final Discussion and Conclusion

The growth of metal-containing amorphous carbon films by MSIBD results in an
interesting variety of different structures, depending on the deposition parameters
and the metal used. A uniform distribution of metal clusters throughout a matrix,
as it is widely reported on in the literature (see Section , was established for
a-C:Cu films at a low copper ion energy of 40 eV as well as for a-C:Au films at high
carbon and gold ion energies of 200 eV.

Furthermore, silver atoms were found to segregate at the film surface during
MSIBD. Only if the carbon/silver ion fluence ratio is not too high and therefore
the sputtering yield smaller than one, can silver accumulate at the film surface.
The processes driving this behaviour were discussed in Section [8.2] In this context,
the intriguing evolution of the multilayer structure found for MSIBD-grown a-C:Au
films was also treated. The self-organized formation of metal-rich and metal-deficient
multilayers during the co-deposition of carbon and metal ions can be modeled as an
interplay of the following: (a) an ion triggered atomic transport, (b) the segregation
of metal atoms at the surface, (c) preferential sputtering, and (d) the stability of
small metal clusters under ion impact. This phenomenon was observed and discussed
for the first time in the course of this work and, at nearly the same time, similar
morphologies were reported on by Wu and Ting [1].

The deposition of carbon and the carbide-forming metal iron results in a very
similar layer structure. However, from the considerations of Section and the
experimental results given in Section it becomes evident that sputtering plays
only a minor role in this case and chemical properties are of importance.

Multilayer morphologies of a-C:Me films as well as AuNi films have already been

reported in the literature, as was discussed in Chapter [0} and various models were
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proposed [I}, 2, B]. Tt was shown in Section that these models have only limited
success in explaining the formation of multilayers by MSIBD. Part of the mechanisms
considered crucial do not occur during MSIBD, as chemical reactions or thermal
diffusion.

The multilayers reported on in the literature and in this thesis are all features on
the nanometre scale with very similar morphologies. The metal-rich layers always
consist of metallic particles, which are usually of crystalline structure. The layers
are never fully closed metal layers. Nevertheless, there are some differences: The
multilayers found by Wu and Ting usually start with a metal-rich layer near the
substrate [1]. This is the opposite for the multilayers presented in this work. Fur-
thermore, the multilayers found by Corbella and co-workers diminish towards the
surface [2].

While the mechanisms proposed in Chapter [§| may account for a multilayer for-
mation also in the deposition techniques used by Wu and Ting, Corbella and co-
workers, and He and co-workers, there are still some experimental discrepancies.
For example, the effect that the first layer near the substrate is always a metal layer
in the films reported on by Wu and Ting [I] cannot be explained by the model
proposed in Chapter [§| for non-carbide forming metals with vanishing solubility in
carbon. Neither does it account for the disappearance of the multilayer structure,
as it was seen by Corbella and co-workers [2].

The community of researchers working on a-C:Me films grown by techniques
that employ hyperthermal species is rather large. Nevertheless, only few reported
on a multilayer morphology of their films. This can be mainly attributed to two
factors: First, the methods implemented are often not suitable for the analysis of
the vertical structure of the sample. When TEM is performed, the samples are
often not prepared for cross-sectional microscopy but rather plane view images are
recorded. The second and more important reason is probably that the deposition
conditions for multilayer formation are not easily met. The deposition parameters
at which multilayers will form even depend quite sensitively on the geometry of
the deposition setup. Therefore, no multilayers were observed in the R-MSD-grown
films of this work.

It has been shown that there are several interesting and promising model ap-
proaches for the formation of the various morphologies found in films grown by the
deposition of hyperthermal species. However, non of the proposed models has the

capability to explain all of the features of the various films. In the past, MSIBD
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has proved to be a suitable tool for a precise investigation of film characteristics in
dependence on various growth parameters, as these can be precisely and indepen-
dently varied. In this context, it is more promising to work with ion sources that
offer a narrow ion energy distribution. Furthermore, it would be interesting to thor-
oughly characterize the deposition conditions of the respective setups of the other
deposition techniques. Most importantly, the energy of the particles impinging on
the substrate should be determined as a function of all parameters that may have
an influence. The knowledge of these parameters is essential in understanding the
evolution of the various structures found for the different samples, techniques, and
setups. In this context, it should then be possible to verify the predicted influence
of the deposition parameters on the evolution of the different structures and their
respective quantitative characteristics, such as cluster sizes and layer periods.

He and co-workers recently reported on a multilayer structure of AuNi films
[3]. The effect is therefore obviously not limited to carbon-metal systems. It is an
exciting challenge to see if a multilayer film morphology can also be obtained for
other systems meeting certain demands, such as the immiscibility of two phases and

appropriate sputtering yields.
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