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Abstract

There is a variety of solid thin films available to tailor surface properties for a given lu-
brication application; two common classes are amorphous carbons (a-C) and molybdenum
disulphide (MoS,). Upon tribological loading in a given working condition, especially at ele-
vated temperatures or in humidity, chemical transitions and structural processes are known
to take place in a-C and MoS, thin films and to critically limit their performance. To
accommodate those restrictions and to suit thin film properties for a specific application, a
selection of element-modifications are applied on a regular basis. Their impact on structure
and chemistry are commonly studied by different spectroscopic methods in publications.
General aim is to analyse structural and chemical properties in a-C and MoS, thin films
and property changes with respect to chemical modification via Raman microscopy. The
setup shall allow for spatially-resolved studies on wear debris and for investigation on struc-
tural and chemical transitions, which occur as consequence of over-boarding tribological
loading or excessive temperatures.

The understanding of those transitions is a prerequisite for the scientific conception
around tribo-film formation, which is identified as critical part of the tribological system
and as tribological benefit. For this, Raman microscopy provides a realm for possible mea-
surands with respect to structure and chemistry. It is augmented by an additional setup for
optical temperature tuning via a nanosecond pulsed laser and a calibrated pyrometer for
local temperature measurements. This work summarises the Raman-accessible film proper-
ties and the changes after element-modification and thermal impact. For a-C, the following
properties are (indirectly) measurable: internal stress, sp* content, silicon content, and de-
gree of graphitisation. In contrast, some core properties like hardness, adhesion behaviour,
and film thickness remain inaccessible. In studies of optical temperature tuning in a-C,
two ordering mechanisms are found, which are affected by element-modification. As initial
reaction upon heating, graphitic clusters within an amorphous matrix increase in number
and, subsequently, in size upon further heating. This allows for a spectra-based definition
of onset temperatures for solid-to-solid transition from a-C to defected nano-crystalline
graphite. A Five Stage-model of structural relaxation in a-C is proposed. For MoS,, it is
found that the formation of tribo-films is strongly dependent on the working environment,
the tribo-film gains temperature resistance over untouched thin film material, and tribo-film
formation is affected by element-modification. In studies of optical temperature tuning in
MoS,, an initial ordering process of amorphous MoS, and subsequent chemical reaction to
distinct oxides of molybdenum were detected. The occurrence of such oxides with deviating
hardness values in an otherwise intact MoS, thin film hints at a possible structure- and
chemistry-based wear mechanism. A Five Phase-model upon heating in MoS, is proposed.

The results are useful for identification of defect mechanisms and possibly for gauging
the status of wear in a-C and MoS, thin films. Element-modification in a-C with previously
unknown effects may now be interpreted within a found Five Stage-model; similarly, the
behaviour of MoS, spectra upon heating can now be evaluated.






Chapter 1

Introduction and Motivation

Brief history in tribology: past, present, and future

Tribology (greek: Tpifw, tribo, “I rub”) is a modern branch of science and engineering
revolving around lubrication, friction and traction, and wear. Friction and wear, of course,
are an inescapable hindrance to all practical intentions, the usage of (mostly) animal fats
and oils for remedying lubrication is archaeologically secured throughout history of mankind
[1], and even its hominid ancestry used primitive lubrication [2][3, p. 791].

First verified scientific efforts in quantitative studies on friction were conducted by Leo-
nardo da Vinci by the end of the 15th century, in which the fundamental aspects of friction
laws were found before being enunciated by Guillaume Amontons by the end of the 17th
century. [4] Charles Coulomb investigated the main influences on friction in the 18th cen-
tury, which includes the previous efforts in parts and recognises an ageing or environmental
component. [3, p. 793] His findings are now commonly known as Coulomb friction. In
those times, intricate details on contact mechanics were inaccessible. First studies on those
started in 1882, when a model of elastic contact was proposed by Heinrich Hertz, who was
studying the effect of compressive stacking on the compound optical properties of glass
lenses. 5] His model disregards surface energies like adhesion, which are taken into account
by its modern successors for adhesive surfaces, e.g. the Johnson-Kendall-Roberts (JKR)
theory 6] or Derjaguin-Muller-Toporov (DMT) theory [7], both in 1970s. Still, the hertzian
contact is a convenient explanation of natural surface in a simplified manner: rough surfaces
are pictured as flat with miniscule asperities interacting and interlocking with one another,
all of which are at their basis hertzian contacts. [8,|9] Wear, on the other side, was studied
in an observation-based manner in the past. Early scientific studies on coin wear were on
commission of the UK mint by the end of the 18th century: Charles Hatchett and Henry
Cavendish could not find a way to hinder wear in coins, but stated observations on the
quality of wear, which depend on the material pairing. [10] Early quantitative approaches
were made by John Frederick Archard proposing the proportionality of wear debris vol-
ume to applied work in 1950s [11], which is fundamentally based on the energy dissipative
hypothesis by Karl Theodore Reye in 1860 [12] and on the asperity model.

The term tribology, however, was coined at first in 1960s in a report of Peter Jost, who
is regarded the founding father of the modern discipline. The report estimates the cost
of friction, wear, and corrosion to the economy of the UK. In the last decades, modern
tribology science aims for intrinsic and structural-based reduction in friction and wear, like
superlubricity or the usage of mechanical vibrations [13]; key objective in nano-tribology is
connecting the underlying effects from nano-sphere to observable macroscopic phenomena.



Chapter 1 Introduction and Motivation

Solid thin film lubricants: prospects and challenges

Lubrication is often oil- or grease-based. Such fluid lubrication is vastly successful, but
poses a point-of-failure in highly critical machine parts and requires scheduled maintenance.
When such fluid lubricants are no option, a modern approach to intrinsic lubrication are
fluid-free thin film lubricants. This work focusses on two classes of such thin films, namely
amorphous carbons and molybdenum disulphide.

Amorphous carbons (a-C) are comparatively novel materials, which gained scientific
and economic interest in the last decades for their manifold and outstanding properties for
various aspects, but first and foremost for their exceptional tribological performance.
[14,|15] Easy manufacturing and the degree of adaptability for application-specific properties
made amorphous carbons a well-courted solid thin film of interest, its intrinsic friction and
wear is valued in sectors like automotive industry, aeronautics, and biomedical applications.
Molybdenum disulphide (MoS,) is a representative of transition metal dichalcogenides
(TMDC), a relatively old material group whose structure was well-studied through the
last century. [16, p. ix] In modern engine oils, which feature a highly-engineered mixture
of compounds beside their base (o0il), MoS, and related TMDC were historically used for
prolonged friction reduction even when the primary oil circulatory system is diminished.
MoS, is applied as-is or as precursor compound leading to (mostly) MoS, tribo-films
upon usage, which drastically reduce friction and prevent wear.[17] 18] [19] The formation
of such tribo-films is the key benefit in both conventional MoS, powders and MoS, thin
films.

Both thin film classes have considerable shortcomings, which critically limit their applica-
tion. Thin films of a-C are critically limited by thermally-induced phase transitions, which
occur in most carbon allotropes and organic compounds. [20, 21}, [22} 23] Thermal limit is
estimated to roughly 400 °C, upon which structural phase transitions take place. [24, 25|
26] In most recent research, these phase transitions are studied in self-forming carbonaceous
materials upon heating |27} 28|; likewise, numerous related effects and phenomena were de-
scribed in earlier studies. For MoS,, thin films are additionally chemically sensitive to the
working environment, especially its humidity and oxidation potential. Element-modification
expands the realm of thin film properties of both a-C and MoS,. Such modification is done
to tailor properties for a specific application, like silver in a-C:Ag for bio-compatibility or
nitrogen in MoSy:N for an amorphous structures. Most importantly, however, element-
modification may help counteracting the shortcomings of a-C and MoS, thin films.



Objective of this work

General aim is to analyse the structural and chemical properties in a-C and MoS, thin
films and property changes with respect to chemical modification via a Raman microscopy
setup. The setup allows for spatially-resolved studies on occurring wear debris and for
investigation on thermally-induced structural and chemical transitions; both are de-
pendent on tribological loading or contact temperatures. Gaining understanding of
those transitions is a key requisite for the scientific conception around tribo-film formation,
which is still object of research: until now, the structural mechanisms within an a-C thin
film for lubrication purposes were not examined in a full range of temperatures or with
element modification. In MoS,, the full mechanism of tribo-film formation is still unclear
as it is occurring in situ and being mostly inaccessible. |29, 30|

For such measurement tasks in structure and chemistry, Raman microscopy at micro-
meter scale provides a realm for possible measurands. It is augmented by an additional
setup for local temperature tuning via a nanosecond pulsed laser in a pumpé&probe-
style and by a calibrated pyrometer for local temperature measurements.

Structure of this work

The sub-structure of the upcoming chapters are presented in their introduction paragraph,
all sections may be read independently.

Chapters 2 and 3 provide an overview of the required theoretical understanding of the
topic and of the involved methodology.

Chapter 4 demonstrates the exclusive usage of Raman spectroscopy in structural and
chemical analysis of pure and chemically-modified thin films in their as-deposited situation.
Additionally, wear- and stress-related defected thin films (after ball-on-disk tribometry and
adhesion test) are exemplarily investigated.

Chapter 5 motivates Raman spectroscopy analysis in combination with optical tempera-
ture tuning via a nanosecond pulsed laser, which gauges the thin film’s reaction towards
thermal energy in combination to element-modification.

Chapter 6 summarises the findings and suggests possible further studies.






Chapter 2
Theoretical background

This chapter presents a basic understanding for the theoretical background, spanning mul-
tiple disciplines: physics, chemistry, and mechanical engineering. For sake of clarity, it
is grouped in sections on materials on methodology and on tribology The
upcoming sections do not follow a hierarchy and can be read independently.

2.1 Foundation of material science: crystalline structure,
vibrational dynamics, chemical and phase transitions

Fundamental structures of solids (crystals) with both long-range and short range-order are
modelled as (direct) lattice, vibrations in this lattice rudimentarily constitute its dynamics.
The type of bonding between lattice points strongly influences the macroscopically perceived
properties of materials: Figure coarsely summarises the bonding type (corners) and
the typical material classes (vertices). The two material classes in this thesis are mostly
covalently bonded, in-depth coverage of bonding type is not crucial for the scope of this
work.

covalent bonding

amorphous carbons

molybdenum disulphide (inter-layer)
metals

metallic bonding glasses, _
amorphous solids —> van der Waales
bonding

ionic bonding

Figure 2.1: Bonding types and typical material classes. Adapted from textbook [31].

An introduction to lattices and vibrational dynamics can be found in literature of solid
state physics. [32 33, |34] The two material classes in this thesis are amorphous carbon
(a-C) and sputtered molybdenum disulphide (MoS,) thin films, both are industrially used
for fluid-free lubrication. Further information on their chemistry and phase transitions are
found in standard references 16}, 35, 36, |37] and textbooks [38].
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2.1.1 Fundamental structure of crystals and basic dynamics

Crystals are characterised by a long range-ordered structural fundament, its lattice. In
short, the lattice is fully accessible by a linear combination G of base vectors Z;. At each
lattice point, a basis of atoms, molecules, or ions is added. For basis with j atoms (or
molecules or ions) at the lattice point, the j parts are taken into account with coordinates
A; of the basis g; = Zij AT Ay = 0, A, 544 €]0,1[. The combination of lattice and basis
forms the rigid crystal. [33]

() (b)

ub’j_! ua,j_!

sharmonic
J approximation

realistic

spring K potential

f}lass m t >
(0) u

Figure 2.2: Ball and spring-model for crystal dynamics in (a) a two-dimensional quadratic
lattice and in (b) a one-dimensional chain with alternating masses, (c) For
small deviations from their equilibrium position, the bonding potential in solids
is approximated as harmonic.

The ball and spring model is a simple model for crystal dynamics. Bonding between
basis element is described as harmonic potential, only, which is sufficient for the scope of
this thesis. Figure (a) gives an example for this model: a two-dimensional quadratic
lattice with monatomic basis (7 = 1, mass m) and with generalised spring constant K, in
which the atomic displacement from their inscribed equilibrium is u. The springs K denote
an effective potential U g, which is dependent on the actual position R of an element in the
lattice of N elements. In more detail, the actual position Ris comprised of the equilibrium
position of lattice elements G+ g; and their individual displacement 4 UG g, giving in total

R=G+ g; + ug g The Hamiltonian # of the solid is the sum of all contrlbutlons with
7]
counting index {l} = G, g;

— Z Qm{l} R{l}) (2.1)

{1

Applying the approximation of small displacements u, the effective potential UeH(R{l}) is
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then expanded as

Ust (Ryy) = UG + ) (2.2a)
+ > 0,U(G +3)) (2.2b)
i
1 gl - ~ 7

The equilibrium condition v = 0 yields by definition the minimum potential U, which
leads to vanishing contributions in term (2.2b). Cutting higher contributions O(u?) in term
then yields the harmonic approximation, in which the second derivates 82U(é +9;)
in term span the dynamical matrix. FEigenvalues of the dynamical matrix are the
fundamental frequencies of motion. pp. 41 sqq.]

A more vivid example of these fundamental frequencies is now given for moleculesEl, see
Figure (a). A molecule shall have three degrees of freedom for each compound, bonds
and molecule geometry act as constrains. For the given linear molecules of carbon dioxide
CO4(N = 3) and hydrogen Hy(N = 2), 3N — 5 normal modes are expected, so 4 and 1,
respectively. While all vibrational motion in molecules can be described as superposition

« @ @® oG @9
(b)m @ “N.WL‘

CO, molecule

()
[0SO OO« OO OO O OO0 OO OO OO
1D molecule °
(two-fold basis) (f) %'o, .o-"'o ©eo, d
o K °) O
0, (o) O, (o)
'ol L) * .OD .o
%00-0’0 w
. 000o e® %, 000 .
. o o . . o .
(g) ,,,,, * ,o? ,,,,,,,,, o, o,,',,,,,,,,,,,',o,? ,,,,,,,,, °, Q.0 .
oo [ . OO OOTC . oo
00° .‘-.-“ ®o0500 .’..." °
wavelength

Figure 2.3: Examples of vibrational modes: (a) carbon dioxide CO, molecule at rest with
its vibrational modes (b)-(d) and (e) a molecular chain with two-fold basis at
rest with an (f) acoustical and (g) optical vibration. Adapted from publication

[39).

of the fundamental modes, the situation is more complex in solids, note that N is the size
of Avogadro’s number. Before demonstrating an example pp. 108-112], the effect of
a polyatomic basis (j > 1) has to be considered. The basis elements j are not necessarily
static with respect to each other, but have the additional freedom to move in-phase or

1Visit interactivephonon.materialscloud.io for animations of lattice dynamics in solids
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out-of-phase, see Figure (f—g). These are historically regarded as acoustic and optical
modes as discussed in section on the Raman effect.

Consider an one-dimensional solid with alternating masses m,, m,, and a common spring
constant K, as depicted in Figure (e). With standard assumptions and conventions
(lattice constant a, i the square root of -1) and the ansatz of a travelling wave of displacement
in form w, . ;(k,w) = wexp(ijka) exp(—iwt), one finds the two equations of motions for the
displacements u, and w;,, which has a unique solution when the determinant of its coefficient
matrix

(—K2(€(+_ ;?;E‘ZZQ» _K(zlz:f};gi;gka))> (Zb) =0 (23)

coefficient matrix, related to the dynamical matrix

vanishes. This gives the dispersion relation

2 2 .

2 red ’
Myeq mey MMy 2 m, + my

which is plotted in Figure It describes the travelling wave of displacement through the
crystal and links the periodicity of the time component w = 27/1 with the periodicity of the
space component k = 27/x. The two edge cases of long travelling wave with k£ ~ 0 and the
shortest k = 7/a (alternating bases are exactly out of phase) are also imprinted. The two
solutions of equation directly translates to acoustic and optical phonons. This example
would yield very similar results for an universal mass m with different spring constant k;.
In general, one expects 3j modes with 3 modes being acoustical (A) and the remaining
optical (O).

Wmax - : optical

I phonons
1
1
1
1

- I
1
: acoustical
I phonons
I

0 .

Figure 2.4: Dispersion relation of a simple solid with two-fold basis, see (b), yield-
ing an optical (orange branch) and acoustical phonon band (blue branch),
shaded region denotes the first Brillouin zone. For comparison, the red dotted
line describes the dispersion relation of light.

Another classification of vibrations regards the orientation of motion with respect to the
propagation direction k, longitudinal (L) and transversal, in-plane (T) or out-of-plane
(Z). The types of modes, but not the frequency, are largely determined by the lattice alone.
Exploiting its symmetry, the depiction of lattices in reciprocal space will become handy.

10



2.1 Foundation of material science

There, the set of possible vibrational modes are unique within £ = 0 and k = 7/a, which is
called the first Brillouin zone for the exemplary one-dimensional solid with lattice constant
a. The reciprocal lattice and the vibrational dispersion relation of a solid are commonly
measured by scattering spectroscopy, e.g. neutron scattering.

2.1.2 Considerations of defected or amorphous solids

The section above describes a solid without any irregularity, perfect ordering and no bound-
ary conditions, i.e. a single crystal. Real solids are bounded by their interfaces and surfaces
and contain a considerable amount of defects in their structure. Such errors may have
a considerable positive impact on the macroscopic properties of the solid, although being
negatively connoted. As example, a misaligned crossover from three layers to two allows
for dynamic shearing of the structures in the nano-sphere and bending flexibility in the
macro-sphere. The defects are free to travel and may be seen as mediators of mechanical
load, for example in bending or straining. In contrast, a perfect crystalline solid would be
surprisingly hard and brittle. A variety of defect types and disorder are known and studied,
but only a selection becomes important in the scope of this work. They are nominally
introduced for both material classes in sections and

Highly defected solid can still be modelled as accumulation of smaller crystallites (do-
mains) with defects or boundary surfaces in between. Size, shape and orientation of those
ordered domains may be comparable to each other. These solid structures are called micro-
or nano-crystalline, depending on the size of the ordered domains. [34] In the edge case of
extremely high defect density, however, a solid is called amorphous (greek &popypog, amor-
phos, “without shape” or “without form”) and can no longer be treated as nano-crystalline.
First and foremost, amorphous structures lack long range-order of their lattice. This lack
also overturns the definition of lattice defects, so a new definition is needed and introduced
later. In close vicinity of the constituents of an amorphous structure, bonds to other species
may be constituted similarly to the situation in a fully ordered crystal of the same material.
The major differences are variations in bonding length a and angle ¢, which ultimately
result in variation of bonding strength. This, characteristically, leads to internal stress. [40]
As important note, an amorphous structure must not be termed simply as unstructured
or (completely) disordered, because, on the one hand, a short range-order is still present,
meaning that the environment of the constitutional element is comparable to its neighbour.
On the other hand, local ordered clusters may be embedded in the system. The differenti-
ation between amorphous and nano-crystalline solids is mainly attributed to the density of
the ordered domains. [34] The prototypical class of amorphous materials are glasses, which
in Figure [2.1) are in the vertex between covalent and ionic bonding. It lacks structural “im-
perfections” as predetermined breaking point for mediating mechanical load, for example,
architectural glass is, in fact, hard and brittle just as stated above.

Defected structures are often still measurable by methods requiring crystal symmetry and
characterisable by key parameters of crystals. For example, a defected crystal may still yield
X-ray or neutron scattering signatures comparable to a pristine reference sample, although
aforementioned methods rely on the crystal symmetry. Other experiments fail if they require
a long range-order like X-ray scattering yielding no Bragg peaks. The vibrational modes
also face significant impact, see [subsection 2.2.3|on Raman spectra of amorphous solids for
details.

11



Chapter 2 Theoretical background

2.1.3 Carbon and carbon allotropes, amorphous carbons (a-C)

Different structures of same elements are called allotropes; lattice basis and bonds do
not necessarily define the lattice structure uniquely. As a prime example, there are a few
bonding types in carbon, but a realm of various structures. Carbon has four (valence)
electrons in their outer shell in the configuration [He] 2s22p?. Both the 2s orbital and
a certain number z of 2p orbitals often combine to sp® hybridised orbitals, which are
characterised by the number z € {1,2,3} of participating p orbitals, see Figure Two
highly ordered allotropes of carbon are diamond (sp?, cubic crystal system) and graphite
(sp?, hexagonal crystal system), which are representative for their hybridisation.

. 2 N ]2
el LN 29
s72p
25%2p*
hybridisation

sp> sp* sp!

109.f° ' ' N

12?
J “ ‘ ’ trigonal- ‘ ‘
tetrahedral planar linear

Figure 2.5: Overview on hybridisation of electronic states of carbon. The electronic con-
figuration [He] 2s*2p? is first mixed to [He] 2s'2p3, before the orbital 2s and
a number of 2p orbitals energetically assimilate (hybridisation). The geometry
of sp® orbitals with = € {1,2,3} also determines the geometry of bonding, i.e.
linear, trigonal-planar, or tetrahedral, respectively.

Graphite, strictly speaking, is defined as a structure of parallel aligned, long-reaching lay-
ers of hexagonally arranged, planar sixfold-rings of sp? carbons (IUPAC recommendations
[36]). Materials with regions (domains) of graphite are differentiated as graphitic materials,
when the perfect graphitic lattice structure overall is missingﬂ Besides those allotropes,
under extreme conditions, liquid carbons or carbon vapours are possible [41]. A stable
phase is found using the Gibbs free energy G, which is the lowest for the stable phase at
constant temperature T and pressure p. Phase transitions lead to changes in GG, which are
divided into changes in enthalpy AH and in entropy AS, giving in total AG = AH —TAS.
The Gibbs free energy G, however, does not provide information whether a reaction is tak-
ing place. [38, pp. 287-289] In carbons, graphite is more stable than diamond, diamond is
metastable. Yet, diamond structure is preserved up to roughly 1500 °C in vacuum due to
kinetic barriers. [38, p. 514] The transition of diamond to graphite is enhanced by graphitic
impurities or by certain metal inclusions. [42, p. 13]

2Notably, in the publication, the incorrect use of the term “graphite” for “graphitic materials” is criticised.
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2.1 Foundation of material science

In recent studies , the structural evolution of carbon materials from their molecular
precursors over defective and amorphous regimes to highly-ordered crystalline structures
are discussed, as in Figure [2.6}

mixtures of amorphous sp’ defected full
sp? and sp’ graphite graphite

ordering

temperatures
1000K 1500K 1700K 2000K

Figure 2.6: Schematic of the ordering process of graphitic carbons when formed from molec-
ular carbonaceous precursors. From left to right: mixture of carbon com-
ponents, which upon heating become more and more ordered. Carbons then
reach an amorphous/highly defected state, further heating yields nano/micro-
crystalline graphite to (full) graphite with long range-order, eventually. Modi-
fied from publication ||

Starting from the high-temperature end with highest ordering, all carbon atoms are residing
in their natural hexagonal layers closely resembling graphite. Further decreasing the lattice
area will yield amorphous structures, which still are fully sp? hybridised.

An even more diverse system is obtained, however, when parts of the sp? hybridisation
is replaced by sp?® sites. The ability to form sp3-sp? mixtures in amorphous solids is unique
for carbon among group IV elements (e.g. carbon, silicon, germanium) . Other group IV
elements form completely sp® bonded amorphous structures like amorphous silicon (a-Si),
while the maximum sp® content in amorphous carbons is 88%. [44]

13



Chapter 2 Theoretical background

Graphitising and non-graphitising carbons, glassy carbon

Glass made of carbon (glassy carbon) exists, but is only discussed as contrary and delim-
iting example in this thesis. In short, it features locally structured carbons in complete sp?
hybridisation with the key property of being non-graphitising.
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— \\\rﬁ\\///@\\\\

== lmohss

}A/;/;\é/’é\ /\/C/S/ I Z
= _— == QN

Figure 2.7: Schematic of graphitic layers in different carbon allotropes. (a) Graphitising
carbons allow for further reorientation, while (b) non-graphitising carbons are
sterically hindered; for example, the structure of (c) glassy carbon is non-
graphitising. Adapted from textbook [42] and publication [45].

Graphitising carbon allotropes are characterised by their reaction upon heating or pres-
sure: they enrich in ordered sp? hybridised sub-structures and/or existing ordered domains
enlarge. Ideally, the final state of highest ordering and symmetry is graphite, which by
IUPAC definition [36] is a perfect, long-ranging crystal. Defects are starting as reduction
of coherent graphitic lattice area and loss of the graphitic nature, i.e. delocalisation of
electrons in p-orbitals. The generic structure of graphitising and (non-)graphitising carbon
allotropes is depicted in direct comparison in Figure along with the structure of glassy
carbon (non-graphitising).

Amorphous carbons

Amorphous carbon is a collective term for a large group of carbon allotropes for thin films.
With all allotropes combined, amorphous carbons span an extreme structural variety with
key properties of ceramics, metals, or polymers. [42, p. 108] Generally, they are a metastable
networks with varying content of sp? and sp® hybridised carbons with short range-order
and a varying degree of ordering, see Figure plus possible chemical modifications.|24,
46l 47] The (usual) content and contribution of sp! hybridised bonding is rather small
compared to those with sp? and sp® hybridisation, which in contrast largely determine
the properties and especially the mass density [42, p. 108][48]. Another common term is
diamond-like carbons (DLC). It suggests that the amorphous carbon samples show
comparable properties of completely sp® hybridised, highly ordered diamond like a high
band gap E, (electrically isolating), optical transparency, and, a high(est) stiffness and
hardness |42, pp. 35, 104].

With the two exemplary carbon allotropes diamond and graphite in mind, one may
expect bonding lengths a and bonding angles ¢ of amorphous carbon to be a mixture of
both. In fact, however, a-C bonding characteristics show a more intricate radial and angular
distribution rather than discrete values like for diamond and graphite, see Figure

14



2.1 Foundation of material science

1.5g/cm? 2g/cm? 2.5g/cm? 3g/cm? 3.5g/cm?

Figure 2.8: Mass density dependency of carbon hybridisation in amorphous carbon thin
films. Yellow, green and blue atoms depict sp® hybridised carbons with
x € {1,2,3}, respectively. Increasing the density of the thin films shifts the
hybridisation balance from sp over sp? to sp® hybridisation. Density of this
work’s samples is in range (1.9-3.0) g/cm?. Figure taken from publication \|

Local maxima of the bonding characteristics are in between those of diamond and graphite.
The global maximum in bonding length distribution suggests a closer sphere of neighbouring
atoms than in diamond, which is known for its high density with respect of atomic packing.
This alone gives a explanation for the considerable amount of internal stress on the network
due to mismatching stable bonding characteristics. Now, one might see amorphous carbons
as a a supercooled liquid state of carbon, which is also suggested in literature [42, p. 23].
In harsh contrast, this picture suggests falsely a glass-like behaviour upon heating of a-C,
that is, the avoidance of crystallisation and a phase transition to a liquid. This is a core
difference between glass-like carbon and amorphous carbons.

Keeping in mind, that amorphous carbons are better described as being short range-
ordered over disordered, the term “defect” may then be applied to (a) partially ordered
sites in an amorphous matrix and (b) within the amorphous matrix as distribution of
bonding characteristics. Thereto, topological and structural defects are distinguished.
Structural disorder is the deviation from graphite bonding characteristics and topological
disorder is linked to a heterogeneous distribution of graphitic cluster size. [49]

134 154 109.5 120

- 148 0 e sp” bonds| |- sp’ bonds
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X 5 g
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Bonding length a (pm) Bonding angle ¢ (°)

Figure 2.9: Bonding characteristics of amorphous carbons, distributions of (a) bonding
length a and (b) bonding angle ¢. For comparison, vertical lines denote the
natural bonding characteristics for purely sp? and sp® hybridised carbons, e.g.
ideal graphite and diamond, respectively. Adapted from publications .
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Chapter 2 Theoretical background

Tetrahedral and hydrogenated amorphous carbons, chemical modifications

Allotropes with high sp® content are called tetrahedral amorphous carbons (ta-C) in
remembrance of the tetrahedral bond structure of carbons in diamond. Besides the ratio
between sp? and sp3 hybridisation, fundamental work also uses the content of hydrogen and
clustering to group carbon thin films . For overview, possible samples of carbons are
filed in a ternary diagram (original by Jacob and Méller [47] [53], often adapted) in Figure
2.10

Sp3

(nano-)
diamonds

typical ta-C:H

sputtered polymeric films

a-C and a-C:H typical a-C:H

graphitic

carbons no films

sp? H
Figure 2.10: Ternary diagram of carbon thin films. Adapted from textbook and publi-
cation ||

The original encompassed hybridisation and hydrogen content and was expanded to
clustering or ordering dimension [47], which is often skipped for simplicity. Hydrogena-
tion in amorphous carbon (a-C:H) shows drastically different properties depending on the
hydrogen content. Lower hydrogen content, for example, preserves the dominance of sp?
hybridisation and leads to comparatively soft samples with respect to ta-C and its hydro-
genated counterpart ta-C:H. Such samples are sometimes called hydrogenated graphite-like
carbons (GLCH) or, directly, soft a-C:H. Higher hydrogen content leads to an increase in
hardness, so the terms are accordingly hydrogenated diamond-like carbons (DLCH) or hard
a-C:H. p. 177]

As thin films, a-C feature a considerable density of dangling bonds, especially at the
surface. The adsorption of water or ambient air molecules usually saturate these, the impli-
cations are discussed in section[2.3.4 A small amount of hydrogenation in the film is usually
sufficient for a controlled saturation. For hydrogenated samples with hydrogen content be-
low 20%, the internal structure of a-C and a-C:H are comparable : a-C:H still contains
sp? clusters and has mostly compensating ordering and disordering effects . Of
technical relevance, the addition of hydrogen leads to the reduction of internal stress, which
is the limiting factor for film adhesion in thin film with thickness of a few pm. Upon
heating a-C:H, hydrogen leaves the carbon network which yields a porous non-graphitic
structure; limit of thermal stability is approximately 500 °C. Chemical modifications
offer an useful extension of the already huge variety on (hydrogenated) amorphous carbons
for addressing different aims. These are thoroughly introduced in |chapter 4} |[section 4.1}
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2.1 Foundation of material science

2.1.4 Molybdenum disulphide (MoS,) and molybdenum oxides (MoO, )

Molybdenum disulphide MoS, is one well-known and well-investigated representative of the
class of lamellar solids and of transition metal dichalcogenides (TMDC). It is chemically
classified as chalk, i.e. the product of a metal and a group VI element (chalcogenides, “chalk-
forming elements”) like oxygen or sulphur. Application of MoS, and related TMDCs as
dry lubricant is owed to the layered structure and weak van der Waales-bonds between
layers [16, p. 29], see Figure Modern applications span from battery components to
semiconductor physics, all of them utilise the rich electronic and optical properties. |16} [37]

With its layered structure, one might be reminded of graphite, and in fact, some modern
allotropes of carbon like nano-tubes also have a TMDC equivalent. |37, p. 123] Disregarding
those specialised allotropes, the major structural differences in MoS, bulk material are
confined to the stacking order, mostly. Powders are characterised by their plethora of
boundaries and exposed vertices, which in MoS, are a point of contact for chemical reaction.
As result thereof, powders and alike are considerably more sensitive to introduced heat,
which leads to oxidation in standard environments.

When oxidised in ambient air, MoS, reacts to molybdenum trioxide MoO,

2MoSy + 70y — 2MoO; + 450, 1, (2.5)

which is the preferred oxidation product of MoS,. Besides MoO,, molybdenum dioxide
MoQ, is formed from MoS, under reducing conditions with scarcity of sulphur or, indus-
trially, as reduction of MoO; to Mo and subsequent oxidation to MoO, at 670 °C [58]:

MoS, + 6 MoO3 — 7MoO, + 250, 7T, (2.6)
2MoO4 + Mo — 3 MoO,. (2.7)

MoQj is usually monoclinic (m-MoO,), but hexagonal structures (h-MoO,) and phase tran-
sitions between those are reported. [59]. It is also known that MoO, is formed in the
presence of water vapour at 800 °C. MoQO, is unstable in ambient air with introduction of
heat [60],

2MoO4 4+ Oy — MoOs. (2.8)

Chemical formula Mineral name Mohs hardness crystal system

Mo element 5.5 cubic

MoS, Molybdenite  1-1.5 hexagonal
MoO, Tugarinovit 4.5 monoclinic
MoO, Molybdite 3-4 ortho-rhombic
MoO; - 2H,0 Sidwillite 2.5 monoclinic
MoS, Jordisite 1-2 amorphous

Table 2.1: List of occurring molybdenum compounds, corresponding mineral name, Mohs
hardness, and crystal system. Note that this list is restricted to compounds in
minerals and neglects possible Magnéli phases [57] of oxides or poly-molybdates
[38, pp. 819-822].
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Sputtered MoS, thin films may be considered structurally as microcrystalline MoS, with
varying degree of domain size, growth orientation (basal or columnar) and defect density.
Some element-modifications like nitrogen or copper lead to amorphous films; these are
introduced in [chapter 4] [section 4.2 The microcrystalline nature act as onset point for
chemical reactions as discussed for powders earlier.

Figure 2.11: Overview on molybdenum disulphide structure (yellow: sulphur atoms, blue:
molybdenum atoms): (a) top-down view on monolayer, (b) side-view on layers
with layer distance to scale. Taken from PhononVisualizer software , under
Creative Common Attribution License .
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2.2 Fundamentals of chosen methods

2.2 Fundamentals of chosen methods: general optics, Raman
spectroscopy, optical temperature tuning

For the scope of this thesis, interaction of light and matter refers to interaction between
light(-fields) and electrons. This section uses both the wave and particle nature of light,
that is, light as a wave in electric field E as E = E, - cos(wp,t — kx + ¢), and light as
photon particle with inscribed energy Ep, = hwp,. Phase differences ¢ as well as spatial
component kx in light waves are disregarded, because the form of Raman spectroscopy in
this work does not require coherence.

2.2.1 Considerations on interaction between light and matter

Interaction between light and matter can be described in two concurring systems: from the
perspective of light and of the material.

From the perspective of light, encountering matter results in refraction, absorption,
reflection, scattering, or transmission. Refraction and transmission are disregarded from
here, scattering is discussed in detail later. The optical constant n* =n+1ik, n,k€R, in
which ¢ is the square root of -1, can be separated in two components, optical density n and
the optical extinction coefficient k. These two components describe transmission behaviour
of light through matter and absorption of the light’s energy into the matter, respectively.
Key requirement for reflection on surfaces is an appropriately small band gap E, and
miniscule absorption. In a shortened and drastically simplified picture, the band gap E,
is a material property, which acts as a minimum required energy barrier for interaction.

Incident light without sufficient energy and in low inten- ) vibrational
sity likely passes through the material, rendering the mate- _¥ relaxation
rial transparent. As prime example, diamond has a notori- ¢
ously high band gap E/ of 5.5eV E| and is transparent for
optical light, while metals have by definition no band gaps
and high reflectivity with characteristic gloss. The sim- absorption
plified Jablonski diagram on the right displays absorption,
fluorescence and non-radiative transitions (e.g. vibrational fluorescence

relaxation). Bold horizontal lines represent electronic en-
ergy states, thin lines the vibrational energy states. The
deposited energy of the incident light is stored and subse-
quently re-emitted as fluorescent light. No energy is ulti-
mately transferred, this type of scattering is termed elas-
tic. Absorption is the summation of all energy dispersive
mechanisms, which involve energy transfer; the exact mech-
anisms of energy absorption or energy dissipation are irrel- Figure 2.12: Jablonski
evant here. Resulting dampening of light is modelled in diagram
Lambert-Beer’s law with the absorbance A, as

1,

3equivalent energy of UV light with wavelength A = 225 nm
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in which the transmitted light intensity I is reduced over the incident intensity I, as a
function of a specific absorption coefficient a;y, = 47k/\ and light path length d. This can
be used to estimate the light penetration § = ;! in highly absorbent materials. For the
involved materials, the laser penetration depth ¢ is estimated to no more than 100 nm for
MoS, and equally for a—CE]

From the perspective of matter, the electric field E of incoming light leads to elec-
tronic displacement, which is summarised as electric displacement field D. This displace-
ment field

D=¢E=¢E+P (2.10)

is constituted of the external electric field ¢, E (vacuum permittivity ¢, = 8.85x 1072 Fm™1)
and the material polarisation P. The polarisation P is the (transient) effect of the external
field on the material. It is linked to the electric field E of light via

P=(e—¢)E (2.11)

=€oX

with the dielectric function €*(w), € = € +i€”, (¢',€” € R). This function €* is commonly
(and conveniently) separated into various parts arising from involved mechanisms. For
visible light, to which this chapter is curtailed, a key mechanism is the electronic polarisation
in resonance to vibrational states [66, p. 1]. The real and imaginary part of the dielectric
function €* are known as storage ¢’ and loss modulus €”, respectively, which are equivalent
to n and k from the light’s perspective above.

2.2.2 Inelastic scattering of light, the Raman effect

Raman spectroscopy is centred around the Raman effect, which is named after indian physi-
cist and 1930 Nobel prize laureate Chandrasekhara Venkata Raman (1888-1970). It was
predicted by austrian physicist Adolf Smekal (1895-1959) in 1923 [67] and experimentally
found in 1928 by C.V. Raman and co-worker Kariamanikkam Srinivasa Krishnan (1898-
1961), when using filtered sunlight on liquids and vapours [68][69, pp. xix—xx][70, pp. 7—
13]. This was co-discovered almost simultaneously by Soviet physicists Grigory Landsberg
(1890-1957) and Leonid Mandelstam (1879-1944), when investigating quartz crystals with
mercury vapour lamps [71, 72|. Landsberg and Mandelstam acknowledged the prior find-
ings of Raman in their publications, but were not certain to confirm a relation. The Raman
effect describes the energy loss (or gain) of scattered light, in which molecular vibrations
are involved. For those to interact, a general requirement is the change in polarisability: a
(static) electric field E yields a polarisation P. On an elementary level, an electric dipole
moment 7 is induced from E as

L1 1
p=ak+ §BE2 + 67E3 + O(E*Y) (2.12)

via polarisability tensors «, 3,7. As the strict considerations of the vectoral nature are only
vital for polarisation-sensitive efforts, the vectors and tensors can be reduced to scalars for

4In more detail, 40 nm and 80 nm for mono-or and bulk-MoS, at resonant excitation A = 632.8 nm , 50 nm
for a-C at excitation with A = 532nm |63} |64] 65|
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the purposes of this thesis. This scalar polarisability « is now described as Taylor expansion
over a general vibrational normal coordinate u as

ox 0%«
a=et Y (gn) w2 (gupe) et 06 (219)
j 77 (0) ik I7TR 7 0)

in which j, k are indices of different normal modes and symbol (0) denotes the ground state
condition u = 0. This is a natural assumption, because the dynamics of the lattice elements
(vibrational movement) and the surrounding electrons are strongly coupled via the dielectric
function e. Likewise, the linearisation of polarisability « is sufficient. With the model of
harmonic oscillation of the displacement u; of the j-th normal mode as u(t) = u; o cos(w;t),
the combination of all expanded and linearised equations , directly yields

p =y Ey cos(wpyt) (2.14)
1 [/ O«

+§ (au]) Equ; cos ((wpy, — w;)t) (2.15)
1 (0«

+§ (auj) Eqyu, cos ((wpy + wj)t) (2.16)

for each normal mode j. The superposition of the oscillation in electric field \E] = FE, cos(wpt),
and the oscillation in polarisability « so gives three terms: First term stems from
the excitation of a dipole and describes the subsequent re-emission of light with unchanged
frequency wpy,. This contribution is referred to as Rayleigh scattering and is the most promi-
nent contribution to the spectra, even if unimportant for this work. The latter two terms in
only differ in sign of the frequency modulation wpy, +w;. These terms encompass the
subsequent light emission with reduced or increased energy and are referred to as Stokes or
Anti-Stokes contribution, respectively. In picture of particles, the photons scatter inelasti-
cally on vibrational quasi-particles (phonons), onto which they transfer a part of energy and
momentum. The conservation of momentum requires that photons and phonons are equal
in (quasi-)momentum, which yields a Raman selection rule for contributing phonons: ¢ ~ 0
or, in other words, only phonons close to the Brillouin centre I" (with a few notable excep-
tions). Another selection rule requires non-constant polarisability with respect to normal
mode u;, which is directly visible for equation (2.15). Compared to Rayleigh scattering,
Raman scattering is miniscule: one photon scattered in Stokes scattering is overshadowed
by 10° to 10® photons scattered elastically. [20](70, p. 3]

Vibrational modes can also be excited directly. The energetic gap between vibrational
states are comparatively small to the band gap £, their excitation wavelength is usually
in the infrared (IR) region of light. The coupling of light to vibrational modes is indirectly
mediated by the change of dipole moment p in a similar manner as demonstrated above.
For a intuitive picture [70] and clear distinction between scattering and excitation, see Fig-
ure The key difference lies in the requirements 9¢/au; # 0 for so-called Raman-active
modes and 92/ou; # 0 for so-called IR-active modes. Vibrational modes may therefore be
selectively measurable by Raman or IR spectroscopy. The fact about inversion-symmetrical
molecules being only one of both is commonly beneficial, making Raman and IR spec-
troscopy complementary and rendering ambient gas molecules impeding on IR -, but not
on Raman spectroscopy.
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Figure 2.13: Polarisability change as key requirement for Raman effect. In vibrations of (a)
a di-atomic molecule and (b) in one vibrational mode of a tri-atomic molecule,
the polarisability o changes along the normal coordinate u, while the dipole
moment p is unchanged. The situation is reversed for other vibrational modes
in (c)4+(d). Adapted from textbook .

Resonant Raman spectroscopy, Double Resonance Raman process

Resonant Raman spectroscopy takes advantage of a vastly increased scattering cross-section,
when the energy of an incident photon matches an electron energy state of the sample.
Quantitatively, the scattering probability A, from initial state ¢ to the final state f is
captured in Fermi’s Golden Rule

i X P(Ef) [VI? (2.17)

with an incident photon as perturbation V; the transition probability A, , ; to the density of
states p at the final state energy E; and a matrix element |V|? of the perturbed energy ma-
trix. Qualitatively, the matrix elements |V|? contain the difference of energies, for example
of the excitation energy as initial state energy and the electron states, in the denominatorﬂ
When in resonance, that is, the excitation energy is equal to an electron state, both energies
match and drastically increase the matrix elements and therefore the scattering probability.

2.2.3 Characteristics of a Raman spectrum

The earliest “detectors” for the Raman effect were photographic paper, on which the Stokes
components were visible as darkened lines. p. 339] This, of course, did not allow at all
for precise investigations of today, but give a hint on the origin of the term “line” for what
is today referred to as Raman peak.

Generally, a Raman spectrum is subject of interpretation. Figure shows a simple
Raman spectrum besides a Jablonski-type schematic of the involved scattering process. In
this simple spectrum, Raman spectrum of silicon wafer shows one strong Raman feature
at 520.5cm~ !, a Raman peak at the absolute frequency wp, =+ w;. In a simple model,
the Raman shift v (peak position) represents a measure of the involved atomic masses
k|

and interatomic bonding strength, that is, phonon energy W ~ Raman shift is

5Details are not important for the scope of this work, but are well described in publications p. 176] \,
pp. 2276-2279](74, pp. 136-137]
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Figure 2.14: Overview in Raman scattering process and resulting Raman peak. (a)
Jablonski-type diagram of involved energy levels in the involved scattering
processes: Rayleigh scattering, (resonant and non-resonant) Raman scatter-
ing as Stokes and Anti-Stokes components, (b) spectrum of Raman scattering
process, which are linked to the equation components to .

conveniently calculated as v = AL tion — Asiokes 11 Telative inverse centimetre (cm™!),

With rare, but noticeable exception in Resonant Raman spectroscopy, the usual range of
Raman shift is =100 cm™! to 3600 cm™!. [70, pp. 76, 211] Raman spectra of pristine crystals
feature most likely peaks with peak widths of a few cm™!. This is measured as full width
at half maximum (FWHM) in cm~!. The line width is affected by multiple phenomena,
for example, the duration of the underlying vibration is inversely related to the line width.
Also, a distribution of Raman modes with similar, but different Raman shifts v gives rise
to a broad spectral feature. In specialty cases, the FWHM is linked to certain types of
disorder or crystallinity, which will be discussed later. In a ideal solid, Lorentzian-type line
profiles of variable widths are a natural choice, because the involved mechanisms originate
from (damped) vibrational (mostly-)harmonic resonances like in the lorentzian oscillator
model. [76] From this starting point, some sample characteristics introduce broadening, for
example distortions of bonding characteristics and internal stress, which appear as Gaussian
profile.|77] So, a natural choice for unknown or mixed samples is the convolution (Voigt
profile) or superposition of both line profiles (Pseudo-Voigt profile). The Pseudo-Voigt

profile reads
exp (—W> +a% [(U] (2.18)

I(z)/A=(1—aqa)

x—v)?+ o2

gaussian lorentzian

with common amplitude A, common measure of width & = (2log 2)71/ ? o, Raman shift v
and form factor c. For more intricate samples as amorphous carbon matrices with graphitic
inclusions, more sophisticates, but computationally challenging line profiles are presented
in recent studies. [43} |7§]

The intensity of the Raman peak (in standard forms of Raman spectroscopy) is depen-
dent on both sample and instrumentation characteristics. |69, p. 19][79] This means on the
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one hand that the experiment design can be optimised for a given measurement task, but
also on the other hand that most minute sample signals remain hard to detect. For a start,
refer to equation and recall the power emission Py, of a Hertzian dipole being
connected the second derivative in time of electric dipole moment [p|?. So, from equation
, the bare intensity of a Stokes-shifted line reads

2
I E2. (23)  (wp — ;) (2.19)

with averaging over time, cos?(...) = const. [70, p. 52] On the sample side, the second factor
gives rise to a key Raman selection rule,

(gz‘) +0. (2.20)

Combined with the frequency of the phonon w;, information about the sample can be
derived. Aside from the equation above, the concentration and inspected volume, in other
words, the number of contributing specimen, have a direct impact on the intensity. On the
instrumentation side, the choice of excitation frequency wp,, strongly influences the intensity.
It plays the dominant role in the difference (wp), —w;), usually orders of magnitude, while
the phonon frequency w; is unchangingﬂ with respect to the excitation. In this regard, using
the second harmonic (doubled frequency) of a given excitation yields a sixteen-fold increase
of intensity if no other effects apply, see chapter Finally as for the omnipresent, the
factor E3 will translate to a proportionality of Raman intensity and excitation power if no
other effects come into play [70, p. 52] The yield of a given Raman signal may be further
enhanced via complex setups or derived Raman spectroscopy measures. The benefits of
such setups are presented later.

Unwelcomed phenomena: fluorescence and signal losses

Naturally, the simplified case in Figure neglects possible unwelcome features like spec-
tral background and technical artefacts besides the Raman peaks.

The most disruptive effect in Raman spectroscopy is fluorescence, which easily oversat-
urates the detection equipment on occurrence. It is the key opposing factor in the choice
of excitation frequency wp;, for optimal intensity in equation : it suggests the us-
age of highest possible frequency for maximum intensity, but the choice is limited by the
minimum required energy for absorption and/or fluorescence, the band gap E,. Resonant
Raman spectroscopy deliberately exceeds this limit for an intensity boost without fluores-
cence because of non-radiative (forbidden) transition pathways. Photobleaching or fading
is a method to avoid fluorescence at a large scale, which is based on optically-induced and
typically irreducible reactions in the sample. At smaller manifestations of fluorescence, the
effect is restricted as vastly more broad feature in the background of the spectrum. In that
case, a polynomial fit and, especially for a narrow spectral window, a linear fit for back-
ground removal is usually sufficient. Besides weak fluorescence, the background slurs other
unaccounted contributions like broad Raman peaks or stray lightm Fluorescence, stray light

5This is true with a few notable exceptions of dispersive peaks, for example in graphite [80]
7Still, some publications estimate sample parameters based on the background, e.g. the hydrogen content
in a-C [81].
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and unwanted signals of substrates are instrumentally damped by the implementation of
confocal Raman microscopy, see details in [subsection 3.2.2]

Signal loss in Raman spectroscopy are grouped in instrumental and sample-related. [69,
p. 19] Instrumental reasons encompass losses in optical devices, especially a pinhole or en-
trance slit, and efficiency values of grating or detection equipment. [70, p. 74] Besides the
intensity, the widths of the peaks are not only ascribed to sample characteristics. The
resulting peak width is the geometric average of peak widths contribution of the instru-
mentation and of the natural peak widths of the sample. [70, p. 123] For signal loss being
poorly-selective, it is strongly recommended to not evaluate the absolute intensity of a Ra-
man peak for solid samples. The relative intensity of Raman peaks is less problematic, that
is usage of the intensity ratios between Raman peaks or an ordered list peak intensity.[69,
p. 48]

Raman spectral features of amorphous solids

Up to now, the discussion above is centred around solid and (mono-)crystalline samples;
additional effects have to be taken into account for nano-crystalline or amorphous solids.
Figure shows the Raman spectrum of an amorphous material and its components:
deviating Raman peaks, Rayleigh wing, and boson peak.

In most energetically diverse cases, that is amorphous solids or powders for example,
Raman peaks feature a Gaussian-type line-shape with distinct widths. This is also a natural
choice, because the contributing processes are distributed around a centre energy. In the
light of the central limit theorem, the nano-crystalline parts of a powder act as independent
scattering centres, which sum up to the spectrum. For unknown samples or samples of
mixed crystallinity, it is advisable to use a Voigt profile, that is the weighted convolution
of Lorentzian- and Gaussian- line profile and assess the weight parameter for the decision
of Lorentzian- or Gaussian-type fit model, or Pseudo-Voigt profile as in equation (2.18]).

Spectral behaviour in the background close to the Rayleigh peak is strongly non-linear.
One contribution stems from the overly strong Rayleigh peak overshadowing the Raman
spectra, the Rayleigh wing, which is easily suppressed by the usage of filters. The other
contribution stems from a particular feature in amorphous solids: a more-or-less universal
peak with characteristic line shape in the spectral region close to the Rayleigh peak. In 1980s
[83], such behaviour was described as “boson peak” in experimental or numerical studies of
amorphous materials[84, 85, [86]. The information in this peak, however, is challenged with
the core argumentative that such peak is the manifest of a feature in the density of states
of phonons (or vibrational DOS, VDOS), which naturally evolves with increasing disorder
in the force constants. [87] In this work, this particular spectral region is disregarded;
background removal as stated above is not affected.

2.2.4 Raman peak allocation in carbons and in a-C thin films

The earliest study of carbons in Raman spectroscopy was published 17 years after the initial
publication of the Raman effect (1928, [68]) and two years after its application to crystals
(1943, [88]), in which Raman’s assistant and co-author R. S. Krishnan used mercury vapour
lamp and photographic film for study of diamonds. After three days of exposure, the first
and second order of a Raman line at 1332 cm™! was found. [89] One year after, a temperature
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Figure 2.15: Effect of disorder on Raman spectra: (a) elements of a Raman spectrum of
amorphous solids, example on a polymer (PA66 polyamide): (1) non-linear
background (Rayleigh wing), (2) Gaussian-type and (3) Lorentzian-type contri-
bution, (b) Effect of crystallinity on Raman spectra: both samples are quartz.
Most of the crystalline sample show sharp Lorentzian-type Raman peaks, while
features in fused quartz is vastly softer. Adapted from publications [39, [82].

dependence of this Raman line was published. [90] Studies of black carbon allotropes,
however, required a laser as excitation source to overcome high absorption. Among those,
Tuinstra and Koenig in 1970 noted an “omnipresent” Raman line at 1575cm™!, which
they related to single crystals of graphite, and another Raman line at 1355 cm ™! for other
materials like pyrolytic or commerical graphite, activated charcoal, lampback, and vitreous
carbons. [91] In this work, the occurrence of the Raman line at 1355 cm ™! and its width was
linked to degree of organisation in carbon, in more detail, they found inverse proportionality
of the crystallite size L, to the intensity of the Raman line. A contrary hypothesis based
on the similarity to the diamond Raman spectrum was noted, but the lack of temperature
dependence, which was found by Krishnan, and the poor thermal stability of diamond
powder falsified the hypothesis of being diamond-related.

Raman spectroscopy developed over the last decades to become to the go-to standard in
the study of carbons today. [47, |52, |73, 93, 94, 95, 96, 97] It taps into the characteristics
of sp? structures mostly and into sp> structures indirectly, which both define a realm of
optical, electronic and mechanical properties [95, |48], and by this allows for an in depth
study of sample characteristics. [98] Exploiting the facts that Raman spectra are generally
linked to the behaviour of atomic or molecular bonding and that carbon allotropes may
have different hybridisations, various allotropes of carbon show a manifold of different, but
still finite Raman spectra. The limit of Raman spectroscopy in carbons is the ambiguity of
its (few) spectral features. [20] Figure shows the Raman spectral of defective graphite,
amorphous carbon, and a partially ordered allotrope of carbon, biochar. [92]

The spectrum of amorphous carbon features most prominently the D- and G-Raman peak
at roughly 1380cm ! and 1560 cm ™!, respectively, and the second-order 2D-Raman peak
(not shown). They are broad and over-lapping and thus, challenge the exact ascription
to elemental peaks. For a specialised applications, one may use a manifold of underlying
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Figure 2.16: Selection of Raman spectra in carbon allotropes with different crystallinity,
from highest in (defective) graphite to lowest in a-C. Adapted from publication

02).

Raman peaks , , even up to ten elemental peaks in the spectral range 960 cm™! to
1700 cm_1 For the scope of this work, the following Raman peaks are of interest: G-,
D- and 2D-Raman peak.

G-Raman peak

The underlying vibrational mode of the G-Raman peak is the £,  mode in sp? hybridised
carbon pairs, so it is usually found in all graphitic materials . Its excitation mechanism
and vibrational mode are depicted in an incident photon with Ep, excites an
electron from the filled Dirac cone (a feature in the electronic band structure of graphite
with linear dispersion and vanishing band gap) into or close to the unfilled. The involved
phonon for the scattering event is close to the [~point of the Brillouin zone, so the mo-
mentum conservation criterion is always fulfilled. No defects or multi-phonon requirements

(a) G-Raman mode (b) E,, vibrations
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Figure 2.17: Excitation mechanism of G-Raman mode in carbons: (a) the Dirac cone at
the K point ensures resonance for all excitation wavelengths, (b) the involved
vibrational mode E,, in sp? hybridised carbon pairs.
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are needed for this procedure. For amorphous carbons, its Raman shift is centred around
roughly 1580 cm ™!, but may appear in the spectral range of 1550 cm ™! to 1600 cm™! for a-C
and even in the spectral range of 1500 cm ™! to 1680 cm ™! for ta-C. This large variance of
the Raman shift v(G) stems from the strong dependence on sp3 content and distribution.
Other factors, albeit considerably more shallow in effect, are reported for internal stress
in the order of a few cm™' per GPa, or structural phenomena like sp? clustering or rear-
ranging into chains. [101] Only for amorphous carbons, the G-Raman peak is dispersive
in excitation wavelength, when it is non-dispersive in more ordered allotropes like graphite
or nano-crystalline graphite. [97] The characteristic widths FWHM(G) spans 50cm™! to
175cm ™!, which is (a) an indicator of the disorder in bonding characteristics and (b) a
measure of the characteristic crystallite size L,, see Figure [2.1§

FWHM(G)A
(cm™)
100 |
10 F
| | | |>
1 10 100 1000

L, (nm)

Figure 2.18: Dependency of FWHM(G) on crystallinity, for which the inter-defect distance
L , serves as a measure. Adapted from review [47, p. 171].

The line shape is traditionally a Breit-Wigner-Fano profile, which covers the naturally
occurring skewness of the line. [101] Raman lines do not naturally have a skewness, literature
assumes a peak at 1600 cm~!, which results in the shoulder in G-Raman peak. A natural
choice of the G-Raman peak line shape is a gaussian or (pseudo-)voigt profile.

D-Raman peak

The origin and theoretical understanding of the D-Raman peak was an object of debate,
see publication [52] for a concise overview.

The underlying vibrational mode of the D-Raman peak is a A;, breathing mode aromatic
sixfold rings, which is depicted in along with its intricate excitation mechanism:
an incident photon with Ep, excites an electron from the filled Dirac cone onto to the
Fermi surface of the unfilled cone at energy F,;, a phonon with momentum g = k shifts
the electron from cone at K to another at K’, before back-scattering on a defect and
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Figure 2.19: Excitation mechanism of D- and 2D-Raman mode in carbons: (a) the involved
phonon provides momentum to scatter from cone at K to another cone at K’,
for which a local defect is required. (b) The 2D-Raman mode involves two
phonons of opposite momentum, but no local defect site. (c) Vibrational
mode A, in six-fold carbon rings for both D- and 2D-Raman mode.

defect

recombination with the electron hole. In this last step, the scattered photon is emitted
with energy E,, which is the initial energy E; minus the energy of the phonon. For this
process, a partial screening effect of electrons with respect to atomic vibrations is required,
which, in a metal, is unstable for certain vibrations in the Brillouin zone. This instability,
the so-called Kohn anomaly , occurs in graphite for the modes I' — Ey (G-Raman
peak) and K — A]. In the phonon dispersion, these anomalies are visible as kinks at their
respective Brillouin zone point , which translates to a spike in VDOS and
thus to a dense concentration of possible vibrational states for scattering events. In the
perspective of Resonant Raman spectroscopy as described above in equation (2.17)), two
processes are resonant: the initial excitation (green arrow) and scattering on the phonon
(blue arrow), while the defect scattering (gray arrow) and recombination (red arrow) are
non-resonant. Such processes are called Double Resonance Raman processes. In fact,
due to resonance-enhanced scattering yield, carbon allotropes are few of the rare materials,
which show Raman signatures of order higher than two.

In a nutshell, a defect is required to satisfy the conservation of momentum with the
involved phonon momentum ¢q = k. . For amorphous carbons, its Raman shift is
centred around roughly 1375cm™!, but may appear as low as 1350 cm™! for a-C after an
vast rearranging and ordering process. The characteristic widths FWHM(D) spans 50 cm ™!
to 400cm ™! in graphitic materials and a-C. The line shape is traditionally a Lorentzian

profile. [101]

Intensity ratio of D- and G-Raman peak, selective excitation band gap openings

The earliest description of graphitic materials in Raman spectroscopy by Tuinstra and
Koenig in 1970 already used the intensity of the D-Raman peak for analysis. From the
behaviour of the intensity ratio between D- and G-Raman peak in a-C, a three stage model of
amorphisation |[101] was proposed, see Figure Within this framework, the sp? content
and the rough topology of the carbon clusters, rings and chains, can be estimated. The
crystallite size is also accessible, which was previously found in graphitic materials. The
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Figure 2.20: Three stage-model of amorphisation by Ferrari and Robertson. Behaviour
in stage 1 and 2 are dispersive in excitation energy, this path describes the
situation for 532 nm excitation. Thin films of a-C in this work are located in
stage 2. Adapted from review [101] and publications [97} 105].

relation of Tuinstra and Koenig, Ry, o L' between crystallite size L, and intensity ratio
Ry, however, is only valid for graphitic materials and breaks for highly defected samples
like a-C, which were verified by comparison. [96] For those, a similar relation Ry, oc L%
was introduced by Ferrari and Robertson, the onset point between the two regimes is at
roughly 20 A. [101]

Raman shift is not dispersive in excitation energy in a reqular Raman scattering process,
as in gauging a maximum in the phonon density of states close to the Brillouin zone centre I
From the finding of being dispersive, it was found that involved Raman peaks in carbon are
the result of a more intricate Raman scattering process. In Resonant Raman spectroscopy
of amorphous carbons, the dispersion is based on resonance with a particular cluster of
different size. A shorter wavelength, and therefore higher energy, is resonant with a smaller
carbon cluster, because smaller clusters have a larger band gap opening. This band gap is
non-existent, of course, for long-range ordered graphite, for which the Raman peaks are not
dispersive.

Second-order Raman peaks, 2D-Raman peak

In the spectral region around 2700 cm ™!, second order or combination peaks found, of which
only the 2D-Raman peak is investigated. As caveat, multiple unrelated phonon modes by
C-H stretching vibrations, typically with Raman shift of around 2900 cm ™! and a regional
width of more than100 cm ™!, are overlapping the second-order Raman peaks.

The 2D-Raman peak, although resembling the second order of the D-Raman peak, has
an unique excitation mechanism, which is depicted in an incident photon with
Ep,, excites an electron from the filled Dirac cone onto to the Fermi surface of the unfilled
cone, a phonon with momentum ¢ = k shifts the state from one cone K to another K’,
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before back-scattering on a defect and relax to the ground state. The back-scattering does
not require a defect as in the case of the D-Raman peak, but another phonon of ¢ = k.
For this mechanism to occur, a long-range ordering in graphitic clusters is required. So,
the appearance of the 2D Raman-peak is a clear indication that these graphitic structures
had evolved. [52]. For amorphous carbons, its Raman shift v is centred around roughly
2680 cm™!, the dynamics of the 2D-Raman peak, besides its appearance, is disregarded for
the scope of this work. The characteristic widths FWHM(2D), on occurrence in thermally-
treated a-C, closely resembles that of FWHM(D).

Further spectral features peaks, low frequency peaks

Two spectral features at Raman shifts v of 450 cm™! and 720 cm ™! are low-frequency peaks
L, and L,, which are mainly sp,-related and typically found in sputtered samples. [107,
97] They may be fitted using a gaussian profile [108], but are disregarded in this work.
Peaks of C-H stretching vibrations are investigated in detail in literature for identification
or advanced measurements in organic molecules [109, 110, (111} |112] and especially for
proteins |113]. For the scope of this work, they are noted but no further analysed.

2.2.5 Raman peak allocation in MoS, thin films and their oxides

A detailed Raman analysis of MoS, and its oxides is omitted for this work, because the
occurrence of different chemical phases is sufficient for analysis. For completeness, the
underlying vibrational modes in the MoS, and Mo oxides Raman spectra is briefly sum-
marised.

Samples of TMDCs have a two-dimensional structure of point group Dy, see correspond-
ing vibrational symmetries in Table [16] This point group contains vibration modes

symmetry Raman active IR active

Ay 409cm~t  not active
E} g 33.7cm™  not active
Egg 383cm~! not active
E, not active 384 cm™!
Ey, 287cm~!  not active

Table 2.2: Table of vibrational modes in bulk-MoS, crystal, Infrared- and Raman-active
modes. Values from textbook |16} p. 47] and publications [114, [115].

with Ay, Ay, Eég, Egg, E;., and E,;, symmetry, of which the modes E,,, both E,,
A,, are expected to be Raman-active, that is, fulfil Raman selection rules. Figure

shows the (resonant) Raman spectrum of a pristine sample of MoS,, in which more features
than expected are found. For a start, the expected optical modes are visible and well-
identifiable, namely, intra-layer vibrational modes E;, at 286 cm ™!, E%g at 383cm™!, Ay,
at 408 cm~!. The inter-layer vibrational mode E229 at 32cm™! is also Raman-active, but
usually inaccessible for being close to the Rayleigh peak. In sputtered samples, in contrast
to pristine (bulk) samples, acoustical phonons like LA(M) at 188cm™!, and ZA(M) at
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Figure 2.21: Typical Raman spectrum of sputtered MoS, thin films, symbols indicate the
vibrational mode symmetry for identification.

229 cm~! are visible. With resonant excitation, second-order spectral features are ac-
cessible [116], the excitation wavelength A = 632.8 nm is chosen for being close to exciton
absorption bands A, at 652.6nm and B, at 590.5nm [117]. Of those higher-order peaks,
most noticeable are (a) an overtone of a longitudinal acoustical mode at the M point of the
Brillouin zone, the 2LA(M) mode at 466 cm ™!, (b) the combination of LA(M) with the
A;, mode at 645cm™", and (c) a subtraction of LA(M) from the the A;, at 179cm™" (not
indicated). |11§] The spectrum of MoS, contains peaks whose Raman shift is dispersive in
excitation energy, which, as stated above, is not an element of regular Raman scattering
process and give a hint towards a Double Resonance Raman process, see section [2.2.2] above.

The occurrence of acoustical phonons like TA(M), LA(M), and ZA(M) in the Raman
spectrum of MoS, is uncommon; it is factually impossible in pristine samples. As such,
they are usually only visible in defected samples, which meet the requirement of momen-
tum conservation. Residual peaks in the spectral region 140 cm™! to 180 cm ™!, which are
usually poorly resolved, may stem from oxidation products of molybdenum. The occurrence
of higher-order Raman features like combination and subtraction peaks under resonantly
excited is curious. In recent research [119], this was explained by an inter-valley scatter-
ing mechanism, in which acoustic phonons connect different valley states within a Double
Resonance Raman process. This, in a way, resembles the scattering mechanism of the D-
Raman peak in (defective) graphitic materials and in amorphous carbons. From this, the
occurrence of such peaks is useful to detect disorder or stacking-faults. [63] For the two
commonly occurring oxides of molybdenum, Figure and Table give an overview on
their Raman spectra and involved vibrational mode.
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Figure 2.22: Raman spectra of molybdenum derivates and molybdenum oxide minerals.

Reference data by RRUFF project database of minerals , peak identifi-
cation data via [121, (122, [123| |124]. Symbol §: deforming vibrations (rock-
ing, wagging, twisting, scissoring), symbol v: symmetric and anti-symmetric
stretching vibration. 33







2.3 Basics in tribology

2.3 Basics in tribology: science of friction, wear, and lubrication

The basics of material science and contact mechanics as well as basics in tribology are pre-
sented, but only for the required minimum scope of this thesis. For contact mechanics and
tribology, the textbooks and public lectures of the renominated researchers Horst Czichos
[125] and Valentin Popov [126, |127] are cordially recommended. Besides the chemical and
physical properties, which are already presented for MoS, and a-C in section here the
mechanical properties are introduced in general terms as well as specifically for both thin
films.

2.3.1 Macroscopic mechanical properties, comparison of thin film materials

Mechanical properties capture the solid’s behaviour upon a applied force. For the sake of
conciseness and simplicity, a selection of thin film properties for general purpose usage are
regarded. For this, the mechanical properties of thin films are hardness, toughness, and
strength; elasticity, ductility and fracture behaviour, and film adhesion.

Hooke’s law (Robert Hooke, 1678), the linear proportion of spring deflection and applied
force, is surely common knowledge in science and engineering. By extension from mechanical
springs to a slim body, a generalised deflection as strain e (deformation per unit length
along the load, dimensionless) and generalised tension force as stress o (force per unit area,
dimension of pressure) are introduced. Further natural reactions like tapering (transversal
contraction), volume contraction, and shearing have to be taken into account in engineering,
but are disregarded for the scope of this work.

Plotting those in Figure shows the law’s validity range: the linear elastic range.

stress ¢
(arb. u.)

Oc /
plastic /
region /

/
/
linear /
elastic region /
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/ strain €
—
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Figure 2.23: Generic stress-strain diagram for a ductile material. In this curve, elastic and
plastic deformation are recognisable. Adapted from textbook [126, p. 11].

In three dimensions, Young’s modulus, bulk modulus, and shear modulus describe the
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solid’s reaction to generalised tensionﬂ Young’s modulus E (modulus of elasticity) is the
equivalent of the proportionality constant of Hooke’s law and so a measure for the stiffness
macroscopically. In the microscopic picture, it is based on stretching of interatomic bonds
and is, therefore, a measure of the interatomic bonding strength. As result, diamond with its
densely packed, strong sp® bonding has among the highest Young’s modulus E = 1000 GPa,
while polymers like PVC, whose intra-molecular bonding is the weakest link, is orders of
magnitude lower, like 1 GPa to 3.5 GPa. Ideally without fatigue, the deformation in the
elastic range is fully reversible. On the brim of the linear elastic region, non-reversible,
plastic deformation takes over. It is microscopically connected to the breaking of bonds,
presumably at defects or dislocations as weakest links first. Within the plastic deformation
range, the global maximum of stress is reached, which serves as definition of material
strength. In more detail, one distinguishes the maximum stress without leaving the elastic
range as the yield strength and the global maximum as ultimate tensile strength. This,
notably, is not necessarily the strain value at rupture. The maximum strain is qualitative
estimation for ductility of a solid, that is, its the willingness to plastically deform before
rupture. When rupture occurs above 0.05 (as rule of thumb), a solid is termed ductile,
and brittle otherwise. The concept of toughness adds the stress levels to the ductility
and is defined as area under the stress-strain curve. As example, architecture glass has high
Young’s modulus, high ultimate tensile strength and hardness, but still a low toughness for
being brittle. Hardness is used to describe plastically deformed area per applied load. For
surfaces especially, hardness is the resistance against penetration.

For an overview, Table[2.3|contains the material properties of common steels and polymers
and an overview on modified a-C and MoS, thin films. Thin film engineering falsely relies

Table 2.3: Comparison of material properties of common steels, polymers, thin film systems
of this work.

Sample Typical values of

density elastic modulus hardness
16MnCrb 7.85gcm™3 200 GPa 8.4GPa
Ti6Al4V 4.43gcm™3 114 GPa 4.5 GPa
PEEK 1.32gcem ™3 3.6 GPa 0.2 GPa
Si0, glass 2.5gcm™3 70 GPa 8.6 GPa
a-C (1.9-3.0)gem™ (240 4 10) GPa (23 + 2) GPa
a-C:H (0.9-2.2)gem™3 (215 + 8) GPa (24 +1) GPa
MoS, ~ 5gem 3 (14 +2)GPa  (0.14 + 0.02) GPa
MoS,:N (93 +6) GPa (5.3 £0.3) GPa

on the hardness of thin films to quantify the sample quality. [128, p. 953] The idea of
depending on hardness value as sole quality measure solely is challenged recently [129]; for
tribological purposes, a application-specific compromise of ductility and hardness is usually
the objective [130] - besides chemical and thermal resistance as well as film adhesion [128|
p. 953]. The capability of ductility in this scenario is useful to accommodate deformation

8Bulk - and shear modulus are disregarded here. They are defined in a similar fashion as Young’s modulus
with generalised volume changes and shearing, respectively.
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and serves as interception against initial cracking, which in brittle materials would otherwise
lead to fraction. [128, p. 953]

2.3.2 Friction and wear: two cornerstones in tribology

Friction and wear are two of the three often quoted cornerstones of tribology; the third,
lubrication, has its own subsection in this work, the forth (and often omitted) cornerstone,
corrosion, is woven into the former. Friction and wear are omnipresent, earliest recorded
studies go back to Leonardo da Vinci in 15th century. The modern branch of science,
tribology, was coined in the Jost report about 500 years later. It took so long for the
thoroughly scientific exploration of friction and wear to gain momentum, because the un-
derlying mechanisms are in the nano-sphere, which became accessible in the last decades
with the upcoming of solid state physics of surfaces and modern experimental equipment
like atomic force microscopy. Detailed investigation for an sophisticated model requires
contact mechanics.

Prerequisites: contact mechanics and surface properties

One of the factors, that renders scientific modelling in tribology difficult, is the manifold of
factors, which flow into the extensive picture of a tribo-contact and a tribo-system. First
studies on contact mechanics started in 1882, when a model of elastic contact was proposed
by Heinrich Hertz, who was studying the effect of compressive stacking on the compound
optical properties of glass lenses. [5] A force acting on the stack compresses the lenses in
their contact area, which impacts, e.g., the effective focal length. The models rather rigorous
assumptions are (i) two convex bodies in (ii) not to high compression and in their elastic
regime, which (iii) are not interacting via friction or (iv) via surface forces. In reality, a
number of forces are lead up to the interaction between two contacting bodies: fundamental
forces like electrostatic interaction or van der Waales-forces are the basis of friction. The
last assumption, in other words, disregards phenomena like adhesion, which are taken into
account by its modern successors.

Figure depicts a naturally occurring surface. Although the Hertzian contact is very

adsorption &
contaminants
oxidation layer (1-10)nm

5nm

deformation layer >5um

base material

micro-contacts

Figure 2.24: See-through schematic contact of two surfaces with tomography of a technical
surface. The actual contact area is vastly smaller than the apparent contact
area. Adapted from textbook [125].

37



Chapter 2 Theoretical background

basicﬂ, it is a convenient explanation of natural surface is simplified manner: rough surfaces
are pictured as flat with miniscule asperities interacting and interlocking with one another,
all of which are at their basis hertzian contacts. [8, 9] Friction is heavily dependent on
the actual contact are, which is a function of the surface roughness, or figuratively of the
asperities, and the contact pressure rather than the apparent contact area alone.

Friction mechanisms on surfaces

First verified scientific efforts in quantitative studies on friction were conducted by Leonardo
da Vinci by the end of the 15th century, in which the fundamental aspects of friction laws
were found in a more phenomenological manner. These findings were later enunciated by
Guillaume Amontons by the end of the 17th century. [4]

Charles Coulomb investigated the main influences on friction in the 18th century, the
material properties in contact, the surface area, the normal force, the duration of stationary
contact, and ambient conditions. In this study, Coulomb identified the main contributing
factors of friction behaviour and (re-)discovered an independence of friction from sliding
velocity, system size, and surface roughness. [3, p. 793] His findings are now commonly
known as Coulomb friction, simply summarised in equation : in macro-sphere, friction
force Fj,;. in solid-solid contact is relative to the applied normal force Fy,

Fric = nky, (2.21)

in which p is defined as coefficient of friction (COF). While there are multiple mechanism
in (macro-)friction (refer to textbook [125] for details), the situation in the nano-sphere is
more transparent. For static and dynamic friction, the Prandtl-Tomlinson model gives a
basic understanding of the gross picture: an atomically flat surface is comprised of an peri-
odically potential landscape, sliding a singular point across the surface requires overcoming
a potential trough in this landscape. The potential is the summary of all mechanisms acting
on the surface. For surfaces, the fundamental mechanism of friction are (a) (all types of) van
der Waales interaction, (b) hydrogen bonding, and (c¢) open molecular bonding (dangling
bonds). Those fundamental forces can also be summed into other, more phenomenologi-
cal categories like adhesion or capillary forces. [131] In carbons, especially, adhesion can
become overly strong. If adhesion was not hindered by surface roughness, adhesion has
characteristic energies of 1Jm~2 [126], or more visually, the contact of highly polished
metal etalons with actual area of about 3cm? and a distance of 20nm can carry a load of
1kN [125, p. 39].

Surficial friction are subject of chemical and structural changes and so, their working
environments have to be taken into account. For example, the adsorption of gas passivates
dangling bonds, the friction of amorphous carbon thin films in vacuo is strongly increased
over ambient air [132].

Wear phenomena and mechanisms on surfaces

Wear is traditionally defined as unwanted loss of material (or its properties) due to various
causes, it is usually negatively connoted. [128| p. 273] It was studied in an observation-based

9 After all, Hertz never intended this study for contact mechanics
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manner in the past, early scientific studies on wear phenomena on coins observed that the
quality of wear depends on the material pairing. [10] Early quantitative approaches were
made by John Frederick Archard proposing the proportionality of wear debris volume to ap-
plied work in 1950s |11], which is fundamentally based on the energy dissipative hypothesis
by Karl Theodore Reye in 1860 [12] and on the asperity model.

The two main objectives of discussion on wear revolve around the quality and quantity
of generalised loading and of the tribo-system. For the loading component, the key
contributing factors is contact stress; further factors like temperature, corrosion, and ageing
are discussed later in section Setting aside the loss of material due to melting or
evaporation, a surface deteriorates by means of physical separation or chemical reactions.
The four major wear mechanisms for those to occur are based on adhesion, abrasion, and
surface fatigue for the former, and tribochemical/-physical reactions for the latter.

Wear
A
| | |
Physical separation Chemical dissolution
JE |
Mechanical wear Tribo-chemical wear

= . | T

Adhesive wear Abrasive wear  Fatigue wear  Corrosive wear

Figure 2.25: Categories of wear in thin film surfaces. Wear in other forms of contact is
omitted. Adapted from textbook [128].

Mechanisms for physical separation require energy. In a simplified picture, energy of the
tribo-system is misquided to take effect on the material. Adhesive wear is typical in sliding
contact, the arising wear is captured in Archard’s law

Fy-s
Vadh = kadh J}[LI s (2'22)

which connects the wear debris volume V,_,,, to the normal force F'y and sliding distance s.
Two parameters to control the volume V,,;, is hardness H of the material and a dimensionless
proportionality factor k4, capturing tribo-system parameters. Abrasive wear at its core is
cutting or scratching. It is most common in unlubricated contact in general, in intermittent
contact like hitting or splashing, or accidentally by the presence of hard third bodies in the
tribo-system. Rabinowicz’s law connects the arising wear debris for abrasive wear

FN'S

Vabr = kabr H ’

(2.23)

in a strikingly similar fashion as Archard’s law. Again, the two parameters to control the
wear energy are the hardness H of the material and a proportionality factor £, .. Surface
fatigue is a more complex wear mechanism at periodical loading. It is fundamentally the
initialisation of miniature cracks at the surface or even in the underlying material, which
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might be undetectable for a certain time. The expansion of those cracks leads over time to
macroscopically visible delamination with characteristic phenomena like pitting in Figure
for example. These three mechanisms naturally generate wear particles by physical

Figure 2.26: Example pictures for abrasive wear (above) and surface fatigue (below), com-
mon picture for severely-worn rolling contacts. Taken from textbook [133],
original pictures of surface fatigue in VDI guideline 3822 ||

separation. One way to quantify wear is the measurement of wear particles volume as a
function of friction work Fly - s, wear rates span a huge range of 1 x 107® mm?®/Nm to
1 x 107! mm?/Nm. p. 787] It is not uncommon for those wear particles to accelerate
preceding or to initial further wear mechanisms, for example, wear particles generated slowly
by adhesive wear over time then leads to abrasion with characteristic ploughing effects as
in Figure for reference.

Chemical reactions impact the surface quality. In the simplest case, surface exposure
to humidity and ambient oxygen results in naturally occurring oxide phase at the surface.
If those oxides have identical or very similar properties in comparison to the unadulterated
material, the wear situation would remain unchanged. p. 295] Most oxides, however,
differ considerably, for example, most oxides are harder than the bare metal and their
adhesion to metal is typically weak. In a nutshell, the requirements for the generation of
hard third-body wear particles are easily fulfilled.

On a final positive note on wear, the generation of wear particles for tribo-film formation
play a crucial role [135] |136, 137, [138] but, of course, has to be kept in balance as excessive
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wear rates are obviously undesirable. Even in thin film systems which are known for high
oxidative resistance and little wear, the absence of a certain degree of wear debris leads to
an increase in oxygen-induced corrosion. 132, p. 214] In case of tribo-corrosion, oxides of
a metal surface being harder than the metal may also become beneficial. As a part of the
tribo-system, the task of lubrication is assigned to softer lubricants like MoS, powder, while
the load carrying is assigned to the oxide of iron. [139]

2.3.3 Fluid-free lubrication: thin film lubricants of a-C and MoS,

To fight against both friction and wear on bare contact interfaces, it is common to use fluid
lubrication like oils and grease in technology and water-based compounds in nature. To
its disadvantage, fluid lubrication is not fail-safe and bares a significant point of failure in
machines. When such fluid lubricants are no option, for example in extreme conditions
like very high or cryogenic temperatures, extreme contact pressure, or in vacuo, a modern
approach is to apply fluid-free thin film lubricants. [128, p. 787] A recommended review on
solid thin films is found in literature [140].

This work focusses on two classes of such thin films, namely amorphous carbons and
molybdenum disulphide, both feature one of the lowest coefficients of friction within their
designed working environment. [128| p. 793]

a-C and a-C:H thin film lubricants

Carbon is a unique element, whose most common allotropes span from one of the softest
materials, graphite, to one of the hardest naturally occurring materials, diamonds. For
being naturally occurring and (more or less) easily accessible, the dust of graphite might
have been used for lubrication since ancient times. The usage of advanced carbon allotropes
or -compounds in engineering gained momentum in the last few decades: In 1970s, arti-
ficial diamonds were of key interest in machining tools for their hardness, although being
comparatively expensive. Diamond-like carbons, in fact, predated artificial diamonds by
roughly 20 years, but scientific interest and systematic studies grew at first in 1970s to
accommodate the efforts and poor scalability of diamonds. [128 pp. 871-874]
Amorphous carbon (a-C) are a metastable and short-range ordered structure of car-
bon with varying bonding lengths and -angles, the carbon atoms are mainly sp? or sp3
hybridised and may be exposed to structural clustering and hydrogenation. |24, |141] The
proportion of carbon hybridisation, which is closely linked to its spatial density, is tailored
by deposition parameters of the growth technique specifying, in turn, the mechanical fea-
tures of the a-C structure [42, 48| (141} 142, 143, |144]. Manufacturing even in moderate
temperature environments on a manifold of material substrates is possible and beneficial
for coating in cutting applications, because high temperature deposition of thin films, in
contrast, might lead to thermal hardness loss of the substrate. [145, p. 466], Hydrogenated
amorphous carbon (a-C:H) possesses a hybridised network similar to that of a-C, but with
a few key differences: on the one hand, hydrogen stabilises the carbon sp® hybridisation by
the formation of strong C-H bonds and, on the other hand, a high hydrogenation acts as
barrier to the sp? clustering by defining carbon chains. [146] Both increase the mechanical
resistance of the film and prevent its collapse into the thermodynamically stable phase of
graphite. [128, p. 888] This variety opens up a broad spectrum for employing a-C thin
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films. As hard thin film, a-C is used for a manifold of scientific and technological purposes,
which benefit from its rich electrical, optical, and mechanical properties [48, 147, 148]. Its
intrinsic friction and wear behaviour [46| (65, |149, |14] is valued in sectors like automotive
imdus.tryfl;gl7 aeronautics, or biomedical applications [150} 151}, 152, 153, (154} |155] to name a
few. Even when their intrinsic lubricating properties are not the primary objective, carbon
and carbide thin films are used for conditioning of surfaces and finishes in general [156, 157,
158]. Chemical inertness and gas impermeability is used for storage of food and beverages.
[159, 1160]

The friction of a-C thin films show a broad range of COF, which is a staple of their
versatility. Depending of their design and working environment, a value range in coefficient
of friction p of 0.003 to 0.6 are reported. For wear, the lack of standardised quantification
renders a precise comparison of literature data difficult, but estimates give a lowest possible
value in wear rate of 1 x 1078 mm?/Nm. [128, p. 892] Self-forming films of carbon are found
in machine parts after break-in. Direct comparison of such films and designed thin films of
a-C revealed their similarity.

A key drawback of a-C and a-C:H structures, however, is their thermal instability po-
tentially leading to (allotrope) conversion of the carbon network [24]. For this, carbon
alone is not the limiting factor: applied as part of surface finish, thermal spraying an iron-
carbon compound is used in cylinder bores of diesel engines for passenger vehicles (e.g.
“Nanoslide” by Daimler AG, 2011). DLC is also used in internal combustion engines, but
mostly restricted to areas without direct contact of the combustion, e.g. camshaft, piston
ring /-pin, and valve lifter [161], which are traditionally coated with titanium or chromium
nitride. By coating with hydrogen-free DL.C, the Nissan Motor Corporation reports friction
reduction of 40% for the involved parts and the friction reduction of 25% overall. Notably,
however, the aimed friction reduction mechanism is to bind additive-modified engine oil to
the surface, even though the inherent tribological performance of DLC is noted. [158] To
accommodate such shortcomings or to modify the surface properties like specific applica-
tions like hydrophobic or bacterial inhibiting, a set of element-modification is applied to
alter a-C and a-C:H thin films.

Molybdenum disulphide thin film lubricants

Transition-metal dichalcogenides (TMDCs) are comparatively old material class, which are
well studied in the last 100 years. [16, p. ix] At its core, the friction reduction mechanism
is based on the lamellar structure of TMDC, the weak interaction of individual layers
allows for sliding with exceptionally low shearing forces. Of those, MoS, is one of the most
investigated samples, albeit being of interest today for more complex purposes than simply
lubrication.

The friction of MoS, thin films are well-esteemed in vacuum applications, in which they
reach exceptionally low values in the range of u = 0.002 to 0.01. For this to function as
intended, (mechanical) resistance against sliding shall remain the weak van der Waales-
interaction between layers in a perfect basal orientation, see Figure However, optimal
friction values are often reported, on the contrary, for the concurring columnar structure,
which wears out considerably faster and forms a tribo-film in situ, which ultimately reduces

10from classic internal combustion engines to new technologies like fuel cell- and battery-electric vehicles

42



2.3 Basics in tribology

friction and prevents (further) wear. Such a tribo-film builds up after wearing the top part
of columnar structures and, by that, revealing the smeared out basal planes parallel to the
sliding direction.

(a) initial . (b) while shearing

Py

"".J',/
)

solid
base layer

Figure 2.27: Layered structure (a) and the resulting friction mechanism (b) in MoS, thin
film lubricants. The weak inter-layer van der Waales forces allow for easy
shearing between layers. Picture adapted from textbook ||

To some degree, the friction in MoS, is resilient against influences of temperature and
weathers treatment in most acidic environments unlike oils and grease [128, pp. 794-795],
but just as in a-C thin films, the applications are limited to low temperature and water-free
applications. In more detail, moisture in ambient air diminishes the usage, temperatures
above 375 °C lead to initial oxidation, and, at last, rapid oxidation is expected above 500 °C.
[163][128, p. 794]

Again, to accomodate such shortcomings and to modify tribological properties, a selec-
tion of element-modification is reported. For example, metals or metal-compounds were
studied from 1980s onwards and reported (one-sided) property improvements, which allow
for application-specific tailoring, refer to textbook p. 796] for an overview; for exam-
ple, an amorphous structure in MoS, is reported to be beneficial if wear rate is the key

concern.[128| p. 797]

2.3.4 The tribo-system at nano-scale: focus on tribo-film and working
environment.

The tribo-system is comprised of a tribo-pair, the intermediate like lubricant in the contact
(or lack thereof), and the environment. In dry sliding, the real contact is vastly smaller than
the apparent contact area as discussed in Figure [2.24] wear phenomena lead to third-body
material, which was formally a part of the tribo-pair and may now take a role - beneficial
or noxious - in the intermediate. It shows that the situation is a multi-scale phenomenon,
this work mostly enlightens the situation in nano- and micro-scale tribology, i.e. chem-
ical/structural properties and transitions as well as the occurrence of wear phenomena.
Of most importance are (a) formation of a tribo-film and (b) the impact on the working
environment, onto which this work aims to set the focus.
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Tribo-film, distinction from transfer films

Although being undoubtedly beneficial for friction reduction, a clear definition of a tribo-
film with scientific rigour is still missing. The possibility to tap into the the mechanisms of
the tribo-film formation and possibly to gain an understanding for its conditioning is still
an object of research. The core difficulties lay in the obscure nature of the tribo-contact: it
is usually not (optically) accessible, dependent on an overwhelming number of factors, and
lack standardised testing environment or setup for ezact replication of experiments. [30]
Even on a more basic level, there are no predicting models for friction and wear derived
from first principles.[30]

Extrinsic (extraneous) films appear on tribo-pair surfaces rather than being a element
of the intermediate. For a simple phenomenological definition, a transfer film is the type
of extrinsic film, which forms on one half of the tribo-pair and consists or is derived from
material of the counter-part in the tribo-pair. The tribo-film, complementary, is formed on
one tribo-pair and consists or is derived from material of itself. Observations in a-C thin
films identify the formation of transfer films on counter-bodies, which places a intermediate
sliding mechanism at the disposal.[128] p. 893] Similarly, the formation of MoS, tribo-film
in a robust basal configuration, which differ from its initial structure in sputtered thin
films (amorphous or columnar) is often observed - also in investigations of this work. This
formation is always connected to loss of material from the tribo-pair (thin film), detached
material is re-deposited onto the tribo-pair to from a extrinsic film. In this light, it raises
the question whether the definition of wear needs a re-definition to distinguish between
unusable material loss and material reuse as extrinsic film or as an intermediate.

Working environment in ambient air: Oxygen content, Humidity, Temperature

It is common knowledge in lubrication engineering that no substance works as universal
lubricant for every conceivable application. Such conditions range from the environment’s
reactivity like content of oxygen, over radiation, vacuum, or extreme contact pressures to
simply a range of temperatures. [128| p. 787]

For humidity, Figure gives an impression on the importance of humidity in a-C
and a-C:H thin films. The effect was first found in graphitic lubricants in vacuum and inert
environments, in which accelerated wear and the generation of wear debris particles posed
a problem termed “dusting”. |132, p. 208] In case of a-C and a-C:H, the friction behaviour
is strongly dependent on relative humidity. For a-C, the absence of ambient moisture (and
comparable passivating agents) lead to high friction, which is comparable to the dynamic
friction between bare unlike metal pairings, that is p = 0.4 to 0.7. For increasing humidity,
the initial high friction first remains high before dropping to the renown value range below
1= 0.2. For a-C:H, the friction in dry atmosphere starts exceptionally low, in the super-low
friction range 1 = 0.001 to 0.02, and worsens for increasing humidity. Likewise, the effect
sets in after a barrier value of humidity is reached. The two opposing trends have two factors.
In a-C, the dangling bonds remain unsaturated and yield a high interaction rendering
bare a-C unsuitable for vacuum applications. With increasing humidity, the majority of
dangling bonds are saturated, so the underlying mechanisms of friction reduction, e.g.
incommensurable surfaces for superlubricity (structure-based ultra-low friction), become
apparent. Eventually, a stable value is adapted for the high humidity range, in which
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Figure 2.28: Environmental effects on the frictional performance of diamond-like carbons,
coefficient of friction against humidity.

the friction reduction mechanisms are counteracted by capillary forces, that is, a water
meniscus forming between the tribo-pair. For a-C:H, in the high humidity range, the same
explanation is true, ergo, comparable values are found. Without the capillary forces of
water, however, the full effect of incommensurate surfaces makes an impact without being
hindered by highly interacting dangling bonds. Those dangling bonds in a-C:H are well
saturated by the hydrogen content or likewise by comparable passivating agents. This
shows that even within a material class of thin film lubricants, the effect of the environment
can be diametric.

Upcoming capillary forces upon increasing humidity is essentially the same for other thin
films lubricants, so by basic means, a similar effect is expected in MoS,- as for hydrogenated
a-C thin films. The comparison is made to a-C:H, because dangling bonds are not expected
in sputtered MoS,. While the general friction behaviour does, in fact, resemble that of a-
C:H, both the friction reduction in dry environments and the friction increase in humid one
arise from different friction mechanisms. The underlying mechanism for increasing friction
is based on chemical reaction and wear particle build-up. In vacuo, MoS, reaches friction
values in the super-low range. [164},165] Contrarily in high humidity, water molecules adsorb
on crystallite edges and hinder crystallite alignment or layer shearing, which impedes the
basic friction-reduction mechanism in MoS, or leads to excessive wear in the extreme case.
[164], |165] In ambient air, still, the performance of MoS, is satisfactory (u = 0.15 to 0.3)
thanks to the formation of a MoS, tribo-film, which comes at a cost of (high initial) wear.

For temperature, solid lubricants excel the performance of its fluid trade rivals. Fric-
tion behaviour in solid lubricants like a-C and MoS, is athermal in low temperature ranges,
while fluid lubricants rarely perform as intended, at last below 170K. [164] Although a
direct influence of temperature in MoS, friction is reported in literature, it was found to
be “athermal” for temperatures above freezing point of water. [166] In this work, all effects
of temperature on friction behaviour are indirect like initial oxidative processes. Much like
in a-C, MoS, thin films are limited by their thermal stability, which in the present form
is quantified to be 400°C at least. [130} |163] Its tendency to chemical reactions imposes
further problems like (premature) oxidation, chemical reactions, or restructuring. By com-
parison of chemical reactivity of crystalline bulk-MoS, to highly defected MoS, powders, it
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is apparent that chemical stability is connected to structure features like exposed crystalline
edges, and indirectly linked to environment like oxidative agents or masking effects. [138] In
short, temperatures up to 200 °C show the decrease in friction as water is leaving. This effect
is enhanced by films properties inhibiting water adsorption, e.g. as in sub-stoichiometric
films. Secondary, ordering processes set in, which is beneficial for tribo-film formation.
Such ordering processes are discussed in detail in upcoming chapter, For higher
temperatures, naturally, oxidation processes gain momentum, which ultimately leads to film
loss at 400 °C. On the note of temperatures setting of chemical reactions, the same argu-
ments are valid for reactive environments or for catalysts present, even in moderate
temperatures. Thin films of a-C are notoriously inert, but MoS, thin films are reported to
slowly corrode at ambient temperatures in pure oxygen environments. From the perspec-
tive of chemical reactions, some reactions require a protic solvent or an oxidising/reducing
environment, for example, the reaction pathways in the previous section.

The dependence on contact pressures is a curious case, a specialty in MoS, thin films.
Best performance is reported (and repeatedly found in the publications or in the course
of this study), for elevated contact pressures, while no clear dependence is found for a-C
derivates. The (tribo-)contact pressure is essential for tribo-film formation. For this, a
initial columnar structure and a strong generation of wear particles, which adhere to their
surroundings in such a way that they do not leave the tribo-contact and are available for
tribo-film formation, is the most desirable path. A dense microstructure with columnar
growth, which is in fact a clear weak point for oxidation or humidity-related reaction as
described above, leads to a quick generation of tribo-films. The friction of initially columnar
structures and effective tribo-film formation exceeds the friction of initial basal orientation.
[167]
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Experimental details and Methodology

In this chapter, experimental setup and methodology are presented. This work aims to
subsume structural and chemical analysis via spatially-resolved Raman spectroscopy. More-
over, the nature of that concept shall allow for resolving enmeshed structural and chemical
transitions, which occur as consequence of over-boarding tribological loading or excessive
temperatures. This chapter is divided into sections for each broad topic - sample prepara-
tion, spectroscopy and data acquisition, optical temperature tuning and - measurement.

3.1 Sample preparation via Physical Vapour Deposition

Physical Vapour Deposition (PVD) is a manufacturing procedure of thin films. In 2001, the
main processes for a-C thin film manufacturing are magnetron sputtering -, mass-selected
ion beam -, cathodic arc -, and laser plasma deposition [168][128, p. 889] of which (pulsed)
magnetron sputtering is still reported to be widely used in the industry [106], the situation
for MoS, thin films is similar [169][128] p. 794].

In a simplified picture, the material of the desired thin film for a substrate is placed
as target in vacuum and bombarded with highly energetic ions of a process gas, which
knock out target material to be deposited on the substrate. In magnetron sputtering, the
target is kept on a negative potential acting as a cathode and surrounded by a static
magnetic field. This potential, the bias voltage Ugy, is often applied on the substrate
to increase the film growth. The combination of both fields force the process gas ions in
spirals towards the target for a considerably higher collision rate. While the exact involved
mechanism is not thoroughly important for this thesis, some depositional parameters have
a strong influence on film properties.|106} [170] As such, the cathode power P.p is a
measure of the bombardment of the target (cathode), which would ultimately heat up
excessively. By pulsing, the thermal stress can be effectively reduced, because the sputtering
yield is connected to the maximum peak power while the thermal load is connected to the
average power equivalent.[171} 172]. The pulsing parameters like pulse length or frequency
are omitted for this work, they were found to be subordinate in previous studies of the
workgroups. [173]

As preparation steps, the PVD sample chamber is evacuated ( below 1 x 10~* mbar)
and heated (above 100°C) for humidity reduction. After roughly cleaning the raw steel
substrates with alcohol, deeper cleaning is obtained by plasma-etching with highly ionised
process gas, usually Argon and Krypton. During deposition, Argon is the only process gas
with a pressure of p = 300 mPa or 3 x 1073 mbar.[146, 174
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Substrates

Samples are usually deposited on steel substrates, see Figure for visual reference. The
type of steel substrate varies over the samples of this thesis, but is assumed to be subordi-
nately important. This assumption is based on the usual thickness of the film of roughly
1 pm (deviating thickness are larger), the laser penetration depth of at least one order of
magnitude below even with “pessimistic” estimation.[42, p. 718]

Figure 3.1: Picture of a representative sample of this work: a thin film deposited on metal
substrate (40 mm diameter, 5 mm thickness). The surface is reflective, a con-
centric wear scar after ball-on-disk tribometer testing is visible.

Most steel materials for the substrate are commonly used for tools. The samples
are deposited on quenched and tempered hot work-tool steel El (for a-C:H with varying
hydrogenation, a-C:Cu, a-C:Ag) and case-hardened cold work-tool steelEl (for
a-C(:H)(:X) with X ={Si, W} & for MoS, in different environments and MoS,:X with X
={N, Cu}). For some studies in biomedical applications for a-C, a titanium substrate
Ti6Al4V was chosen, which is commonly used for protheses. The hardness of the
raw substrate is known to impact the tribological performance of the final product, all
steels have a hardness of (8.4 4+ 0.4) GPa. An arithmetical mean roughness roughness of
R, = (3.140.6) nm for steel and R, = (4.240.2) nm for titanium is usually obtained after
grinding and polishing for all samples. (138,146, 174, 177] As preparation steps, e.g to
remove impurities, steel substrates are usually either etched with in higher temperatures
and bias voltage of about Uy = —650V or treated with a special HIPIMS pretreatment.

Amorphous carbons and hydrogenated amorphous carbons

Thin films of a-C show a far improved film adhesion, when the sample layer is deposited on
a mediating interlayer over the substrate. More specifically, the interlayer on steel
substrates is a carbon-graded interlayer system of (a) CrN to CrCN to CrC or (b) Cr,C,
only; interlayer on titanium substrates consists of carbon-graded Ti,C,. The interlayer is
2 — 3pm thick and provides a hardness of ~ 13 GPa, refer to the respective publications
, , , for details.

For pure a-C thin films, purified graphite targets (purity at least 99.9%) are sputtered
with cathode power Pop &~ 2kW and a bias voltage Uy = —100V [65]. The deposition
time ¢ was set to achieve sample layer thickness dy,., of roughly 1pm (usually 3h). For

by DIN EN ISO 4957 standard: 1.2343/X37CrMoV5-1 - also: AISI H11
Zby DIN EN ISO 4957 standard: 1.7131/16MnCr5 - also: AISI 5115/5117,
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3.1 Sample preparation via Physical Vapour Deposition

hydrogenated a-C:H thin films, additional injection of hydrocarbon (acetylene gas, C,H,)
at a flow rate (FR) of 15sccm (standard cubic centimetre) implements the hydrogenation.
Additional heating along or after deposition (“annealing”) is not discussed. By experience
with deposition of a-C(:H) samples, a range of deposition parameters became the standard.
These encompass cathode power Prp = 2kW to 2.1kW and bias voltage Ugy = —83V
to —197V. For a-C:H, the addition of hydrocarbon gas is influenced by the flow rate
between 5.9 sccm and 3.4scem. [146] For element-modified a-C:X and a-C:H:X thin films
with X={Si, W, Ag, Cu}, co-sputtering graphite targets with targets of the respective metal
yielded the desired modification, refer to publications [65) 175, [L79].

Molybdenum disulphide

Sputtering unmodified MoS, thin films is done by sputtering commerical MoS, targets with
99.95% purity with cathode power Pop = 3kW, bias voltage Uy = —100V and additional
heating power P, = 1kW (yielding temperatures of 125°C to 200°C) for all samples.
For nitrogen modification, the mere injection of nitrogen into the deposition chamber is
sufficient, whose flow rate (FR) is controlled for graduated nitrogen content, qualitatively
20 to 120 sccm in steps of 20 scem. For copper modification, copper targets are added to the
target setup, the content of copper is controlled via the cathode power Prp of 0.1 kW and
from 0.5 to 2.5kW in steps of 0.5 kW. Resulting sample characteristics are listed in Tables
and Exact thickness of the sample is often left undetermined, but it is usually in
the range of 1 pm to 5 pm. [174] Further details on manufacturing are found in publications
[138, [177].

Cathode power Prp Cu content Mo/S stoichiometry

(kW) (at.-%)
0.1 3.140.2 1.82
0.5 10.5+0.1 2.05
1.0 19.5+£0.2 2.26
1.5 28.0£0.1 2.20
2.0 30.0+£0.1 2.81
2.5 31.940.1 2.57

Table 3.1: Sample list of copper-modified MoS,:Cu thin films

N, flow rate N content Mo/S thickness
(scem) (at.-%)  stoichiometry (pm)

20 7.1+£0.3 1.77 3.0+£0.1

40 11.04+0.4 1.61 3.1+0.2

60 12.4+£0.2 1.54 2.8+0.2

80 13.34+0.3 1.49 24401

100 19.54+£0.5 14 21+0.1

Table 3.2: Sample list of nitrogen-modified MoS,:N thin films
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3.2 Raman Spectroscopy and Data Acquisition

3.2.1 General Raman spectroscopy

Raman spectroscopy is well-suited for semiconductors as well as non-conducting materials,
that is, materials with a considerable band gap E,. Metals, in contrast, often do not fulfil
the requirements. Raman spectroscopy requires three base instances: excitation, filtering,
detection. [69] These instances are only loosely dependent from another, which allows for
adjusting the setup for a given measurement aim.

For excitation, lasers provide photons with defined photon energy Ep,, = fiwp, = hfpy-
If the band gap E, of a material is energetically overcome, the Raman signal is usually
vastly overshadowed by fluorescence - roughly estimated, one photon by Raman scattering
vs. millions photons by fluorescence relaxation [20][70, p. 3]. So, to an extent, the band
gap E, of the sample material is the upper bound on excitation energy Ep,, up to which
non-resonant Raman scattering is not hindered by fluorescence. The lower bound is not
strictly set, however, the Raman scattering intensity is dependent on the fourth power of
frequency f, which renders the aim of choosing the highest possible excitation frequency
without fluorescence side effects. Raman spectroscopy was originally done by using deli-
cately filtered sunlight. Modern lasers provide a range of different benefits and accelerated
Raman spectroscopy usage. They provide sufficiently intense, (mostly) monochromatic, and
(diffraction-limited) collimated light beams with a distinct polarisation and large coherence
time. High coherence and polarisation do contribute to derivations of Raman spectroscopy,
but are mostly disregarded in this work.

Filtering is divided into filtering by means of light intensity or by polarisation (other
term: analysing). For one, the elastically scattered light is vastly more intense than
Raman-related light emission. Yet, by nature of the Raman effect, the inelastically scattered
light energy is directly related to the incident laser energy, rising the need to simultaneously
measure elastically and inelastically scattered light. Not only would the lack of wavelength-
specific damping overshadow the “true” signal, the sheer intensity would put detection
equipment afterwards in danger. So, for filtering, a long-pass or notch filter are required
for damping of laser light or Rayleigh-scattered light. Notch filter allow for measurement of
both Stokes- and Anti-Stokes light, while long-pass filters usually have a higher transmission
compared to notch filter. In this thesis, the Anti-Stokes signal is disregarded and elastically
scattered light placed the outside the region of interest (ROI) of the detection. Because of
the amorphous nature of the samples, polarisation-sensitive analysing the filtered light is
less important and only conducted rarely in the underlying investigation to the thesis.

The requirements for light detection are shallow compared to regular equipment in
scientific optical laboratories. The excitation usually lies in the ultraviolet- or visible range
of light, thus, a Peltier- or liquid-nitrogen cooled charge-coupled device (CCD)- spectroscopy
camera, is sufficient as detector. Nearly all regular Raman signatures are within the range of
—100cm ™! to 3600 cm ™!, the most interesting usually in the range of 30 cm ™! to 1700 cm 1.
[70, pp. 76, 211]

A resolution of 1cm™" is said to be sufficient. [70] For the samples used in this thesis,
broad peaks are expected, which renders any practical spectrometer resolution usable. The
detector mostly defines the sensitivity and by this, the sampling duration. This is especially
important on sensitive samples, which need excitation laser damping.

1
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3.2.2 Confocal Raman microscopy, MonoVista setup

In the course of this thesis, the concept of Confocal Raman Microscopy is used. It presents
immediate advantages over the coarser (macro-) Raman spectroscopy outline above, in
short: (a) light is filtered except for scattered light out of the focus level for vastly improved
signal-to-noise ratio, (b) a depth resolution is (more finely) defined for (semi-) transparent
samples, (c) a considerably smaller region on the surface is investigated with at a time for
a finer spatial resolution, and (d) setup is easily extendable by a microscopy camera for
visual capture.

The working principle is depicted in Figure Incoming light for excitation is coupled
into a microscope setup and redirected through the focussing apparatus onto the focussing
level, usually the sample surface.

Coupling may be done, for example by means of
a beamsplitter for infinitely corrected microscopes as
—_\ entranceslit/ shown in the schematic [3.2| or of a smaller focussing

pinhole mirror (not shown). At the focussing level, due to the
nature of the beamsplitter, a fraction of the initial in-
tensity is focussed onto a spot, whose size is dependent
beam excitation  ©O% regular optical considerations like beam waist and

microscope objective parameters. After light scattering,
the same microscope objective captures the light and fo-
cusses onto the optical path after the microscope. This
backscattering geometry is reported to be the most effi-
cient geometry, while a 90 degree geometry was applied
in early studies, which yield roughly half of the intensity
in backscattering. Only specific Raman measurement
.. microscope task are reported to be affected by scattering geometry.
objective [180]
This latter optical path, in a nutshell, then filters and
focal plane (sample) redirects the captured light in a similar manner as de-
scribed for the non-confocal case with a difference of a
Figure 3.2: Schematic concept of = ¢ritical component for confocality, the entrance slit or
confocal microscopy pinhole. Before entering the detection apparatus, con-
focality requires focussing the captured light onto a en-
trance slit, usually in the range of a few tens or hundreds of pms. This key component
is responsible for filtering (stray) light at the entrance slit, which stems from other layers
than the focus level. An alternative pathway of undesirable (stray) light from other sources
does not pass the entrance slit. Raman microscopy on pm-scale, combined with a suitable
fine-scale translation table, allows for automated mappings across a sample surface and to
capture spatially diverse characteristics, e.g. on tribo-films and redeposited wear debris.
For a-C, especially, a more refined spectrum for an in-depth investigation of the D-Raman
peak is reported in comparison to macro-Raman setups. [181] For (semi-)transparent sam-
ples, a three dimensional focus volume has to be taken into consideration rather than a
two-dimensional focus area. On that note, the penetration depth as in section is key
parameter for estimation.

splitter -~ laser

In more detail, this work uses a commercial Confocal Raman Microscope as basis. This
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system - the 2005 MonoVista CRS+ (hereinafter referred to as “MonoVista”) by Spec-
troscopy & Imaging GmbH, Warstein, Germany - supplements the basic instances, the
excitation by a microscope-based focussing and the filtering by confocality. A scheme of
the used Raman setup is shown in Figure [3.3] Here, the setup is mainly used with 532 nm

Figure 3.3: Schematic setup of the MonoVista CRS+ Raman Microscope, schematic by
manufacturer’s software

diode-pumped solid state laser (narrow natural bandwidth below 1MHz), and a 633 nm
HeNe gas laser with a narrow clean line filter for suppression of collateral laser modes. The
linear polarisation of the laser is adjustable by an achromatic fresnel rhombus. Through the
course of this work, the polarisation is set to the maximum intensity measured at the objec-
tive and unaltered upon. Excitation power is set to the upper bound of damage threshold
for maximum signal-to-noise ratio. Although a laser power of 0.1 mW (equals power density
of 400 Wm~™2) is often assumed to be harmless for the sample , samples with micro- to
nano-scale structures and high absorption rates are shown to degenerate.

3.3 Fit modelling in Raman spectroscopy

From the Raman spectroscopy setup, more precisely, from the analog-digital converter of
the CCD, the raw spectrum contains an ordered list of calibrated spectral position and the
accumulated intensity.

3.3.1 Fitting of a-C Raman spectra, standard fitting procedure

In fundamental works on Raman spectra of amorphous carbons, “no a priori reasons [exists]
to choose a particular function to fit the spectrum” . Graphitic samples like highly ori-
ented pyrolytic graphite (HOPG) features purely Lorentzian-type Raman peaks, amorphous
carbon are often assumed to have Gaussian-type Raman peaks. The later is problematic,
because the origin of the D-Raman peak is not easily explained as for other Raman peaks,
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see details of double resonance Raman scattering and the peak-related sections [2.2.4] and
2.2.5l This means that the differentiation in Lorentzian- and Gaussian-type line profile
is lacking for a-C, anyway. Furthermore, amorphous carbon should not be seen as fully
disordered, glass-like network, but rather as short-range ordered network, which may con-
tain ordered regions. Note, that another allotrope of carbon is glassy carbon - a fully sp?
ordered, non-graphitising carbon network, which is not related to the amorphous carbons
as discussed. To accommodate all these points, new aspects of Raman spectra fitting for
carbons are proposed and published.[92] It is not the scope of this work to evaluate the
exact choice of the model, but to chose an appropriate model for the investigation and
deduce information cautiously. As such, the key feature of the upcoming investigations are
the shift from a highly disordered case over a phase transition to the defected graphite case.
From the Gaussian- to the Lorentzian-type Raman profile, the transition is best adopted
by a Voigt or Pseudo-Voigt model, see equation .
As automated procedure, see truncated code in appendix

o a raw data file from the spectrometer is cropped to the spectral range (950 cm™! to
1850 cm ™! for first-order and 2000 cm ™! to 3440 cm™! for second-order peaks),

¢ a linear background is added to the fitting model,

e a pseudo-voigt peak models are added to the fitting model, two for first-order and
four for second-order peaks.

The script works with and requires the pythond libraries numpy for data processing, mat-
plotlib for plotting, uncertainties for automated error propagation, Imfit for standard fitting
routines and -modelling, and os for file handling. The model fitting details are found in the
documentation online. For initialisation, the background fitting has a strongly detuned ini-
tial value for slope as 0.5, the peak modelling starts with a pseudo-voigt peak with width o
of 150 cm™! at Raman shift v of 1375 cm™! and another with width ¢ of 50 cm™!of 1600 cm™*
for the D- and G-Raman peak, respectively. Optional value boundaries, see program code
in appendix ensure fitting stability.

Figure [3.4] shows the output of the fitting routine. As legitimation, the structural evolu-
tion in chapter |5| were also fitted with a pure Gaussian fit model and with a voigt model
beforehand, yet, the trends in Raman shift, FWHM, and Intensity ratio remain.

3.3.2 Fitting of MoS, Raman spectra

Molybdenum disulphide spectra are rarely fitted in this work, most statements refer to the
visible occurrence/strengthening of MoS, or its oxides signal intensity. In literature, the
first-order MoS, Raman features are fitted with Lorentzian line shapes. [119] In this work,
the MoS, Raman spectrum is fitted on occasion with the same routine by Pseudo-Voigt
profiles as above.

3.3.3 Considerations on parameter uncertainties

Fit parameters above in Table are reported from the algorithm with a standard deviation
value. For better estimation, main sources of uncertainty in fit parameters are considered
for error propagation.
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Figure 3.4:

Table 3.3:
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Exemplary output of the fitting routine: Raman spectrum of unmodified a-C
thin films. Program code in appendix

Raman shift FWHM  Height Form factor

Raman peak v/em™1 Jem™t  I/arb.u. a/%
D 1382+ 11 409413 235+ 7 70+ 10
G 1556 &+ 2 178+ 8 160+£50 04+ O

Exemplary fitting results of a standard a-C sample, the calculated intensity ratio
reads Ry, = 1.44.
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For a start, the natural line width in general Raman spectroscopy is dependent on multiple
factors, among which the internal temperature has a direct impact. This can be ruled out
for this work, because such impact on line widths are mostly a considerable issue in gases
and liquids, the line width of this work’s sample are not affected by temperature in a direct
manner. The Raman shift v, which is linked to bonding characteristics and as such to
the energetic landscape within the sample structure, underlies a natural distribution. For
an rough estimate, this distribution of Raman shift v was studied in Raman spectra of
diamonds experimentally: Raman shift v of diamond in a static experimental setup was
measured. From this, a natural uncertainty in Raman shift v is found to be below a tenths
of em™!. [70] This is below the resolution of the MonoVista, which is estimated to be at
least one pixel of the spectrum. This translates at the usual configuration to approximately
0.5cm~! for a 600mm™! grating and approximately 1.5cm™! to 2.1cm™! for a 300 mm™*
grating over the whole spectrum.

Uncertainty by deviations in by manufacturing parameters are hard to estimate a priori.
So, the mean value and standard deviation in Raman shift » and FWHM of a previous study
on the impact on manufacturing parameters [173] was consulted. A statistical sample of a-C
thin films was taken, which were deposited with different deposition parameters, namely a
range of cathode power Prp = 1500 W to 4000 W, a mid-frequency f,;q = 20kHz to 50 kHz,
and a bias voltage Ugy = 100V to 200 V. The sp?/sp? ratio of this statistical sample spans
roughly 4 % to 20 %. The fitting data revealed that the standard deviation of the (statistical)
sample is considerably higher than the average of the reported standard deviations from
the fitting routing. From this, it is estimated that uncertainty by manufacturing has a
considerable impact. In summary, the fitting parameter uncertainty suffices as a lower
bound; this work often discusses parameter values in comparison to other samples or value
changes.

Raman peak Fit parameter Raman shift v Fit parameter FWHM
Mean of Mean of
Standard fit parameter Standard fit parameter
Mean deviation  uncertainty Mean deviation  uncertainty
G 1556cm™t  7em ™! 2cm ! 220cm™' 23 cm™! 6cm?
D 1400cm™  28cm™! 6cm™! 412cm™  52em™? 14cm™!

Table 3.4: Mean value and standard deviation of fit parameters for uncertainty estimate.
The values stem from 17 a-C thin films, which are manufactured with varying
manufacturing parameters. Samples are the subject of a previous doctoral thesis
[173] with similar equipment.
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3.4 Optical temperature measurement and tuning

3.4.1 Methods for contact-free measurement of temperature

Special attention has to be paid to proper temperature measurement, because local heating
is a main aspect in this work. Two general concepts are imaginable for this task: (a) a
comparison of Stokes and Anti-Stokes signature intensity and (b) an external setup based
on pyrometry. Further concepts, which indirectly probe the temperature via changes in
Raman shift v are reported, but related studies report a problematic reliability thereof.
[183, [184]

Concept (a) relies on a difference between Stokes and Anti-Stokes signal intensity: the
Anti-Stokes signal is attenuated by a factor proportional to exp(— E;/kyT) with the phonon
energy F;, Boltzmann’s constant kg and absolute temperature 7. As an example in Figure
the strongest Raman feature in a calibration silicon wafer at 520.5cm™' shows a
Anti-Stokes counterpart. The phonon energy of the G-Raman peak in a-C is roughly four
times higher, ergo, solely by the distance from the Rayleigh peak the attenuation factor is
estimated to /e &~ 5% over the case in silicon wafer. This concept, applied to amorphous
carbons therefore requires a considerably more sensitive detection. Concept (b) exploits
black-body radiation for contact-free temperature measurement. The natural approach of
temperature measurement is the evaluation the energy F, of black body emission, in more
detail )

= 60\);761)\, ¢y, ¢y Planck’s constants (3.24)

exp(5%) — 1

for a given wavelength A at temperature T by Planck’s radiation law. For this to function
as intended using a single wavelength requires knowledge of the emissivity (), which is
usually dependent on multiple factors, including temperature itself and individual properties
like surface roughness, This quantity is a linear factor in E,, so by comparing radiation
energy at two wavelengths and using their ratio, the emissivity is eliminated. This holds
true with the assumption that the two chosen wavelength are close enough for €() to remain
constant.

The measurement device is a scientific/ commercial-grade two-colour pyrometer FIRES
by en2Aix GmbH, Germany, which evaluates the radiation at wavelengths 1.7 pm and 2.0 pm
via a fibre. Those two wavelengths are usually sufficiently close to meet the required con-
stancy of emissivity, except for certain metals like aluminium [185]. The output of the
system, a ratio between detector voltage values, is translated to absolute temperatures by
prior calibration with a temperature-adjustable black-body radiation source. To measure
within the pump spot, a 300 pm fibre is coupled with an achromatic fibre couple (curved
metal mirror-based coupling rather than lens-based) and focussed onto the sample surface
using an infrared microscope objective NIR x10 by Mitutoyo, Japan.

As a proof-of-concept, the pyrometer was used with a bare fibre with 300 pm diameter
core with factory calibration. Data was collected by scanning the candle flame vertically
within the flame, although a distance of 0.5cm to 1.5cm would not impede the results.
Peak temperature was confirmed appropriately at roughly 1500 °C, while peak temperature
of a candle flame is expected at the main oxidative region (outer veil, non-luminous) with
complete combustion at 1400 °C. For temperature measurement on the sample surfaces, a
MoS, sample was placed without vacuum on ambient air. Although continuous illumination
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Chapter 3 Experimental details and Methodology

with a infrared pulsed laser with cw-equivalent power of 175mW, no valid temperature
signature as in case of the candle flame was obtained. The only response of the system
was obtained when an untouched surface of the sample was illuminated, which immediately
results in oxidative reactions. For simplicity, the fibre was fixed onto the sample surface and
the laser spot held steady, while the sample was moved. The measurement result translates
to approximately 1000 °C with high uncertainty, although its uncertainty is mostly assigned
to reaction enthalpy overshadowing the surface temperature at ambient air.

3.4.2 Optical temperature tuning

For thermal energy pumping, a Q-switched solid state laser BL6S by SpectraPhysics, Ger-
many emits a pulsed laser beam with a maximum laser power of P, = 2W with a pulse
length 7,5 in 6ns to 20 ns range and a variable repetition rate f.,. In preliminary studies
[186], the (raw) laser power was taken as abscissa values for discussion. This is misleading,
because laser power values shift when changing the repetition rate. To accommodate, the
repetition rate f,., is usually set to 10000 Hz through the course of this thesis. The average
laser power P, is converted to pulse energy E, .. as Eyse = Poump/ freps S0 any direct
impact of repetition rate f, is cancelled. For analysis, the (pulse) energy density over the
illuminated area Ag,., is regarded, which is simply p,uee = Epuse/ Aspot-
peak power of a pulse is disregarded for analysis; it is approximately 5kW barring corre-
lations between pulse length and repetition rate f The exact value of the pulse

rep*
length 7,4 1s undetermined.

The maximum

7—pulse

ulse

Over a Z-mirror configuration and spatial filter, the laser beam is directed to optical com-
ponents. For a reduced divergence, the beam is widened with help of two lenses in telescope
configuration. The raw laser power is attenuated by a rotatable /2 wave plate (HWP) and
rotation-fixed Glan-Thompson prism (GTP) and spatially-filtered with a 150 pm pinhole
(PH). The wave plate is set so that the unmodified laser beam remains unchanged in po-
larisation. From the Glan-Thompson prism, only the through-going beam (the so called
extraordinary beam, s-polarised) is used. This beam is then focussed on a continuos inten-
sity filter for finer scale intensity control (not shown in schematic) and collimated to a beam
size of approximately 25 mm, which corresponds to the maximum aperture of the following
optics. This is done for optimal focus, that is, to yield a 20 pm pump spot. To bring the
beam to the sample chamber, a 100 mm achromatic lens is used. The laser power P,
is measured in front of the sample chamber. The absorption loss by focussing through the
measurement window (Suprasil) is neglected.

3.4.3 Prerequisite: sample chamber and vacuum

Besides the known trend to oxidise in ambient air in literature, preliminary studies with
the optical temperature tuning setup found that the oxidation is critically limiting the
measurement range. As hypothesis, a vacuum in the range of 1 x 1078 mbar should slow
down the rate of oxidation. For this, a simple vacuum chamber is constructed: a vacuum
flange of size KF-DN40 and a standard Suprasil measurement window (approx. 1mm
thickness and diameter of 55 mm) residing on open flange facing towards the microscope
objective. A Suprasil window was chosen for its optical transparency in the working range
of the instrumentation, mostly for the wavelengths 532nm and 1064nm. As a vacuum
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pump, a combination of a mechanical pre-pump and a turbo-molecular pump reached a
stable chamber pressure of below 6 x 10~% mbar. The sample is placed into chamber in such
a way that the sample keeps a certain distance to the Suprasil window to prevent ghosting
effects due to reflections between the sample surface and the window.

3.5 Concluding summary of the measurement setup

The setup distinguishes between probe and pump lasers in distant relation to pump-probe-
setups in semiconductor spectroscopy. Figure illustrates the components of the setup,
divided into components and lines:

(a) sample chamber: the sample is in a chamber at below 6 x 10~ mbar, Suprasil
measurement window.

(b) pump-line: a pulsed laser with fundamental wavelength of 1064 nm and the second-
harmonic 532 nm are used. The raw laser power is attenuated by a variable A/2 wave plate
(HWP) and fixed Glan-Thompson prism (GTP) and spatially-filtered with a 150 pm pinhole
(PH). A periscope and a free-mounted f = 100 mm achromatic lens focuses the pump laser
onto the surface, yielding a 20 pm pump spot. The laser power P, is measured in front
of the sample chamber.

(c) probe-line: a 532nm spectroscopy laser is focused confocally through a microscope
objective (MO) with 50x magnification onto the sample surface to yield a micrometer-sized
spot. Scattered light is captured over the same MO, redirected over a beamsplitter (BS) and
filtered through a Raman filter (RF) before entering a spectrometer and a CCD detector.
The probe-line is actually a commercial Raman microscope, the MonoVista. The setup
allows for visual microscopy to ensure the overlap of both pump and probe-spots. The
probe spot is fixed, the pump-line allows for fine-scaled relative positioning, see master
thesis [186] for detailed studies.

(d) pyrometer-line: via a 300 pm fibre, an achromatic fibre coupler, and an infrared
microscope objective, the light of the pump spot is collected and directed into a calibrated
two colour-pyrometer (CPM). For calibration, a precision black body radiation source is
utilised beforehand.
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(a) sample chamber

Figure 3.5: Concluding schematic of the experimental setup: (a) sample chamber, (b)
pump-line, (c) probe-line, and (d) pyrometer-line.
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Chapter 4

Tribological thin films and their structural
and chemical properties - Raman analysis of
initial and tribologically-loaded state

In this chapter, two fundamental classes of tribological thin films are studied exclusively via
Raman microscopy: amorphous carbon (a-C) and molybdenum disulphide (MoS,), both are
deposited in magnetron sputtering PVD processes. Samples in this work were manufactured
with the objective to optimise their tribological performance for a given application, and
thus, these samples were externally examined for their tribological behaviour, i.e. coefficient
of friction pu and wear rate. Such worn samples show characteristic tracks of wear, which
span from mildly broken-in samples to loss of the thin film with substrate exposure. At
the edge of the wear track, debris material is found. At first glance, such wear debris may
be considered to be disadvantageous; in the tribological engineering perspective, however,
wear debris is considered a part of the tribological system. Moreover, it is an essential
requirement to attain a tribo-film or as transfer material, which are both considerably
advantageous for friction reduction or chemical resistance.

Initial (i.e. as-deposited) characteristics regarding structure and chemistry of thin film
lubricants are routinely investigated via Raman spectroscopy. A proficient theoretical basis
and interpretation framework thereto are available, see the respective summaries in
ter 2| subsection 2.2.4] and [subsection 2.2.5| If wear debris is present, Raman microscopy is
used for spatially-resolved investigation on the wear track. Found material is expected to
show an imprint of involved structural changes and chemical reactions. If used for modelling
tribological conditioning or break-in processes, it opens the doors for a thorough investiga-
tion of and understanding for multi-scale tribology, i.e. the connection between nano-scale
interaction to macro-scale phenomena. Scientific aim is to contribute to the understand-
ing of such nano-scale processes in structural and chemical transitions. This chapter aims
to evaluate usage of Raman spectroscopy by itself for (i) initial state characteristics on
structure and chemistry, (ii) qualitative changes thereof via element-modification, and (iii)
qualitative changes after tribological loading. Quantitative analysis of element-modification
is done for selected samples.

Section on a-C gives a short overview on the preceding efforts on the optimisation of
manufacturing. This includes the deposition parameters and hydrogenation, and improving
thin film adhesion via pretreatment or interstitial layers (inter-layers). Hereinafter, element-
modification with silicon, tungsten, silver, copper is studied. Section [4.2]on MoS, likewise
starts with preceding studies, the working environments of MoS, thin films are varied and
a selection of element-modification are investigated.
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Chapter 4 Tribological thin films and their structural and chemical properties

4.1 Amorphous carbon and hydrogenated amorphous carbon thin
films and their element-modified derivates

Both the inter-atomic bond characteristics and their interlinked structures give rise to a-C’s
properties. The former are, in principle, mostly accessible via Raman spectroscopy, a thor-
ough discussion on basic a-C thin film Raman spectra is given insection 2.2| jsubsection 2.2.4}
this chapter highlights the differences thereto in the interest of concise writing. The find-
ings of this chapter is the fundamental work for an optical temperature tuning setup in the
subsequent chapter, which aims to probe the thermal limits and structural and chemical
changes for an organised in-field testing and deposition optimisation.

4.1.1 Objectives of a-C and a-C:H thin film manufacturing for general
tribological application: sp® content, hardness, adhesion

Core ambition is the combination of low friction and adequate wear. In a-C thin films, the
former is mainly reliant on avoidance of shearing forces and therefore vulnerable to presence
of bonding vacancies (dangling bonds). In short, such dangling bonds may be saturated by
ambient air components or deliberately by hydrogenation. Wear resistance is mostly related
to hardness with sufficient thin film adhesion and cohesion. In a simplified picture, higher
hardness of the resulting film is beneficial for general-purpose a-C thin films [42, p. 139],
while the application-specific objective may differ. Film hardness is strongly correlated to
sp3 content and, in consequence, determined by the film manufacturing process and/or
hydrogenation.

As an exemplary mechanism in PVD manufacturing, striking carbons with high kinetic
energy penetrate the surface and cause a displacement of sp? carbon bonds in the existing
film. [47, 144, 168, 187] These local sites of sp? hybridised carbons do not necessarily relax
to their thermodynamically favourable sp? hybridisation, giving the carbon networks of a-
C their metastable character. [141] Previous studies show that two deposition parameters,
namely cathode power Pop and bias voltage Upy, are influential to this mechanism [106,
188] |189]. The effect on bonding and structure characteristics were visible in a-C’s Ra-
man spectra, although quantification of their sp® content required supplementary analysing
methods. [106] However, the accompanying drawbacks are higher internal stress, which
lead to brittleness or poor film adhesion, especially in the related thin film group of tetra-
hedral amorphous carbon (ta-C) with highest sp3 content. In literature, ta-C does cope
with higher critical loads in comparison to hydrogenated a-C thin films, but the superior
wear resistance of the films is crucially limited to proper adhesion rather than hardness;
adhesion, moreover, is dependent on the substrate material of choice. [190] The concept
of hardness as measure for tribological performance is controversial [129, [191]. All this
challenges the simplified picture above.

So, rather than hardness and sp® content by themselves, the adhesion is also of interest.
In consequence, the inter-layers, substrate pretreatment, and hydrogenation are looked into
[146, (176, 178].

Substrate pretreatment and inter-layers for chromium-steel substrates

Inter-layers mediate the discontinuous change in bonding type from metal bonding in the

62
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substrate to covalent bonding in a-C. Thermal properties like expansion coeffi-
cients, heat capacity, and heat transfer as well as intrinsic stress collide, all of which renders
the transition between substrate and thin film a considerable point of failure. This, at its
extreme, can be found in Figure in which the cracked surface of a-C on polyether ether

Figure 4.1: Delamination of a thin film as consequence of poor adhesion on polymer sub-
strate (spalling failure). While the G-Raman peaks of some carbon compounds

are sensitive for internal stresses by roughly a few cm™! per GPa [193, ,
a stress release of delaminated a-C was not measurable with certainty.

ketone (PEEK), a thermoplastic material substrate, is shown. Laser illumination of the
sample leads to oxidation, see orange arrows in Figure while the same laser power den-
sity for Raman measurements barely leaves a mark on the steel substrate equivalent. Among
other material classes in hard coatings [195], carbide forming metals such as chromium (Cr)
or titanium (Ti) are an intuitive choice and open the possibility to natively form gradient
inter-layers p. 131], which continuously mediate between metallic substrate and
a-C top layer. To ensure the adhesion between the substrate and chromium carbide (CrC)
inter-layer the substrate was pre-treated with the PVD process gas without any target (ar-
gon etching ) and with a combination of such argon etching and HiPIMS magnetron
sputtering of chromium target (HiPIMS pre-treatment ) . Both processes are supposed
to prepare the surface and to direct towards certain attributes for improved adhesion [199),
like removal of surface contaminants and promotion of unsaturated bond vacancies [200].
The effect of pre-treatment and matching inter-layer is studied for a chromium-steel alloy
substrate and for a titanium alloy substrate.

Figure a)-(c) shows the Raman spectra of a-C thin films on a chromium-steel alloy
substrate (16MnCr5) with graded CrC inter-layer; Raman spectra of bare CrC inter-layer
without top-layer is shown in subfigure (a) and spectra of deposited a-C and a-C:H thin
films in subfigures (b) and (c), respectively. For a-C and a-C:H top-layers, D- and G- Raman
peaks are broad and overlapping with Raman shifts v of roughly 1370 cm™~! and 1580 cm ™+,
characteristic widths, and intensity ratios. The Raman shift (D) of the D-Raman peak
remains unchanged over all measurements, the G-Raman peak shifts down from its highest
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Effect of HiPIMS pretreatment on Raman spectrum of the interstitial layer
(Inter-layer) and on the final thin film. Left column: steel substrates and
CrC interlayers, comparison of Raman spectra of (a) carbon-gradient inter-
layer and (b)4(c) deposited a-C top-layers thereon. Right column: titanium
substrates and TiC interlayers, Raman spectra of (e) graded TiC inter-layers
and (f) the final a-C thin films. These samples are deposited on titanium
alloy substrates at different bias voltages. Notice that the appearance of a-C
signatures in subfigures (a) and (e) is also seen on CrC/TiC layers without any
a-C top-layer.
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value in inter-layer CrC of 1568 cm™! to values of 1555cm™! and 1544cm™! in a-C and
a-C:H top-layers, respectively. D- and G-Raman peaks in the inter-layer CrC are compara-
tively easy to distinguish, both peak intensity and peak width of Raman peaks in CrC are
comparable to one another. In the range of roughly 2800 cm™', the characteristic peaks of
carbon-hydrogen stretching modes become visible. These modes are strongest in top-layer
a-C:H in absolute terms, but appear as shallow as in CrC inter-layer and a-C top-layer mea-
surements caused by the more pronounced Raman peaks of a-C:H. Further comparison of
a-C and a-C:H is omitted, detailed discussion follows in the section for hydrogenation. Over
all samples, the 2D-Raman peak was not found clearly. The comparison of pre-treatment
methods yields negligible differences in general intensity.

All spectra show characteristic Raman peaks of a-C. For interpretation, the inter-
layer spectra and differences to the top-layers are given special attention and the discussion
on general properties of the top-layer films is subordinate. For the inter-layer CrC, the
presence of Raman peaks similar to a-C modes is noteworthy. From the Raman spectra
alone, one is not able to distinguish allotropes of carbon with certainty. With the expectancy
that the spectra in CrC stem from a-C compound, the material is found to be rich in nano-
crystalline graphite in an amorphous carbon matrix. The reduction of FWHM relative to
a-C and a-C:H films shows the overall ordering in CrC. This view is challenged, however,
when the Raman shifts v are taken into consideration. The situation above is usually found
with stronger distancing of both Raman modes, but here, only v(G) is significantly elevated
in CrC over a-C while D-Raman mode is unchanged. A similar spectrum is found in nano-
sized CrC powder as synthesised in carbothermal reduction. [201] In short, CrC-related
vibrational modes overshadow those in pure carbon, but still, the system is behaving like
stressed, but sp? enriched a-C. For the present samples, the transition between the layers
was found to be discontinuous by other measurements, the carbon content of the inter-layer
was too low. With the sensitivity of Raman spectroscopy towards chemistry and structural
changes in mind, one expects that the ideal transition between inter-layer and top-layer
will be seamless, when the Raman spectra match. For mechanical endurance, it was found
via Rockwell indentation tests and scratch tests that the adhesion in the substrate-film
interface is important for avoiding spalling failures near the substrate, which eventually
causes delamination of the entire film. It was further shown that the combination of etching
and HiPIMS pre-treatment improved the adhesion. This effect does not show in Raman
spectra, which shows the similarity of the top layers independent from the pre-treatment
method.

In summary, Raman spectroscopy is not suitable for evaluating the adhesion to the sub-
strate directly on the one hand. Reasons for this are based on the fact that the focus volume
of this setup is assumed to be within 100nm depth, so a direct assessment of underlying
inter-layers through a micrometer-sized top layer is impossible. On the other hand, a badge
of substrates with inter-layers only may be investigated in the beginning of manufacturing
for structured quality assurance, Raman spectra of those inter-layers should be close to a-C
thin films.

Inter-layers for titanium alloy substrates

Figure 4.2d)-(e) is analogous to preceding discussion for a titanium carbide (TiC) inter-
layer on titanium alloy substrate (Ti6Al4V): Raman spectra of bare TiC inter-layer without
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a-C top-layer are shown in subfigure (d) and spectra of final films system in (e). All samples
are pre-treated in the same manner; in addition to the study before, the effect of bias voltage
on the inter-layer only are taken into account. The bias voltage of the top-layer is always
—100V. [176]

Much like the situation for CrC inter-layers, the Raman spectra of the TiC inter-layers
resemble the spectra of a-C, a strong correlation of the bias voltage to the Raman spectrum
of TiC is found. The intensity of both Raman peaks decreases and the intensity ratio lifts
significantly from 1.64 4+ 0.05 to 1.98 4+ 0.05 with increasing bias voltage. Both peaks also
become broader, from (373 + 4)cm™! to (398 + 4)cm™! for the D-Raman peak and from
(140 + 1) em ™! to (151 + 2) cm™! for the G-Raman peak. The Raman shifts v are mostly
constant within parameter uncertainty at 1372cm ! and 1563 cm!. The most pronounced
spectrum is yielded for the lowest bias voltage with slightly blue-shifted G-Raman peak at
1566 cm~!. In top-layer a-C, the effect of the inter-layer differences is vastly smaller. The
intensity ratio does increase de jure, but the value spread from 1.43 4+ 0.05 to 1.47 4 0.04 is
not significant. The FWHM of the top-layers show no clear broadening trend and stay close
to 390cm ™! and 175cm ™!, respectively; the Raman shifts v(D) is unchanged from before,
v(G) is stable at 1553 cm™!.

The bias voltage has similar effects on TiC inter-layers as in a-C: higher bias voltages lead
to higher density and hardness, heavily defected structure, and eventually higher stresses,
which have to be avoided for proper film adhesion.|106] For different bias voltages, the
broadening trend proves that higher bias voltage leads to higher disorder in inter-layers
as expected. Although not quantifiable, the impact of bias voltage on inter-layer Raman
spectra is measurable. The best match of inter-layer and top-layer is found for low bias
voltages. The comparison of top-layer to inter-layer is mostly the same as in the study
on CrC inter-layer: higher Raman shift v(G) and generally higher intensity ratios in the
inter-layer suggest a lower sp> content. Overall lower peak width in inter-layers may show a
more ordered structure than in top-layers, the differences in peak width of the inter-layer to
the top-layer are not as grave as before. Here, also, the inter-layer is behaving like stressed,
but sp? enriched a-C.

In summary, Raman spectroscopy found that the structural impact of the inter-layer
on the top-layer is minor. Spectral changes of the inter-layer may shine through the top-
layer, which was not observed in the study on CrC inter-layers for different pre-treatment
methods. More likely, however, a more defected inter-layer dictated the growth mechanism
of the a-C top-layer. A stronger effect thereof is expected for thinner films of a-C, which
renders a possibility for thickness measurement. This relies on the assumption that a-C
growth remains an imprint of the underlying structure, but the effect washes out for thicker
films.
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Hydrogenation via presence of reactive hydro-carboneuous compound during
manufacturing

Other than manufacturing parameter-driven increase of sp® content, and mechanical prop-
erties in turn [42, pp. 108 & 247 & 330], hydrogenation is commonly used to attain higher
sp3/sp? ratios. One possible way of hydrogenation is continuous addition of a gaseous hydro-
carbon compound during the deposition process, among which acetylene (C,H,, systematic
IUPAC name: ethyne) is high-yielding and “easier to handle” in comparison |47, p. 141].
Hydrogen stabilises sp® carbon hybridisation [54] due to the fact that hydrogen or hydro-
carbon compounds split m-bonding in carbon double bonds in favour of single o-bonding in
an addition reaction. Hydrogen also saturates bonding vacancies (dangling bonds) close to
the surface at lower concentrations [202] and terminates larger carbon structures like carbon
chains in the amorphous network [146]. The effect of hydrogen on a-C is profound enough
to classify a-C thin films on its hydrogen content besides sp? & sp® content and carbon
clustering/cross-linking. [54, p. 14] Friction-wise, hydrogenation is beneficial in inert and
dry environments over unmodified a-C, because a-C’s unsaturated dangling bonds adhere
to the tribo-contact counterpart; in wet atmospheres, in contrast, the adsorption of water
is increased, which increases surface interaction and, consequently, friction. [203, p. 163]
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Figure 4.3: Raman spectra of hydrogenated a-C:H thin films, (a) deposited with different
acetylene (C,H,) flow rates (FR) at a constant bias voltage Ugy, and (b) de-
posited at different bias voltages Ugy, at a constant C,H, flow rate.

Other than in a-C, the G-Raman mode in a-C:H is clearly distinguishable from the D-
Raman mode, in other words, intensity ratio I(D)/I(G) is far below unity and both absolute
peak intensities are higher than in a-C. The width of the G-Raman peak is comparable
to the a-C counterpart, the D-Raman peak is narrower by roughly 25%. Although the
Raman shifts v appear comparable to a-C, peak fitting reveals significantly lower Raman
shifts v, but no more than 10cm™! each. As described before, the characteristic peaks of
carbon-hydrogen stretching modes are visible in the range of roughly 2800 cm™!, no second-
order peaks like 2D-Raman modes are visible clearly. Figure [£.3] shows samples, which
are deposited for showing the effect of bias voltage and the effect of acetylene flow rate
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on the samples. In this study, multiple parameters are varied in framework of design of
experiment setup [146]; only a few spectra are shown with constant bias voltage Ugy, or
flow rate (FR), the derived statements encompass all of the study. The mean point of the
parameter variation are acetylene flow rate at 20 standard cubic centimetres (sccm) and
bias voltage Ugy = —120'V.

In subfigure (a), Raman spectra of increasing flow rate at constant bias voltage Ugy
are shown. G-Raman peak is more pronounced than the D-Raman mode in comparison
to a-C, the intensity ratio for all spectra is below unity. As a function of acetylene flow
rate, the Raman shifts v decrease from roughly 1350 cm™! to 1340 cm™! for the D-Raman
peak (1370 cm ™! for a-C) and increases vaguely around the mean value of 1555 cm ™! for the
G-Raman peak (1550cm™! for a-C). For increasing flow rates, both peak widths increase
from roughly 330 cm ™! to 375 cm ™! and from roughly 190 cm™* to 220 cm™! for both modes
(approx. 390cm~! and 200cm™! for a-C), respectively. Although the intensity ratio lies
between 0.34 and 0.46 over all spectra of the study, at a constant bias voltage Ugy, = —120V,
the flow rate alone leads to a barely significant increase of 0.36 to 0.37, only. The intensity
of the C-H stretching modes increase with flow rates at first, but reach a maximum intensity
after approximately 20sccm flow rate.

The two systems a-C and a-C:H are considered separate with own characteristics. Subse-
quently, a-C’s interpretation framework may not be applied to a-C:H in general. For a-C:H
thin films with hydrogen content below 20%, however, fundamental work suggests to inter-
pret Raman spectra of a-C and a-C:H equivalently. [49] Direct measurement of hydrogen
contents is not given in the underlying study, nevertheless, present films are assumed to have
a hydrogen content well within that limit. The width of Raman peaks increase slightly for
both modes, so increasing sp? bonding distortions and internal compressive stress are vis-
ible. [95, 204] Literature suggests that hydrogen has both ordering and disordering effects
in balance. [49] This is seen here in FWHM(D): it lies below that of unmodified a-C, while
FWHM(G) is the same for a-C and a-C:H. From this, the effect of hydrogen is observed to
be more pronounced on sixfold-rings than sp? carbon pairs in general. The limited rise of
C-H stretching modes, capped at 20sccm, indicate a hydrogen saturation in the film. As
literature suggests |141, p. 367], the effect is spatially restricted to the surface. Even so, the
effect of hydrogen on the carbon network is visible beyond the found saturation flow rate.
As an effect of higher flow rates at elevated bias voltage Upy, increment of Raman shift
v(G) by 5em ™! only and shallow increment of intensity ratio suggest a mostly constant hy-
bridisation mixture, but apparently with downward trend in sp® content. This is also seen
in reduced hardness of questioned samples, which was measured by other means. This leads
to the hypothesis that a higher flow rate leads to hydro-carbon saturated surfaces at first,
whose deposition and re-sputtering rates are kept in balance at elevated bias voltages Ugy .
The stronger re-sputtering than usual leads to minor annealing effect at the sub-surface car-
bon network, the generally higher surface bombardment leads to more diverse distortions.
Finally, the most noticeable effect is the far higher scattering yield in a-C:H over a-C. The
absolute intensity of the spectra are generally dependent of absorption behaviour [48, 205]
and concentration of Raman scattering centres. While the later is not critical here, the
former is a remarkably different from a-C to a-C:H. [206]

As secondary results in subfigure (b), increasing bias voltages Ugy, at constant flow rate
show an increase in both intensity ratio I(D)/I(G) and Raman shift v(G) and, in turn,
are interpreted as loss of sp? content. This is contrary to the situation in a-C, in which
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an increase of sp3 content is d’accord with the mechanism of ion bombardment for higher
energetic species. While the probability for re-sputtering of singular hydrogen atoms is low,
because of both strong C-H bonding and small scattering cross-section for its size, it is also
well known that hydrogen is emitted as hydro-carbon compounds of different molecular
sizes [54]. So, the generally high re-sputtering for higher bias voltage Ugy in combination
with hydrogen enrichment close to the surface may, in fact, lead to the loss of sp? sites
in form of ejection of C-H compounds. For maximising the sp® content, a combination of
high flow rate and high bias voltage Ugy is required. Besides this particular interaction,
the behaviour of the spectra, e.g. FWHM versus bias voltage Ugy, is compliant with the
discussion for subfigure (a). Friction-wise, the variation of flow rate and bias voltage Ugy
in ranges 5.9sccm to 34.1sccm and —83 'V to —197V is mostly irrelevant. The coefficient
of friction over all measurements is p = 0.25 4+ 0.03 with two outliers: higher flow rate
with lower bias voltage (FR: 30sccm & Upy = —100V) with ¢ = 0.33 and extreme flow
rate (34.1sccm & Uy = —140V) with ¢ = 0.29. By other measurements methods, the
hardness of all samples are above 19 GPa and significantly lower for the outliers. Third-
lowest hardness was found for the lowest bias voltage Ugy = —83 V. Variation in friction
behaviour may stem from water adsorption, which is expected to be visible in the hydro-
carbon-related stretching modes and subordinately as water molecules per se. However,
neither Raman modes of liquid Watelﬂ nor an apparent change in hydro-carbon stretching
modes were investigated.

In summary, Raman spectroscopy may be used to qualitatively distinguish between a-C
and a-C:H by absolute intensity and it reveals a converse effect of bias voltage Ugy, on both
thin film systems. Usage of absolute intensity measures entails the risk of misinterpretation,
other peak properties have to be taken into account. The reason of the converse effect of
bias voltage Ugy is not explainable, a reason for the increased friction in a-C:H outliers
(deposited at high acetylene flow rate F'R) was also not identifiable.

4.1.2 Element-modification of a-C and a-C:H thin films with agents
influencing hybridisation

Carbide forming metals serve another purpose in a-C and a-C:H film modification besides
inter-layers. In the deposition process, targets of such metals can be co-sputtered leading to
element-modification of thin films, for which the metals are assumed to become thoroughly
incorporated into the carbon network. For this, silicon and tungsten are typical elements,
which are thoroughly discussed in this thesis.

Silicon (Si), being isochemical to carbon, bonds to carbon as silicon carbide (SiC) via o-
bonding and is also able to form amorphous networks (a-Si) themselves as well. While more
intricate bonding combinations of silicon and carbon are known, SiC are expected mostly.
Because of the primary bonding via o-bonds, they stabilise the sp? hybridisation of carbon
in vicinity. Bonding strength in both a-Si and Si-C are weaker than their pure carbon
counterpart. Low concentration silicon-addition to a-C leads to losses in elastic modulus
and hardness, below 10 at.-% silicon content, sp? clusters are inhibited. [207] Residual sp?
clusters change shape: silicon promotes the formation of sp? carbon chains [208], which
in pure carbon networks is only seen for samples with very high sp® content as in ta-C.

LOver the course of study, such modes of liquid water were measured only in water-immersion microscopy
for bioanalytical studies in vitro, which are not part of this work.
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At elevated silicon concentrations, it affects the present carbon bondings in an amorphous
network negatively, because silicon atoms are larger in size than carbon atoms. This leads
to higher internal stresses and carbon bonding distortions, which, in turn, also stabilises
present sp> hybridisation. Ultimately, too high internal stress critically limits the lifetime
of a-C thin films. In total, a moderate silicon addition releases internal stresses as a-C
weak point and hinders graphitisation as deterioration mechanism. So, silicon-modification
is regularly used for increasing the thermal resistance of a-C; maximum thermal resistance
up to 650°C are reported. [26] Alternatively, the boost in thermal resistance may also
stem from a competing a-Si network [209], which may act as a reduction of a-C network
density or as sacrificial element. Besides stability, a key application for silicon in a-C:Si and
a-C:H:Si is optimised friction behaviour, because silicon compounds promote the formation
of a tribo-film. For this, a minimum content of silicon in a-C:X is required.

Tungsten (W), in contrast, forms stable bonds to carbon as tungsten carbides via 7-
bonding, namely sub-stoichiometric 3-WC;_, or W,C, and thus, leads to stabilisation of sp?
hybridisation of carbons. Unlike silicon and carbon pairing, tungsten does not form larger
structures or amorphous networks, but remain nano-crystalline compounds in an amorphous
matrix. The formation of tungsten-carbon compound and diffusion of tungsten into a-C
requires temperatures above 700 °C [210], which exceeds a-C’s natural thermal limit by far.
From this, it is derived that tungsten acts as a barrier for structural processes in a-C. Low
concentrations lead to drastic reduction of internal stress in a-C [211], which at elevated
concentration becomes visible in weaker mechanical properties. Coincidently, the wear
behaviour is reported to be improved for tungsten addition, unless too high concentrations
are reached; the friction behaviour is usually not affected. [212] At highest concentration of
tungsten, it’s expected that the amorphous carbon structure vanishes in favour of tungsten-
dominant carbide compounds, into which the carbon dissolves.

Both silicon and tungsten affect the hybridisation of the carbon network and limit sp?
clusters in number and size, but with different approaches. For industrial applications, their
benefit strongly depends on adjacently required qualities of the thin films. For scientific
analysis, it permits the investigation of involved structural processes in nano-sphere and
the effect thereof in the macro-sphere.

Investigation on as-deposited samples

Figure shows exemplary Raman spectra of a-C:X and a-C:H:X thin films, in which the
modifying element X is silicon or tungsten. Subfigure (a) presents the Raman spectra of
a-C along with a-C:Si and a-C:W at concentration E] of ~ 11 % and ~ 16 % for silicon and
tungsten, respectively, subfigure (b) is analogous for the hydrogenated counterparts. The
spectra gauge the as-deposited situation, the measurement process do not lead to changes
in structure or chemistry.

The Raman shift v(D) differs slightly, but mostly stays within fitting parameter uncer-
tainty. a-C:Si and a-C:H:Si show the lowest Raman shifts v(D) with downshift of approx.
20 and 30 cm ™! in comparison to pure a-C, a-C:W is not shifted, a-C:H:W is downshifted
by 5cm~t. FWHM(D) varies considerably: the highest value is found in a-C:W (FWHM
(395 + 13) cm™!), which is slightly above the value for a-C (FWHM (392 + 9)cm™!), but

2These measures X/(C + X) are strictly the atomic concentration with respect to carbon. The values differ
only slightly from regular atom-percent (at.-%).
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Figure 4.4: Raman spectra of element-modified (a) a-C and (b) a-C:H thin films with
modification influencing hybridisation, namely silicon (Si) and tungsten (W).

also within the uncertainty. All other samples show significantly narrower D-Raman peak,
with regards to a-C: a-C:H is narrower by 40cm ™!, a-C:Si and a-C:H:W by 50cm ™! and
a-C:H:Si by 65cm™!. For the G-Raman mode, changes are already visible by eye. Raman
shift v(G) shows lower uncertainty and thus allow more precise inter-sample comparison:
from highest to lowest,

a-C:W (1558 + 5) cm ™1,
a-C (1550 + 2) cm ™!,
a-C:H:W (1547 + 1) cm™ 1,
a-C:H (1542 + 1) em ™,
a-C:Si (1518 £ 2) cm ™,
a-C:H:Si (1517 + 1) cm™ L.

G-Raman peaks are broadest for a-C and a-C:Si, approx. (193+8)cm~!. By adding hydro-
gen to those, peaks narrow in a-C:H by 15cm ™! and by 10cm™! in a-C:H:Si. Most narrow
G-Raman peak is found in a-C:W at (135+16) cm™! and second-most narrow in a-C:H:W at
(153+5) cm™!. The intensity ratios in non-hydrogenated samples span 1.12 to 2.15 and 0.56
to 0.98 for hydrogenated samples. As already described in the discussion for hydrogenation,
Raman modes of C-H stretching modes are prominently found for a-C:H and a-C:H:Si, less
for a-C:H:W or non-hydrogenated samples. Second-order peaks, coinciding with features
above, cannot be identified clearly.

The differences of a-C and a-C:H mostly resemble the situation already described before.
In a-C:Si, the decrease in FWHM(D), but not in FWHM(G) indicates a structural process
more pronounced in carbon rings rather than in general. Its a-C:H:Si counterpart has sim-
ilarly reduced FWHM(D), but also mildly lowered FWHM(G), when FWHM(G) is mostly
the same in a-C and a-C:H. From this it is found that the effect of hydrogen and silicon in
a-C:H:Si is not independent from another. Both affect the carbon network by increasing
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the sp® content, but by different means. The smaller intensity ratio in a-C:H:Si indicates
the large number of sp® carbon sites. The narrowing behaviour of tungsten and hydrogen,
however do combine, FWHM(G) is lower in a-C:W than in a-C:H:W, indicating structural
ordering by tungsten addition. It appears as if the possibility for tungsten to dictate order-
ing in a-C:H:W is hindered by the presence of hydrogen. On conceivable mechanism may
lay in the stronger C-H bonds than C-C bonds. Also, a-C:W shows the highest intensity
ratio and so includes the most prominent sp? carbon clusters in site and number. This
effect, too, is hindered in a-C:H:W: The rise in I(D)/I(G) from a-C to a-C:W is twice as
strong as in the hydrogenated sample pairing.

Analytical investigations in element-modified a-C:X thin films

Analytical investigations aim to qualify and quantify a substance, in this case, the content of
element-modification in a-C via the effect thereof on its Raman spectra. As the qualitative
observations were made before, the effect of silicon in a-C is now quantified via Raman
spectroscopy. The appearance or exclusive intensity change of an otherwise absent or stable
Raman peak is an overt approach in analytical chemistry. This taps into the correlation of
intensity and substance concentration, it is used in in-line or flow-through Raman techniques
[213] 214]. In bulk Raman spectroscopy also, the progress of an combustion reaction is
commonly investigated via Raman spectroscopy, the intensity evolution in time follows a
Avrami-type behaviour giving insights into. Here, the modifying element in a-C:X was
rarely visible in the Raman spectra directly if the laser power density is low enough to not
initiate chemical reactions. In preceding studies, deliberately chosen elevated laser power
densities showed the oxides or other by-products of chemical reactions.

Figure show the fitting parameters of silicon-modified a-C films of varying silicon
content. The spectra were taken in as-deposited samples with laser power of 15.5mW in
a approx. 3pm laser spot, yielding power densities in order of 200kWcm~2. All plot
symbols depict a sample of a larger set, which vary in deposition parameters. Because
varying deposition parameters were proven to impact the Raman spectral features, any
found correlation between fitting parameters and silicon content is subsequently reliably
linked to silicon content. The peak parameters Raman shift v and FWHM show a linear
trend; linear fit parameters are found in The intensity ratio I(D)/I(G) drops
considerable for at lower silicon contents and reaches a stable minimum at roughly 1.6. The
form factor o remains close to gaussian-type line shape in G-Raman peak, the D-Raman
peak starts at high lorentzian-like values and furthermore show a slight trend towards
lorentzian-type line shape. With increasing silicon content, the absolute intensity of both
peaks increase non-linearly, the slope in the linear background follows suit.

Intensity ratio Ry, = I(D)/I(G) and Raman shift v(G) reveal the increase in sp® content
with growing contribution of silicon. While the Raman shift v(G) does not give any fur-
ther clues, the intensity ratio suggests a saturation effect at approximately 11 at.-% silicon
content, which was the chosen content for studies in silicon-modified a-C:Si in the previous
subsection. From FWHM(D) and form factor (D), ordering processes with dominant effect
in six-fold aromatic ring clusters, i.e. the structures giving rise to the D-Raman peak, take
place. This may stem from the capability of silicon to displace sp? rings in exchange for
chains, which do not contribute. This effect does not seem to approach a limit as before,
the decrease in FWHM(D) continues over the silicon content limit from before. The in-
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Figure 4.5: Raman fit parameters as a function of silicon content for quantitative analysis.
The deposition parameters of the samples vary, so any systematic trend is mostly
linked to silicon content. Intensity ratio symbol Ry, refers to I(D)/I(G).

terpretation of the intensity is omitted, the background slope behaviour suggests stronger
contributions to broad, unspecific spectral features spanning the entire spectral range. Al-
though Raman spectra of a-Si are in fact characteristically broad and feature-less, they
are not eligible for explanation. From this, a competing amorphous network could not be
identified. The rise in background slope most likely stems from general light scattering or
weak fluorescence effects, which gain momentum with stronger silicon content.

It appears that Raman spectroscopy, especially the analysis of the D-Raman mode in
Raman shift ¥ and FWHM with dependable coefficient of determination R?, is in fact
fitting for the quantitative analysis of silicon content. The maximum value in R? has
to be considered in the light of samples with varying manufacturing parameters, whose
effect was estimated to be significant in [subsection 3.3.3] These observations are compliant
with the previous investigation in behaviour, but all values differ. Other than before, the
measurements were done at elevated laser power densities, a microscopically visible imprint
is found after laser illumination. In a similar manner, the behaviour in a-C:W and a-C:Ag
was investigated, but no comparable significant trends are found. Their fit parameters are
found in the backmatter, see Appendix [Figure S2| and [Figure S3|
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Investigation on samples after tribological loading

Two types of tribological loading are investigated in this work, both ex-operando and ex-
situ: First, the wear track after a film adhesion test (scratch test), in which a steel ball was
dragged once along a straight line with increasing normal force, and second, the wear track
after measurements for friction and wear coefficients (ball-on-disc tribometer test), in which
a steel ball is run periodically in rotary manner with a constant normal force. Both test
encompass two vastly different situations from tribological perspective, see section |3.1| for
details. For a start, scratch test purposefully exceed the film’s maximum design capacity of
normal force loading until failure, the scar is depicted in Figure for reference. For such

Figure 4.6: Microscope picture of a wear scar after scratch-testing an a-C thin film sample.
In such tests, the occurrence of certain wear phenomena are measured for an
empirical quantification of thin film adhesion. The first occurrence of the wear
phenomena (cracks, spalling, and delamination) are marked as white boxes.
Picture taken from publication .

conditions, only initial and intrinsic properties of the thin film provide tribological aspects,
no fully-developed tribo- or transfer-film is expected in such short-lived tribo-contacts.
Other than sub-prime lubrication without tribo- and transfer-film contribution, the high
contact pressures constitutes external strain and yields plastic deformation.

Figure [4.7] shows the fit parameters of the Raman modes in a-C:Si and a-C:W after
scratch testing. Horizontal axis depicts the measurement position along the scratch track
and therefore acts as a simple measure for contact pressure. In film adhesion testing, visible
cues on wear-related phenomena (like spalling failure in give the endurance of the
testing sample, which is measured in hardness classes. The onset-point of the measurement
starts in the worn area, the mapping exceeds the points of spalling failure. The geometry of
the measurement only allowed for a fixed focus, so special attention is required for correct
allocation of spectral features related to intensity. In a-C:Si, the absolute peak intensity
is increasing towards the mapping centre, which was chosen to be in ideal focus. From this
point on, roughly 20 units, the intensity decreases in a comparable rate until the intensity
plummets. Raman shift v in both modes decrease uniformly and approach a lower limit,
that is, (G) lowers from 1550 cm™! to 1510 cm ™! and »(D) from 1380 cm™! to 1330 cm 1.

Peak parameter slope m  intercept b/cm™? R?

Raman shift (D) —1.440.2 1364 4+ 3 0.895
Raman shift v(G) —0.840.2 1570 + 4 0.64
FWHM(D) —3.3+£04 310+ 8 0.88
FWHM(G) —0.2+0.1 128 + 2 0.32

Table 4.1: Linear fit parameters in Raman shift v and peak width for D- and G-Raman
peak for quantitative analysis with coefficient of determination R? value.
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Figure 4.7: Raman fit parameters, when the underlying sample was used for a film adhesion

test (scratch test).(a)-(f): Fit parameters for a-C:Si, (g)-(1) fit parameters for
a-C:W. Intensity ratio symbol Ry, refers to I(D)/I(G). Horizontal axis depicts
the measurement position along the scratch track and therefore acts as a simple
measure for contact pressure. At the horizontal value at roughly 20 units, the
underlying sample starts to show spalling failures, which leaves an imprint on
the spectra and their fit parameters. 75
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The FWHM is mostly stable for the D-Raman mode, while the G-Raman peak continuously
widens from 128 cm ™! to 198 cm™!. The intensity ratio is unusually high in comparison to
the intensity ratios in the previous section and continuously decreases towards unity. Form
factor a(D) shows an increasing contribution of Lorentzian-type modes, the G-Raman peak
remains fully gaussian-like. In a-C:W, the core peak parameters are mostly unchanging
until the middle of the mapping, when it becomes less stable. The lack of stability is
clearly seen in peak height, in which an up-and-down between mapping points are detected.
Continuing beyond this point, the intensity decreases until the last quarter of the mapping.
Beyond this point, deviating and unstable behaviour is found in all peak parameters. The
Raman shift v is weakly affected by the contact pressure, Raman shift v(G) vaguely increases
by the end of the first half. Peak widths show no clear dependence, the intensity ratio
appears to have a vague downwards trend. Form factor o of the G-Raman mode remains
fully gaussian-like; the D-Raman mode becomes more gaussian-like, but a reliable statement
is spared because of high fluctuations and uncertainty.

In both systems, the initial values are deviating from all discussed values above. For
clarification, one has to consider the different circumstances, under which these measure-
ments are taken, in short, at elevated laser powers and at tribologically worn sites. As the
theoretical framework for a-C is intended for use in undamaged a-C thin films, estimations
of sp? content or nano-crystalline particle size via intensity ratio/v(G) is purely qualitative.
For quantitative reassurance, other means of measurements have to be supplemented. In
a-C:Si, a much stronger correlation between the fit parameters and the contact pressure
is found. Both intensity ratio and Raman shift v(G) suggest an increase in sp® content
as reaction to the intense loading; internal stress is measurable as upshift in v(G) in liter-
ature, but no competing effect thereof was clearly found here. Bonding distortions in all
sp? carbon sites give rise to the increment in FWHM, apparently the ordering in D-Raman
mode-structures are mostly unchallenged. With the results in the defect mech-
anism in this tribological loading is not graphitisation. There, an increase in FWHM was
never observed. Here, initial graphitisation is expected in a limited fashion, as the elevated
laser power does leave a visible imprint on the samples after measurement. This, agrees
well with the deviating initial peak parameter values. The dominant structural process is
the enrichment of sp3. In a-C:W, on the contrary, the very shallow dynamics give little
insight about structural changes upon mechanical loading. The formation of sp® does not
noticeably take place as in a-C:Si, their formation appears to be sufficiently suppressed by
tungsten.

The other type of tribological loading, ball-on-disc tribometer testing, is a common
and first-principle approach for quantitative measurements for the coefficient of friction
and wear rate for tribological thin films. For service-life simulation, the testing sample is
periodically brought in sliding contact at a fixed normal force and at a constant sliding
velocity. In harsh contrast to the scratch test before, the sample stays in conditions and
environment for which they are technically designed. Foremost, tribo-material is worn
out of the film material’s original configuration and has the opportunity to re-deposit on
the sample and to become part of the tribo- and transfer-film. In such tribo-meter tests,
the coefficient of friction and wear rate are usually averaged after a break-in period. The
microscopy pictures of the sample show smooth wear tracks with mostly shallow depth. At
the edge of the wear track a non-continuous transition between contact-area and untouched
thin film is distinguishable by eye. By the tribological testing, although only small values
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Figure 4.8: Raman fit parameters, when the underlying sample was used for a friction and
wear-test, in which a steel ball was periodically dragged on the sample with
constant normal force (ball-on-disk tribometer test). The vertical scale the
same for each row (a)-(c) and (d)-(f) with the exception of subfigure (f).

are found, the wear rates are non-negligible. Clearly, wear debris was formed, yet no hints on
a formed tribo-film was found here other than in literature. Two situations are conceivable:
(i) the wear debris left the tribo-contact and the averaged wear rates mostly capture the
material loss, and (ii) the wear debris was (partially) re-deposited onto the film, for example
in the wear tracks. By means of a mapping of Raman spectra across a wear track, changes
in structure and chemistry in the thin film are detectable.

Figure [4.8| gives an overview on the microscope pictures of the wear tracks and found
fitting parameters at each position. Across all samples, the relevant fit parameters are
mostly unchanging. For representation, the Raman shift v of D- and G-Raman mode plus
the absolute intensity are chosen, the other fitting parameters evolutions are mostly flat
and the averaged values are mostly resembling the discussing of the as-deposited situation
described earlier. For some combinations, the spread of peak parameters becomes larger,
as soon as the wear track is captured. This can be seen in Figure [I.§ in Raman shifts
v(G) in a-C:Si and a-C:W. This is the closest significant change in (relevant) Raman peak
properties, the uncertainty in Raman shift v are low. Yet, this is deemed as sub-ordinate
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effect and further discussion is omitted. The absolute intensity does significantly show a
spatial correlation. All spectra within the wear tracks have a lower signal-to-noise/absolute
intensity ratio or are at level of the wear track exterior. The value spread in absolute
intensity seem to be larger within the wear tracks than outside, the uncertainty through
the fitting routine is unchanged.

The found constancy in peak parameters rejects the hypothesis of higher-tiered struc-
tural or chemical changes during tribo-meter testing in the present extent. As wear debris
material is expected to be distinct form the initial state, the absence of wear debris in the
wear track suggests that the wear debris was not re-deposited and the wear material left
the tribo-contact. As said before, the wear rates in a-C and modified a-C films are low in
comparison to MoS, thin films, for example. The behaviour of the absolute intensity may
stem from a deviating surface within the wear track, for example, random ridges by con-
tact sliding. The general drop in intensity may furthermore have a technical background,
because the set focus of the microscope is fixed along the Raman mapping. With a spatial
resolution in order of micro-metres and working distance of the microscope objective of in
order of millimetres, the shallow depth of the wear tracks may be a significant contribution.
It is surprising to find unchanging parameters here, after a visible correlation between peak
parameter and contact pressure in scratch test were identified.

4.1.3 Element-modification of a-C thin films with catalysing agents

Silver and copper are neither forming carbides nor bonding to carbon in other ways. Unlike
carbide-forming metals, the insertion leads to nano-crystalline metals within a amorphous
matrix. Apart from such nano-composite structure, silver in low concentration fully dissolve
in a-C [216} 217]; higher concentration leads to growing metallic inclusions. Their effect on
carbon is, in contrast to silicon and tungsten, not bound to hybridisation, but on catalytic
effects.

Figure [1.9(a)-(d) encompasses the deposition of a-C:Ag on a steel- and on a titanium-
based substrate. On steel-substrates [215] , the effect of bias voltage Upy, is co-measured,
it shows a strong correlation with the over-all scattering yield. This behaviour was not ob-
served in the studies of bias voltage Upy, on a-C deposition. On the contrary, the background
zero-level of the Raman spectra was mostly unchanged and an increasing bias voltage Ugy
worsens the signal-to-noise level. In fact, fitting reveals that the peak intensity of D- and
G-Raman modes are actually decreasing slightly with rising bias voltage Ugy. With that
revelation, the behaviour of the Raman modes, but not the zero-level, agree more with the
bias voltage Ugy, study above. On the relevant peak parameters, most prominent behaviour
are up-shift and narrowing of the G-Raman mode, so called phonon mode hardening, with
increasing silver content. The D-Raman peak remains constant over the course of this study,
a trend in intensity ratio was not found clearly. On titanium-substrates [219] , the silver
content is varied at constant bias voltage Upy,. The zero-level is affected by the silver con-
tent alone, the outcome however is miniscule against the previous case. The behaviour of
the D-Raman peak and intensity ratio is analogous to the steel-substrate counterpart, but
the Raman shift v(G) is unchanged for the G-Raman peak as well. Its FWHM narrows in a
comparable fashion from 161 cm ! to 153 cm ™! for increasing silver content. At the highest
amount of silver and therein especially at lowest bias voltages, the D- and G-Raman peaks
start to separate and become similar to graphitising carbons. Second-order peaks are not
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Raman spectra of silver-modified a-C:Ag (a)-(c) on steel substrates or (d)
on titanium-based substrates, each with different degree of silver-modification.
Subfigure (e) compares Raman spectra of a singular a-C:Ag to a multi-layer
system of a-C/a-C:Ag, subfigure (f) is analogous for copper-modified a-C:Cu.
Spectral feature near 2330 cm ™! is ascribed to atmospheric nitrogen [218].
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found clearly, although a pronounced bulge in the corresponding spectral range is found for
highest silver content.

The increase in zero-level likely stems from altered (optical) absorption behaviour of the
thin film. By other means, the re-sputtering rate of silver sites was found, so an increased
bias voltage Upy The behaviour of the G-Raman peak suggests a general structural ordering
process, i.e. proliferation sp? carbon clusters in six-fold rings at the expense of sp?, and
reduction in defects. This seems plausible, because catalytic agents shift a mixture of
thermodynamically and kinetically stable species towards thermodynamic stable products.
[215] Internal stresses might be a co-factor in the Raman mode upshift, but this would
suggest an increase in FWHM(G). Such internal stresses are assumed by other means in
the underlying study, in this case, poor adhesion. Increasing the intensity ratio along with
the upshift in v(G) naturally suggest a decrease in sp® content, which was complementary
found in X-ray spectroscopy. A 10 % decrease in intensity ratio translates to a drop in sp®
content by a few percent. In the highest silver content, approx. 9 and 12at.-% the onset
of graphitisation is found by its characteristic peak narrowing and distinguition. For silver
content up to 7.5 %, however, no graphitisation process was found.

Figure [1.9(e)-(f) shows the Raman spectra of a-C:Ag and a-C:Cu thin films and their
multi-layer counterparts. Multi-layer film structure feature improved tribological perfor-
mance over regular a-C:X thin films. The individual layers have a thickness of 100 nm and
are comparable to the penetration depth of the laser. The top layer consists of modified
a-C:X. The single-layer a-C:Ag thin film in subfigure (e) suffers from initial graphitisation
(not shown), which was previously found to set of at silver content above 7.5 at.-%. Surpris-
ingly, the thermal stability is increased, i.e. graphitisation is suppressed, in the multi-layer
film system. Avoidance of graphitisation is linked to increased hardness, which is indirectly
verifiable via Raman spectroscopy in the case of a-C:Ag being prone to graphitisation. Ad-
ditionally, the effect of copper-modification is described as well. D- and G-Raman mode
show directly comparable spectral features with minor differences. The behaviour of copper
is closely related to the behaviour of silver, but no graphitisation is found. By other means
of investigation, the frictional behaviour of a-C:Cu differs from the situation in a-C:Ag. The
amount of nano-crystalline particles of copper has a self-lubrication effect, but no evidence
thereof is measurable by Raman spectroscopy.

In summary, Raman spectroscopy shows the onset of thin film failure due to graphitisation
and shows its usage in quality assessment. The addition of silver to a-C, especially, may
lead to reduced stability, which is circumvented by multi-layer thin film systems. Reactions
of catalytically-modified a-C thin film towards thermal heat is studied in the upcoming
chapter.
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4.2 Molybdenum disulphide thin films and their element-modified
derivates

Key advantages of molybdenum disulphide are based on high tolerance towards surface
pressures in comparison to other lubricant compounds and, foremost, on its tribo-film for-
mation in operando and in situ. Their nano-scale mechanisms or possible conditioning,
however, are still object of research. While a general understanding for a complete pic-
ture on the tribo-film formation suffers from it taking place in situ and in operando, and
thus making direct probing mostly infeasable, the ez situ situation is far easier accessible.
Measurements of wear rates and coefficient of friction are done as a ball-on-disc tribometer
test, in which a steel ball is run periodically in rotary manner with a constant normal force.
The resulting scar after measurements show characteristic wear track, debris particles, and
baked-on tribo-film material, see Figure for reference.

A thorough discussion on basic MoS, thin film Raman spectra is given in chapter
[subsection 2.2.5| This chapter highlights the differences thereto in the interest of concise
writing. Rather than structural changes alone, the evolution in MoS, thin films is often
detectable via the presence of oxidation products, which have a unique Raman signature.

4.2.1 Objectives of MoS, film manufacturing for general tribological
application: improving friction by balancing stability

For tribological applications of MoS, thin films, core objective is the reduction of friction.
As apparent later, the objective in designing MoS, thin films is mostly avoidance of chemical
or structural weak points. In more detail, the friction is directly and indirectly dependent
on a manifold of parameters. For this work, those are grouped in (i) properties of the film
and (ii) conditions in the tribo-contact, both of which are also relevant for (iii) tribo-film
formation and stability. WeaIEI is considered secondary, because the tribological benefit of
MoS, thin film is based on tribo-film formation, which requires third body particles to some
degree. In literature, the majority of a deposited MoS, thin film is reported to wear out in
the break-in process. [136]

Properties of the film encompass physical and chemical aspects, of which a selection is
considered in this work, namely crystallinity and growth direction, defect type and - density.
By other means of investigation, influence on friction is known for e.g. general density,
elastic modulus, hardness, and ductility |[130], but they are disregarded here. Chemical
properties are reaction- and interaction-related like reactivity towards environment. On
the one hand, properties of the film are chosen to counteract the shortcomings of the film,
namely chemical sensitivity of crystallite edges towards water or oxygen, and a preferable
orientation with low shearing. On the other hand, low friction is known to be found when the
deposited films are rich in small crystallites [130], which translates to a dense microstructure,
and basal orientation. [220] The deposited thin films in this work are polycrystalline with
diverse growth orientation in nature. The diversity in growth orientation also encompasses
competitive growth processes, which could ultimately induce internal stresses. Another
origin of stress in thin films stem from sub-surface implantation of highly energetic species,
which may be thermalised onwards.

3Wear as defined as material removal from its initial location
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The majority of properties are related to structure or chemistry and may therefore be
accessible via the Raman spectroscopy. Influencing elements of those three groups take
effect in different circumstances. For a start, influences during deposition or during
annealing are of interest.

Influences on film properties during deposition manufacturing

Present thin films in this work are deposited via high-power impulse magnetron sputtering
(HiPIMS), which naturally provides thin films with better quality in morphology, suitable
wear-limiting hardness, and oxidation resistance by comparison to e.g. compressed powders,
which do not cohere well. [130} 221} [222} 223] Present thin films show the best friction
behaviour with higher sulphur vacancies (sub-stoichiometry) and basal growth direction
with respect to the substrate. [63] The deposition temperature influences diffusion and/or
relaxation processes of adatoms on a surface, which result in larger crystallite sizes in
preferable orientation and lower density structural defects, while sub-stoichiometry may be
maintained. [224] Previous studies also show the influence of bias voltage Upy on growth
direction and structural defect relaxation. [63] This, however, does not show in Raman
spectroscopy. The combination of bias voltage and deposition temperature gives rise to
defect-rich thin films, even amorphous samples in extreme cases, which increase hardness
due to altered bonding characteristics and resulting stresses. In Raman spectra, this is
found in higher Raman shifts v in more defect-rich samples.

Post-deposition processes include annealing, which acts on residual stress or defects in
the film. By the possible ejection of sulphur compounds, annealing at 300°C near the
thermal stability limit generates sub-stoichiometry of = ~ 1.7. [225] Annealing at 600 °C,
strain is relaxed, structural diversity is reduced, and basal growth direction is favoured
over columnar. Such high-temperature annealing generates films similar to bulk-like MoS,
crystals. In annealed samples, an overall better signal in Raman spectra is achieved, which
is associated to reducing amorphous regions that don’t contribute to the signal. When
Raman spectra become measurable, the involved line widths narrow - a clear sign for defect
relaxation, structural ordering and diversity reduction. On bonding level, strain reduction
is measured in general Raman shift v like for substrate temperatures. Although reduction of
stoichiometry acting in favour of lower friction, in total, increasing annealing temperature
impedes friction reduction as structural homogenesis and ordering counteract stronger.

4.2.2 Influences of environments on tribological performance and tribo-film
formation

The effect of humidity on the properties of present films is known to be vital. Benefit and
disadvantage thereof are in balance [226]; the former revolves around the desired tribo-film,
the latter focusses on higher (initial) friction by higher shearing forces. Inert environ-
ments are required when both friction and wear have to be kept low. [164] This is the
core argument for using MoS, lubricants in vacuum or space applications over e.g. a-C thin
films. Nitrogen (N), in fact, is known for its self-absorbent behaviour acting as a masking
agent for chemical weak points. [227]. In humid environments, contrarily, water adsorbs
and even partially diffuses into the film, so oxidation occurs. [163}228] Naturally, the initial
wear rates in ambient air and in inert atmospheres are diametric. The friction behaviour,
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however, shows a more intricate behaviour. Initial friction is higher in air than in argon and
nitrogen, but particle generation for tribo-film formation is vastly accelerated. Although
the friction start higher, the benefit of tribo-film formation counteracts the initial higher
friction. This is true under the premise of having a sufficiently high contact pressure, in a
nutshell, the mechanical prerequisite for a stable tribo-film. A high contact
pressure attenuates the impact of environment on wear in the long run, which is mostly
independent on sliding velocity, and therefore also mostly independent on friction power at
constant normal force. It may even prevent the rupture of the thin film. Although friction
benefits from tribo-film formation in humid air, the friction is not as low as in inert envi-
ronments. The difference, however, is an increase of < 0.2 in coefficient of friction, only.
Again, for a constant normal force, friction is mostly independent on sliding velocity and
thus on friction power.

For Raman studies, both initial and tribo-film material are of interest, which make surface
oxidation and ordering processes apparent. Figure 4.10] gives a summary on all relevant
Raman spectra; subfigure (a) shows initial material spectra, (b) the various tribo-film
material.
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Figure 4.10: Raman spectra of unmodified MoS, thin films, which were worn in a ball-
on-disk examination with different environments, namely, dry argon (Ar), dry
nitrogen (Ny), and humid air. Subfigure (a) depicts untouched sample loca-
tions for the as-deposited situation, subfigure (b) captures wear debris near
the wear scar edges. Indicated force values indicate the used contact force in
the ball-on-disk tribometer.

The initial material shows no relevant differences in Raman spectra with respect to en-
vironment other than deviating scattering yield, all spectra are similar to the basic spectrum
in chapter [2] section[2.2.5] Absolute intensity of Raman peaks is linked to the concentration
of scattering centres and on optical properties of the surface. The latter often has a negative
impact, especially when newly-forming or -ordered material is more optically absorbent or
structurally Raman-inactive. Literature suggests that little oxidation starts immediately,
even at ambient temperatures and ambient partial pressures of oxygen, and only gains mo-
mentum for elevated ambient temperatures. Only the ambient air is suspected to show
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any effect even if minor. The laser power is purposefully chosen to not initiate any chemical
reactions. For all this to play a crucial role, the background is expected to remain basically
unchanged. So, the present spectrum-wide gain in intensity is most likely not linked to
relevant structural changes, but on reducing Raman-inactive material like amorphous thin
film material. Of note, all samples are transported through and stored in ambient air, so
related effects are expected on all samples. An unaccounted contribution, regarding the
higher friction and wear, may be a higher local temperature of the material close to the
wear track, which is not sufficiently verifiable via the present measurement.

Wear particles are generally found at the edge of wear tracks forming the tribo-film,
see Figure for reference. For nitrogen and humid environments (at higher surface
pressures), the wear particles yield a visibly more pronounced tribo-film than in argon
atmosphere, which agrees with the expectation as described above. For humid environments
and high contact pressures, the tribo-film even covers most of the wear track. For low contact
pressures, the found tribo-film is comparatively lean, but the friction is reduced over bare
steel contact, even although the film material is visibly lost. The Raman spectra show no
chemical reaction of the film, the spectra is still mostly allocated to MoS,. The Raman
bands of MoS, which were also found in the initial material, show much clearer signals and
strongly improved thermal resistance. In more detail, the thermal resistance is sufficient
to withstand a laser power, which is known to initiate oxidation otherwise, as in the initial
material in subfigure (a). Any other changes like change in FWHM or Raman shift v are
not apparent, but clearer peaks are found at roughly 630, 750 and 845cm™!.

The higher scattering yield is linked to the formation particle sizes, which elevates the
scattering yield. The mechanism for reduced heat transfer is two-fold: first, the particle
size participates in a different type of scattering with lower energy transfer in general,
presumably Mie scattering. In such, the particle sizes are in the same order of magnitude
as the wavelength of the photon. This seems plausible, because the initial state do show
the same Raman modes, but much fainter. Highly defected or amorphous MoS, thin film
structures do not give clear bulk-like MoS, signatures. The new peaks at 630, 750 cm™?
are attributed to second-order scattering processes and latter at 845 cm™! to secondary
molybdenum compounds. Oxides of the thin film material or of the substrate are not found.
This result suggests that either flash temperatures in the tribo-contact are not sufficient
for relevant oxidation or the thermal stability is increased, i.e. the tribo-film is sufficiently
protecting the wear track. Such relevant oxidation is distinguished from surface oxidation in
general, as oxidation is known to set in immediately. [163] Relevant oxidation should have
an impact on the friction behaviour, however, even sliding in 250 °C in ambient air is found
to be within tolerance; of note, oxidation rates in similar films are lower than the regular
wear rate, [228] so superficial oxidation is worn out along with film material removal and
tribo-film generation. While the adaption of basal orientation is not measurable in Raman
spectroscopy directly, it was shown via other means like X-ray spectroscopy directly and
through the reduction in friction. In contrast, reduction of strain or ordering processes,
should become visible in altered Raman shifts v or FWHM, as described above. Both peak
parameter are changing negligibly, only.

In total, the structural changes are not directly visible in Raman spectroscopy, but the
implications of such are. The only measurable structural change, the particle size, leaves
a mark in the spectrum as general intensity. More interestingly, the thermal stability
increased, which may be studied in future in more detail.
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4.2.3 Copper-modification: MoS,:Cu thin films

Besides increasing friction performance by mildening the short-comings of MoS, thin films
or by promoting the formation of tribo- and transfer-films, the combination of MoS, with
other types of solid lubricants are conceivable, for example, as part of a film system or as
composite film. Within the scope of this study, a selection of metals were incorporated into
MoS, thin films, among which copper stood out for being a solid lubricant itself.

Copper (Cu) is a comparatively soft metal, it features a both self-lubricating and catalytic
behaviour. Its friction behaviour is based on lower shearing forces and, possibly, by forma-
tion of tribo-films in MoS,; copper provides impact on lubrication and on structure of MoS,
of salience. Incorporated into MoS, thin films, copper replaces molybdenum atoms leaving
them unbound in the solid and increasing Mo/S stoichiometry. [229, [230] At lower copper
contents the basal-plane growth direction is preferred over the others, copper content above
certain levels induces amorphous structures in MoS, thin films. Incorporation of other
transition metals usually just results in densification and preferred basal-plane growth, cop-
per additionally acts as an amorphising agent. Unmodified MoS, thin films usually show
a mixture of different growth directions. Densification and preference in basal growth di-
rection were previously described to improve intrinsic tribological performance. Friction
reduction is impeded at higher contents, however, because amorphous thin film is more
likely to be irrecoverably removed with substrate exposure. The friction in this situation
is still lower than the non-lubricated material pairings. The wear is lowest for amorphous
MoS, thin films, i.e. with highest copper content. So, the formation of transfer-films with
its tribological improvement is likely.

Figure[4.11|presents the Raman spectra of the film in their initial state and the situation
at bare wear track locations without pronounced wear particles. Figure features
worn samples, specifically a selection of wear particles. The former covers a study of
various copper contents, the later the effect of post-deposition annealing on wear debris.

Initial state after deposition, wear track after a ball-on-disk tribometer testing

Raman spectra of the film in their initial state in subfigure [£.11}(a) show regular MoS,
signatures. Most interesting, above a certain copper content, all Raman modes decrease
and eventually yield an empty spectrum. Prominent spectral features, the Raman modes
Ezlg7 Ay, 2LA(M), drop in intensity at comparable rate; the acoustic mode LA(M) has a
stronger decline at low concentration. Peak widths are mostly unchanged, additional peaks
are not found. From Raman spectra alone, the absence of features may stem coverage of
copper, which is not Raman-active, or from amorphous MoS,, whose features are very faint.
The situation in particle-free wear track in subfigure [£.11](b) also shows the absence of
spectral features at highest copper content. The panels of lowest copper content show oxides
of the substrate; further analysis thereon is omitted. In the intermediate range, usual MoS,
Raman peaks are found, namely the Raman modes LA(M), E;,, A, ,,2LA(M). Unlike
before, the intensity does not decline in lock-step and an empty spectrum is postponed to
the sample of highest copper content. Also, the LA(M) mode is changing in its own pace
again. The general background appears to increase at copper contents above 28 at.-%.
The exposure of the substrate indicates the loss of the thin film directly, the presence of
MoS, signatures upon copper content of 30 at.-% prove structural changes in the wear track.

85



Chapter 4 Tribological thin films and their structural and chemical properties

- i 4 L (b)tribowear track copper
PR D
o F A i
T i A
~— N’\_; =y
>t . 1 J
G P =
§ i —

e F J
= _|
T F .
E — Copper content in at.-%:|—
§ 31.9 195/ -
——30.0 —— 10.5|—
—280—— 3.1

200 400 600 800 1000 1200 1400 200 400 600

Rel. wavenumber v (cmh)

Figure 4.11: Raman spectra of copper-modified MoS, thin films in (a) the as-deposited
state and (b) worn state, situation in wear track without pronounced debris.

Chemical changes can be neglected, because no signs of oxidation are found. The lack of
attenuation as above, which was connected to be related to coverage of copper, indirectly
shows a precipitation effect of copper in MoS, at higher contents. This was verified in the
underlying study by other means.

Effect of annealing

The previous investigation concluded that MoS,:Cu with copper content of 28.0 at.-% is on
the brink of amorphisation, the wear scar has full MoS, character. This sample is chosen for
studying the effect of annealing. Figure shows Raman spectra of distinct locations in
the wear scar of the sample. It is divided into three subfigures, for annealing temperatures
of 100°C, 200°C, and 300°C each. The colours of the spectra are matched for a type of
wear debris or sample location. For clarity, two Groups of sample locations are defined:
Group 1 features bare white locations in the tribo-track or white plateaus on top of debris,
Group 2 features gray debris, side debris, or locations in bare gray tribo-tracks. For a visual
orientation, refer to the upper and middle row in Figure [4.15

More pronounced Raman signatures are found for Group 2: gray debris (dark gray spec-
tra), side debris (red spectra), or in bare gray tribo-tracks (yellow ochre spectrum). The
behaviour of annealing with temperatures of 100 and 200°C yields an mostly empty
or very shallow Raman signatures for Group 1, specifically bare white tribo-track (mint
green spectra) or white plateaus on top of debris (violet spectra). More pronounced Raman
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signatures are found for Group 2: gray debris (dark gray spectra), side debris (red spectra),
or in bare gray tribo-tracks (yellow ochre spectrum). MoS, signatures are most pronounced
in gray debris, all other spectra have a lower signal-to-noise ratio, if any. Direct comparison
of annealing with temperatures of 100 °C and 200 °C shows that all MoS,, signatures decline
for higher annealing temperatures, even the most distinct particle type, the gray debris.
In spectra of Group 2, a well pronounced spectral feature around 800 cm™! appears with
vastly higher peak widths and asymmetry. This features appears more strongly in 200 °C
annealing, the peak is generally upshifted. In some places in the tribo-track, the surface
appears tarnished, which is only visible in colour microscopy pictures. The Raman spectra
of those location fall in between the two groups above. The behaviour of annealing of 300 °C
stands out, only Raman signatures of substrate oxides are found, independently of sample
locations.

The strong MoS, signatures in gray debris are conform with the behaviour of wear parti-
cles in different environments, in short: the thermal stability towards laser heating, which
is based on particle sizes of a certain size (presumably resulting in Mie scattering), and the
Raman scattering yield are increased. Annealing is expected to reduce amorphous regions
and to reduce stresses. The wear phenomena are comparable in 100 °C and 200 °C anneal-
ing, so no fundamentally different processes in tribo-film take place. However, from the
generally weaker MoS, signals in higher temperature annealing, it is deduced that MoS,
sites form in lower extent. Apparently, the reduction of amorphous regions or stresses
inhibited the formation of ordered MoS, site in the tribo-film, although the opposite is
expected. To explain this apparent contradictory, one has to distinguish the natural forma-
tion of MoS, via temperature annealing and the forced formation in situ for the tribo-film
formation. If those processes were equivalent, the 200 °C annealing should present clearer
MoS, signatures, which it does not. For the feature around 800 cm ™!, no singular mode
is assumed, because singular Raman modes of size and asymmetry like are vastly uncom-
mon. Here, it stems from multiple Raman modes of molybdenum oxides and more complex
structures of iron and molybdenum oxides. In more detail, simpler molybdenum oxides like
MoO; at 778cm™! and complex oxides like Mo,O;; at 849cm™! and 907cm™! [231] are
assumed to give rise to the feature. Adjacently, Raman mode of Fe,(MoO,); at 942 cm™!
may contribute in border cases. All involved Raman modes are expected to be broad and
overlapping, as the material is most likely strongly disordered or amorphous. From this,
it appears that 200 °C annealing dictated the wear debris towards oxides, which are more
complex or bordering to iron-molybdenum oxide compounds.
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Figure 4.12: Raman spectra of copper-modified MoS, thin films, effect of annealing at var-
ious probing locations and different types of pronounced wear particles. For

probing locations, refer to [Figure 4.15
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4.2.4 Nitrogen-modification: MoS,:N thin films

Nitrogen modification in MoS, is comparatively simple to achieve by injection of nitrogen
gas (Ny) in the deposition chamber during manufacturing. Naturally occurring nitrogen is
infamous for its strong intrinsic bonds. On that note, it is surprising that the mere pres-
ence of nitrogen gas leads to atomically bonded nitrogen-modification rather than nitrous
compounds or solution into the thin films.

In MoS, thin films, nitrogen is used for increase of load bearing capacity. It counteracts
short-comings of an unmodified MoS, thin film like its preference for columnar rather than
basal growth direction and preference for porous rather than dense micro-structures. Those
lead to poor hardness and adhesion, so excessively high wear rate may remove MoS, material
from the tribo-system before being re-deposited and re-structured to form a tribo-film.
At lower concentrations, the effect in adhesion behaviour is already measurable by other
means in the underlying study. [177] Structurally, nitrogen contents of (7 to 20)at.-%
induce a transformation from crystalline to amorphous as determined via X-ray diffraction
spectroscopy. Polycrystalline or amorphous thin films show considerable tougher mechanical
properties, which is directly linked to wear. As mechanism, the effect of nitrogen sets
in at one of the weak point in MoS,, the adsorption of water at particle edges. Their
presence has a essential role for chemical reactions (metasomatosis), as well as direct impact
on tribological properties, because shearing of planes are impeded. Chemically, mixture
compounds such as amorphous Mo-S-N films are reported, which form during re-orientation.
This in situ reorientation from columnar to basal orientation, as discussed earlier, improves
frictional properties over initial basal-forced thin films.

The key friction reduction mechanism in MoS, arises from the formation of tribo-films,
which, in turn, requires a certain degree of (initial) wear particle generation. The long-term
wear coeflicient in MoS,:N, in contrast, is significantly reduced over the standard situation
(unmodified thin film in humid ambient air), while friction performance remains steady. In
essence, a previously amorphous MoS,:N thin film is still able to form MoS,-based tribo-
films. For this, of course, wear particle formation may not be overlooked: the combination
of wear particles not leaving the contact and still being available for tribo-films settlement,
concludes improvement in wear behaviour. The break-down of thin films, which are a
considerable factor in thin film modification, is comparable to the unmodified situation with
amorphous and/or porous microstructure, because nitrogen compounds evaporate upon
activation. As shown later, this is shown for thermal curing in this work and for tribological
activation as well in literature for related films. [177]

Figure presents the Raman spectra of the film in their initial state and the situation
at bare wear track locations without pronounced wear particles. Figure features worn
samples, specifically a selection of wear particles. The former covers a study of various
nitrogen contents, the later the effect of post-deposition annealing on wear debris on one
sample with highest nitrogen content, MoS,:N with nitrogen flow of 120 sccm.

Initial state after deposition

Raman spectra of the initial state show MoS, signatures for nitrogen content (7.1 + 0.3),
(11.0 4+ 0.4), and (12.4 £ 0.2) at.-%, only. The signatures are the usual prominent spectral

features, the Raman modes E%g, Ay, 2LA(M) along with poorly resolved acoustical modes
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Figure 4.13: Raman spectra of nitrogen-modified MoS, thin films in (a) the as-deposited
state and (b)-(e) worn state, situation in wear track without pronounced wear
particles. In subfigures (b)-(e) black plot colour denotes gray or white debris,
green plot colour dark debris. In subfigure (c), the red plot colour denotes a
flake, which was only found in this sample.

in the 200 cm™! range, which form a hump. The sample with (11.0 + 0.4) at.-% nitrogen
content shows the clearest signals with strongly elevated background. In comparison to the
preceding content, it appears that the 2L A(M) mode stays mostly the same and does not
increase in lock-step with the other Raman peaks; it is only detectable as shoulder. The
ratio between A;, and Ezlg mode, although better pronounced, appears to decrease. The
acoustical modes in front are as intense as the highest optical mode 4, ;, an additional peak
in the range 950 cm ™! arises. The next highest content is a smaller increment at (12.4+0.2)
at.-% nitrogen, but still shows the trends from before: a considerably elevated background,
a declining A;, mode in comparison to the Eég mode and further increasing peak in the
range 950 cm . The acoustical modes are similarly pronounced as before. Nitrogen con-
tents above 12.4 at.-% prompt empty spectra with drastically reduced background over the
previous spectra, which further drop in intensity with increasing nitrogen content.

Smaller content of nitrogen give rise to more pronounced peaks as it was observed before.
It raises the hypothesis that the disordering character of nitrogen first yields a polycrys-
talline structure or structures of similar size, which was previously found in re-depositioned
wear debris contributing to Mie scattering, presumably. When signal intensity was the
objective, a flow rate of 40 sccm would be ideal. Declining A, modes as well as the strong
acoustical modes in rising nitrogen content gauge the density of defects. The behaviour of
the second-order 2L A(M) would suggest otherwise, the reason was not resolved.
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Wear track after a ball-on-disk tribometer testing

The situation in particle-free wear track of MoS,:N for higher nitrogen content shows empty
spectra in agreement with the findings in the initial state and in case of copper-modified
MoS, thin films at high copper content. The green spectra in the two lowest contents
represent sample locations within the wear track in gray, the black spectra represent the
usual dark spots, see Figure for sample images. The green spectra are both mostly
empty, the sample with 11at.-% nitrogen shows faint signatures of MoS,, while the black
spectra show the characteristic spectrum of substrate oxides. The situation in the sample
with medium-strength modification is like the green spectra and the higher-modified samples
mostly empty. Ounly a flake-type wear debris (red spectrum) shows Raman signatures of
MoS, and oxides. Such oxides were not found elsewhere and in no other samples of this
series.

Empty spectra for the higher-modified samples was also found previously in copper-
modified MoS, thin films at high copper content. There, two explanations revolve around
amorphous MoS, material and around copper smearing, both yield no or very weak Raman
signatures. In MoS,:N, the possibility of a shielding effect is excluded for nitrogen, so,
the empty spectra in MoSy:N are attributed to amorphous MoS,:N. It is noteworthy that
amorphous MoS, appears to be more laser-resistant than the initial, as-deposited state,
which was previously only found for wear debris with strong MoS, Raman signatures. It
appears that the re-structuring mechanisms in nitrogen-modified MoS, also increase the
thermal resistance, but does not solely rely on structure. Amorphous and re-deposited
MoS, can withstand the impact of the laser energy.

Effect of annealing

For investigation on annealing effects, the highest content of nitrogen was chosen. In previ-
ous investigations, such high content of nitrogen prompts empty spectra, which was linked
to strong amorphisation. Like for MoS,:Cu, Figure is divided into three subfigures for
each annealing temperature, colours of the spectra are matched for a type of wear debris
or sample location. For a visual orientation, refer to the lower row in Figure

When annealing amorphous MoS,:N with temperature of 100 °C, the usual locations in
the wear track yield weak Raman signatures of MoS,, namely gray debris (dark gray),
side debris (red) or bare white tribo-track (mint green). Unlike in MoS,, all locations
with MoS, signature are comparatively weak. White plateau on debris (violet spectrum)
is mostly empty. For temperatures of 200 °C, every position yielded MoS, signatures. The
spectra appear stacked, i.e. the relative intensity of the peaks are comparable, but the
background deviates. In comparison to the annealing temperature of 100 °C, all spectra in
subfigure (b) are lower than the most pronounced spectra before. It appears that the higher
annealing temperature assimilates the spectra. In high-temperature annealing, only gray
debris shows faint MoS, signatures, the other locations are empty or stem from substrate
oxides. In all spectra, the spectral feature between 800 and 900 cm ™! found in MoS,:Cu is
absent.

Annealing appears to undo the amorphisation of nitrogen-modification at least partially.
In 100°C annealing, white plateaus on debris is featureless, which in accordance to the
discussion above stem from amorphous MoS,. Gray and side debris has the strongest MoS,

91



Chapter 4 Tribological thin films and their structural and chemical properties

. gray debris
16 N'side devris
14 tarnished tribo-track
12 baretribo-track,white
10 white plateau on debris
8 R S,

S

el
oN MO

[Eny
NN

Scattered light intensity | (arb. u.)
'5 H O 0

N A O ©

200 400 600 800 1000 1200 1400 1600

Re. wavenumber v (cm™®)

Figure 4.14: Raman spectra of nitrogen-modified MoS, thin films, effect of annealing at
various probing locations and different types of pronounced wear particles.

For probing locations, refer to [Figure 4.15

signature, while in non-annealed samples no MoS, signature was found. Like before, the in-
tensity increase may stem from partial re-crystallisation during tribo-film formation. This,
most notably, was made possible by annealing. Stronger annealing as for temperature of
200°C lead to the assimilation, the effect of nitrogen was completely counteracted. The
mechanism here is assumed to be the relief of bonded nitrogen out of the thin films. Tem-
peratures of 300 °C, which yielded only substrate oxides independently of sample locations
for MoS,:Cu, seem to be less diminishing in MoS,:N. From this, the oxidative sensitivity of
MoS,:N is found to be lower in comparison to MoS,:Cu. The formation of crystalline MoS,
in gray debris, a presumed main feature of tribo-film, is hindered, however.
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Figure 4.15: Exemplary microscopy images of wear debris in MoS,:N and MoS,:Cu thin
films. Measurement locations: black debris (light blue), gray debris (dark
blue), side debris (red), tarnished tribo-track (green), bare white tribo-track
(white), bare gray tribo-track (yellow) and white plateau on debris (violet)
Above: MoS,:Cu with highest copper content, 100 °C annealing and, after
ball-on-disk tribometer testing.

Middle: MoS,:Cu with highest copper content, 300 °C annealing and, after
ball-on-disk tribometer testing.

Below: MoS,:N with highest nitrogen content (flow rate 120sccm N, during
deposition) after ball-on-disk tribometer testing. Left: 100 °C annealing, Right:
100 °C annealing.
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Chapter 5

Optical temperature tuning in solid thin film
lubricants

In this chapter, the thermal stability and structural evolution of a-C and sputtered MoS,
thin films plus a selection of their element-modified derivates are investigated. Such thin
films can be tailored for a given application, no known thin film is appropriate for all
conceivable working conditions. So, all uses of solid lubricants are designed for given working
conditions, especially temperatures (see [subsection 2.3.4). A deviation from their design
working environment may cause film loss, because of thermally-initialised phase transitions
or chemical reaction like oxidations. This chapter specifically probes the behaviour of thin
films towards localised heating, in which the temperatures reach from room temperature
up to thermal film loss to vaporisation. It is done to simulate the reaction to frictional heat
or flash temperatures in a tribo-contact, the latter of which can easily reach temperatures
of a few hundreds or over 1000 °C. [125 p. 79] Also, peak temperatures are distributed in
a smaller area than the apparent contact (see [subsection 2.3.1)) and are known to provide
sufficient energy for structural changes or chemical reactions. [125| p. 87]

Here, a method of probing structural changes via Raman spectroscopy like in the pre-
ceding chapter is combined with a pulsed optical laser for fine-tuned local heating. For
temperature measurement, a calibrated infrared pyrometer was shown to be a viable option
over anti-Stokes measurements or thermography (see [subsection 3.4.1| for details). This
pump&probe-style testing environment points towards in-field testing, which helps to cus-
tomise the films for temperature-sensitive and/or chemically reactive applications and to
scientifically explore the tribo-contact. The acquired knowledge of the film’s behaviour
under certain conditions is used for explanation.

5.1 Amorphous carbon and hydrogenated amorphous carbon thin
films

Solid-to-solid phase transitions are known to occur in various carbon allotropes and organic
compounds. |20, 21,22, [23, [27] When carbon nano-phases with high sp® content are the ob-
jective, engineering is challenged by the fact that the conversion of sp? to sp? hybridisation
is energetically beneficial and only kinetically hindered. Moreover, some carbon allotropes
e.g. nano-tubes, -onions, -diamond, or carbon black are ideally absorbing with low thermal
diffusivity and high laser absorption close to the surface. [182,|232] The thermal stability
of various sp3-rich carbons strongly varies, so the stability is not connected to the hybridi-
sation alone. Besides diamond, the most stable sp3-rich carbons are found in detonation
products, which gives a hint on strong non-equilibrium and pressure effects. [233]
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For amorphous carbons networks being metastable in nature, (exuberant) laser process-
ing leads to both local amorphisation and (re-)crystallisation, but eventually to full-sp?
graphitisation. [234] Other processes by nanosecond laser pulses include evaporation of
compounds or impurities [25], surface smoothing, ablation, swelling, or delamination; even
ablation without restructuring is possible when single pulses are used. [235] These pro-
cesses are also very well possible by other forms of energy if they eventually generate local
heating. As such, other known methods are joule heating, microwave heating, ultraviolet
and x-ray pulses, spanning far along the electromagnetic spectrum. [236, [237) 238, 239,
240, [241] Heating hydrogenated amorphous carbon additionally leads to the evaporation
of hydrogen and hydrocarbons, which is partially independent from the other structural
processes [242 p. 191]. With those being near the surface, the evaporation of hydrogen
induces dramatic changes in optical properties, e.g. the increase of extinction with rising
temperature in a-C:H [243], and to a porous structure, which wears fast. [46] Heat energy
during the deposition process also makes a strong impact: temperatures of 50 °C to 450 °C
create mostly featureless sp?-rich carbons with increasing ordering processes like formation
of aromatic rings and graphitic clustering. Minding the influence of the sp®/sp? ratio on
sample properties (see Figure , high deposition temperatures lead to lower hardness and
Young’s modulus [244], which is generally undesired for tribological applications. In case
of HiPIMS magnetron sputtering, the plasma alone produces deposition temperatures of
roughly 160 °C per se (experience value). Annealing with temperatures up to 300 °C after
deposition typically causes lattice defect and non-sixfold ring reduction without graphitic
fragments. Higher temperatures lead to the conversion from amorphous carbon to nano-
crystalline graphite, paraphrasing reduction of sp® bonded carbon in favour of sp?. [242,
p. 191] Extreme temperatures “[allow] a thorough rearrangement” [245], i.e. full graphitisa-
tion, which is largely independent of precursor species (like graphitisation in pitch-bonded
coke 132, p. 209]), and eventually sublimation [246].

In all studies above, mechanisms including structural transitions in various carbon al-
lotropes are often investigated piecewise or in limited temperature ranges, only. Also, a-C
structures and their element modifications explicitly for tribological purposes are rarely
taken into account. Despite the fact that limitations of Raman spectroscopy analysis is
mainly challenged by the fitting model and supporting physical explanation thereof [20],
all structural changes are proven to be sufficiently analysable with Raman spectroscopy
[27, [170]. In this thesis also, no new fitting model is proposed, but a robust fitting routine
with enough flexibility is applied. Subsequently, all considerations are always in view of
amorphous carbons and their possible defective derivates. Main focus lies on the validation
of the dominant structural evolution mechanism and on the effect of chemical modification.

The evolution of Raman scattering intensity in both a-C and a-C:H arrayed by the pump
laser pump power density pp,,,, is presented in Figure Three ranges are detectable
by eye: The first range (i) shows typical spectra of amorphous carbon without visible
evolutionary processes. Both D- and G-Raman peaks are the broadest and closest in this
stage, the spectra are close to the exemplary single spectra in subfigure (c¢) with little
dynamics. This gives a hint at energetic barriers for structural processes already. Subfigure
(c) shows two key differences between a-C and a-C:H: firstly, general Raman scattering
intensity of a-C:H is considerably higher than that of a-C, and secondly, the intensity
ratio of D- and G-Raman peak Ry, starts at a different value. In range (ii), changes
in D- and G-Raman peak are most pronounced, i.e. peaks narrow and separate. For a-
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Figure 5.1: Raman spectra of a-C(:H) against laser power density: (a)-(b) contour plots of
Raman spectra for a-C and a-C:H (green, blue) against laser power density and
(c)-(e) exemplary single spectra thereof in the inscribed ranges. Evolution is
indicated by colour-coded arrows in the exemplary spectra, from transparent to
opaque in spectra.The intensity within the contour plot is normalised in (a)-(b)
for clarity, but a measure of raw intensities is given in the exemplary Raman
spectra (c)-(e).

C:H especially, the general intensity and the G-Raman peak intensity start prevalent in
subfigure (d), but become subordinate during heavy structural evolution and continuously
approach a-C (blue spectra in subfigure (d)). The 2D-Raman peak becomes measurable with
comparatively shallow dynamics by the end of range (ii). The latter is a clear indication for
the beginning graphitisation. Hereinafter, both samples behave similar, which hints towards
phase transition. The third range (iii) shows peaks of (defective) graphite under full
graphitisation, in which D- and G-Raman peaks become clearly distinct from one another
and the 2D-Raman peak reaches its intensity maximum.

By fitting the spectra, a more intricate picture arises, Figure presents the relevant fit
parameters for analysis.

5.1.1 Stage (I) - short-ranged ordered amorphous carbon

Stage (I) represents the as-deposited situation, which is stable for power densities up to
a few tenths of kW cm ™2, the maximum surface temperature 7, ¢ reaches approximately
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Ppump and measured surface temperature T, ,.¢: (a) intensity ratios (full symbols:
Ry = 1(D)/1(G), open: I1(2D)/I(G)) (b) Raman shift v of D-, G-, 2D- Raman
peak (circle, square, diamond) (c) inter-sample difference of v between a-C
and a-C:H (d) FWHM of D- and 2D-Raman peaks (e¢) FWHM of G-Raman
peaks (f) form factor o of D- and G-Raman peak (g) axis intercept value of
background I,,, as measure of general intensity. Identified stages are inscribed
as orange roman numerals in (a) with dotted separation lines throughout. Some
plots lack error bars for clarity, further discussion in section Raman shift
v and FWHM have uncertainties covered by the symbol sizes.



5.1 Amorphous carbon and hydrogenated amorphous carbon thin films

350 K. Unsurprisingly, the found fit parameters are congruent to the findings in the previous
chapter

The a-C sample shows its characteristic spectral features. The intensity ratio Ry, in a-C
is near 1.45 at low p,.,,,. Likewise, Raman shift v of the D- and G-Raman peak remain
steady at 1380cm™! (1550 cm™!) with FWHM near 410cm™! (175cm™!). G-Raman peak
is completely Gaussian-like at first, «(G) = 0, while the D-Raman peak shows a distinct
combination of Lorentzian- and Gaussian-like contributions, a(D) = 0.75. Over all, both
peaks of a-C are the broadest and closest in this stage. Fit parameters of a-C:H are mostly
follows suit to a-C with key difference in general downshift of ~ 20cm™!, a more narrow,
completely Gaussian-like D-Raman peak and an intensity ratio Ry, = 0.7. Investigations
on closely related samples suggest a saturation of dangling carbon bonds by hydrogen on
the surface of a-C:H, which condenses the possible effect of hydrogen close to the surface,
where heat is diffused into. [247] 248]

The intensity ratio Ry, of a-C yields an sp3 content of approximately 12 %, a density
of ~ 2gem™3, an optical density and extinction of n = 2.5 + 0.5,k,;, = 0.7, and an
equivalent graphitic cluster size ~ 15A. [48, 101, 175, 249, 250] Heat is rapidly diffused
into a region in order of magnitude of 100 nm [251], so no interaction with the substrate is
assumed. The main inter-sample difference between a-C and a-C:H is mostly attributed to
more diverse bonding in a-C:H in comparison to a-C. For the present a-C:H sample with
a low hydrogen content (< 20%), a-C and a-C:H may be read and interpreted equally.
[252] Besides generally higher sp? content to C-H bonding, investigations on closely related
samples to a-C:H suggests a hydrogen saturation of dangling carbon bonds on the surface,
which confines the effect of hydrogen close to the surface |141} 168], into which heat diffuses.
The higher scattering intensity is also linked to surfaces properties [65], because the general
scattering yield is a function of scattering centre density and, subsequently, absorption and
penetration depth. [48205] Absorption is known to differ from a-C to a-C:H. [206]

The lack of dynamics in this stage indicates that all mechanisms yet to be clarified feature
low-level energetic barriers, which are not overcome for now.

5.1.2 Stage (ll) - progressive aromatic enrichment

Stage (II) ranges from 0.2kW cm ™2 to 0.9 kW cm™2 with a maximum surface temperature
Tqr of approximately 455 K. In a-C, the intensity ratio Ry, linearly increases with a maxi-
mum of over 2.1. The Raman peaks start to separate continuously and to narrow, in figures,
D-Raman peak at 1375cm™! with FWHM of 400 cm™! and G-Raman peak at 1570 cm™*
with FWHM of 140 cm™1!, eventually. FWHM(D) is preserved, while FWHM(G) starts to
decrease uniformly until the global end. While the form factor a(G) of Gaussian-like G-
Raman peak remains unchanged, D-Raman form factor a(D) becomes more Gaussian-like
monotonously and reaches its extreme by the end of this stage. This detail will be important
shortly. In a-C:H, the intensity ratio Ry, shifts up logistically from the initial plateau value
to a local maximum at 1.25 by the end. At the onset of its rise, a-C:H equals the Raman
shift v of the a-C counterpart, which is also the global maximum of the D-Raman peak
shift v, c.y(D). The inter-sample difference of both intensity ratios Ry, is at maximum.
FWHM of both peaks in a-C:H follow suit of a-C. Both peaks of a-C:H remain a constant
Gaussian-like form factor, a = 0.

a-C starts as amorphous carbon matrix with nano-crystalline graphitic (ncg) structures
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(stage 2 in Three Stage Model [101]). The rise of intensity ratio Ry, stems from a slight
reduction of absolute intensity of the G-Raman peak I(G) and consistency of I(D) in Figure
5.3l This behaviour is unexpected, the reduction of I(G) lacks a profound explanation. In
combination with a (shallow) reduction in general intensity I, in Figure g), however,
it is assumed that the scattering intensity decreases and appearance of constant D-Raman
peak intensity is in fact a slight increaseﬂ

This increase can be properly interpreted via the activation mechanism of D-Raman
peak: edges of the sixfold ring clusters contribute to the D-Raman peak; thus, intensity
I(D) is among others probing the cluster density and their area-circumference ratio, that
is, cluster size. 73| 254] While sixfold rings themselves (benzene-type sp? bonded carbon
rings) contribute negligibly to the D-Raman peak, clusters of size 15A do considerably.
[101] Up to here, the increment of intensity ratio can stem from both expansion of existing
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Figure 5.3: Absolute intensity of D- and G-Raman peak in a-C and a-C:H for additional
analysis, respectively. Although considerations of absolute Raman intensity
are discouraged, this helps to distinguish various mechanisms, which yields the
increment of the intensity ratio. Note that the intensity ratio increment in stage
(IT) and in stage (IV) stem from different behaviour of D- and G-Raman peak
individually. Lower panels show intensity ratio and background offset I, for

reference.

clusters (to a limited extent) and from enrichment of ordered regions (graphitic seeds) in
an unordered a-C matrix. In fact, literature finds the same upshift of the G Raman peak
and the increase of intensity ratio and relates is to the increment of graphitic cluster size.
[255] Here, however, the dominant mechanism can be now identified by considering FWHM
and form factor a. FWHM is inversely proportional to the lifetime of involved (quasi-)
particles in the scattering process and, subsequently probes micro- and nano-structural

'In fact, in related pioneering studies |186| the expected behaviour, increasing I(D), was found and pub-
lished [253].
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5.1 Amorphous carbon and hydrogenated amorphous carbon thin films

sizes. A distribution of Raman modes with similar, but different Raman shifts v would
also gives rise to a broad spectral feature, which is discussed for some carbon allotropes
explicitly [21} [256], but is disregarded for this work. Like the form factor o, FWHM probes
different structures individually, that is, FWHM(D) probes order in sp? carbons in aromatic
ring structures, while FWHM(G) gauges sp? carbon pairs in general. On the one hand,
expansion of clusters would imply a significant effect in FWHM(D). Its constancy indicates
minuscule changes in bonding energy landscape at the cluster edges. On the other hand,
enrichment of clusters increases independent scattering centres of similar properties and, in
turn, the Gaussian-like contributions, which give the D-Raman peak its shape. Additionally,
the behaviour of G-Raman peak indicates an over-all ordering progress [100]. This seems
plausible, because arising nano-crystalline graphitic structures are more ordered than the
predecessor a-C matrix. The continuous decent in FWHM(G) may stem from compositional
purification (reduction of sp® content), the blueshift from structural ordering (homogeneous
bonding lengths and angles).

The situation in a-C:H is similar. Low-level hydrogen introduction into mainly sp? amor-
phous carbons have balanced ordering and disordering effects. [252] It is known that the
effusion of hydrogen and hydrocarbons does not take place below a temperature of 700 K.
[255] Most noteworthy process in a-C:H, additionally, is the drastic reduction in absolute
intensity - Raman intensity I and background I,,, which may stem from changing absorp-
tion coefficient - and the upshift of the D-Raman peak. The first process is gauged in
background, which is fitted as linear function with (disregarded) slope and intercept Iy,,.
Aromatic enrichment in the samples upmost surface regions is therefore likely impeded by
C-H-terminal bonds, yet absorption coefficients react to this dominant process. The Raman
shift of the D-Raman peak v(D) is rarely considered in literature. Solely, Raman shift v(D)
is reported to reach higher values than usual. [101] In conclusion, no standard interpretation
for Raman shift v(D) exists in literature. Subordinately, the form factor « of the D-Raman
peak in a-C:H is also over-saturated, like the G-Raman peak in a-C, which suggests an
energetically diverse landscape in sixfold ring structures near C-H-terminal bonds.

It indicates that the dominant mechanism in stage (II) is enrichment of ordered seeds over
expansion of graphitic regions. In more detail, lattice defect- and non-sixfold ring reduction
is dominant in stage (II), that is, aromatic enrichment in a (still) amorphous carbon matrix.
As such, the G-Raman peak is still fully Gaussian-like with a(G) = 0. The dominance of
this mechanism was also experimentally verified in recent studies. [27]

5.1.3 Stage (l1l) - solid-to-solid phase transition from amorphous to ordered
structures

In stage (III), more drastic changes in core fit parameters appear. It ranges from 1 kW cm ™2
to 3kW cm—? with surface temperatures of 455K to 1100K. In a-C, D- and G-Raman
peak gain distance, eventually reaching a stable maximum distance, and losing the major
part of their peak width while gaining intensity. The intensity ratio Ry, changes sharply
from linearly increasing to linearly decreasing, and finally reaches a local minimum of 1.2.
Peeking into the raw intensities for reference, both peak intensities start to rise at different
rates. Peak separation reaches its global unchanging maximum, while the narrowing of the
D-Raman peak accelerates, having its inflection point at the end of the stage. Meanwhile,
the G-Raman peak steadily narrows (as stated before). Up to the centre of the stage, the
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D-Raman peak form factor a(D) becomes more Lorentzian-like and reaches a stable full
Lorentzian-like shape at 2.3kW cm 2. Immediately before the D-Raman peak reach the full
Lorentzian-like shape a(D) = 1, the G-Raman peak form factor begins to change, reaching
a local maximum of a(G) = 0.9. 2D-Raman signatures with a width comparable to the
D-Raman peak becomes measurable. The processes in a-C:H mostly resemble that of a-C.

The narrowing indicates major structural and topological changes in contrast to stages
(I) and (II). Vast ordering appears in all structures, the spectral bandwidth of contributing
phonon modes narrows. This is especially true for the D-Raman peak, which is becoming
four-times narrower. The intensity increase is likely to stem from formation of hexagonal
lattice regions, which are known to be efficient scattering processes. In more detail, the
Raman relaxation length between hexagonal lattice regions and defects is reduced for the
electrons. The concept of Raman relaxation length, however, are discussed for graphitic
materials with considerably higher lattice area in literature. [257, 258, 259, 260, [261] One
can also identify a turning point in form factor a(D): in the first half of stage (III), changes
are visible only in D-Raman peak form factor (D), while the G-Raman peak remains fully
Gaussian-like. But when the sixfold-ring cluster edges become the mostly homogeneous
and thus the D-Raman peak has a stable Lorentzian-like shape a(D) = 1 (roughly in this
stage’s centre), the G-Raman peak form factor a(G) changes as well, it reaches for a local
maximum until the end of the stage. This finding indicates that introduced heat is first
and dominantly used for the graphitic structures rather than sp? carbon pairs in general.
This seems plausible, because sp? carbon bonding in aromatic configurations is stronger
and shorter compared to the olefinic counterpart. Also, at the point of fully Lorentzian-
like D-Raman peak, the second-order 2D-Raman peak becomes detectable in the Raman
spectrum, which is a clear proof of the long-ranged graphitic structures formed, that is, the
onset of graphitisation. For a-C:H, especially, the effusion of hydrogen and hydrocarbons are
expected to begin. Still present hydrogen in the first half of the stage inhibits the formation
of hexagonal structures in the same manner as in a-C, but on-going effusion reduces the
effect along the stage. After completion, the hydrogenated sample is hardly distinguishable
from its counterpart.

This all leads to the conclusion that the sample undergoes a solid-to-solid phase transition.
It is now referred to as defective graphitic mixture, in which lattice defects are mostly non-
hexagonal lattice arrangements. Viewed from another perspective, sp? bound sides (planar)
and sp3-bound sides (tetrahedral) directly compete [48], sp? sides now taking over. The
reduction of sp® carbon sides may have been finished in stage (II) already. When the
dominant ordering mechanism was centred around enrichment of ordered seeds before, it is
now assumed to be leaning towards the expansion of hexagonal structures.

5.1.4 Stages (IV) and (V) - evolution in the defected graphite phase

By the end of stage IV, temperatures of Tg,,; ~ 3800 K are reached, which is the limit of
sublimation for graphite-like carbons. [262] The Raman shift v(2D) weakly increases from
2680 cm ! to 2690 cm ™!, while both first order peaks are fixed. FWHM of D- and 2D-Raman
peaks merge and descend to their global minimum, eventually, with values from 40 cm™! to
65cm 1. Most notably, however, the intensity ratio Ry, undergoes a comparable progress
as in stages (II) and (III) with a local maximum in intensity ratio Ry, = 1.5 at the stage’s
centre. Also noteworthy, the form factor a(G) of the G-Raman peak continuously drops

102



5.1 Amorphous carbon and hydrogenated amorphous carbon thin films

Figure 5.4: Re-deposition of carbons after laser ablation in stage (V), insets show the mag-
nified picture (left) and capture of the microscope camera (right), in which
the re-deposition of carbons onto the chamber window is overexposed.

into a local minimum when the maximum of intensity ratio Ry, is reached, yet becomes
fully Lorentzian-like by the end. This resembles the progress of the D-Raman peak form
factor a(D) in stages (II) and (III) in a-C. As for the 2D-Raman peak, the intensity ratio
I(2D)/I(G) linearly increases to its global maximum of 0.7 at the stage’s end. The 2D-
Raman peak is highly Lorentzian-like and remains its shape (not shown).

Raman scattering events do not face significant changes any more, but residual ordering
is still detectable in intensity ratio Ry, FWHM(G), and «(G): the rise of the G-Raman
peak intensity comes to a halt, which yields the the second hump in intensity ratio Ry,,.
This indicates the upcoming completion of the over-all ordering process, that is all available
carbon sides are paired up sp? carbons. Expansion (and hypothetically fusion) of graphitic
clusters contributes to larger ordered structures, as seen in the 2D-Raman peak intensity
ratio and the still on-going reduction in FWHM(G). The reduction in a(G) is interpreted
as inhibition of lattice enlargement; in other words, clusters interfere and thus are naturally
limited at first. If clusters were free to expand indefinitely, the Tuinstra-Koenig model
for nano-crystalline graphite, which links the “graphite crystal size” L, inversely to the
intensity ratio Ry, (I1355/I1575 in publication [91]). It suggests a continuous decrease in
intensity ratio, which is only observed from this stage’s centre onwards. [91]

All in all, the dominant mechanism in stage (IV) is (progressive) graphitisation. Long-
reaching hexagonal structures agree with the ITUPAC definition of graphite in distinction
to nano-crystalline or defective graphite. In literature, the corresponding temperatures
in the onset of stage (IV) are reported to yield a more ordered structure of a-C, but not
graphite by definition yet: microcrystalline particles and lamellar structures , which
agrees well with the growth in lattice size.

In the final stage (V), no further dynamics in all peaks are visible and the signal is lost
eventually. The sample is lost to laser ablation as the estimated temperature of 3800 K
is reached, which is the sublimation limit of carbon. This was further proven by placing
glass close to the sample, which was then covered in laser-sputtered carbon thin film, see
Figure|5.4, The sample’s surfaces is heavily defected, the signal-to-noise ratio of the Raman
signal is too weak for further analysis.
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5.1.5 Uncertainty estimation for intensity ratios

Error bars in Figure [5.2] of fit parameters are omitted for the parameters Raman shift v,
FWHM, intensity ratlos, and background offset I;,,. The former two have uncertainties
in size of the plot markers, the latter is only mildly of interest. On a technical basis, a
previous study [186] has shown that the exact overlap of pumping- and probing spot are
not obligatory and would still remain a recognisable shape of fit parameter plot, but possibly
introduce a shift in horizontal direction. Furthermore, problems arise for the intensity ratios.
When the moderately uncertain peak intensities (as in Figure are calculated as ratio,
it will yield excessively high fit parameter uncertainty mathematically.
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Figure 5.5: Multiple intensity ratio measurements for uncertainty estimation. Subfigures
(a) and (b) show a selection of Ry, evolutions, which are horizontally aligned
on the stage transition (II)-(III) and (III)-(IV), respectively, for uncertainty
estimation of Ry, value. Subfigure (c) shows Ry, evolutions unshifted for
uncertainty estimation of all considerable errors.

To face all these possible uncertainties, Figure plots multiple intensity ratio Ry,
measurements in one. Two additional subfigures (a)+(b) are duplicates of the former (c), in
which all plots are horizontally shifted to be matched at the transition between stages. These
point are chosen arbitrarily. Alignment on the transition (II)-(III) in (a) is less sharp than

n (III)-(IV) in (b), which suggests a well-defined point. The highest uncertainty is found
in the onset point of stage (V) and in the behaviour of the stage (V) itself, which matches
the expectation. This convergence tube gives a natural estimate of involved parameter
uncertainty. The uncertainty are estimated by eye be roughly 0.25 in value. Subfigure (c)
gives an estimate for the horizontal uncertainty, by eye, a factor of 15 %.
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5.2 Element-modified amorphous carbon

Chemical element-modification of a few atom percent (at. %) is regularly applied for tailor-
ing a-C thin films for a given application. For example, silicon often used for enhancement
of thermal stability [26] [264], while the hydrogenation of a-C (among others) makes the us-
age in vacuum applications possible. Silicon and tungsten are able to form carbides, silver
and copper have catalytic effects. Thus, their influence on the hybridisation equilibrium
1265] render them prime candidates for probing the mechanism in the structural evolution.
Element modification with silicon (8.6 at.-% & 11 at.-% Si), copper (9.7 at.-% Cu), sil-
ver (5.6 at.-% Ag), and tungsten (16 at.-% W) affects all parameters, which are mainly
represented by Raman shift v and intensity ratio Ry,.

5.2.1 Silicon- and copper-modification in a-C:Si and a-C:Cu
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Figure 5.6: Intensity ratio R;,, and Raman shift v of silicon- and copper-modified a-C:X.
Element modification contents are 8.6 at.-% & 11 at.-% for a-C:Si and 9.7 at.-%
for a-C:Cu.

At the start of the structural evolution in a-C:Si, the fit parameters deviate from pure
a-C slightly: Raman shift v(G) is notably downshifted, reduction of Raman shift v(D) is
more mild. This effect is correlated to the quantity of silicon content. Other parameters
(not shown) are only weakly correlated to the silicon content, if at all. Most striking effect
in a-C:Si is the staggered arrangement of Raman shift v and intensity ratio Ry,. The
addition of silicon causes 1.36- and 3-fold stretching, respectively, which appears as shift
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in logarithmic scale. By hypothesis, this translates to a substantial elevation of thermal
stability of a-C, which is originally estimated to be 300°C. [209, 266] Apart from minor
differences in stage (I) and stage (II) in terms of exact evolution path, the silicon-containing
samples mimic the a-C counterpart in stage (IIT) and onwards. This leads to the assumption
that silicon addition does not impede formation of large graphitic structures.

All these effects are consistently explained by stabilising sp® hybridised carbon single
bonds over the sp? hybridised carbon double bonds, which promotes the reduction of sp?
clusters in size and number. [65, 179, 207, 208, 264] The narrowing of the D-Raman peak is
the result of a more homogeneous distribution of carbon ring-topologies (bonding lengths
and angles), e.g. by reduction of strain. [52} 252, [267] The thermal stability upgrade may
also stem from the fact that silicon forms a competing network of amorphous silicon (a-Si)
[209], which may act as a reduction of a-C network density or as sacrificial element. In
contact point of the two networks, Si-C bonds form with stress reducing and sp3-stabilising
effect. Expected Si-C and Si/O bonds [268, |269], however, show a recognisable signature
in Raman spectra [270], which were not observed. Raman signatures of a-Si are broad and
comparatively weak [271], also undetected.

The effect of copper is comparable to silicon. The catalytic effect on sp? structures are
found in the elevated intensity ratio Ry, which mimics the catalytic effect on sp? structures
of tungsten or silver. |65, 175] The shift along the abscissa may, again, be attributed to the
reduction of carbon network density and of internal stress. The lack of stage (IV), however,
coincides with the loss of the sample via laser-ablation. This supports the hypothesis of
sacrificial a-Si network in a-C:Si, which lacks in copper-modification.

5.2.2 Tungsten- and silver-modification in a-C:W and a-C:Ag

Tungsten-doped samples deviate from their pure a-C counterpart, because tungsten modi-
fication favours sp? hybridisation in a-C.[65, 265] D- and G-Raman signatures narrow and
separate slightly, but fully remain their a-C nature. Most notable difference to a-C is the
elevated intensity ratio Ry, starts at 1.8, which is its overall maximum.

The two most important effects are the lack of stages (II) and (IV) in intensity ratio Ry,
and more shallow in the second-order signatures. For the first effect, tungsten addition is
known to strengthen the sp? clusters in number and size. This explains the plateau to the
start of structural evolution, as the magnitude of sp? clusters remain in their maximum from
start to the onset of stage (IIT). Any thermal stabilisation or weakening like in a-C:Si is ruled
out, because the distinctive points of intensity ratio Ry, remain on the spot. Tungsten is the
only modifying element, that does not shift the evolution along the power density axis. For
the second effect, tungsten is known to not diffuse in a amorphous carbon network at lower
temperatures and therefore may act as a barrier to growing graphitic structures [210, [272].
Also, lacking the possibility to evaporate, these barriers remain through the destruction of
any carbon network. The lack or heavy suppression of stage (IV) may therefore be seen
as approaching the maximum cluster size barrier. The second-order Raman signatures are
similar to a-C in Raman shift v, but the intensity ratio I(2D)/I(G) is horizontally shifted
towards lower power densities. From this, it is seen that the requirements for the shift of
large area-ordering mechanism take place earlier than in a-C. In detail, both enrichment of
carbon clusters is saturated and graphitisation starts earlier.

Using silver as a doping material, that is at fractions of at.-%, silver is known to fully
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Figure 5.7: Intensity ratio Ry, and Raman shift v of tungsten and silver modified a-C:X.
Element modification contents are 5.6 at.-% for a-C:Ag and 16 at.-% for a-C:W.

dissolve in the amorphous carbon matrix without the formation of phases or crystallites.
At elevated concentration between 1.7 at.-% and 6.8 at.-%, crystalline silver particles are

expected to be found within the a-C matrix. [266]

Similar results like in a-C:Si and a-C:Cu

are assumed, which are, in short, density reduction and elevation of thermal resistance.

In fact, the addition of silver closely resembles a mixture of a-C:Si and a-C:Cu:

(i) no

strong impact on the sp?/sp®-ratio, as seen in similar Raman shifts v and, (ii) horizontal
shift towards higher pump power densities p,,,, which is (iii) aborted in the middle of the
secondary hump in intensity ratio Ry,,. From that, an elevated thermal stability is assumed,
which is not as high as in a-C:Si, but considerably higher than in a-C:Cu.
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5.3 Molybdenum disulphide thin films

Molybdenum compounds feature a variety of structures and phase transitions between those.
In molybdenum disulphide (MoS,) monolayers, two phases are stable under normal condi-
tions, (regular and usually more stable) trigonal prismatic and distorted octahedral; their
stability is subject to chemical altering, e.g. by lithium, and heating or ageing. [273] In
pristine MoS, crystals, additionally, weak bonding between layers yields some degree of
structural possibilities, which are linked to varying stacking order, hexagonal or rhombohe-
dral, and molybdenum coordination, octahedral or trigonal prismatic [37, p. 2][274], like for
monolayers. Powders and sputtered thin films naturally have a plurality of lattice bound-
aries. Structurally, sputtered MoS, may be considered as micro- or nano-crystalline MoS,
with varying degree of domain size, growth orientation (basal or columnar) and defect den-
sity. Some element-modifications like nitrogen or copper lead to amorphous films for the
extreme case. Chemically, disulphides of molybdenum are prone to oxidation. [275, 276]

The properties of molybdenum oxides are largely dependent on their structures and stoi-
chiometry. [277] The two prevalent oxidation states of molybdenum in this work are Mo'Y-
and Mo -oxides as molybdenum dioxide MoO, and - trioxide MoQOs, respectively. On the
one hand, crystalline MoO, is monoclinic with a rutile-type structure of MoOy octahedra
units and metal-metal bonds [278, p. 150], which give “molybdenum dioxide [...] metal-like
properties”[277]. On the other hand, crystalline MoO5 has two main crystalline phases
plus multiple hydrates: (regular and thermodynamically stable) orthorhombic a-MoO4 and
monoclinic 5-MoQ;[124], of which only the orthorhombic phase is regarded in this work.

Bare molybdenum synthesised in industrial scale via hydrogen-aided reduction of starting
materials, MoO5 powder among others, in two steps.[279] The first reduction of MoOg
powder to MoO, is possible at 600°C and gives off reaction heat (exothermic reaction),
the second reduction of MoO, to Mo requires an operational temperature of 1050 °C. [279]
In absence of oxidative agents, molybdenum thin films can reach temperatures of 9000 K
upon femto-second pulsed laser irradiation, which is far above the melting point (700 °C to
800°C) at equilibrium. [280] Synthesis of crystalline molybdenum oxides and their phases
(in laboratory scale) is conventionally done by (global) heating in oxidative environments
[281] or alternatively by (local) laser annealing |277], in which the yield of MoO4 with pure
Mo pre-cursor is linked to the oxidation potential of the environment. [280] The oxidation
of Mo to MoO, is reported to require temperatures of 500 °C in water vapour. [280, 282]
MoO; forms from MoQO, precursor in temperature range of 650 °C to 750 °C, but at those
temperatures, MoO; also evaporates in a competing simultaneous process.[280]

The oxidation of monoclinic MoO, to orthorhombic MoOj starts with desorption of wa-
ter at 306 °C followed by gradual endothermic oxidation to MoO4 in a temperature range
of 306°C to 600°C (“zone I” in publication). [277]. For those temperatures, phases of
sub-stoichiometric S-MoO;_, and sub-stoichiometric a-MoO,_, are present, while higher
temperatures of 600°C to 765°C are attributed to the synthesis completion of a-MoO,
(“zone II” in publication).[277] MoOg melts at 800 °C as powder [279] or in temperature
range of 800 °C to 900 °C as thin film (“zone III” in publication) [277]. MoS, as used in tribo-
logical applications oxidise with a rate dependent on temperature: Bulk—heatedﬂ MoS, thin
films oxidise above 660 K and at increased rate above 830 K [283]]284) as cited in Windom

2Both studies published before or shortly after invention of Maiman laser in 1960
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et al. (2011)], while local heating via laser irradiation leads to finely detectable oxidation
from room-temperature to 575 °C in oxidative environments [163]. In that study, MoOj is
also formed slightly at ambient temperatures when MoS, is exposed to pure oxygen, but
increased oxidation rates require bulk temperatures above 375 K. Likewise, non-thermal
oxidation by O, plasma leads to partial oxidation to nanometre-scale molybdenum oxy-
sulphides MoS, 0, clusters within seconds of exposure, which act as passivating layer, and
sub-oxide defects MoS,0;_,.[276] In that study, XPS analysis proved the conversion from
(intermittently present) MoV to Mo"!; Raman and AFM analysis showed the proceeding
oxidation from the top layer downwards with decelerating passivating effect. In absence of
oxidative agents, MoS, thermally decomposes at 1873 K in sulphuric gases and molybdenum
residue [285], without any oxides.

The oxides of a metal are usually harder than the bare metal, which enables the oxide
layer of a technical surface to carry load. Molybdenum, in contrast, is one notable ex-
ception, which loses 65% of hardness when oxidising to molybdenum trioxide [125, p. 33].
Low friction of MoS, thin films is kept in oxidation under the premise of “a [remaining]
effective subfilm of [MoS,]”, although MoOj itself yields considerably higher friction. [283]
In such studies, MoQO, is usually not found, because MoQO, is unstable in ambient air with
introduction of heat [277]. Previous studies show that the laser stability of MoS, is con-
nected to its macroscopic structure; as such microcrystalline powder oxidises considerably
more likely than crystals due to particle edges as points of attack.[18]|163] In these studies,
laser stability of sputtered MoS, is shown to be significantly enhanced, when wear debris of
MoS, are re-deposited at the edge of a wear scar.[18] This is shown in own studies as well,
as described in the previous chapter, section [£.2.2]

Raman spectroscopy proved to be a versatile tool for capturing both chemical transitions
and structural changes.[163, 277, 280] This even includes features of a field-tested tribo-film
formed from organic precursor molybdenum compounds (e.g. MoDTC) like amorphous
carbon traces in a MoS, main film. [18] When a sample of MoS, is investigated in laser
spectroscopy, a clear indication of high heat introduction by the laser is the occurrence of
MoO, Raman signatures.[18] Starting from nano-crystalline MoS,, within tens of seconds
upon laser irradiation the nano-crystalline phase of MoS, disappears in favour of a complete
oxidation of the top layers, which become measurable as mixture of pristine MoS, and the
oxide top layers in Raman investigations. [276] The oxides, however, “are far from a-MoO4
and more likely to be amorphous and isotropic”[276]. Higher laser power densities leads to
film loss; in MoS,, the depleted energy leads to both phase changes and to evaporation [280].
In this work, the Raman intensity is plotted for different laser power density p,,,,.- Multiple
phases can be separated by eye, which are identified by their Raman peaks. Although peak
fitting is conducted and parameter behaviour is discussed in publications, here, general
trends of MoS, peaks suffice for discussion, although being fitted for data integrity.

Main focus lies on the onset of chemical and structural phases and the effect of chemical
modification on occurring phases. Raman spectra of sputtered MoS, arrayed by the pump
laser power density p,,,, is presented in Figure

109



Chapter 5 Optical temperature tuning in solid thin film Iubricants

In Figure the probe spot is placed in the centre of the pump spot in subfigure (a),
while it is off-centred in (b) and leaning to the outside edge in (c); labels indicate the
involved vibrational mode. The first spectrum of each series, dark gray line by convention,
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Figure 5.8: Raman spectra of MoS, at different laser power density in vacuo, labels indicate
the underlying vibrational mode: (a) Probe spot in centre of pump spot: after
general drop in general scattering intensity, a typical Raman signal of sputtered
MoS, is recorded for power densities up to 8 kWcm™2. Increasing the power
density leads to loss of signal. No oxides or recurring phases are found. (b)
Probe spot off-centred from the pump spot, in which no oxides or change of
phases are found. (c) Probe spot at the (outside) edge of the pump spot: two-

fold spectral cluster appear as in inset of panel (a).

shows the as-deposited situation. In the centre of the pump spot, a typical Raman signal
of sputtered MoS, is found up to power densities of 8 kW cm™2. The first reaction of the
sample is the general reduction of scattering intensity, but peaks are apparently unchanged.
In more detail, fitting the modes E3 g0 A1y 2LA(M) reveal a shallow, but monotonous upshift
of all peaks (Eg,: 366cm™" to 379cm™", A, : 406cm™" to 412cm™", 2LA(M): 450cm™" to

454cm™") and intensity gain in A;, mode until signal collapse (not shown). Furthermore,
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a noticeable change is the separation and detailed presentation of acoustic modes ZA (M)
and LA(M), which originally start as broader, overlapping peaks. Increasing the power
density leads to loss of signal eventually and no oxides or prominent phases changes are
found. In subfigure (b), no loss of MoS, signal is found at the end of the series, although
the power densities near the edge of the pump spot are sufficient to have a visible impact
on the sample surface. In contrast, signal loss is found at the edge in subfigure (c), the
fit parameters are presented in Figure At the edge, the Raman spectra show a slight
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Figure 5.9: Fit parameters of MoS, spectra as captured at a pump spot edge, spectra in

subfigure (c)

gain compared to the as-deposited situation, which is strongest at 9.1kWcm™2. In the
first power density range up to 9.1 kW cm ™2, Raman shift » and FWHM are remain mostly
unchanged, although the FWHM value in Eég mode is fluctuating. In terms of intensity,
the A;, mode shows the strongest net gain, yet the intensity ratios with respect to both
adjacent peaks E3 , and 2LA(M) reveal that the other peaks rise in lock-step. In that second
power range of 9.1 kW cm™2 to 14.5kW cm 2, the spectra cluster with reduced intensity. In
this range, intensity ratios show a intricate behaviour, in which the modes A, , and 2LA(M)
stay equally pronounced, while the E} , mode does not hold step. The peak behaviour in the
power density range 4.5kWcm 2 to 12.8kW cm 2 is directly comparable to the situation
in subfigure (a) with an exception of FWHM. The value of FWHM for the A, mode in the
pump spot centre is left unchanged, while the other two modes are narrowing (not shown).
The peaks at the pump spot edge show a opposite behaviour: A,, and 2LA(M) modes are
stable within parameter uncertainty, only E} , mode narrows.

The upshift in the three main Raman peaks correspond to mode hardening, so a structural
ordering process may take place. Unfortunately, the fit parameter FWHM, which is usually
consulted for such estimations, is scored as unreliable. The relative position of probe spot
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to the pump spot has a more intricate impact on the spectra in comparison to the case
in amorphous carbon. The stable MoS, signal within the pump spot, but not necessarily
at the edge, raises the hypothesis of non-uniform evaporation and re-deposition without
(further) chemical transitions. Also, MoS, decomposition at temperatures of at 1873 K is
unlikely. Measurement off-centred and near the edge are found to be beneficial, that is,
provide the clearest Raman signals.

Figure [5.10| presents spectra in a similar configuration, but all irradiation is done in
ambient air. The unstacked spectra in the inset overlap, so representing spectra are ver-
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Figure 5.10: Raman spectra of MoS, at different laser power density in ambient air, probe
spot off-centred in the pump spot.

tically shifted for readability. Signals of MoS, are maintained for power densities up to
2.2kW cm 2 (spectrum not shown). Over the course of five measurement steps within that
limit, the modes Ej,, A;,, 2LA(M) gain intensity in a linear fashion with laser power and
Eég, 2LA(M) broaden slightly while A,  remains at unchanged width. Shortly before the
MoS, signal declines, the E} , mode narrows. All three main peaks are at a constant Raman
shift v. Laser power densities in the medium range, i.e. 2.8kW cm~2 and 4kW cm™2, show

new, but weakly pronounced peaks at 820cm~! and 995cm~! and from 4.6 kW cm 2 on-
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wards, a stable configuration is set with a well pronounced peak at 670 cm ™. In comparison
to the situation in vacuo, reactions on laser power sets in far earlier: the maximum power
density in vacuo with still measurable MoS, signal of 8 kW cm 2 leads to complete film loss
in ambient air. The maximum measured power density with still measurable MoS, signal
in ambient air is 2.2kW cm ™2 (spectrum not shown). The peaks in the medium range stem
from MoO; and therefore show the process of oxidation. Because of the poor resolution of
the spectral range 100cm ! to 600 cm ™! in the medium power density range, no reliable
information is further extracted here. As speculation based on the known transitions listed
in the introduction, a mixture of MoO, and MoO4 may be present. The higher power den-
sities of more than 4.6 kW cm ™2 show the oxides of the substrate material, which indicates
the loss of the thin film in total.

Finding film ablation and re-deposition in MoS, before, the pump spot after the last
measurement series in ambient air is spatially resolved in Figure The measurement
point in the map indicated with pink symbol is close to the measurement spot in the
preceding series, for comparison. At the outside edge of the pump spot, typical MoS,
signals are found, which agrees with the findings before. In more detail, the spectrum taken
at 70 pm and 60 pm (brown and blue in inset (i)) differ from general scattering intensity and
in background slope. On the other side, spectra at —100 pm and —90 pm (dark and light
blue in inset (iv)) are far more similar to one another, the inner spectra is showing a weakly
pronounced peak at roughly 930 cm ™!, which becomes far stronger pronounced as the pump
spot centre is approached. In subfigure (iv), the spectra at —70 pm and —60 pm (blue and
green) show more or less unclear signals of MoS, and show a intricate behaviour in the
second half spectral range, i.e. 500cm~' to 1000cm™!. Further towards the centre, the
spectrum —40 pm (dark blue in subfigure (iii), orientation marker) is the strongest Raman
scattering in this series overall. The strongest peaks at 767 cm ™!, 818 cm™!, and 995cm™!,
which presented previously, are partially clipped. In the first half spectral range, spectrum
at —40 pm gives clear Raman signals, which were poorly resolved before. Finally, subfigure
(ii) covers the spatial region 0 pm to 30 pm, which also includes the pump centre. There,
in spectra O pm and 10 pm (dark and light blue in subfigure (ii)), the only well-pronounced
peak at 670cm™! is accompanied by shallow low-frequency contributions in the spectral
range around 250 cm~!. These become clearer in the blue adjacent spectrum 20 pm with
elevated general scattering intensity and unclear again in the green spectrum 30 pm.

As already described above, the involved materials are MoS, (see spectrum at —100 pm
or at 70pm), MoO; (see spectrum at —40pm or at —30pm), and substrate oxides (see
spectrum at Opm) or mixtures thereof. Involved Raman peaks are often broader than
their literature reference data, and a more complex background in the vicinity of strongly
pronounced peaks is found. Both observations are linked to the disordered and inhomoge-
neous structures, which are expected in sputtered thin films and in re-depositioned phases.
Ambient air humidity was present during irradiation, so the less stable MoO, phase was
neither clearly found nor expected. In literature, microscope pictures of the laser spot after
irradiation is observed, which exploits the different morphology and colours of occurring
oxides and phases. [280, 286, 287] In comparison, such studies find a fine-distributed selec-
tion of structural phases and different oxides. Here, a simpler picture arises, in which the
local power density of the pump spot gives rise to (I) a uplift in MoS, intensity, (II) signal
conversion/loss, (IIT) molybdenum oxide phase and substrate oxides at last.
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Figure 5.11: Mapping of Raman spectra along a laser irradiation spot to show redeposition
effect. The main window show individually-normalised spectra, but a impres-
sion of the natural intensities is given in the side panels (i)-(iv). Colours from
violet to red in natural order cover a intensity percentage in range 30 % to
80 %, lower values are light gray to clip background signals and higher values
are white for highlighting the strongest features of any spectrum. See appendix
for microscope pictures before and after laser irradiation.
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5.4 Nitrogen-modification in MoS,:N, five phase model

As MoS, quintessentially suffers the same limited thermal stability as amorphous carbon,
one motivation for chemical modifications is the increase of usable maximum operation
temperature of thin films. Another motive for optimisation is the push towards more ap-
propriate material - or tribological properties like hardness adjustment or basal orientation
microstructure over a columnar structure, respectively. Like in a-C, element-modification
allow for optimising or parameter adjustment under a given premise.[165] Here, nitrogen
modification in MoS,:N for enhanced thermal stability is studied, which gives rise to addi-
tional phases compared to the unmodified MoS,thin films above.

For a film with at least 17.6 at.-% nitrogen content, an increment from 320 °C to 650 °C,
which translates to increasing the effective service temperature of MoS, thin films to 400 °C.
[165] Figure[5.12) presents measurement series of nitrogen-modified MoS,:N thin films, which
are annealed at 100 °C (moderately) or at 300 °C (strongly). The behaviour of both MoS,:N
thin films deviate significantly from the behaviour of MoS,, which, in combination, suggests
the differentiation of five phases. Three parameter sets are considered, see Table

Phases (1) and (ll) - restructuring of MoS, from the amorphous start

The first phase covers the as-deposited situation. MoS,:N thin films prominently show the
absence of distinctive Raman peaks, which are visible in unmodified MoS, thin films from
the start. In MoS,:N samples, the spectra show a roughly linear background in the spectral
range 200cm ™! to 1000 cm~! with weak and broad features in the vicinity of acoustical
phonon peaks and near the A;, mode. This mode in particular is the only pronounced peak
in phase (I) for MoS,:N. Increasing the laser power density leads to a decline in background
and the detailed presentation of the expected peaks in MoS, samples. By the end of phase
(I), a stable Raman signal of MoS,, is achieved. This situation is similar in unmodified MoS,
samples. To collect multiple influencing factors like the excitation wavelength, annealing
temperature, or relative probe position, the following is structured in a design of experiment-
style manner, that is, three sets of varying factors are compared to each other. The required
power density range in case of non-resonant irradiation with 1064 nm is (0-5) kW cm~2 for
non- and moderately annealed samples with relative probe positions near pump spot centre
(set 1) and (0-8) kW cm ™2 for moderately and strongly annealed samples with off-centred
probe positions (set 2). For 532nm pumping, moderately annealed samples, and centred

Pumping annealing probe

wavelength  temp. position

set 1 1064nm 100°C centre
100°C

set 2 1064nm 100°C off-centre
300°C

set 3 532nm 100°C centre
100°C

Table 5.1: Set of parameters in MoS,:N series for comparison
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relative probe positions (set 3), value range of (0-1.4) kW cm 2 was found. After those
power ranges, phase (II) is distinguished by mostly stable MoS, signal with shallow peak
evolution as discussed above. Power density range are (5 - 6) kW em™2 or (8-12) kW cm ™2
for set 1 and 2, respectively, or (1.4-2.1) kW cm™2 for set 3.
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Figure 5.12: Raman spectra of MoS,:N at different laser power densities, both for 1064 nm
pumping: (a) MoS,:N sample with 100 °C heat treatment for annealing, probe
spot in centre of pump spot (in set 1), (b) MoS,:N sample with 300 °C heat
treatment for annealing, probe spot in off-centre of pump spot (in set 2).

Phase (I) does not provide clear signals in MoS,:N thin films at start. The uniform
background may suggest acoustical phonons or boson peak-like artefacts as underlying
contributions. Increasing the power leads to clear MoS, signals in phase (II) and reduction
of the background signal. Microscopically, the impact of the laser is sufficient to change the
optical appearance by shallow brightening with disappearing dark freckles in and around
the laser spot. As processes, two concepts are assumed to be conjointly taking place:
firstly, changes in microscope picture suggests that a surface adsorption layer exists and is
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removed within the first step of investigation. In that regard, supplementary comparisons
between lightly scratched surfaces and unadulterated samples show no significant differences
in Raman spectra. The severity of those scratches is comparable to handling the samples
and cleaning them with a dry tissue and light pressure by hand. As result, the samples
change their macroscopical optical appearance only, the spectra are mostly left unchanged.
Secondly and more profoundly, the structural ordering and crystallisation is expected. This
relies on the previous results of chapter in which MoS,:N thin films are discussed,
whose amorphism was independently shown by XPS spectroscopy. Amorphous thin films of
MoS, do provide Raman spectra, but they are comparatively weak and extensively broad.
[288] By own investigations, samples do not give a clear Raman signal in their amorphous
state. Literature suggests that nitrogen-free MoS, thin films also consists of amorphous
and crystalline phases in mixture [165], which explains in part the behaviour in MoS, for
some relative probing spots.

Phase (I1l) - (a) formation and (b) stable range of MoO,

After phase (II), the spectra change drastically; first and foremost, the signatures of MoS,
are decreasing. Like described for the MoS, figures above, strongest changes are the decline
of the A;; mode and the uplift of 2LA(M) mode with the separation and narrowing of both
low-frequency acoustical modes ZA(M) and LA(M). Simultaneously to the signal loss of
MoS,, a stable Raman signal is obtained with previously unobserved peaks at 130 cm™!,
199cm 1, 226cm™t, 352cm ™, 489 cm !, 564 cm ™!, 733 cm~!. The phase (III),, the signal
loss of the previous phase, takes place for power densities of (5-6.5) kW cm 2 for set 1,
(12-16) kW cm 2 for set 2, and (2.1-2.7) kW cm ™2 for set 3. After the decline, a stable
phase (III), of the new peaks appears with power density maxima of 10kW cm ™2 for set 1,
21 kW cm™2 for set 2, and 6 kW cm ™2 for set 3.

These new signatures stem from MoO,. The transition is not isochemical and requires
the exchange of sulphur and oxygen atoms. With respect to their crystalline counterpart,
the enthalpy of formation A ;H 0is —65.999 kcal mol ' and —140.50 kcal mol !, the standard
entropy S° is 14.95 calmol ' K~! and 11.10 calmol * K~! for MoS, and MoO,, respectively.
[289] So, by considering the enthalpy of the bonding alone, the formation of molybdenum
dioxide is energetically beneficial, although entropically (= kinetically) hindered. The re-
action product is stable, because the change in enthalpy is vastly larger than the change in
entropy. In more detail, a negative Gibbs enthalpy AG = AH — T - AS is required. Com-
paring to MoOj3, however, the potential differences are larger: A H 0= _—178.10kcalmol !
and SO = 18.59calmol ' K~'. [289] As result of the Bell-Evans-Polanyi principle, the
energetically more favourable product features a lower activation barrier and is therefore
more likely formed. By these considerations, with no other restrictions, the formation of
MoO, is hindered in favour of MoO;. Furthermore, the transition requires a structural
reordering breaking present structures and bonds. MoS, may be present as disordered or
even amorphous when deposited, but still phase (II) and the rise of MoS, Raman signature
hints to the crystalline configuration. Also, the hexagonal symmetry is known to be more
stable than the rhombohedral counterpart, which transforms to hexagonal symmetry upon
heating. [37, p. 55] Although not impossible at all, this would lead to stress or lattice
mismatching, which, in turn, is likely to be seen in Raman signatures. Finally, the sample
is heated in vacuum with residual pressure in order of nbar. Oxygen is still present, but
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in considerably reduced quantity, which suggests the hindering of oxidative processes. The
oxidative reaction of MoS, to MoO4 in ambient air requires a comparatively large amounts
of oxygen, see chemical equation , and is therefore hindered. The reaction pathway to
MoQO, was not resolved in the scope of this study; complex oxysulphides of molybdenum
are known to be intermittently present.[276] As reducing conditions are required for the for-
mation of MoQO, from MoS,, one might assume the presence of adsorbed water to be a key
component. This hypothesis, however, does not hold, because water vapour are expected
to be (mostly) desorbed at the temperatures above 308 °C, which are present in phase (III).
An alternative might be the reduction of MoS, to (metallic) Mo and subsequent oxidation
like in net chemical equation . For this, the oxide layer on an as-deposited thin film as
part of a technical surface would be sufficient.

Phases (IV) and (V) - unclear nitrogen-specific phase and film ablation

When the samples are chemically altered with nitrogen, new peaks arise as additional
phases. In Figure pronounced peaks at 208 cm™!, 260cm ™!, and 313cm™! are found
along with weakly pronounced peaks, which are assumed to be residuals of the previous
phase. Phase (IV) is stable for power densities up to 12kW cm™2 in set 1 or 25kW cm™2 in
set 2. It was not found in set 3, i.e. with 532 nm pumping. The only peak remaining in the
final phase (V) is a rather unspecific, highly asymmetric peak near 670 cm~!. This phase
appears in samples, which are oxidised in ambient air.

The peaks in phase (IV) are not allocatable with sufficient confidence and only occur
in nitrogen-containing samples. So, the assumption is a (final) reaction with molybdenum
dioxide with nitrogen or with substrate material. Molybdenum is a known catalyst for re-
ducing nitrate to nitrite species [290], so a mixture of residual MoO, and nitrous compounds
of molybdenum may play a role. Molybdenum nitride MoN and its reaction products with
ambient oxygen are excluded, although they are believed to be present in related research.
[165] Also of interest is the appearance for 1064 nm pumping, only. This suggests that com-
pounds in phase (IV) are more absorbent for 532 nm light, which leads to their demise. The
one characteristic peak in phase (V) is also found, when be substrate material is oxidised
in ambient air. Therefore, the thin film is lost regardless of the last oxidation state to laser
ablation. The surface of the sample is highly irregular, so unsteady signals are connoted to
unspecified residuals peeking in-and-out of focus of the microscope. A comparable situation
is also found at the last stage of amorphous carbons (not shown).
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Chapter 6

Summary and Outlook

6.1 Usage of Raman spectroscopy for thin film analysis

Raman microscopy proved to be a versatile tool in investigation of a-C thin films. In this
work, its exclusive use in investigation of thin films was conduced with satisfactory results.
The effect of element-modification of D- and G-Raman peak are summarised in Table
second-order peaks are disregarded.

Raman shift v/cm™!  Peak width /em™! Intensity ratio

G D G D Ry,
a-C 1556 +£2 1382+ 11 17848 409413 1.44(%)
a-C:Si \ 1 ! T \
a-C:W — T T H T
a-C:Ag T — d — —
CrC — T 3 3 T
TiC — T | | T
a-C:H 154241 1361 +11 18044 351413 0.65(*)
a-C:H:Si \ H ! 1 H
a-C:H:W i 1 T i T

Table 6.1: Trends in element-modified a-C thin films. The interlayers CrC and TiC are not
considered as proper a-C thin films but are listed for completeness.
(*) Uncertainty in Ry, estimated conservatively to 40.25, not as fitting param-
eter uncertainty (see |subsection 5.1.5| for details).

The effect of silicon- and tungsten-modification in a-C resembles the preceding literature
work, competing and complementary effects thereof in a-C:H were qualitatively described.
Modification with silver and copper have similar effects in a-C thin films, multi-layer struc-
tures differ in thermal resistance.

Measurands in Raman spectroscopy for a-C thin films

Raman spectroscopy was already treated as analysing method of choice. Its usage as singular
method in this work gives mostly positive results.

On the positive side, the structural impact of inter-layers, which are applied to relief the
short-coming of poor adhesion, on the top-layer a-C is minor. In the study of CrC inter-
layers for different pre-treatment methods, no effect in the top-layer arising from different
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inter-layer properties are found at all. For manufacturing of hydrogenated a-C:H, the
setup can be used for qualitative analysis: a set of optimal deposition parameters was found.
Differences in Raman spectra between a-C and a-C:H are most striking in absolute intensity.
A converse effect of bias voltage on both thin film systems was revealed, but its underlying
mechanism remains unknown. For manufacturing of element-modified a-C(:H):X, the
setup can likewise be used for qualitative analysis. Agents acting on sp? — sp? hybridisation
balance like silicon and tungsten show their impact on the Raman spectra in a-C. The
same situation for a-C:H allows for discussion whether the hybridisation effect of modifying
elements or hydrogen compensate or cooperate. Agents acting as catalysts, ergo breaking
energetically unfavourable bondings like those under stress or sp? hybridised carbons, also
show their impact on the Raman spectra in a-C. Both elements in this study, silver and
copper, lead to thin films, which are leaning towards graphitisation, therefore reduction
thermal stability. This effect increases with silver content, the effect of copper was omitted
in this thesis. The reduction of thermal stability in a-C:Ag is successfully circumvented by
the concept of multi-layers. In case of silicon-modified a-C:Si, quantitative analysis was
rudimentarily possible. For this, especially the analysis of the D-Raman mode in Raman
shift and FWHM with dependable coefficient of determination R?, is in fact adequate
for the quantitative analysis of silicon content. In a similar manner, the behaviour in a-
C:W and a-C:Ag was investigated, but no comparable significant trends are found. After
tribological loading, the Raman spectra reveal an imprint of the thin film usage. The
usage of thin films in adhesion tests (scratch tests), i.e. a steel ball being dragged once along
a straight line with increasing normal force, which ultimately leads to spalling failures due
to delamination, shows clear trends. In a-C:Si, Raman shifts v of both D- and G- Raman
peaks declined significantly by 50 cm™!, while the intensity ratio Ry, drops; in a-C:W, no
comparably clear trends appeared in Raman shift v, peak width or intensity ratio Ry,.
The behaviour in a-C:Si is not reproducible by optical temperature tuning, so the impact
of scratch tests onto thin films is not exclusively thermal. The onset of thin film failure
due to graphitisation may be further developed for usage in quality assessment: as concept,
a machine part features a thin film lubricant, whose internal stress or the release thereof
acts as a hint to excessive loading. When combined with fluid lubricants as main lubricant,
the thin film may be tailored for proper fluid film adhesion and as a witnessing agent of
improper usage or wear. On that note, the absence of significant changes in the ball-on-disk
tribometer testing proved the resilience of the thin films against this form of tribological
loading, although a stronger impact on structure and chemistry was anticipated for study.
Future studies shall measure the whole range of scratched wear scar and compare the
evolution of the fit parameters between samples with different silicon content; for ball-on-
disk tribometer testing, severely worn samples or in situ measurements are promising for
resolving detrimental or transient structural impact, respectively.

On the negative side, Raman spectroscopy is not suitable for evaluating the adhesion
to the substrate directly. Reasons for this are based on the fact that the focus volume of
this setup is assumed to be in order of 100 nm, so a direct assessment of underlying inter-
layers through a micrometer-sized top layer is impossible. On the other side, a badge of
substrates with inter-layers only may be investigated in the beginning of manufacturing for
structured quality assurance, Raman spectra of those inter-layers are supposed be close to
a-C thin films for ideal adhesion. The reduction of thermal stability in a-C:Ag is successfully
circumvented by the concept of multi-layers, however, the current setup does not capture
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a difference in spectra. In other words, thin film parameters like thermal conductivity are
not directly accessible via Raman spectroscopy.

Raman spectroscopy for MoS, thin film analysis

Evaluating Raman spectroscopy in MoS, as singular tool yields mixed results.

On the positive side, structural aspects, the qualitative degree of crystallinity and es-

pecially the lack thereof in amorphous structures, were identified clearly as well as finely
analysis on occurring oxides. The effect of annealing was partially resolved in this man-
ner. Due to the complex nature of tribo- and transfer-films in MoS, thin films, the spatial
resolution in confocal Raman spectroscopy helped to identify a structural transition from
initial MoS, thin film material to wear debris. Also, the increase in thermal stability was
measurable qualitatively in Raman microscopy, which would be easily transferred to quan-
titative studies via temperature tuning. Furthermore, a detailed analysis of the Raman
peak behaviour is unhindered: the occurrence of forbidden Raman peaks were exploited to
identify stacking faults in previous related studies. |[174] By comparison of Raman spec-
tra of annealed wear debris, weaker MoS, signals in annealed MoS,:Cu and MoSy:N
relative to MoS, wear debris gave a strong clue that ordering MoS, by heat or by pressure
is not equivalent. If those processes were equivalent, the 200 °C-annealing should present
clearer MoS, signatures, which it does not. The formation of MoS, tribo-films in MoS,:Cu
and MoS,:N are assumed to differ. Wear debris in MoS,:Cu show less clear MoS, signal
relative to MoS,:N; apparently, something inhibited the formation of ordered MoS, sites for
the tribo-film in MoS,:Cu. As hypothesis, catalysing effects of copper remain, when nitro-
gen in the same configuration evaporates. Future studies should include actual contact
pressures, for example via constant pressure glass lenses or rather via in situ measurements.
Element-modification with copper and nitrogen are still promising samples to further study
the formation of MoS, tribo-films in general.
On the negative side, a core property in use for thin film engineering, the growth direction
of MoS, thin films in magnetron sputtering, is inaccessible and remains to be measured by
X-ray spectroscopy methods. Like in a-C, mechanical properties like hardness are also not
measurable.

Outlook on future studies

For further study, mechanical properties of thin films like elastic modulus or hardness need
to be measurable. Brillouin spectroscopy is conceptually similar to Raman spectroscopy,
but sets the focus on acoustical phonon modes. From those phonon modes, related material
properties like speed of sound, heat conductivity and mechanical properties like elastic mod-
ulus can be derived. If the speed of sound is anisotropic in MoS,, this setup is a promising
approach to access the growth direction without the usage of X-ray equipment. Method-
ologically, the setup may be expanded by a secondary probe line for Brillouin spectroscopy:
on the same probe spot, collimated light could be split for two spectroscopy pathways -
one for the Raman spectrometer as is and one for a Brillouin interferometer. Depending on
the required laser intensity for the two detectors, this maybe even possible using the same
excitation laser.

All worn samples in this thesis were measured ex situ. Future investigations shall take
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place in situ, which is assumed to be critical for an understanding on the tribo-film formation
mechanism. Typical rotation speed in ball-on-disk tribometer does not match with the
required measurement time of this work’s setup, usually multiple accumulations of 30s for
a-C and multiple accumulations of 300s for MoS,. For reduction of detection time other
Raman-based spectroscopy methods like stimulated Raman spectroscopy are advantageous.

6.2 Optical temperature tuning in solid lubricant thin films

6.2.1 Optical temperature tuning in a-C thin films and derivates

In a-C thin films and their derivates, Raman spectroscopy is sensitive for structural and
topological defect dynamics in (hydrogenated) amorphous carbon and allows the identifica-
tion of dominant ordering processes by interpretation in Pseudo-Voigt fitting models. This
allows for identification of two dominant ordering mechanisms and for a clear distinction of
(hydrogenated) amorphous carbon with nano-crystalline components and heavily defected
graphitic lining mixtures, which both occur in thermal impact in thin films of a-C and a-C:H.
Only in their initial stage, a-C and a-C:H vastly differ in key properties on both macroscopic
(i.e. optical) and microscopic scale (i.e. compositional and structural). Amorphous carbon

Stages | & 11 Stages IV & V
T <450 K T > 1000 K
a-C matrix + aromatic seeds defective graphitic material

N\
Stage 111 ”
transition I ‘.
«/ Q)

carbon

spz =
carbon

initial a-C —— v
aromatic enrichment R graphitisation
dominant: lattice defect & ,0’00f dominant: growth
non-sixfold ring reduction R ‘.ﬂ & of graphite lattice

initial a-C:H

Figure 6.1: Depiction of key ordering mechanisms in the Five Stage model, structure of a-C
is based on an early depiction of Galli et al. [51].

remains a short-range ordered network in the low-temperature range and transitions contin-

uously to defected carbon via thermal energy deposition. In the contest of structures, which
reacts first, the hexagonal nano-crystalline clusters within the amorphous network surpass
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the general sp? hybridised carbon pairs in stability. For this reason, ordered graphitic seeds
in an amorphous matrix are formed first. As sixfold rings are able to be enchanted with
aromatic character by delocalised m-electrons, that stabilise the system by energetic relax-
ation, the system seeks to become more aromatic first to face against the high distortions
and stresses found in sputtered a-C and a-C:H alike. So, the dominant mechanism is the
aromatic enrichment of the a-C matrix. When the enrichment is saturated, changes in
graphitic structures are gauged by the second order Raman scattering event, the 2D-Raman
peak. As two-phonon scattering event, it requires a minimum coherence length, which is
first met after the transition to defected graphite stages. Hydrogen and hydrocarbons have
left the matrix, co-joining a-C and a-C:H precursor networks at the common ending point.
This is the moment, in which the transition from amorphous carbon to defected graphite is
completed. Energy depletion in defected graphite is further used for the growth of graphitic
area, so the dominant mechanism in the high-temperature regime is graphitisation, before
the carbon network is lost to laser ablation. Addition of silicon and copper shifts the
evolution towards higher laser power densities. Both modifications are assumed to protect
the samples temperature related evolution by thinning of the carbon network and/or by
release of internal stress. Although affecting thermal stability comparably, a-C:Cu is still
limited to laser ablation, which is considerably postponed in a-C:Si.

In summary, this work immediately gives an adequate, yet simple analysing method for
checking the constitution and “health status” of amorphous carbon thin film. Also, it
provides an ordered course for in field-testing of thermal stability in search of stability-
enhancing modification by probing structural internals in simple ways without the need of
any advanced X-ray spectroscopy.

6.2.2 Optical temperature tuning in MoS, thin films

In studies of optical temperature tuning in MoS,, initial ordering process of amorphous
MoS, and subsequent reaction to distinct oxides of molybdenum was found. Onset points
of chemical and structural phases and the effect of chemical modification on occurring phases
are identified. In more detail, five phases are found in MoS,:N, which were partially found in
unmodified MoS, thin films. The occurrence of such oxides with deviating hardness values
in an otherwise intact MoS, thin film hints to a possible abrasive-style wear mechanism. An
exact temperature measurement is drastically more complex in MoS, in comparison to a-C,
because the involved chemical transitions are exothermic. Although a local and transient
temperature is detectable as expected, the reading gives a false impression, most readings
are vastly to high.

Oxides of molybdenum were found in when heated excessively. It reacts
abundantly to MoO3 and substrate oxides in ambient air, and entirely to MoO, (or oxide
mixtures) in vacuo. Figure shows rare Raman spectra, which were found at different
locations in the tribo-film for copper-modified MoS,:Cu thin films in ambient air. In the
same manner, Figure shows all Raman spectra for nitrogen-modified MoS, thin films.
The red spectra in the background are reference spectra of Mo compounds, the foreground
spectra are numerated and discussed individually. The occurrence of MoO, in these sit-
uations was not reliably resolved in this work. As stated in the theoretical chapters, the
oxides could play a key role for a wear mechanism in MoS, thin films. What role do the
rarely appearing oxides mixtures in MoS, thin films play in tribo-film formation?

123



Chapter 6 Summary and Outlook

Oxides of copper-modified MoS,:Cu thin films

All spectra consist mostly of signatures from molybdenum oxides MoO, and MoOg,
and disulphide MoS,, although usually only MoO; is found in this case. In chapter
a clear contribution of MoO, was rarely found for samples other than for nitrogen-
modified MoS, thin films. ID 1 (outside the tribo track, 3.1 at.-%) shows the most diverse
mixture; all three contributions are visible. The spectrum in ID 2 (edge of the tribo-track
without pronounced debris, 10.5 at.-%) is comparatively weak and only features faint MoO,
signatures and the copper oxides. A pronounced feature at Raman shift 926 cm™—! will be
discussed later. At a comparable probing position in ID 3-4 (copper content of 19.5at.-%
and 28 at.-%, respectively), mixtures of oxides are visible, like in ID 1. Finally in ID 5-6
(as-deposited situation, highest copper content of 30at.-% and 31.9 at.-%, respectively),
MoOj contribution is found, only. Traces of MoS, and MoO, are close to negligible.

Although the change in copper content is less than ten percent between ID 5 and 1D 6,
the general scattering intensity drops. This effect was found in chapter as screening
effect of surficial copper precipitation. A new peak arises well pronounced at 926 cm™! in
ID2, which is only vaguely found in ID1 and ID5 as shoulders. In the region of acoustical
phonon modes, new peaks at 220cm™! and 285cm ™! arise sporadically, which stem from
copper oxides.

Oxides of nitrogen-modified MoS,:N thin films

All peaks in ID 142 (7.1 at.-%), ID 3+4 (11 at.-%), ID 6 (12.4 at.-%), ID 7 (13.3 at.-%), and
ID 9 (19.5 at.-%) are ascribed to MoO3. Remnant MoS, signatures are rarely found
on wear debris, like in ID 4 and ID5 (12.4 at.-%). The extent of MoO; in ID 3 far exceeds
that of ID1, although the nitrogen content is only slightly elevated. Directly comparing the
reference data and with ID 1-3, the acoustical phonons are far more elaborate. In ID 9, the
signatures of MoO; are more finely resolved in the as-deposited probing location than in
wear debris.

The peak at 926 cm ™! shows in ID 5 (gray) in the thin film sample with nitrogen content
(12.4 at.-%), but not in ID 6. It is also found in the highest clarity in ID 8, besides weak
signatures of MoO5. Between those nitrogen contents in the sample ID 7 (13.3 at.-%), it
was found at no point.

Conclusion

The unknown Raman peak at 926cm ™' was never found in previous chapter, for which
the measurement data are required to be repeatable. It may stem from an alloy of iron
and molybdenum as a evidence of interaction between the counter-body and the thin film.
Alternatively, molybdenum minerals like Lindgraynite, Markascherite, Obradovicite feature
Raman peaks close to the unidentified peak. A similar peak was found for sulphur dioxide in
aqueous solution, namely in surface-enhanced Raman studies for sulphur dioxide in wine.
[291] However, the cited publications of this work do not provide a clear proof that the
statement is still true for reqular Raman spectroscopy: in the original publication, the peak
is only visible in surface-enhanced Raman spectroscopy or in silver sulphate AgSO,. [292] In
reqular Raman spectroscopy, on the contrary, the vibrational mode is found with a Raman

124



6.2 Optical temperature tuning in solid lubricant thin films

shift in the range 950 cm™! to 990 cm ™!, which is coherent with other reports for various
sample categories [293] 294} 295].

For future studies on the interaction of main-body and counter-body, it is advisable to
keep sharp lookout on deviating metal oxide peaks and to vary the materials of counter-
bodies in chemical inertness and hardness, for example, soft polymer counter-bodies. From
this, any hypothetical interaction between molybdenum and the counter-body material may
be resolved in finely-resolved Raman mappings. The acoustical phonons in these samples
are more detailed than in reference mineral spectra. Future studies are advised to resolve
the acoustical phonons and to find any correlation to the measurement position in spatially-
resolved Raman mappings. Previous studies [174] of the workgroup already showed that the
occurrence of acoustical phonon modes are step stones for resolving ordering/restructuring
processes in MoS,. Ideally, ordering mechanisms as identified for a-C thin films in this
work, should be resolved for MoS, thin films. For conception of tribo-film formation, in
situ investigations in MoS, thin films are a promising approach.
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Appendix A: Supplementary figures

This appendix holds all supplementary figures, which were mentioned in the main matter
of this work. Those are

1. Microscope pictures of the MoS, sample surface in

2. Raman fit parameters in tungsten-modified a-C:W thin films for quantitative analysis
in
3. Raman fit parameters in silver-modified a-C:Ag thin films for quantitative analysis in

4. Rarely appearing oxides oxides in copper-modified MoS,:Cu thin films with different
copper content in

5. Rarely appearing oxides oxides in nitrogen-modified MoS,:N thin films with different
nitrogen content in [Figure S5
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Figure S1: Microscope gray-scale pictures of the MoS, sample surface with inscribed mea-
surement points, sample surface before laser irradiation (upper) and after laser
irradiation (lower). The morphology is typically rough for sputtered MoS, in
comparison to some chemically modified derivates. The purple symbol denotes
the spot, which was used in measurement in Figure
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ysis. No clear trends are visible.
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Figure S4: Raman spectra of rarely appearing oxides in copper-modified MoS,:Cu thin films
with different copper content (above), microscope image of the sample surface
for ID1-ID6 in reading direction (below).
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Figure S5: Raman spectra of rarely appearing oxides in nitrogen-modified MoS,:N thin films
with different nitrogen content (above), microscope image of the sample surface
for ID1-ID9 in reading direction (below).

131






Appendix B: Python code for automated
spectra fitting

This python script works with (and requires) the libraries numpy for data processing, mat-
plotlib for plotting, uncertainties for automated error propagation, Imfit for standard fitting
routines and -modeling, and os for file handling. The model fitting details are found in the
documentation online, see https://1lmfit.github.io/lmfit-py/builtin_models.htmll

import numpy as np

import matplotlib.pyplot as plt

from uncertainties import ufloat

from Imfit.models import VoigtModel,PseudoVoigtModel,GaussianModel,LinearModel
import os

(1) The background fitting has a strongly detuned initial value for slope as 0.5:

background_model = LinearModel (prefix='bg_"')
pars = background_model.make_params(intercept=50000)
pars['bg_slope'].set(value=0.5)

(2a) The peak modelling starts with a Pseudo-Voigt peak with width o of 150cm™! at
Raman shift v of 1375cm™! for the D-Raman peak and another with width o of 50 cm™*
at Raman shift v of 1600cm™' for the G-Raman peak; optional value boundaries ensure
fitting stability:

pvl_model = PseudoVoigtModel(prefix='pvi_"')
pars.update(pvl_model.make_params())
pars['pvl_sigma'].set(value=150, min=10)
pars['pvl_center'].set(value=1375, min=1200, max=1450)
pars['pvl_amplitude'].set(value=1e7, min=10)

pv2_model = PseudoVoigtModel (prefix="'pv2_"')
pars.update (pv2_model .make_params())
pars['pv2_sigma'].set(value=50, min=10)
pars['pv2_center'] .set(value=1600, min=1400, max=1800)
pars['pv2_amplitude'].set(value=1e8, min=10)

peak_model = pvl_model + pv2_model
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(2b) For second-order Raman peaks in carbons, the peak modelling captures four Pseudo-
Voigt peaks in the range 2470cm ™! to 3250cm ™! for the D+D”, 2D, D+D’, 2D’ Raman
modes at Raman shift v of roughly 2470 cm ™, 2680 cm ™!, 2940 cm™!, and 3150 cm™!:

# for the D+D'' Raman peak at 2470icm

pvl_model = PseudoVoigtModel (prefix='pvl_"')
pars.update(pvl_model.make_params())
pars['pvl_sigma'].set(value=40, min=20, max=80)
pars['pvl_center'].set(value=2507, min=2350, max=2520)
pars['pvl_amplitude'].set(value=250, min=10)

# for the 2D Raman peak at (2670-2690)icm

pv2_model = PseudoVoigtModel (prefix="'pv2_"')
pars.update (pv2_model .make_params())
pars['pv2_sigma'].set(value=50, min=0)
pars['pv2_center'] .set(value=2680, min=2650, max=2800)
pars['pv2_amplitude'].set(value=10000, min=10)

# for the D+D' Raman peak at (2930-2950)icm

pv3_model = PseudoVoigtModel (prefix="'pv3_"')
pars.update (pv3_model .make_params())
pars['pv3_sigma'].set(value=50, min=0, max =150)
pars['pv3_center'] .set(value=2900, min=2800, max=3100)
pars['pv3_amplitude'].set(value=8000,)

# for the 2D' Raman peak at (3100-3250)icm

pv4_model = PseudoVoigtModel (prefix='pv4_"')
pars.update (pv4_model .make_params())
pars['pv4_sigma'].set(value=50, min=20)
pars['pv4_center'] .set(value=3170, min=3100, max=3300)
pars['pv4_amplitude'] .set(value=2500, min=10)

peak_model = pvl_model + pv2_model + pv3_model + pv4_model
(3) Fitting execution and value parsing finally:

model = background_model + peak_model
init = model.eval(pars, x=dataX_truncated)
out = model.fit(dataY_truncated, pars, x=dataX_truncated)
print(out.fit_report(min_correl=0.5))
for names, params in out.params.items():
print (names)
print (ufloat(params.value, params.stderr))
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