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Introduction



1.1 Introduction to this thesis

1.1 Introduction to this thesis

You are reading the results of four years of PhD work at ARCNL. The research
described in this thesis has been inspired by the challenges of a semiconductor
equipment manufacturer, ASML. ASML made the daring step to introduce around
2019 Extreme UltraViolet (EUV) lithography, using radiation with a wavelength of
13.5 nm to write nanometer sized features for the most advanced chips.

This thesis deals with challenges in the field of materials, or more precisely with the
stability of materials under the harsh conditions of an EUV lithography tool. The tools
used in this thesis have been developed over many years to study in detail the
structure and composition of surfaces of materials. By designing careful experiments
and by probing the surface composition, one can study reactions both wanted and
unwanted, both expected but also unexpected. In this sense the work of this thesis
contributes to the body of knowledge needed to design and produce lithography
tools that perform according to specifications and that, ideally, do not show wear.

In the remainder of this chapter, | will focus on the nature of surface science and
introduce the content of this thesis.

1.2 Surface Science within Natural Philosophy

Historically science started with the drive to understand the workings of nature. This
activity and drive were baptized natural philosophy. Upon our increased
understanding of nature, natural philosophy subdivided in multiple specializations,
among which are physics and chemistry®. At the start of our formal education in high
school and even at university, chemistry and physics are taught to be distinct and
very different, whereas at an advanced stage, these specializations increasingly
overlap, for example in the study of materials. Especially when scaling down to the
interaction of atoms and molecules, the differences between chemistry and physics
become less clear in labelling certain effects: is it physics or chemistry? Overlap of
these disciplines is apparent at the surfaces of solids, where the coexistence of
chemical reactions and physical concepts creates a mixture of the sciences.
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The surface of such a solid is more than the terminating layer of a bulk material. The
abrupt end of the solid and the resulting lack of bonding partners causes significant
changes to the atomic and electronic structure of materials, and thus to their physics
and chemistry. Moreover, at the surface, materials interact with their surroundings.
The modification of the surface electronic structure has a direct effect on chemical
reactions at surfaces and for the same reason also on the properties of interfaces
between different materials. At the surface reactions occur with air, and its
individual constituents, such as nitrogen, oxygen, carbon dioxide, and many more
molecules, even if they are only present in small trace quantities. Furthermore,
surface atoms may react or rearrange upon reactions. All these complexities make
the study of surfaces and their interactions challenging. As the Nobel laureate
Wolfgang Pauli famously proclaimed: “God made the bulk, but surfaces were
invented by the devil”. To understand how these surfaces are different from the
bulk, one must resort to advanced experimental techniques?. Additionally these
advanced techniques are sensitive to impurities on a surface which may complicate
drawing firm conclusions. Surface experimentalists pursued techniques to work
atomically clean and to prepare surface samples starting from a single crystal with a
specific structure and orientation. By only allowing selected purified gasses one can
study individual gas surface reactions. Hence, by controlling the gas composition
above a well-defined surface, individual reactions can be described in detail. With

3 75 S NI

Bulk
Analysis

..........................
..........................

CHXLAIRER

‘0"0’00000000000’0

X 300000

Thin Film
Analysis

O & O
O O Q
X 30000000

Surface Analysis

Figure 1-1 A depiction of the regimes of bulk, thin film, and surface analysis. Figure from
reference. 2




1.2 Surface Science within Natural Philosophy

present-day technology pressures below 10° mbar can be achieved routinely, albeit
with some effort and care by the experimentalist. At such a pressure, individual
surface atoms do experience a gas phase collision about once every 15 minutes. In
Table 1-1 the effect of different pressure on these collision rates is approximated.

Table 1-1 Approximated interaction at different pressure or vacuum; the time for a surface atom to
interact with a gas atom, and the distance for a gas atom to interact with another gas atom.

Surface atom — gas atom Gas atom —gas atom
1 bar (1000 mbar) | 1 000 000 000 per second | 0.00008 mm
(ambient pressure)
1 mbar 1 000 000 per second 0.08 mm
1073 mbar 1000 per second 80 mm
10® mbar 1 per second 80 meter
(larger than UHV
chamber)
10 mbar 0.001 per second 80 000 meter
(once per 15 min) (larger than UHV
chamber)

As mentioned, EUV lithography provided the inspiration for many of the experiments
performed in this thesis. Materials and their surfaces are challenged inside EUV
lithography apparatuses due to the harsh conditions generated by EUV photons. The
semiconductor roadmap demands continuous progress setting at each step new
reference conditions for materials and surfaces. To sustain progress in lithography
equipment, understanding of surface processes precedes steps to improve all
applied materials.

Beyond understanding, control over surfaces and interface phenomena is also
becoming important. Within lithography, computer chips are printed using light to
produce the complex structures. Following the standard lithography equation
(CD=k14/NA, with CD being the critical dimension, A the wavelength of light used, NA
the numerical aperture of the lens seen from the wafer, and k; the coefficient that
encapsulates how well a lithography apparatus approaches the limit of k; = 0.25),
decreasing the wavelength used in lithography tools is an effective way to decrease
this CD and hence the size of “makeable” device elements, such as transistors and
conductive lines. With the move to the EUV wavelength (13.5 nm) more transistors
became possible per computer chip, with currently about 10 billion (10%°) transistors
in a single chip®. Also, the chemical reactions inside resist that are driven by EUV light
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in comparison to previous generations of lithography are different*. Physical and
chemical differences associated with the transition from previously used
wavelengths of 365 nm, 248 nm, and 193 nm to 13.5 nm are numerous. Using EUV
the photon energy became 91.8 eV. The interaction processes are fundamentally
different. The earlier photon energies were not able to ionize most atoms or
molecules, whereas 13.5 nm radiation can ionize everything. Figure 1-2 shows the
efficiency of ionization by EUV, revealing a regular pattern and large differences in
ionization efficiency, as expressed in the cross section*”. These differences relate to
the binding energies of the different electrons in each element. In the end, all
elements absorb 13.5 nm, producing one or multiple electrons in the absorption
step. As a consequence, the transition to 13.5 nm required radical changes in the
lithography scanner. In particular, the strong interaction of EUV light with atoms and
molecules makes vacuum a prerequisite for the whole tool.
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Figure 1-2 Atomic absorption cross section o, at EUV ( 4=13.5 nm) of elements with atomic number Z
from 1 to 86, plotted from tabulated data. Figure from reference.*>




1.2 Surface Science within Natural Philosophy

For a similar reason, using 13.5 nm photons in optical systems requires multilayer
mirrors instead of lenses. Lenses are effectively opaque for 13.5 nm. The solution for
mirrors involved very specifically designed thin layer structures, with approximately
6.5 nm thickness of double layers of a spacer (Si) and a metal (Mo) with ideally
atomically sharp interfaces. The 13.5 nm radiation creates a standing wave pattern
inside the mirror optimizing the reflection and minimizing the absorption. The
multilayer mirrors used to guide and manipulate EUV light are an example of surface
and interface properties optimized at the atomic scale*®. In addition to low
absorption, a high reflectivity requires a large difference in the index of refraction of
the two used materials at this wavelength; molybdenum and silicon obey these
conditions®. For a single bilayer, only a small fraction of the light is reflected. By using
up to 70 of these bilayers, a reflection as large as 70% is achieved. Sharper interfaces
will improve the reflection to the theoretical maximum of 74%, making it important
to understand interface properties and how they affect sharpness and contrast®.

A =2d sin @ A =2d sin ®

dsin®d
—@ @ ® @ ®

Figure 1-3 Schematic view of constructive interference from interfaces of a multilayer. Figure from

reference. 6
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Even though these mirrors are situated in an as clean as possible vacuum, under EUV
irradiation carbon can grow on these surfaces’. Carbon species are present in minute
amounts in each vacuum system. Secondary electrons originating from the
interaction of EUV irradiation with gaseous and surface atoms and molecules
dissociate both hydrocarbons and water molecules®. The dissociated hydrocarbons
result in carbon growth, decreasing the reflectivity of the mirrors. To counteract
carbon growth a background gas of hydrogen is applied, transforming carbon atoms
from the contamination into CH,4, a volatile carbon species that desorbs from the
surface®.

Figure 1-4 An overview of the EUV machine (Twinscan NXE:3400B) in operation, as seen from
above. Image from ASML media library 2018.

The topmost layer of each EUV multilayer mirror experiences not only the highest
intensity of EUV photons, but also represents the interface with the background gas.
Understanding the individual interactions of the top layer with different gasses
under these extreme conditions is important. Using advanced surface science
techniques, questions concerning surface oxidation or other surface reactions can
be answered. Beyond the field of lithography, insight in the properties of ruthenium
can be extrapolated to catalysis'®?3, diffusion barriers!*, and others.




1.3 Oxidation of metals

1.3 Oxidation of metals

Metals are essential parts of our modern-day lives. In their many uses, metals are
exposed to widely different conditions ranging from vacuum and dry air to corrosive
conditions. Understanding the oxidation of metals is essential for an application-
specific material selection that helps extend the lifetime of metal components. The
fundamental analysis of metal oxidation traces back to the early 1900s and it has
been heavily studied for a broad range of applications®>%’,

In the following, the full process of oxide formation in metals will be discussed in
steps. The different reaction steps and the form of the critical reagents will be
described. The whole process is much more complex than a simple A+ B > C
reaction.

Figure 1-5 New metal screws, and old oxidized metal nails.

1.3.1 Thermodynamics and kinetics of oxidation reactions

The oxidation of metal can be predicted by combining thermodynamics and values
on reaction energetics derived from either experiments or from theoretical
calculations, with which the energetically most favorable state can be calculated. The
Gibbs free energy is commonly used as thermodynamic potential in these
calculations. With this the state of minimum energy can be calculated for each
condition using the formation enthalpy, entropy, and temperature of the
products'®®, If the final state has a smaller Gibbs energy than the initial state, the
reaction is energetically favorable at the given conditions. When multiple different
reaction outcomes are possible, the product(s) with the lowest Gibbs energy is
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considered the energetically favored ground state. For a metal reacting with oxygen
to form an oxide, the formula of the chemical balance is shown in equation 1-1. Most
metals have different possible oxides. Theoretical calculations can predict the
stability of each oxide at different temperatures and pressures.

y
xM + 502 o M,0, 1-1

Where thermodynamics identifies the most energetically favorable state, kinetics
determines how fast (and if at all) reactions proceed under a certain set of
conditions. Kinetics is expressed in the form of a reaction rate, a combination of a
rate constant, k, and the concentrations of the reactants, A and B, in first order with
exponents n and m, as is shown in equation 1-2. The simple reaction of the type A +
B - C follows a second order rate law, which is described by a parabolic curve as
function of time if linear in both concentrations (n=m=1)*%. For reactions with a
potential barrier, the rate constant is described by the Arrhenius equation, shown in
equation 1-3. In this formula, the Arrhenius constant A, is the so-called pre-
exponential factor, E, is the activation energy of the reaction step, R is the gas
constant, and T is the absolute temperature at which the reaction is taking place.
The activation energy is sometimes called the effective activation barrier. Thermal
fluctuations determine how frequently this barrier is overcome. Figure 1-6 shows an
illustration of the characteristic energies involved in an oxidation reaction. The Gibbs
free energy difference between products and reagents determines the favored final
product, while the activation energy (E,) is important for the reaction rate and thus
determines the kinetics. If this energy barrier is too high to be overcome at the
process conditions, the reaction, although thermodynamically favorable, is
kinetically hindered and no products will form.

Rate = k[A]"[B]™ 1-2
—Ea
k=A,errT 1-3



1.3 Oxidation of metals

Reactions intuitively accelerate by increasing the temperature. However,
temperature can only tune the rate in such a simple way if a single reaction is
considered'®. As soon as two or more different reactions can occur, competition
between these reactions complicates the temperature effect. Each of these
reactions has its individual activation energy and Arrhenius constant. With different
activation energies the ratio of products formed will depend on the temperature. If
a reaction from the reactants towards a product is going via intermediate reactions
in series, the slowest step will be rate-limiting.

Activation energy (E,)
kinetics

Free energy
change (AG)
Thermodynamics

Energy

Reaction Progress —

Figure 1-6 Illustrative sketch of thermodynamics and kinetics difference for a chemical reaction.

1.3.2 Elementary processes of oxidation

Oxidation reactions on surfaces are not fully described simply by a reaction equation
involving a metal and oxygen molecules. Multiple overlapping steps can be
distinguished from the initial state to the final oxide formed” %, In Figure 1-7 the
different steps for oxidation are schematically depicted. Firstly, the oxygen molecule
impinges on the metal surface. The second step is the physical adsorption of the
oxygen molecule on the metal surface. Thirdly, the oxygen molecule dissociatively
chemisorbs on the metal surface, forming metal-oxygen atom bonds. The fourth step
involves mobility of the oxygen atoms towards formation of a stoichiometric layer of
oxide. This formation of an oxide, which is a phase change, is also referred to as
nucleation. The fifth step is transporting oxygen or metal through the formed oxide
layer to continue the chemical oxidation reaction, resulting in the growth of the
oxide thickness.

10
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Adsorption
Impingement  (Desorption)
[ o0 .
= Oxide Growth
Oxide formation
Dissociation (")
——

Figure 1-7 Schematic depiction of the steps in a simple model of metal oxidation.

Parameters such as temperature and pressure affect each step. For example,
increasing the pressure will result in more collisions (impingement) of oxygen on the
surface. As more oxygen impinges on the surface the adsorption and desorption
balance can change based on the same reaction rate constants but multiplied by the
changed concentration of oxygen in the gas phase and oxygen adsorbed on the
surface. With an increase in oxygen adsorption, the probability of dissociation is,
therefore, indirectly increased by the pressure. Temperature strongly affects the
adsorption and desorption ratios; if oxygen desorbs at a high temperature, less
atomic oxygen is available, limiting the formation of the oxide. However, the high
temperature also enhances the rate of dissociation. Temperature can thus affect the
oxide formation directly as it increases the specific reaction rate, but also indirectly
by reducing the oxygen present on the surface for dissociation, decreasing the
oxygen concentration available for the specific reaction.

Above we still treated the process as more or less homogenous. However in practice,
itis more complex. First the dissociated oxygen reacts with the metal surface forming
small oxide nuclei. The formation energetics of such oxide nuclei requires
considering the sum of the surface free energy and the bulk free energy?*%, similar
to the description of crystallization of, for example, a homogeneous nanoparticle
from the liquid phase. The crystallization of an oxide on a metal surface is influenced
by additional parameters such as the mismatch of the lattices of the metal and the
oxide. For a small oxide nucleus size the energy cost of forming a new boundary with
undercoordinated atoms dominates, while with increasing radius of the nucleus the
contribution of bulk free energy stabilizing the nucleus increases. At the so-called
critical radius, the addition of an atom to the nucleus will lower its energy. Once this
critical radius is exceeded, and the nucleus is stable and oxide formation can
proceed???, When a nucleus remains below this critical size, the metal and oxygen
are in a continuous process of forming and decomposing such nuclei without
reaching the critical size, resulting in no oxide formation. We can conclude that a
critical concentration of dissociated oxygen on the metal's surface is a prerequisite
for oxide formation.

11




1.3 Oxidation of metals

As mentioned above, oxide formation requires mobility of the adsorbed oxygen
atoms and/or of the metal atoms. This diffusion process must take place by oxygen
atoms through the oxide to the metal buried below or by metal atoms through the
oxide towards the surface®192%, Diffusion is described by Fick’s first law, shown in
equation 1-4, where j is the diffusion flux in concentration per time, D is the diffusion

- . . de . . . .
coefficient in area per time, d—(ﬁ is the concentration gradient, ¢ the concentration of

the diffusing species, and x is the spatial coordinate in this one-dimensional
equation. The diffusion coefficient is dependent on several parameters with
similarity to the earlier given Arrhenius equation. Equation 1-5 contains the pre-
exponential coefficient Do, the activation energy Qq, the gas constant R, and the
temperature TV. For diffusion to occur, the thermal energy has to allow an atom to
overcome a periodic potential energy barrier. Equation 1-6 indicates the physical
origin of the pre-exponential factor, where 2a is the distance between two potential
minima for the diffusion to go between and v the attempt frequency'’?*?°, In
addition, the attempt frequency is affected by the size of the diffusing species, and
by the interaction of charges, for example with an electric field. Extrinsic factors
influencing the diffusion are oxide microstructure, defects, stoichiometry of the
oxide, dissolution of oxygen and metal atoms inside the oxide or metal lattice, and
temperature.

Jj= —DZ—? 1-4
—9a

D= Doe( RT) 1-5

Dy = 4a%v 1-6

As an oxide is growing, the diffusion rate of oxygen atoms (or metal atoms) through
the oxide changes. With the concentration on the surface maintained, as it depends
on the dissociated oxygen, the concentration gradient decreases with increasing
oxide thickness. In simple metal oxides, the diffusing species are either (partially)
negatively charged oxygen ions or positively charged metal ions. From the many
aspects that affect the diffusion of ions through the oxide, the size differences
between metal ions and oxygen ions are considered dominant. In addition to the ion
size, the structure of the oxide and the nature of the sites along the diffusion path
are important for these diffusing ions. Besides the normal diffusion through the
oxide structure, defects inside this structure can alter diffusion, either enhancing it
or hindering it, for example by pinning atoms on the defect sites?25%7,
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1.3.3 Reaction rate laws

Depending on the rate-limiting step and the state of the oxide, different rate laws
describe the growth kinetics?®?°, Figure 1-8 shows curve shapes representative of
growth kinetics for different rate-laws. When oxygen adsorption is limiting, one
observes a linear rate. When all adsorption sites are always occupied in the presence
of high oxygen concentration, a so-called parabolic rate law is seen, which is rate
limited by the ionic diffusion through the oxide, see equation 1-8. A logarithmic
growth rate is observed under conditions when the diffusion affected by a spatial
electrical charge from electron tunneling through the oxide layer, see equation 1-9%,
And when the diffusion is dominated by the diffusion of ions by an electric field, it is
described by an inverse logarithmic rate equation, see equation 1-10.

Temperature strongly affects diffusion rates and is a stronger factor than adsorption
and surface dissociation. As function of temperature one typically observes a
transition from inverse logarithmic, via logarithmic, and parabolic to finally a linear
rate law?8. Each rate law has their corresponding rate-limiting step based on the
characteristics of the metal and oxide.

Fast oxide growth is often described by the parabolic rate law, also known as
Wagner’s law®, and is applicable for high temperatures and thicker overlayers;
hundreds of nanometer to micrometers. The gradient in metal and oxygen
concentration are the main drivers of the diffusion of metal and oxygen ions. As the
diffusion of the ions is limiting, it can be modelled in an equation similar to Fick’s first
law, and the result is a parabolic growth rate?®

For thin films and low temperatures, diffusion is slow, and internal electric fields
affecting ion diffusion become increasingly important. In the very thin-film regime
below 100 nm, quantum tunnelling effects become important as they start becoming
an identifiable factor in these thin oxides. Cabrera and Mott!® have introduced a
model when the oxide growth is limited by ion diffusion controlled by an internal
field. Their model was based on Wagner’s model with the addition of an internal field
applied through the oxide layer, resulting in a logarithmic or inverse logarithmic rate

law?.

X=k-t 1-7
X2=k,-t 1-8
X =kiog " log(t) 1-9
% =F — ki, - log(t) 1-10
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Figure 1-8 The four types of oxide growth kinetics, linear, parabolic, logarithmic, and inverse logarithmic
are schematically presented in comparison to each other.

1.3.4 Metal oxidation model and the Mott potential

Mechanistic models on oxide growth are based on ions requiring the transfer of
charge from the neutral metal to the neutral adsorbed oxygen molecule3®3!, At low
temperatures and thin layers, the internal fields can be the dominant force for ionic
diffusion'’. Below a thickness of 100 nm, the transfer of charges can also take place
through insulating oxide layers. The potential difference between the interfaces on
both sides of the oxide layer results in an electric field, this potential is named the
Mott potential, V. lons experience an electric field between these two interfaces
given by V,/x, where x is the distance between the two interfaces32. When the oxide
layer grows, the electric field decreases, slowing down growth. lons created on the
interfaces diffuse through the oxide via either vacancies or interstitial sites within
the oxide lattice®".
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Figure 1-9 Logarithmic plot of growth rate of a hypothetical p-type oxide film as a function of its

thickness, calculated using the theory of Cabrera and Mott when thin (X < X;) and of Wagner when
30,31

thick (X > Lp). Figure from reference.

The concept of the Cabrera-Mott model (CM) is illustrated in a sketch in Figure 1-10.
The electron at the metal Fermi level with a work function of @ tunnels through the
oxide to an empty state of adsorbed oxygen with a work function of @.. The electric
field originates from the Mott potential, Vm, which is the difference between the
work functions of the metal and the adsorbed oxygen, referred to as A®¥Y, The
Fermi level and the corresponding work function of both the metal and adsorbed
oxygen are important to calculate the field generated. The oxide growth rate
according to the CM model is shown in equation 1-11, where x is the
thickness, t the time, Q the volume of oxide formed per cation, n the number of
cations per unit area, v the attempt frequency, W the rate limiting energy barrier,
Vm the Mott potential, g the charge of the migrating cation, 2a the distance between
two potential minima, k the Boltzmann constant, and T the temperature!®. While the
Mott potential is independent of the temperature, the CM model for oxide growth
remains dependent on temperature due to the dissociation and diffusion
processes’®32,
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Figure 1-10 Schematic drawing of an energy-level diagram for metal oxidation following
the Cabrera-Mott model. Left is before oxidation, right is during oxidation.
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As diffusion of ions is affected by vacancies in the oxide and by interstitials, the
abundance of defects at the experimental conditions impact diffusion and the
resulting oxide growth. While models like Wagner and CM are based on the
formation of vacancies at both the interface between the metal and oxide, and
between the oxide and the gas, other defects on the oxide/oxygen interface can
result in additional dissociation, increasing the presence of active oxygen for the
oxide growth?%?*?7, Defects can also be a nucleation site for the initial oxide

formation, impacting the start of oxide formation.
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1 Introduction

1.3.5 Surface dependent characteristics

From the description given in the previous paragraphs, it is evident that the surface
is important for oxide growth. Dissociation probabilities of oxygen for example
depend on the surface orientation, which is why dissociation differs between single-
crystal, polycrystalline, and amorphous metal surfaces. Investigating the oxide
growth on single crystals is a method to understand the oxidation routes in a
controlled parameter set. Exploring the same element with different crystal
orientations can give rise to different mechanisms and oxide growth rates. Facet-
dependent oxidation studies have been performed for several metals, such as Cu3%34,
Al3%, 7r3, Ni¥’, Cr¥, Rh3®, W3, and Pd*. While all of them show variations in oxide
thickness between facets, there are common trends. Less densely packed surfaces,
for example, often show a thicker final oxide thickness. On the close packed Al(111)
and Cu(111) surfaces the oxide nucleation is limiting, while other crystal orientations
of these metals do not display this limitation33=3°, The differences between different
crystal orientations can be attributed to a range of phenomena, including the
structure of the chemisorbed oxygen layer, oxygen surface diffusion, surface energy,
step edge density, and density of the metal and oxide. These trends indicate that
diffusion plays an important role.
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Figure 1-11 Leftis a corner of a crystal shown with three orientations present. Right is a spherical tip
shown with two orientations assigned. From the BALSAC picture gallery of Prof. K. Hermann, Fritz-
Haber-Institut, Berlin.

Above, we collected arguments for single crystal oxidation. In practice, most
materials are polycrystalline. Polycrystallinity adds orientation differences and
interfaces. A polycrystalline surface often has a higher roughness. Each grain of a
polycrystalline surface follows the oxidation of its respective crystal orientation*..
Grain boundaries accelerate diffusion of oxygen at temperatures below the so-called
Tammann temperature, roughly half the melting temperature*’. Above this
temperature the diffusion through bulk approaches the diffusion along grain
boundaries.
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1.3 Oxidation of metals

1.3.6 Gas-phase dependent characteristics

Oxidation of surfaces is not restricted to exposure to oxygen gas. Other oxidizing
environments exist. Atomic oxygen is even more reactive, and the combination of
oxygen-containing species and electron beam exposure, exposure to plasma, and
photon irradiation can enhance oxidation®*™*°, Exposure to atomic oxygen bypasses
the dissociation of the molecular oxygen to atomic oxygen on the surface, increasing
oxide growth®. Free electrons enhance the dissociation probability of oxygen, and
surface charges may enhance ion diffusion through the oxide layer. The electron
energy required to enhance the oxygen dissociation is approximately 5 eV, which
matches the electron attachment of oxygen molecules to the surface®. In an oxygen
plasma a combination of molecules, ions, atoms, and electrons are present and can
interact with the surface. The electron induced dissociation of adsorbed oxygen and
atomic oxygen dissociative attachment are identified as the predominant
contribution for the oxide growth®. The facilitated dissociation can lead to kinetics
that are typically seen in thermal oxidation at higher temperatures, as was observed
for example for copper oxidation in oxygen plasma at room temperature®.

Also other oxygen containing species can cause oxide growth. N,O or NO, for
example are considered even stronger oxidants than O, and hence resulting in a
thicker oxide film®. H,O can also act as oxidant, and is particularly relevant for
electrochemistry®!, catalysis®?, and the EUV lithography industry. Dissociation of a
water molecule on the surface results in OH and H*, which can incorporate into an
oxide layer as hydroxyls and protons®. In the case of beryllium, H,O resulted in
thicker final oxide, as well as a parabolic rate law for its oxide growth>**. Water-
induced oxidation may change the resulting oxide structure, showing a tendency
towards more open oxide structures in the presence of water®®. Clearly, water, which
is a very persistent background gas in vacuum systems can be linked to a series of
complex oxidation processes®.
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1.4 Oxidation of ruthenium

This thesis deals with surface reactions and predominantly with oxidation reactions
on ruthenium. This element is a rare transition metal discovered in 1844 at Kazan
State University and is placed in the periodic system in the platinum group.
Ruthenium is present in small percentages of platinum ores, and once it is pure it is
a shiny white colored metal. Ruthenium in the periodic system places it close to the
noble elements, while maintaining reactivity with uncoupled electrons in its outer
shell. In the following, selected literature on ruthenium and its oxidation is
summarized.

Ruthenium

atomic

number ———| 44 101.07 [

—— acid-base properties
symbol s R u of higher-valence oxides
% |\
electron > crystal structure
—_

configuration | [Kr]4d75s1

atomic weight

physical state

name —— | ruthenium 2020680
[] Transition metals —— Solid
8 Hexagonal (] Weakly acidic

& Encyclopadia Britannica, Inc.

Figure 1-12 Left is a photo of a piece of ruthenium metal disk and right is an icon summarizing
selected characteristics of the element ruthenium. The icon is from www.britannica.com.

Ruthenium has been studied for its resistance against oxidation. Due to the noble
character of the ruthenium metal, it has been of interest for a broad range of
applications. Thin ruthenium layers have been used as an oxidation barrier®>4,
Apart from being an oxidation resistant barrier, ruthenium also functions as a
diffusion barrier'®. Furthermore ruthenium oxide is a catalyst for the oxygen
evolution reaction, which generates molecular oxygen from water as reactant®,

Exposing ruthenium to oxygen results in oxygen adsorbate structures which depend
on the ruthenium crystal orientation and on the surface coverage with dissociated
oxygen. After dissociation, chemisorbed oxygen atoms preferentially occupy the
3-fold hollow sites of the Ru(0001) hcp surface®®. On Ru(0001), initially a (2 x 2)
oxygen surface coverage is formed, followed by (2 x 1) and (1 x 1) superstructures
for higher oxygen coverage®7-%°, At high coverage, both the sticking probability and
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1.4 Oxidation of ruthenium

dissociation probability of added oxygen decreases. Different oxygen adsorbate
structures are reported on less studied orientations of ruthenium, for example
Ru(1010). Firstly, a c(2 x 4)-20 is formed, followed by a (2 x 1)p2mg-20 phase,
similar to a (1 x 1) with a relaxation of a two atom repeat unit, corresponding to
0.5 and 1 monolayer of oxygen on the surface’®"?,

As described above, in many systems after a threshold concentration of atomic
oxygen, nucleation of an oxide starts. However, no nucleation of the oxide on
ruthenium terraces has been reported at low 10°® mbar oxygen pressures®>”? up to
temperatures of 227°C. Above 307°C nucleation starts at double-step and multi-step
edges of Ru(0001). And above 407°C nucleation on crystal terraces has been
identified’®”*. When a stable RuO; surface is formed, the further oxide growth is
autocatalytic: oxide growth of RuO; accelerates after an initial layer of RuO; has been
formed’>”. This observation is attributed to an enhancement of adsorption and
dissociation of oxygen on the RuO; surface. The RuO; layer on Ru(0001) grows in the
rutile structure and shows an orientational preference for the (110) plane at
temperatures ranging from 277°C to 377°C’%78, At temperatures above 507°C, also
the (100) and (101) RuO, crystal orientations have been observed?. The less
commonly studied Ru(1010) surface predominantly grows Ru0,(100) at
327-387°C7®, but also RuO,(111) and (101) have been reported to grow on
Ru(1010)2%8'. The changes in electronic structure and oxidation state with
ruthenium oxidation are also clearly reflected in photoelectron spectra, showing
changes in ruthenium core level energies®”® as well as the appearance of a
characteristic satellite peak upon oxidation to rutile RuO2%848,

Experimental and theoretical work of the initial oxidation of the Ru(0001) surface
provides compelling evidence for the existence of an intermediate oxide phase
between the metal and rutile oxide’®® which is converted to rutile RuO; at a
critical thickness®>%1"%3, A scientific discussion about the existence and nature of this
intermediate oxide has been going on for decades. Several different explanations
and hypothesized structures have been reported. Due to the increased oxygen
content without evidence of RuO,, a subsurface oxygen phase was suggested by
Béttcher et al. between 1999 and 2002°%°4%, In this model, the oxygen is dissolved
in the ruthenium or between the first and second rows of ruthenium. Based on this
model, Blume et al. proposed a transient surface oxide phase, also known as
TSOQ7289957 This phase is neither ruthenium metal nor RuO; but a sub-stoichiometric
ruthenium oxide phase. This phase has been reported in several publications from
2004 to 2007 by Blume and more recently by Cai et al. in 2015 in a DFT study®. A
different proposed structure of this intermediate phase originates from DFT
calculations from Reuter et al. in 2002, suggesting a trilayer structure of
0-Ru-07%°192, This trilayer structure is proposed to form following a first layer of
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oxygen on the surface, followed by a second layer underneath the ruthenium surface
atoms, which retain an arrangement close to the original ruthenium metal surface.
The oxygen atoms are binding to the ruthenium from the top and the bottom,
forming an O-Ru-O layer, which is decoupled from the ruthenium layers underneath.
Possible additional trilayers grown underneath the first one are weakly bound to
each other. Similar structures were found in other platinum group elements®-1%,
This structure has been heavily discussed in the literature®°%>, The caveat of the
ruthenium trilayer model, however, is that conclusive structural evidence could
neither be obtained with diffraction techniques such as surface X-ray diffraction’®,
LEED®® nor with real-space methods such as low-energy electron microscopy’*84
and scanning tunneling microscopy?¢%747581,10L102 \while these studies report
details on the transition from a flat Ru(0001) layer to RuO»(110) via a nanostructured
phase®” and a coexistence of different facets at different conditions®, the details of
the transition and the intermediate phase remain elusive?%23737476103  Thjg
intermediate oxide grows via a modified pathway, where first a finite layer is grown,
the intermediate oxide, followed by the nucleation of the final oxide phase and the
oxide growth of this final oxide. However, how this intermediate is involved in the
further oxidation is still not well understood.

Ruthenium oxide trilayer
(0-Ru-0)

Ruthenium oxide (RuO,)

Figure 1-13 Schematic figure on the ruthenium oxidation towards the rutile oxide (RuO;) and the
alternative oxidation pathway via an intermediate oxide phase such as the proposed trilayer oxide.

Oxidation studies of ruthenium involved both single crystal and polycrystalline
surfaces. For single crystal oxidation, specifically the Ru(0001) in the temperature
range from 277 to 357°C with O, pressures above 10 mbar, a self-limited oxide
thickness of 1.6 nm RuO; is grown’®831%2_ Similarly, a 2.6 nm oxide grown at 350°C%3
and a 3.0 nm layer at 400°C were reported!®. Other publications have investigated
single crystal oxide growth reporting RuO; presence as well, but they stated having
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1.4 Oxidation of ruthenium

similar thicknesses without explicitly reporting oxide thickness values?*%%%3, The
oxide growth on polycrystalline ruthenium is more complex due to the presence of
grain boundaries and the coexistence of different crystal orientations. At low
temperatures, oxide thicknesses have been grown to 1.0 nm at 150°C and 2.5 nm at
200°C*. A different report, on the other hand, mentions that no oxide growth has
been identified below 227°C*. For higher temperatures, the reported thicknesses
range from 2.5 nm at 450°C, 6 nm at 500°C, 11 nm at 550°C, to 17 nm at 600°C,
showing significantly increased oxide thicknesses in comparison to single crystal
expectations!®. Based on the variety of influence factors on different polycrystalline
ruthenium surfaces, the difference between scientific papers is challenging to
quantify. However, the oxide thickness has been consistently reported to be higher
for polycrystalline ruthenium films with respect to single-crystal ruthenium films.

The oxidation of ruthenium has also been investigated beyond thermally driven
oxidation by molecular oxygen. Using atomic oxygen, adsorption happens at room
temperature, compared to a reported onset of oxygen dissociation at 227°C°?,
Scanning tunneling microscopy shows the formation of oxide nuclei at step edges,
whereas growth with molecular oxygen was found to occur at double or multi-step
edges’. The final oxide thickness increased with exposure switching from molecular
oxygen to atomic oxygen at the same conditions, from 2.5 nm to 3.0 nm at 200°C
and 1.0 nm to 1.5 nm at 150°C*. Acceleration of the oxide growth was further
reported using irradiation by an e-beam of 1 keV, and photons of 40.8 eV. However,
these circumstances did not affect the final oxide thickness, contrary to what was
seen with atomic oxygen exposure!®. With a different ionizing radiation source, with
a photon energy of 92 eV, the oxidation of a ruthenium surface is complex as well. A
ruthenium layer exposed to 10° mbar water vapor and 92 eV photons showed an
oxide layer between 1.0 and 1.5 nm in the exposed area, and only a 0.5 nm oxide
layer outside the photon exposure area®®’?,

22



1 Introduction

1.5 Outline of this thesis

In this thesis, the surface chemistry of ruthenium is investigated with a focus on the
interaction with oxygen, water, and silicon applying in situ X-ray photoelectron
spectroscopy, supported by electron diffraction and scanning probe microscopy.

The main surface characterization method used in this thesis, X-ray photoelectron
spectroscopy, is presented in CHAPTER 2. First, the fundamentals of X-ray
Photoelectron Spectroscopy (XPS) are explained, followed by the technological
transition to near-ambient pressure XPS (NAP-XPS) for experiments at higher
pressures. The NAP-XPS system at ARCNL can measure during gas exposures at
pressures up to the mbar range. Figure 2-5 on page 36 shows an illustrative example
of the high-resolution XPS spectra revealing not only atomic species but also their
chemical surroundings.

The first case study focuses on the surface chemistry of combining the two elements
ruthenium and silicon. Samples containing these two elements can be imagined as
layered structures of ruthenium and silicon, separate patches of the elements, or as
their compounds, ruthenium silicides. This difference is of great importance for the
surface and material properties. The differentiation between the individual elements
and the silicide phase is, however, notoriously difficult using XPS. In CHAPTER 3 the
characteristic energy shift of plasmon loss features within XPS spectra is used to
differentiate between elemental silicon on ruthenium and ruthenium silicide. The
chemical sensitivity of the electron-energy loss causing these plasmon loss features
allows using XPS to distinguish between growth models involving silicon on
ruthenium. Figure 3-3 on page 48 shows a detailed view of the spectral feature which
is established as fingerprint to distinguish ruthenium silicide from ruthenium metal
in this work.

In CHAPTER 4, the initial oxidation step of ruthenium is investigated using a
combination of experimental and computational techniques. During iterative NAP-
XPS measurements, pristine single-crystal ruthenium surfaces were exposed to
oxygen at elevated temperature, revealing a two-step oxidation mechanism. This is
in line with literature reporting that before the thermodynamically stable ruthenium
oxide grows at the surface, ruthenium first forms a thin intermediate oxide phase.
The combination of experimental results with density functional theory (DFT)
calculations leads to the conclusion that vacancies in the surface of this initial
ruthenium oxide layer play an important role in the growth of the oxide. Upon
reaching a certain thickness of approximately two layers, the intermediate oxide is
hindered in growth. When a sufficient density of ruthenium vacancies on the surface
is present, however, acceleration of the ruthenium oxide growth and formation of
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the stable ruthenium dioxide phase is witnessed. In Figure 4-2 on page 60 the
oxidation curve showing the kinetic hindrance followed by accelerated growth is
reproduced.

Continuing the study on ruthenium, less commonly studied aspects of ruthenium XPS
spectra and its surface chemistry are presented in CHAPTER 5. First, the role of the
measurement range and additional spectral features for the correct determination
of the peak shape and intensity is discussed, followed by a sub-chapter on the
oxidation of polycrystalline ruthenium and its comparison to single-crystal
ruthenium. In the final sub-chapter, the exposure of clean ruthenium and different
thicknesses of ruthenium oxide to water is presented to explore the different surface
chemistry induced by the presence of this oxidant. For the pre-oxidized samples we
identify differences in stability depending on the oxide thickness in the presence of
water. Figure 5-6 on page 89 shows the comparison between the oxide growth of
polycrystalline and single crystalline ruthenium. The stability of a thin oxide exposed
to water vapor is shown in Figure 5-11 on page 97.
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2.1 X-ray Photoelectron Spectroscopy

The properties of surfaces differ from those of bulk materials in several respects and
are defined by the crystal orientation, atomic arrangement, and local composition of
the outermost layers®. The characterization of structure, stoichiometry, and
electronic properties of surfaces requires specific surface-sensitive techniques,
making use of local probes or particles with limited probing depths. Within this
thesis, a broad range of analytical techniques are used, such as X-ray Photoelectron
Spectroscopy (XPS), Atomic Force Microscopy (AFM), Low Energy Electron
Diffraction (LEED), Residual Gas Analysis (RGA), and X-ray Diffraction (XRD).
Moreover, several synthesis, surface preparation, and exposure methods are
employed, namely pulsed laser deposition (PLD), sputter deposition, annealing, and
gas exposure. In this chapter, the core technique of this thesis, XPS, will be
elaborated on.

2.1 X-ray Photoelectron Spectroscopy

XPS is a technique to determine the chemical composition of surfaces. It is based on
the photoelectric effect, first observed by Heinrich Hertz in 1887 and explained by
Albert Einstein in 1905: A photon of sufficient energy (hv) excites a core electron to
overcome the binding energy of the electron (E,) and the work function of the
surface (®). The remaining energy is carried by the photoelectron as kinetic energy
(Exin), shown below in Formula 2-1107.108,

Ekin = hV—Eb —-® 2-1

Figure 2-1 sketches the photoionization process by a photon of 1486.6 eV exciting a
1s electron, resulting in a photoelectron. The corresponding binding energy is
characteristic of the photoionized orbital, allowing to determine which element the
photoelectron originated from based on its kinetic energy.
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Another effect that can occur in parallel to the photoelectric effect is the Auger
process. On the right side of Figure 2-1 the Auger process is sketched. The starting
point of an Auger transition is an atom with a hole in a core shell, independent of
how it is created. An electron from a higher orbital fills the core-hole, freeing a large
amount of energy. This energy is transferred to another electron in a less strongly
bound orbital, which is emitted with a characteristic energy. The energy of the Auger
electron is independent of the energy of the excitation source contrary to the case
of photoelectrons!®110,

Kinetic Auger
enerey 4 Electron
hv Ef 4
(1486,6 eV)
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Binding 20172 = Internal
energy |/tran5|t|0n
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1s ? vlv M 1s ~~

Figure 2-1 Schematic depiction of a photoelectron emission by X-ray excitation and Auger process.

The ability to measure these photoelectrons from samples requires a combination
of complex instruments. The basic components of an XPS instrument are a light
source, an electron energy analyzer, and an electron detector'®1%, The light source
for a laboratory XPS system is commonly an X-ray tube using the characteristic
radiation of high-purity anode materials such as Al, Mg, or Cr. For the experiments
in this thesis, Al Ka radiation with an energy of 1486.6 eV is used. For the analysis of
the electron energy, an electrostatic analyzer, most commonly in hemispherical
geometry is used. The electrons entering the analyzer are first focused and then
accelerated or decelerated before entering the hemispherical analyzer, as illustrated
in Figure 2-2''1, An electrostatic field between the inner and outer hemisphere
deflects the photoelectrons. Only electrons of a specific energy, also known as the
pass energy, are transmitted to the detector. The photoelectrons arriving at the
detector go through an electron multiplier, such as a microchannel plate (MCP). As
the avalanche of electrons hits a phosphor screen, a light flash is detected by a CCD
camera. From this CCD camera the intensity of the photoelectrons from the kinetic
energy transmitted by the analyzer is collected!*°,
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Figure 2-2 Schematic of an electrostatic analyzer, taken form
Matsuda et al.111

The measured intensity of electrons as a function of different kinetic energy
corresponds to an XPS spectrum. Typically the kinetic energy axis is converted to
binding energy in XPS spectra. In Figure 2-3 a survey spectrum of an oxidized
ruthenium single crystal is shown. Note that the BE axis is going from high to low,
corresponding to an increase in the measured kinetic energy of the photoelectron.
XPS spectra comprise of several characteristic features. The main features, the core-
level photoelectron peaks occur at a characteristic binding energy for each element
and orbital. In Figure 2-3, all peaks of the ruthenium and oxygen core level orbitals
that can be excited with Al K radiation are identified. Besides the core-level
photoelectron peaks, XPS survey spectra typically also contain Auger electron peaks,
such as the oxygen KLL Auger peaks at approximately 980 eV and 1000 eV BE in
Figure 2-3. Upon close inspection, also additional features such as satellite peaks and
plasmon loss peaks can be identified at higher apparent binding energy (lower kinetic

energy) than the main photoelectron peaks'®.

As the photoelectrons are generated, they travel through the solid phase before
exiting at the surface to the vacuum. During this travel, the photoelectrons can
scatter elastically and inelastically. While elastic scattering does not change their
kinetic energy, inelastic scattering results in an energy loss. The inelastically
scattered electrons no longer carry information on the emitting element, but can still
be detected and contribute to the background intensity at lower kinetic energies. In
the approximation of a homogeneous material, the probability of a photoelectron
escaping from a certain depth without scattering follows the Beer-Lambert law, see
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Figure 2-3 XPS Survey spectrum of an oxidized Ru(0001) single crystal
Formula 2-2. In this formula, the electron intensity is calculated by the

exponential attenuation of the initial intensity /o of electrons generated at depth d,
dependent on the inelastic mean free path (IMFP) A of the photoelectron at a given
kinetic energy and material'®’. The IMFP of electrons in solids shows a characteristic
dependence on the kinetic energy, referred to as the “universal curve” based on its
similar trend across a variety of materials, see Figure 2-41213, The material
dependence of the IMFP can be approximated using the mass density, molecular
weight, valence electron count, and the band gap!'*. Additionally, electrons emitted
from a solid are attenuated by a gas phase, which further scatters electrons resulting
in a decreased intensity!*,

I = Iyexp (_Td) 2-2
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Figure 2-4 Electrons mean-free path universal curve in solids as a function of their energy, from Seah
and Dench, graph made by Shokr.112:113

The intensity of photoelectrons in XPS depends on several factors, as is shown in
Formula 2-3. Here, | is the intensity measured, T is the analyzer transmission
function, D. is the detector efficiency, A is the analyzed area, Fx is the flux of X-rays,
AQ is the acceptance solid angle of the analyzer, M is the atomic density of the given
element, A is the IMFP of the analyzed photoelectrons, and (da,/dQ) is the
differential photoionization cross section'®,

[ =TD,AF, AQMA (do,/ dQ) 2-3

Quantitative analysis of XPS spectra allows to determine atomic ratios between two
elements in the surface region using the measured peak areas. The equation of the
ratio of two elements is shown in Formula 2-410115 " where n is the atomic
fraction,

I is the peak area, o is the photoionization cross-section!®, A is the IMFP of the
photoelectron, and T is the detection efficiency. For most of the cases this equation
can be simplified as the detector efficiency is the same when within analyzer
specifications. If these factors are assumed to be equal, only the photoionization
cross section and the probing depth need to be taken into account.
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The binding energy of the core-level electrons is dependent on their chemical
environment. Changes in the electron binding energy can originate from different
sources such as oxidation state, different molecular environments, and different
lattice parameters. This effect is most commonly attributed to a change in screening
of the positive charge of the nucleus by the valence electrons!*’~1'°, A lower valence
electron density results in an increased electrostatic interaction of electrons with the
nuclear potential and thus a higher binding energy. As example when a carbon atoms
are oxidized, an increase of binding energy of the C 1s level is identified. When a
carbon is bound to the more electronegative fluorine, further electron density is
removed from the carbon, resulting in an even higher binding energy'’. Other
effects that can lead to core level shifts are surface charging, which adds potential
that decelerates photoelectrons, and the Madelung constant, which can be
considered as an electrostatic potential originating from the environment of the
atom which can decrease the energy required to “eject” an electron from an orbital.

All orbitals, with the exception of s orbitals, appear as a doublet with two possible
states at different binding energies'®. This phenomenon is known as spin-orbit
splitting. When considering the angular momentum quantum number L and the spin
guantum number S=1/2, there are two possibilities of coupling them to obtain the
total angular momentum J usingJ = |[L+ S| and J = |L—S|. For the s orbital, the only
possible value of the total angular moment is 1/2, but for all other orbitals (L>0) two
values are possible. For the p orbital, for example, J can be 3/2 and 1/2. The
occupancy of electrons in the different split orbital is calculated by 2J+1, resulting in
an occupancy ratio of the two spin-orbit split sub-orbitals of 2:1 for the p orbitals
with J= 3/2 and 1/2. This ratio of orbital occupation also translates to the expected
area ratio of the individual peaks of a spin-orbit split doublet peak.

Further characteristics of XPS peaks are their shape and line width, which is typically
described using their full width at half-maximum (FWHM) after background
subtraction. The line width and shape are defined by processes that can be divided
into two categories, natural broadening and experimental broadening. The natural
broadening of the XPS peaks originates from the finite core-hole lifetime, resulting
in a Lorentzian broadening also known as the natural linewidth'?%12!, Besides the
natural line width, also experimental factors lead to broadening, which is a
convolution of several Gaussian shapes. The total broadening E., is obtained by
summing the squares of the individual contributions, as shown in Formula

2-5. The main points that are typically considered are broadening from the
photon source, Ey, the natural energy distribution of electrons at that energy level,
En, and the finite energy resolution of the analyzer, E,'?%.
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2.1 X-ray Photoelectron Spectroscopy

Ef = Ef + Ef + E§ 25

From the literature the width of a monochromated Al Ka source line is reported as
0.25 eV!?2, The electrostatic analyzer contribution is dependent on several
parameters. The finite energy resolution of an electrostatic analyzer is determined
by the Formula 2-6. Where AE is the energy resolution, E, is the pass energy
of the electrons, d is the slit width, Ro is the mean radius of the analyzer hemisphere,
and «a is the half angle of the electrons entering the analyzer. From this formula the
effect of the different optimization options of an electron analyzer can be found, and
how these scale with the broadening of the peak widths. With lower pass energy the
intensity experimentally measured is decreasing. Optimal settings of the pass energy

and slit setting can differ depending on the experiments!?2,

AE = Ep * (5 +a?) 26

Moreover, the shape of the peak reflects the electronic structure of the sample, in
particular whether a material is an insulator or metallic in nature. The peak shape of
insulators and semiconductors is well described by the Voigt peak shape!®. This
Voigt peak shape is a convolution of a Cauchy-Lorentz distribution and a Gaussian
distribution'*. Materials with a metallic nature often require the use of asymmetric
peak shapes, originating from the continuous distribution of electron energy losses
that the photoelectron can undergo by exciting electrons close to the Fermi level.
This asymmetric peak shape can be fitted using a Doniach-Sunjic line shape
convoluted with a Gaussian curve (DS-G)!?3125,

In addition to peaks from photoelectrons and Auger electrons, features arising from
discrete electron energy can also be identified in XPS spectra. The so-called satellite
peaks are observed at lower kinetic energy than the photoelectrons and originate
from a photoelectron losing energy by inducing an excitation in the material. Three
common types of satellites are referred to as shake-up and shake-off features, as
well as plasmon loss peaks. Shake-up satellites are generated when the outgoing
electron interacts with a valence electron, exciting it to a higher energy level, often
corresponding to an energy loss of a few eV. The shake-off satellite, on the other
hand, is observed when a photoelectron excites a valence electron into the vacuum,
reducing the initial photoelectron energy by a significant amount, more than the
shake-up satellite. The shape and shift of these peaks can also be characteristic of
the element, orbital, oxidation state, and chemical bonding environment. These
satellites have for example been used to differentiate between different chemical
environments of copper and iron, in cases where the main peaks were not suitable
for characterization'?®1?’, The third type, plasmon loss peaks are ascribed to the
excitation of a collective oscillation of electrons present in the bulk or at the surface
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of a solid, and these oscillations can be reasonably described for metals by a free
electron gas model. As a photoelectron passes through a solid, it can excite these
plasmon oscillations, losing a well-defined amount of kinetic energy in the process.
The resulting plasmon loss peaks appear at higher binding energy in a range of 5 to
40 eV from the core level peak. Their peak shape is substantially broader than the
associated core peaks!7126:128,

2.2 Near-Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-
XPS)

A conventional XPS system is operated in a vacuum around 1071° mbar. The study of
surface processes and reactions involving elevated gas pressures is not possible
during measurements (in situ). This limits a regular XPS system to an analysis before
and after reactions and exposures; all information on processes occurring in
between is lost. However, this limitation of XPS is technological rather than
fundamental, and the development of advanced experimental equipment has
enabled XPS to approach application conditions. To analyze surfaces at elevated
pressures, two aspects of an XPS system need to be modified; the photon source and
the electrostatic analyzer!?®.

The mean free path of electrons in ambient environments is around 107 m. Even in
the mbar range this mean free path remains at approximately 10 m, which is
significantly shorter than the dimensions of the electron analyzers required to
measure these electrons. Measurements are thus only possible if the pressure is kept
low enough or the interaction distance of the electrons with high density of gas is
minimized. With several differential pumping stages connected by small apertures,
photoelectrons created under high pressure can still be collected on the detector.
Electrostatic lenses can focus the photoelectron beam and allow for the use of
several apertures starting close to the sample, where the measurement chamber is
connected to the electron analyzer by a small opening in a conically shaped entrance
piece'®, Depending on the size of this pin-hole close to the sample different
exposure pressures up to the range of tens of mbar can be achieved with minimal
effect on the photoelectrons detected.

For the soft X-ray photon source, a different method of separating the two vacuum
sub-systems has been developed. Between the photon source and the exposure
chamber, vacuum sealing is provided by a thin membrane, which is partially
transparent to soft X-rays but also mechanically stable and leak-tight. Silicon nitride
is commonly used as material for this window.
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2.2.1 XPS system at ARCNL

The XPS measurements in the present thesis were performed using a Scienta
Omicron HiPP-3 spectrometer and an XM1200 monochromatic Al Ka source
(1486.6 eV) separated by a SiN window from the measurement chamber. The HiPP-
3 analyzer was used with a 0.8 mm aperture of the entrance cone and a slit setting
of 1.0 mm.

On the NAP-XPS setup at ARCNL, gas exposure was performed via high-precision leak
valves, allowing the exposure of a sample to a mixture of gasses during XPS
measurement series. To increase the exposure range to high pressures beyond the
operating range of the turbomolecular pump of the chamber, a gate valve with
bypass construction were installed. The typical exposure range is from 10° mbar, up
to 10 mbar, while with the bypass gate closed exposure pressure up to the mbar
range can easily be achieved.

The gas composition of the exposures is essential and was measured by an residual
gas analyzer, Extorr XT100M, which is installed on the first differential pumping stage
of the system. From the combination of RGA with XPS, the gas composition and
possible contaminants are linked to determine the effect of the exposures. The
pressures of O, H,, and H,O measured by the RGA are calibrated against the
pressures measured by the cold-cathode vacuum gauge in the XPS measurement
chamber.

Sample heating was performed using a pyrolytic boron nitride heater filament for
radiative heating of the back of the sample plate. The achievable temperature ranges
from room temperature to 800°C. For temperature measurement, an N-type
thermocouple is installed on the sample manipulator, and a pyrometer (Metis M311)
in two color mode is used to determine the temperature of the sample surface.

The exposure gasses for this thesis are oxygen and water. The oxygen is dosed from
a Messer CAN-Gas O 5.0 (Purity 99.999%). The water (EMSURE quality CAS:7732-
18-5) was cleaned via several freeze-pump-thaw cycles.
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2.3 XPS data analysis and peak fitting

With the system, typically four different types of XPS measurements are taken.
Survey spectra, normal-resolution spectra for the quantification of element ratios,
high-resolution spectra, and lastly time-resolved in situ spectra. The in situ spectra
are measured in a sequence with alternating regions to identify the changes to
different core level spectra as a function of exposure time. An overview of the
standard parameters for XPS measurements is shown below.

Table 2-1 Standard XPS analyzer settings used in this thesis.

Survey Normal- High- In situ
resolution resolution
Pass energy (eV) 500/300 | 300 100 100
Range (BE eV) 1150to-5 | ~20 ~20 ~20
Step size (eV) 0.15 0.1 0.05 0.05
Acquisition time (ms) | 59 235 235 59/118

The binding energy of the system was calibrated and the peak width measurements
are performed to compare to literature peak fitting parameters. The standard peaks
for binding energy calibration for all pass energies were Au 4f;/, at 84.00 eV, and
Ag 3ds;; at 368.20 eV. The FWHM from Voigt peak shape for both Au 4f;; and
Ag 3ds/; have been measured to evaluate the Gaussian contribution of the different
analyzer settings. The Au 4f;/; was fitted using a fixed Lorentzian width of 0.33 eV,
and Ag 3ds;; was fitted with a Lorentzian width of 0.27 eV. With a pass energy of
100 eV, Au 4f;;; has a Gaussian width of 0.54 eV, and Ag 3ds;; of 0.56 eV. A broad
range of slit settings and pass energies were cataloged, resulting in the optimized slit
setting of 1.0 mm for the XPS measurements on this system.

The quantification of chemical species in XPS requires peak fitting. Multiple partially
overlapping peaks can be present, requiring a deconvolution step, which is outlined
here on the example of the Ru 3d region. For a reproducible and comparable fit, it is
essential to apply constraints based on fundamental laws, literature, and reference
samples. For the Ru 3d region, the spin-orbit split between Ru 3ds;; and Ru 3dsj; is
kept constant, and the area ratio of these peaks is fixed to 1.5. The Gaussian width
and asymmetry are constrained to be the same for both 5/2 and 3/2 peaks, while an
increased Lorentzian width is allowed for the Ru 3ds,; peak to account for Coster-
Kronig broadening®®!. These parameters are optimized using a reference
measurement of clean Ru(0001). Additional peaks were introduced upon partial and
near complete oxidation of Ru(0001), using the same relative constraints between
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2.3 XPS data analysis and peak fitting

their 5/2 and 3/2 peaks. The binding energy differences between metal and oxide
peaks were optimized using multiple samples of different oxide thicknesses and
constrained accordingly in all fits presented in this thesis. These constraints from
detailed spectra are required to obtain comparable results in the time-dependent in
situ spectra, which exhibit a markedly lower signal to noise ratio. An example of a fit
is shown in Figure 2-5, with panel A displaying the Ru 3d region with individual fit
components corresponding to ruthenium metal, ruthenium oxide, and the
characteristic satellite of ruthenium dioxide with a rutile structure. In the O 1s XPS
spectrum in panel B, the oxygen in the lattice and a second oxygen species, denoted
as OH-Ru®%84 are fitted. For Ru 3d metal and oxide as well as O 1s in the oxide DS-G
peak shapes are used based on the metallic nature of Ru and RuO,. For the Ru 3d
satellite and OH-Ru species Voigt peak shapes are used.

L A
Ru 3d data

Ru 3d fit m—

Ru 3d

RuO, 3d

RuO, Sat. 3d

Counts (arb. units)

290 285 280 540 535 530 525
Binding Energy (eV) Binding Energy (eV)

Figure 2-5 XPS of partially oxidized Ru(0001), (A) shows the Ru 3d spectrum with the species ruthenium
metal, ruthenium oxide, and the ruthenium dioxide satellite, (B) shows the O 1s spectrum with the
species of oxide lattice and hydroxide attached to ruthenium.

From the metal and oxide peaks in the Ru 3d region an approximate thickness of a
Ru oxide overlayer on the metal substrate can be calculated. By assuming a
homogeneous flat layer of oxide (species i) on top of the metal (species j), Equation
2-7 can be used to calculate the thickness t of such an overlayer. In this equation it
accounts for IMFP, A, emission angle, a, measured intensity, /, and atomic density,
M. The superscript defines the material, with S for substrate and L for overlayer, and
the subscript determines the photoelectron peak. In the present study of metal
oxidation, ruthenium is defined as the substrate, S, and the ruthenium oxide as the
overlayer, L. This equation allows for corrections for different probing depth based
on different kinetic energy, different photoionization cross section, and the
difference in density of the emitting layers. In Figure 2-6 on the left a schematic
representation of the attenuation of photoelectrons created at different depths is
shown. If the intensities of the metal and its oxide are measured as components of
the same peak the kinetic energy of both photoelectron peaks is essentially the same
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in this calculation. Thus, the Ru 3d photoelectrons generated in the metal and oxide
have the same attenuation and photoionization cross section through the oxide
overlayer. This allows simplification of the original formula and only use A
representing the IMFP through the oxide in the first part of equation 2-7. In the center
of Figure 2-6 the configuration of an overlayer on top of the substrate is displayed in
the approximation of a homogeneous flat layer. Combining these two concepts
illustrates the expected intensity measured by XPS for each of the different layers,
shown on the right. Here the orange and blue areas represent the intensities
measured for the overlayer and the substrate, respectively'®2. For this thesis the
IMFP values of the different compounds are calculated using QUASES*®3 as input for

equation 2-7. The experimental factors are determined to be A-cos a = 2.226 nm for
S.s

M23
normal emission and ﬁLl—i = 1.675, with M, Ais'jL corresponding to the atomic
I ,

density of Ru in the substrate and the overlayer and the respective IMFP.

Species i

Depth

Species |

1 0 1

Intensity Intensity

Figure 2-6 Schematic representation of the XPS overlayer determination: The left panel shows the decay
of the measured intensity as a function of depth, the middle panel illustrates an overlayer of i on a bulk
of j, and on the right their combination shows the signal arising from the overlayer in orange and the
substrate in blue

L MSAS
t=Acosaln (L—’+1 2-7
13 MLa}
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3.1 Abstract

3.1 Abstract
The phase and composition of several transition metal silicides are challenging to

identify with common surface analysis techniques such as X-ray photoelectron
spectroscopy (XPS). While silicide formation is concomitant with a distinct change in
electronic structure, only minute changes in the main spectral features are observed
for example for the family of Ru silicides. Here, the authors combine XPS, grazing-
incidence X-ray diffraction, and density functional theory calculations to
demonstrate that the characteristic excitation energies of plasmons in Ru and its
silicides are a sensitive and easily accessible descriptor that reflects the change in
electronic structure upon the formation of specific silicides in XPS spectra. Electron
energy loss satellites are reported to shift by more than 4 eV upon the formation of
Ru silicide and by 1.7 eV between RuSi and RusSis, making these changes accessible
even for basic experimental equipment. In the context of literature on metal silicides
and electron energy loss spectroscopy, this approach is considered promising as a
general pathway to enhance the chemical sensitivity of surface spectroscopy

methods.
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3 Identifying silicides via plasmon loss satellites

3.2 Introduction
Semiconducting transition metal silicides have generated interest for potential use

in optoelectronics, photovoltaics, and thermoelectrics **13°. In the family of
ruthenium silicides, the two semiconducting compounds Ru,Sis; and RuSi have
received most attention. Ru,Sis; is a direct gap material with reported band gaps
between 0.44 eV and 1.08 eV 34136137 ‘while the gap of the low-temperature phase

of RuSi is smaller, ranging from 0.2 to 0.4 eV 3813% These narrow band gaps are of

140 141

interest for infrared detectors™*®, light-emitting diodes ***, and thermoelectric
applications!*. Moreover, Ru silicides are compatible with existing Si-based

technology and are non-toxic.

Among the thermodynamically stable Ru silicides, RuSi and Ru,Si; have been studied
most extensively 1*3. Upon deposition of Ru layers onto Si, Ru silicide has been
observed to form spontaneously at the interface *#1%5, While the phase of this layer
of a few unit cells is difficult to ascertain, the preferred phase of Ru,Sis has been
observed to form at the interface at 375°C. Annealing the Ru layers on Si at
temperatures above 400°C results in further formation of Ru,Sis, and full conversion
of the ruthenium layers is achieved at 625°C 1%, The formation of RuSi has been
reported upon annealing mixtures below 475°C**. While the only experimentally
confirmed structure of RusSis is orthorhombic (Pben) #7148, two polymorphs have
been observed for RuSi. The CsCl-type structure (Pm3m, B2) forms at high
temperature, whereas at low-temperature phase of RuSi assumes a FeSi-type
structure (P23, B20) 4910 Already small variations in composition have been
reported to cause a strong structural preference for the CsCl-type structure in the

case of Ru excess 1%,

In the case of bulk silicide specimens or thick Ru-Si films, standard analysis tools such
as simple X-ray diffraction are sufficient to confirm the formation of silicides and
determine the predominant phase. A confirmation that thin Ru-Si films are

converted to a silicide, on the other hand, is challenging with common surface
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analysis techniques such as X-ray photoelectron spectroscopy (XPS). The
characteristic XPS peaks, Ru 3d and Si 2p, show only subtle changes in peak position
between the elemental materials and the silicides. Comparably small shifts are
observed for other transition metal silicides,®*>2 making the determination
whether a silicide is present challenging with XPS, in particular if no monochromatic
X-ray source is available or different phases and contaminants such as oxygen or
carbon are present. Challenges in application-oriented cases are expected for
example for surfaces with oxide overlayers, layered structures of metal and Si, or Si
surfaces with low admetal coverage. The reported difference between the Ru 3d XPS
peak shapes of metal and silicide!* is only of limited help without high-resolution

spectra of high-purity samples.

Here, we demonstrate on the example of Ru silicides that plasmon loss peaks are
well suited to identify selected compounds of different electronic structure but
similar core level energies in XPS, inspired by reports of distinct differences between
transition metals and their silicides in electron energy loss spectroscopy (EELS).153154
Upon annealing of a Ru layer on Si(100), as well as for Ru-Si multilayer stacks with
compositions between RuSi and Ru,Sis, distinct shifts of the plasmon loss peaks by
several electron volts are observed in in situ XPS measurements. The presence of
RuSi and Ru,Si; is confirmed via grazing-incidence X-ray diffraction (GI-XRD). We
expect this approach to be relevant beyond the Ru-Si system, since the formation of
transition metal silicides and other compounds generally affects the electron density

of a metal, which is expected to change the plasmon loss energy.
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3.3 Methods

Sample preparation: Ruthenium and silicon were deposited on Si(100) and
Al,05(0001) substrates by pulsed laser deposition (PLD) using a KrF excimer laser
(Coherent Compex 201F, A=248 nm) in 4.0x10%2 mbar Ar. The substrates were
positioned 55 mm from the PLD-target. The depositions were performed at a laser
fluence of 8.5 J/cm?, a shot frequency of 10 Hz, and a spot size of 0.4 mm?2. For pure
Ru and Si films on Si(100) with native oxide, 20000 deposition pulses were used (“Ru-
Si(100)” and “Si-PLD”, respectively). The mixed Ru-Si films were produced using 20
alternating double-layers of silicon and ruthenium deposited on Al,03(0001) at
700°C. The number of deposition pulses was varied between 160, 210, and 320 for
Si while it was kept constant at 600 for Ru, resulting in films of RuSi (“RuSi-PLD”) and
close to Ru,Sis stoichiometry (“(RuzSis+RuSi)-PLD” and “(Ru,Sis+Si)-PLD”),
respectively. The deposition of 1 nm of material requires 700 deposition pulses for
ruthenium and 190 pulses for silicon. Annealing a 28nm Ru film at 550°C resulted in

interdiffusion of Si to form a single Ru,Sis silicide phase (“Ru,Sis-Si(100)”).

X-ray photoelectron spectroscopy: The XPS analysis was carried out with a HiPP-3
spectrometer using a monochromatic Al Ka source. The HiPP-3 analyzer is used with
a 0.8 mm cone and a slit setting of 1.0 mm. XPS peak fitting is performed using
KolXPD. The core level spectra were fitted using a Shirley background across the
entire range shown in the figures and Voigt doublet peaks for all but the metallic Ru
peak, for which a Doniach-Sunjic line shape convoluted with a Gaussian curve was
employed. The plasmon loss energies were determined by fitting the loss features
using Voigt doublets, restricting in the peak area ratios and peak split to be the same
as in the respective core level. Atomic ratios were calculated using the peak area
divided by the respective photoemission cross-section. Survey and Si 2p broad range
spectra were measured at pass energy of 500 eV, Ru 3d broad range spectra at pass
energy of 300 eV, and high-resolution spectra at pass energy of 100 eV. The peak
positions of all samples grown on Al,03(0001) have been corrected for small charge

shifts using the Si 2p spectra of elemental Si and Ru,Sis as reference. In the analysis,
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probing depth effects due to different inelastic mean free paths of the Ru 3d and
Si 2p photoelectrons were taken into account using the QUASES software package
for the calculation of the inelastic electron mean free paths by the Tanuma Powell

and Penn algorithm (TPP2M) 32 based on the materials parameters for Ru,Sis.

Grazing incidence X-ray diffraction: GI-XRD measurements were performed ex-situ
using a Bruker D8 QUEST diffractometer system equipped with an Incoatec 1uS 3.0
Cu Ka X-ray source (A=1.5406 A) and a PHOTON Il Charge-integrating Pixel Array
Detector (CPAD). The XRD patterns were acquired in grazing-incidence configuration
to minimize the signal from the substrate. Powder diffraction diffractograms have
been calculated using VESTAY® for the phases existing in the temperature range
according to the phase diagram: Si, RuSi;, RuxSis, RuSi, RusSis, and Ru. The
diffractograms have been corrected for errors introduced by positioning using the
peaks of the single-crystalline substrates Al,05(0001) and Si(100) as reference. Small
residual shifts between experimental and calculated diffraction peaks are ascribed
to three-dimensional specimen displacement errors going beyond the z-correction

that has been applied.

Density functional theory simulations: To obtain the theoretical loss function, the
dielectric function was calculated from density functional theory (DFT) simulations
performed in the GPAW code®®* 8 following the methods outlined in references >
183, The energy cutoff and k-point mesh were after convergence tests set to 800 eV
and a k-spacing of 0.07 A, For each phase (Si, RuSi, and RuSis), the lowest energy
structures were obtained from DFT cell optimization as implemented in the
projector-augmented wave method (PAW) %6164 with Perdew-Burke-Ernzerhof

(PBE) functionals®>166,
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3.4 Results
The analysis of Ru silicide was performed on Ru-Si thin films prepared using two

different approaches, based on annealing a Ru layer on Si(100) at 550°C and on the
growth of multilayer stacks of alternating Si and Ru layers on Al,03(0001) at 700°C.
Figure 3-1 shows an overview of the GI-XRD diffractograms obtained on stacks of
different composition (“RuSi-PLD”, “(Ru,Sis+RuSi)-PLD”, and “(Ru,Siz+Si)-PLD”) and
the annealed Ru layer on Si(100) (“Ru,Sis-Si(100)”). Diffraction signals from the
Al,03(0001) and Si(100) substrates are strongly suppressed at highly grazing X-ray
incidence angles and hence not discernible in the data. For comparison, the

calculated powder diffraction patterns of Si, Ru,Sis (Pbcn), and RuSi (P213), based on

150,167,168 146

literature results , are shown. In agreement with literature'*®, annealing of a
Ru film on Si(100) was observed to result in phase-pure Ru,Sis, serving as reference
sample for this silicide phase. Different stoichiometries were explored by depositing
films of fixed Si/Ru ratios on Al,Os. In the case of the most Si-rich sample (RuSi3+Si)-

PLD the presence of both the Ru,Si; phase and elemental Si was identified. At a

RuSi-PLD

(Ru,Siz+RuSi)-PLD

(Ru,Siz+Si)-PLD

Ru,Si3-Si(100)

Intensity (arb.units)

ﬁ T e

RUZSi3
L

20 30 40 50

20 (degrees)
Figure 3-1 GI-XRD results of RuSi-PLD, (Ru2Si3+RuSi)-PLD, (Ru,Sis+Si)-PLD, and Ru,Sis-Si(100).
Calculated powder diffraction patterns of Si, RuSi, and RuSis. (*) artefact due to saturated pixels on
the 2D detector.

45




3.4 Results

decreased Si content ((RuxSis+RuSi)-PLD) the coexistence of Ru,Siz and RuSi was
observed. In the sample RuSi-PLD, a RuSi majority phase was observed to coexist

with a small contribution from Ru,Sis.

The stoichiometry of the Ru and Ru silicide layers close to the surface was
determined using XPS. The resulting ratios of Si/Ru are shown in Table 3-1. These
values reflect the average composition in the surface region and were calculated
assuming a homogeneous distribution of Ru and Si in the surface region. Variations
in the probing depth due to different inelastic mean free paths of the Ru 3d and Si
2p photoelectrons were taken into account. Measurements at different probing
depths indicate that the low Si/Ru ratios for Ru-rich samples are likely due to Ru-
enrichment in the surface region (see Supporting Information (Sl)). High-resolution
XPS spectra of the Ru 3d and Si 2p regions are shown in Figure 3-2 A and B,
respectively. The binding energy (BE) values are summarized in Table 3-2. Detailed
fitting parameters of the Voigt doublets for the Si 2p core level spectra are provided
in the Supporting Information. The ruthenium layer Ru-Si(100) shows the Ru 3d BE
and the asymmetric line shape which are expected for metallic Ru. In the sample
RuSi-PLD, the Ru 3d BE is shifted by +0.22 eV in relation to metallic Ru and exhibits a
lower asymmetry. Even though (Ru,Sis+RuSi)-PLD, (Ru,Sis+Si)-PLD, and Ru,Sis-Si(100)
are close in composition, their Ru 3d BEs exhibit measurable variations, which are

attributed to their phase purity. The peak shapes of these Si rich samples, on the
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Figure 3-2 High-resolution XPS spectra of Ru silicide layers. A) Ru 3d region of Ru-Si(100), RuSi-PLD,
(RuSiz+RuSi)-PLD, (Ru,Sis+Si)-PLD, and Ru»Sis-Si(100). B) Si 2p region of RuSi-PLD, (RusSiz+RuSi)-PLD,
(RusSiz+Si)-PLD, RuSis-Si(100), and Si-PLD.
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3 Identifying silicides via plasmon loss satellites

other hand, are symmetric and near-identical. In Figure 3-2 B an overview of the Si
2p spectra of the samples Si-PLD, RuSi-PLD, (Ru,Sis+RuSi)-PLD, (Ru,Sis+Si)-PLD, and
Ru,Si3-Si(100) is provided. The peak position of the Si 2p doublet of the Si-PLD sample
agrees well with elemental silicon,’®® but its line width is significantly larger
compared to that reported for Si single crystals. This broadening is ascribed to
disorder and defectivity in the layers produced by PLD at room temperature. Also,
the spectra of RuSi-PLD and Ru,Sis-Si(100) correspond to a single doublet, whereas
the Si 2p spectra of (Ru,Siz+Si)-PLD and (Ru.Sis+RuSi)-PLD require the addition of a
second species, at binding energies corresponding to elemental Si and RusSi,
respectively. While the binding energy variations between the silicide species remain
small, the binding energy difference between the Ru 3d and the Si 2p levels exhibits

a significant step between RuSi-PLD and the two Ru,Si; samples.

Si/Ru
Ru-Si(100) 0.00
RuSi-PLD 0.78

(RusSis+RuSi)-PLD  1.08
(RuSis+Si)-PLD 1.58

Ru,Sis-Si(100) 1.48

Table 3-1 Atomic ratios determined by XPS of Ru-Si(100), RuSi-PLD, (Ru,Sis+RuSi)-PLD, (Ru,Si3+Si)-PLD
and Ru;Sis-Si(100).
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3.4 Results

BE Ru 3d BE Si 2p BE Ru 3d-Si 2p
Ru-Si(100) 279.8
RuSi-PLD 280.0 100.0 180.0
Ru,Sis-PLD 280.1 99.7 180.4
Ru,Si3-Si(100) 280.2 99.7 180.5
Si-PLD 99.4

Table 3-2 XPS Binding energies of Ru 3d, Si 2p, and the difference between Ru3d and Si 2p
of Ru-Si(100), RuSi-PLD, RuSiz-PLD, Ru5Sis-Si(100), and Si-PLD.

All materials in this study present clear, characteristic plasmon loss satellites, which
are located at higher apparent binding energy (lower kinetic energy) than the XPS
peaks. Extended spectra of the Ru 3d and Si 2p regions for the same samples as in
Figure 3-2 are shown in Figure 3-3. The locations of the energy loss peaks are

summarized in Table 3-3.
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Figure 3-3 Extended-range XPS spectra. A) Ru 3d region of Ru-Si(100), RuSi-PLD, (Ru,Sis+RuSi)-PLD,
(RuSis+Si)-PLD, and Ru,Sis-Si(100). B) Si 2p region of RuSi-PLD, (RusSiz+RuSi)-PLD, (Ru.Sis+Si)-PLD,
Ru,Sis-Si(100), and Si-PLD.

For Ru-Si(100), electron energy loss peaks are observed at +8.0 eV and +29.4 eV from

Ru 3dss,, in good agreement with reported values for surface and bulk plasmon
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3 Identifying silicides via plasmon loss satellites

features for metallic Ru'’. For the silicide layers, the respective plasmon loss peaks
are located at distinctly different binding energies, corresponding to loss values of
+23.3 eV (RuSi-PLD), +22.5 eV ((RusSiz+RuSi)-PLD), +22.2 eV (Ru:Sis-Si(100)), and
+21.4 eV for (Ru,Sis+Si)-PLD. From these values we see a 1.7eV difference between
the plasmon loss peaks between RusSiz and RuSi. The extended-range Si 2p spectra
in Figure 3-3 B illustrate that the plasmon loss features for all silicide samples are
also observed at comparable loss energies at the Si 2p peak, albeit with poorer
signal-to-noise ratio owing to the lower intensity of the Si 2p peak. Moreover, the
relative peak area of the plasmon features is lower in the Si 2p region than in the Ru
3d region, indicating a higher excitation cross section of plasmons for the Ru 3d
electrons (at lower kinetic energy). The elemental Si-PLD sample exhibits plasmon
loss features at +17.0 eV and +34.0 eV (single and double plasmon excitation) from
the Si 2ps» peak. The experimentally observed trends and peak positions are
furthermore in good agreement with DFT simulations of RuSi (22.55 eV), RuxSis
(21.83 eV), and bulk Si (16.67 eV), which also reproduce the decreasing plasmon loss

energy with increasing Si content.

Energy loss peak (eV)

Ru-Si(100) +8.0and +29.4
RuSi-PLD +23.3
(RuzSiz+RuSi)-PLD +22.5
Ru,Sis-Si(100) +22.2
(Ru,Sis+Si)-PLD +21.4

Si-PLD +17.0 and +34.0

Table 3-3 Energy loss peaks for Ru-Si(100), RuSi-PLD, (Ru,Sis+RuSi)-PLD, Ru,Si3-Si(100), (Ru,Sis+Si)-PLD,
and Si-PLD.
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3.5 Discussion
The presented X-ray diffraction, photoelectron spectroscopy, and density functional

theory results connect changes in structure, stoichiometry, and electronic properties
to a systematic change in the spectral features of Ru and Si in XPS. While only subtle
shifts and changes in peak shape between metal and silicide are observed in the core
level spectra, the apparent binding energies of the plasmon loss features present

substantial changes with the formation of a silicide and changes in its stoichiometry.

The differences in the Ru 3d core level spectra of Ru metal, RuSi, and Ru;Si; are subtle
but discernible in high-resolution spectra with a monochromatic X-ray source and
can be related to changes in electronic structure with Si content. The Ru 3d peak
shapes are observed to change from asymmetric in the case of a metal layer (Ru-
Si(100)) to mostly symmetric for RuSi and fully symmetric for Ru,Sis samples. This
observation is in agreement with the metallic character of ruthenium and the
semiconducting nature of RuSi and RusSis, and their respective density of states at
the Fermi level.’° In addition to the small changes in absolute binding energy values
of Ru 3d and Si 2p, a clear change in the energy difference between the Ru 3d and Si
2p peaks was observed for the different silicide phases, from 180.4 eV and 180.5 eV
for Ru,Sis prepared in two different ways to 180.0 eV for RuSi. The combination of
different absolute binding energies of Ru 3d and Si 2p, differences in their relative
position, and systematic changes in their peak shapes provides clear evidence for a
change in electronic structure between RuSi-PLD and RuSis-PLD. However, these
changes to the spectral features are subtle and should not generally serve as the

basis for a reliable identification of Ru silicides.

The shifts in the apparent binding energies of the plasmon loss satellites, on the
other hand, are evident already from the extended-range spectra and do not rely on
high experimental resolution. The transition from elemental Ru and Si to the silicides
under investigation is accompanied by a plasmon peak shift of more than 4 eV. In

the compositional range between RuSi and RusSi;, the GI-XRD results show the
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3 Identifying silicides via plasmon loss satellites

formation of phase mixtures. Even though the two silicide phases are expected to
have a characteristic plasmon loss energy, a comparison of the respective XPS
spectra reveals a gradual shift towards lower plasmon loss energies (lower apparent
binding energy) with increasing Si content. This observation is interpreted as a
gradual shift in intensity between two coexisting plasmon features for RuSi and
Ru,Sis, which show a substantial energy difference but also a large line width. The
plasmon loss energy thus provides an indication of the average Si content of the
silicide, whereas a quantitative identification of the RuSi and Ru,Sis content remains
difficult. Based on the distinct shift of the plasmon loss energy with the formation of
ruthenium silicide phases, however, the satellite position can be used to

unambiguously separate the coexistence of elemental phases from silicides.

The rich information contained in electron energy loss processes is rarely used in
photoelectron spectroscopy, partly because the XPS peak shifts already contain
information about the oxidation state and chemical environment of the elements.
Examples of loss features in XPS have been reported in the context of work that is
material-specific to Fe silicides **"!, while the underlying changes of the dielectric
function of the material are a general phenomenon. Electron energy loss
spectroscopy, on the other hand, makes use of the characteristic electron energy
loss of materials as fingerprint for their composition but also their electronic
structure®*. Examples of the reliable identification of silicides include compounds of
Si with Ni %172, Fe 1331731743nd Cr 175, some of which also allow identifying the
specific silicide species. Electron energy loss features often exhibit substantially
larger peak shifts than the core level peaks in XPS and are thus promising as pathway

of the chemical analysis of materials.

An identification of silicides based purely on core level peak shifts in XPS, on the
other hand, is challenging for many elements.1##151152 The XPS literature on Ru-Si
compounds reports small and subtle changes upon silicide formation 144169176177 gnd

could thus strongly benefit from an additional unambiguous probe of the change in
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electronic structure induced by silicide formation. Moreover, we expect that the
electron energy loss features for various metal silicides provide a clearer signature
of the formation of silicide than the respective core level peak positions and shapes,

thus alleviating the requirements for resolution and peak deconvolution.

3.6 Conclusions
In summary, we demonstrate on the example of Ru silicide that the energy of

plasmon loss features in photoelectron spectra can serve as sensitive descriptor for
the identification of compounds with different electronic structure. For Ru, which
exhibits only subtle core level shifts upon silicide formation, the plasmon loss peak
position changes by several electron volts compared to elemental Si and Ru, and
progressively shifts with Si content. This approach to identify compounds is common
in EELS but rarely used in XPS and holds potential for application to a broad range of

materials.
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3 Identifying silicides via plasmon loss satellites

3.7 Appendix

S1: GI-XRD 2D diffraction pattern of (Ru,Siz+RuSi)-PLD

In Figure S 3-1 the GI-XRD 2D detector image is shown of the sample (RuSis+RusSi)-
PLD. The blue outline is the detector integration area. The white arrow indicates the
saturated pixels underlying the peak marked by an asterisk (*) at a diffraction angle
(20) of 40° in Figure 3-1. The blue arrow shows the diffraction ring corresponding to

the peak at a diffraction angle (26) of 55°.

Figure S 3-1 2D diffraction pattern of (RusSis+RuSi)-PLD. Raw data of the diffractogram reported in
Figure 3-1.
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$2: XPS Si 2p peak fitting parameters

Si (Si 2p) RusSis (Si 2p) RusSi (Si 2p)
Pos (eV) 99.4 99.7 100.0
Lwid (eV) 0.07 0.18 0.25
Gwid (eV) 0.71 0.46 0.45
Split (eV) 0.63 0.62 0.62

Table S 3-1 Peak fitting parameters of the Si 2p species: Si, Ru;Sis, and RuSi, using Voigt doublets with
the following parameters: binding energy position (pos), Lorentzian line width (Lwid), Gaussian line
width (Gwid), spin-orbit split.

$3: Atomic ratios determination using Ru 3p, Ru 3d, and Ru 4p

The peak areas of the Ru 3p, Ru 3d, and Ru 4p core levels have been determined
from XPS survey spectra for all samples. The kinetic energies of the Ru 3ps/2, Ru 3ds/2,
and Ru 4ps;; photoelectrons are 1024 eV, 1206 eV, and 1443 eV, resulting in the
highest probing depth for Ru 4p, followed by Ru 3d and Ru 3p. Table S 3-2 shows the
measured Ru content corrected for photoemission cross section and probing depth.
The values are normalized to the result for Ru 3d. The lower Ru signal for Ru 4p and
higher Ru signal for Ru 3p is particularly pronounced for the samples containing the

RuSi phase, indicating Ru enrichment in the surface region for these samples.

Ru 4p Ru 3d Ru 3p
Ru,Sis-Si(100) 0,85 1,00 1,04
(RuzSiz+RuSi)-PLD 0,80 1,00 1,18
RuSi-PLD 0,80 1,00 1,26
(Ru2Sis+Si)-PLD 0,71 1,00 0,99

Table S 3-2 Atomic ratios determined by XPS of Ru 4p, Ru 3d, and Ru 3p for the samples Ru-Si(100),
RuSi-PLD, (RuSis+RuSi)-PLD, (RuSiz+Si)-PLD and Ru,Sis-Si(100).
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The Role of Cation Vacancies in
the Initial Oxidation of
Ru(0001)

This chapter is under review as: Stefan van Vliet, Jonathon Cottom, Emilia Olsson,
Jorg Meyer, Roland Bliem, “The Role of Cation Vacancies in the Initial Oxidation of

Ru(0001)".
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4.1 Abstract

4.1 Abstract

Understanding the active surface structure of a catalytic material at relevant
operating conditions is essential for accurately predicting the activity and selectivity
of a catalyst. Traditional models, based on idealized surface structures neglecting
defects, often fall short in realistically depicting catalyst surfaces in operation. Even
for the widely studied Ru(0001) surface, understanding of the initial oxidation
kinetics beyond an adsorbed monolayer remains elusive. Challenged by resolving the
atomic structure, here we identify the crucial role defects play in the growth of the
first oxide layers. Using in situ X-ray photoelectron spectroscopy (XPS) combined
with density functional theory (DFT), we uncover a two-step oxidation process of
Ru(0001) and pinpoint the significant role of ruthenium vacancies in the initial
oxidation of Ru(0001). Ruthenium (=cation) vacancies prove more adept at
mitigating surface strain than oxygen (=anion) vacancies in the growing oxide layer.
While cation vacancies are often neglected in the context of interfaces, here they
provide a vector for further oxide growth. These observations reconcile the
ambiguities in understanding the initial Ru(0001) oxidation and highlight the
importance of cation vacancies for this process.
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4.2 Introduction

The interplay between a material's surface structure and its response to reactive
environments is decisive for its performance as a catalyst or protective coating.
Variations in surface structure, composition, and electronic properties are not mere
nuances; they are central to the reactivity and selectivity that define the
effectiveness of a material under operating conditions. For functional oxides, the
focus of mechanistic studies has traditionally been on surface oxygen vacancies and
how these influence the properties of materials with broad applications such as TiO,,
MgO, or ZnO 178179 Recent findings, however, have unveiled the widely
underestimated role of cation vacancies in defining the surface properties of
transition metal oxides 8182,

In the light of extensive discussions on the active surface structures of catalytic
materials under operating conditions #2787, the related structure search should not
be confined to stoichiometric equilibrium phases known from the bulk. Especially
under oxidizing conditions, critical deviations from the idealized defect-free towards
defect-rich active phases have been observed for prototypical catalyst surfaces 88
190 State-of-the-art experimental methods have recently allowed to characterize the
active phase of catalytic surfaces under relevant, in operando conditions >>1°171%4 gnd
compare it to theoretical predictions. However, in these studies surface defects have
not been explicitly included in the accompanying DFT calculations. As Ru-based
materials are excellent catalysts, the Ru(0001) surface in an oxidizing environment
and its defect chemistry represents a highly relevant showcase for searching the
active phase: While Ru catalyzes the formation of ammonia %' and Fischer-Tropsch
synthesis 111, RuO; is one of the best performing catalysts for the oxygen evolution
reaction %%, The main surfaces of these materials have thus been studied in detail
and the structures of the close-packed Ru(0001), and the RuO,(110) surfaces are
considered solved 7778, However, these equilibrium structures of metallic and
oxidized Ru are not necessarily the most relevant ones for determining the reactivity
of Ru in oxidizing reaction environments.

In the search for the active surface structure of Ru for different chemical potentials
of oxygen, phases with increasing oxygen content have been investigated, as
illustrated in Figure 4-1. The oxidation of Ru has been shown to proceed via a number
of ordered structures of adsorbed oxygen (Figure 4-1a), with the (2 x 2) oxygen
superstructure being most stable in terms of formation energy per oxygen atom
(Figure 4-1b) ®”. This result was confirmed using low-energy electron diffraction
(LEED) experiments, extending the range of ordered adsorbate structures to higher
((2x1)and (1 x1)) coverages. Experimental and theoretical work provide compelling
evidence that beyond the surface-adsorbed monolayer, oxidation proceeds via a so-
called surface oxide 768687.89.9055 \yhich is structurally and electronically different
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Figure 4-1 a) lllustration of the reported structures occurring during the oxidation of Ru, ranging from
ordered adsorbate superstructures (purple, blue and green) to an intermediate oxide with trilayer
structure (yellow) to the stable RuO; bulk oxide (red). b) These structures are most stable in terms of
their formation energy per oxygen atom in different coverage regimes as indicated by the bold crosses
using the same coloring scheme. Coverage is given in fraction of a monolayer (ML), whereby 1 ML is
defined as one oxygen atom per Ru surface atom. This plot is based on the 68 defect-free surface
structures sampled as part of this work for the defect calculations (vide infra).

from bulk rutile RuO,, and is converted to the latter at a critical thickness 2%°*23, One
of the most promising models for this intermediate oxide is a metastable O-Ru-O
trilayer %2, analogous to the initial oxide layers observed for Ag %>, Rh %, Pt 7 and
Ir %8, The caveat for this Ru oxide trilayer, however, is that conclusive evidence for it
could neither be obtained with diffraction techniques such as surface X-ray
diffraction "® and LEED #®, nor with real-space methods such as low-energy electron
microscopy 74899 gnd scanning tunneling microscopy 2360.73-758L10L102 | jtarature
offers explanations for several intriguing aspects of the transition from a flat
Ru(0001) layer to Ru0,(110), such as the formation of a nanostructured phase & and
the coexistence of different facets 8. However, fundamental details on the defect
chemistry, formation and kinetics of conversion of the likely disordered or defect-
dominated structure in the intermediate phase between a monolayer of oxygen and
rutile RuO, remain elusive.

In this study, we delve deeper into the formation of the initial oxide layer on
Ru(0001), emphasizing the instrumental role vacancies play in the forming oxide.
Moreover, we demonstrate the pivotal role of surface preparation and the
associated defect concentration by showing that oxide growth is impeded on flat,
polished Ru(0001) surfaces. This is supported by large-scale DFT calculations,
systematically sampling structural models for the oxidation of Ru(0001) as a function
of coverage (Figure 4-1b) and explicitly investigating defect formation. Through this
unprecedented combination of in situ XPS and DFT, our findings uncover new aspects
regarding the oxidation of this surface, showing the interplay between strain, defect
formation, and growth.
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4.3 Results and Discussion

4.3.1 Initial Oxidation

As a first step, to determine the initial oxidation of Ru we performed a time-
dependent study of the surface composition and oxidation state of Ru using XPS at
elevated temperatures in an oxygen environment. A series of consecutive in situ XPS
spectra were recorded while exposing an unpolished Ru(0001) single crystal to
1.2 x 10* mbar O, at constant temperatures in the range from 290°C to 470°C.
Figure 2a shows the apparent thickness of the forming oxide as a function of time
for selected temperatures, estimated from the Ru oxide peak intensity assuming the
growth of a homogeneous flat layer. The calculated oxide thickness at long oxidation
times increases monotonically with temperature, in accordance with literature #6103,
The growth kinetics at different temperatures, however, reveal the presence of two
distinct oxidation regimes. At temperatures <400°C, the thickness increases
gradually, and growth slows down for long oxidation times. Above 400°C, the smooth
oxidation curves begin to jump at the beginning, with an initial oxidation to
approximately 0.6 nm during 10-15 minutes, followed by a rapid increase in apparent
oxide thickness. After a brief period of rapid oxidation, the curve approaches
saturation at a temperature-dependent value, and the rate of oxide growth
markedly decreases. Regardless of oxidation temperature, the oxidation during the
first 15 minutes appears uniform, showing a plateau after the onset of oxidation
(Figure 4-2a and inset). It is instructive to note that the calculated thickness of
0.6 nm for the plateau of initial oxidation is in good agreement with two layers of
the ruthenium oxide trilayer structure from our ab initio calculations (0.57 nm for
2 trilayers). The temperature independence of the plateau suggest that the effect is
caused by growth kinetics or sample preparation. At this stage, it is thus important
to untangle the role defects play in the initial oxidation. To achieve this, a polished
Ru(0001) sample is used as a control, reducing the average surface roughness by
more than one order of magnitude and thus changing the concentration of surface
defects present at the Ru surface. In tandem DFT calculations of the vacancy
formation energy as a function of O-coverage were performed to allow potential
candidate defects to be identified.
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Figure 4-2 In situ oxidation curves of unpolished (a) and polished (b) Ru(0001) at different surface
temperatures in 1.2 x 104 mbar O (with thicknesses calculated assuming homogenous flat layers). a)
All but the lowest-temperature oxidation curves (T=290 and 310 °C) coincide up to a thickness of 0.6
nm. At temperatures below 400°C, growth continues smoothly with gradual oxidation. The high-
temperature curves are characterized by a pronounced slow-down and plateau before oxidation
continues at a higher rate. The inset highlights the initial growth behavior and its agreement for
different temperatures. b) On polished Ru(0001), the growth reaches a plateau close to 0.6 nm and
remains stable over more than 1h (blue). A short period of exposure to higher pressure (black dots, 5.0
x 10 mbar O;) initiates a transition to rapid growth (green).

Investigating the polished Ru(0001) single crystal (Figure 4-2b, blue curve) revealed
a marked difference in oxidation behavior compared to the unpolished counterpart
(Figure 4-2a). While in both cases, an initial oxidation plateau at 0.6 nm is observed,
the thickness of this initial oxide overlayer remains constant at the polished surface
for approximately 80 minutes. Even after further oxidation commences, the
thickness only increases slowly. This markedly different oxidation behavior of the
two samples can be rationalized by their difference in surface roughness: The
reduced defect concentration in case of the polished Ru(0001) sample offers fewer
reactive sites for oxygen dissociation and incorporation and thus increases the
kinetic hindrance of oxide growth, in agreement with literature results on faster
growth upon intentional damage to Ru oxide layers &,

To verify this observation, defect formation energies (Efrm) for ruthenium vacancies
(Vru) in both the pristine and oxidized Ru(0001) surface were calculated via DFT,
using the surface structures illustrated in Figure 4-1b as a starting point. Figure 4-3a
demonstrates that Vg, becomes significantly more favored at the Ru(0001) surface
(1.93 eV) compared to the bulk (2.70 eV). The former is still sizable and consequently
the equilibrium concentration of surface atom vacancies in the absence of external
factors would be predicted to be negligible. However, in the presence of oxygen in
form of commonly known on- or sub-surface adsorption structures, a further
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significant reduction in Efrm(Vru) is obtained (Figure 4-3b). Between 0 and
1 monolayer (ML), Eform(Vru) is reduced from 1.93 eV to 0.73 eV, resulting in an energy
range where the Vg, concentration cannot be readily neglected. Beyond 1 ML the
formation energy decreases further, reaching a minimum at 2 ML, with a defect
formation energy of —0.53 eV, driven by strain release in the forming oxide. It is
important to note in the context of oxidation that the decrease in Vg, formation
energy is not confined to the surface layer. Vacancy formation energies in the sub-
surface show a similar trend (Figure 4-3b), decreasing from 2.47 eV for pristine Ru to
0.13 eV at 2 ML of oxygen. The reduction in Esrm(Vsy) in both the surface and sub-
surface layers indicates the likely presence of Vg, in the oxide layer, offering a
potential vector for the continued oxidation of Ru(0001). The formation energy for
oxygen vacancies (Vo) has also been calculated for the same structures as used for
the Vg, calculations. As shown Figure 4-3b the results are significantly higher than
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Figure 4-3 a) Formation energy for the Vg, defect in pristine ruthenium as a function of position given
by the layer in which the vacancy is located, moving from the bulk (green), to the near surface (orange),
and finally at the surface (blue). b) Trend in formation energy for the Vg, and Vo as a function of oxygen
coverage in the forming oxide. The Vg, are considered both in the oxide layer (blue crosses) and directly

below (orange triangles). In all cases where multiple symmetry sites are possible the lowest-energy
results are reported.
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Eform(Vru) for the entire range of coverages up to 2 ML. Although oxygen vacancies
are often the predominant species providing strain release and mobility, here they
are unlikely to be present at significant concentrations based on their formation
energy of 1.9 eV for the Ru oxide trilayer. The barriers for Vg, formation on a 1 ML
O-coverage surface and the 2 ML trilayer are 3.8 and 1.47 eV respectively. The
corresponding barriers for recombination are approximately 2.7 and 0.5 eV lower for
the 1ML and 2 ML respectively, favoring this process over the vacancy formation.
The underlying nudged elastic band trajectories are provided in the Sl. Consequently,
the diffusion of the Ru atoms away from the formed vacancy sites is the critical
process that likely limits the rate of formation and thus the density of Ru vacancies.

After the initial oxidation, a transition to a rapid oxidation rate can be achieved by
increasing the O, partial pressure. Already increasing the pressure to 5 x 10 mbar
for several minutes results in an oxidation curve (green in Figure 4-2b) yielding higher
thicknesses than 0.6 nm, which is more similar to oxidation of the unpolished surface
at 1.2 x 10* mbar at 430 °C. A tentative interpretation is the formation of chemically
induced defects in the oxide on the low-roughness surface of the polished Ru(0001)
sample. This modification in growth rate is concomitant with an overall increase in
the final oxide layer thickness over the extended observation time (~2.8 nm for the
green versus ~2 nm for the blue curve). The difference in the oxidation rate is at first
glance consistent with literature reports attributing accelerated oxidation on RuO;
to the differences in the (dissociative) sticking probability of O,, changing from
0.4 for Ru metal to 10® with the formation of the first adsorbed oxygen layer 5%,
before increasing again to 0.7 for RuO, *8. However, differences in local properties
such as sticking coefficients alone do not explain the different oxidation kinetics of
polished and unpolished Ru(0001) surfaces. The thickness plateau for polished
surfaces indicates a kinetic growth limitation, which is likely to involve transport
between layers, based on the faster transition for rougher surfaces of the same
orientation. We speculate that a defect-free oxide trilayer hinders transport
between surface and sub-surface, which is, however, required for reaching the
critical layer thickness for the transition to the rutile phase. Modifying the oxygen
chemical potential by changing the oxygen pressure for a time scale of minutes is
sufficient to increase the defect density in the layer to a higher equilibrium value,
thus generating new channels for interlayer transport. This mechanism is expected
to enable a faster transition to the second growth regime and is consistent with
literature results at higher pressures 1° that could not resolve the characteristic
plateau upon formation of the suspected Ru oxide trilayer.
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4 The Role of Cation Vacancies in the Initial Oxidation of Ru(0001)

4.3.2 Subsequent oxidation towards bulk oxide

Whilst Figure 4-2 and Figure 4-3 clearly show that the thickness behavior varies with
conditions and sample preparation, at this stage no link between the two phases of
growth and a change in the nature of the oxide has been made. To establish this
connection, we make use of the changes in electronic structure with Ru oxidation,
which are not only reflected by changes in Ru core level energies 878 but also by the
appearance of a characteristic satellite peak upon formation of rutile RuO, 82848,
Since the satellite peak intensity is expected to scale with the amount of rutile RuO,,
it is instructive to compare its intensity to that of the peak corresponding to oxidized
Ru. Figure 4-4 illustrates that during the oxidation of the polished Ru(0001) crystal
at 420°C this rutile RuO, satellite (black curve, left axis) is absent at low oxide
thicknesses (red curve, right axis) up to the previously mentioned plateau at 0.6 nm.
Upon exceeding this value, the satellite peak appears and continues to grow with
increasing layer thickness. This threshold thickness is observed reproducibly, also for
the unpolished sample (Figure S 4-7) and upon increasing the pressure to accelerate
oxidation (Figure S 4-9). The emergence of the characteristic rutile RuO, satellite
close to two trilayer thicknesses is in good agreement with estimates of the critical
thickness for conversion to the thermodynamically stable phase of RuO, %2, Already
at 2 nm, the peak area reaches a value close to the saturation point just above
0.3 observed for thicker oxide layers (Figure S 4-7). The knowledge of the
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Figure 4-4 Intensity of the rutile RuO; satellite XPS species (left axis) normalized to total Ru oxide intensity
for polished Ru(0001) at 420 °C at 1.2 x 10* mbar O,. No satellite is detected for the thickness below
0.6 nm. Upon exceeding 0.6 nm, the satellite intensity increases with the oxide thickness.
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characteristic satellite peak intensity for pure RuO; can be instrumentalized to
estimate the fractions of RuO; in the oxide layer that correspond to rutile and the
metastable intermediate oxide. The calculation, however, requires several
assumptions regarding the distribution of the two types of oxides and their
thicknesses. A homogeneous thickness is likely only achieved before conversion (in
the plateau region) and after full conversion, followed by an extended growth time
to reach a similar final thickness of RuO; across the surface.

4.4 Conclusions and Outlook

The results presented here show the complexity inherent to the oxidation of
Ru(0001), unveiling a two-stage oxidation process. The initial oxidation to
approximately 0.6 nm is demonstrated to be largely independent of sample
preparation and conditions. In contrast, subsequent oxidation towards the bulk
oxide (rutile RuO,), is characterized by a rapid increase in oxide thickness and shows
a dependence on both sample preparation and oxygen pressure. In agreement with
the prevailing wisdom, the extensive computational search of structures with
adsorbed oxygen as a function of coverage confirm that initial oxidation proceeds
via several ordered structures until a full monolayer of oxygen (1 x 1 overlayer
structure) has been adsorbed. Above 1 ML O-coverage, the strain in the forming
oxide reaches a level that increasingly favors the formation of Vg,. The Vg, is shown
to be the most efficient defect-mediated vector for strain release in the forming
oxide. The Vo allows for negligible relaxation, and as such is a poor vector for strain
release, expressed in a formation energy of 1.9 eV. This intrinsic tendency to form a
defect-rich oxide film rationalizes the difficulty to quantitatively verify the structure
using diffraction and imaging techniques requiring high levels of order at the surface.
The close relation of intrinsic defects to both, oxygen chemical potential and
transport through layers, suggests a connection between the introduction of
vacancies in the forming oxide and the transition between the two regimes of
oxidation. The inference is that an unpolished Ru(0001) surface provides a greater
variety of surface morphologies including defects, thereby offering a range of routes
for further oxidation. Furthermore, this understanding provides an explanation for
the smooth transition from the initial oxidation to the bulk-like regime seen for the
unpolished samples at low temperatures. Likewise, the rapid onset at high
temperatures can be attributed to additional defect creation introducing additional
oxidation pathways. Furthermore, this cation-vacancy-mediated oxidation explains
the behavior of the polished sample, where further oxidation is inhibited unless
additional ruthenium vacancies are formed by increasing the O-partial pressure,
allowing the system to reach a critical oxygen content to transition from the initial
regime of oxide layer formation to bulk oxidation.
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The results reported and the proposed Ru-vacancy-based mechanism for the initial
oxidation of Ru raise awareness of cation vacancies and their underestimated role in
the surface chemistry of materials with a broad application perspective while at the
same time leaving a number of tantalizing questions. Quantitative experiments on
surface structure and calculations of the kinetics of oxide growth will provide a
valuable extension of our work to refine structural details and determine defect
densities and diffusion pathways in the initial oxide layer on Ru.

4.5 Materials and Methods

The experiments were performed on a polished and an unpolished Ru(0001) single
crystal. The average root-mean square roughness of the Ru samples was 0.6 nm
(polished) and 11.7 nm (unpolished), as measured by atomic force microscopy in air
using a Bruker Dimension Icon system operated in tapping mode. Clean Ru(0001)
surfaces were prepared by annealing at 300°C in 10 mbar O,, followed by 700°C in
UHV for one hour. The absence of contaminants and residual oxygen was confirmed
using XPS. For the in situ experiments, the Ru(0001) crystals were stabilized at the
desired temperature before introducing 1.2 x 10* mbar O, (Messer CAN-Gas 0, 5.0
(Purity 99.999%)) via a high-precision leak valve.

The XPS measurements were carried out using a Scienta Omicron HiPP-3
spectrometer with a 1.0 mm slit setting and an XM1200 monochromatic Al Ka X-ray
source. Pass energies of 100 eV and 300 eV were used for high-resolution and
overview spectra, respectively. The XPS peaks were fitted using KolXPD, using
Doniach-Sunjic line shapes convoluted with a Gaussian for all Ru 3d components and
Voigt shapes for the O 1s peaks. The background was approximated by a Shirley
function. High-resolution reference spectra and detailed fitting parameters are
provided in the Supporting Information (SI) in Figure S 4-1 and Table S 4-1. The
relative intensities of Ru and O are corrected for photoemission cross sections °
and inelastic mean free paths (IMFPs) derived using the QUASES software package
133 The average oxide layer thickness is approximated from the oxidized and metallic
Ru 3d peak areas, assuming a homogenous overlayer on a flat substrate 32, Low-
energy electron diffraction (LEED) was performed using an OCT Vacuum
Microengineering setup with BDL600IR LEED optics and a G10 miniature electron
gun.

Spin-polarized DFT calculations were performed using the CP2K code to examine the
initial oxide layer formation on Ru(0001) surface, employing the DZVP-SR-MOLOPT
basis sets for valence electrons and the GTH-pseudopotential for core
electrons %9205 A plane wave cutoff of 850 Ry and a relative cutoff 60 Ry were
converged to 0.1 meV per formula unit. All calculations were performed at
the I-point using the Perdew-Burke-Ernzerhof (PBE) functional 1%>2%, augmented

65



4.6 Acknowledgements

with the D3-BJ dispersion correction 2°-21°, The simulation cell was based on a 6 x 6
x 5 supercell expansion of the bulk primitive cell, containing 396 Ru atoms (and the
equivalent orthogonal cell). The lattice vectors and ion positions were relaxed,
employing the quasi-Newton BFGS update scheme with a max force threshold of
0.001 eV/A. For the surface calculations, the vacuum slab was converged above 12
A, with 27 A used to account for all O-coverages. O-adsorption geometries were
symmetrically sampled based on the previous literature approach 78°%92211 Using
the aforementioned computational setup, the structures and energetic orderings
accord with the available literature and form the starting structures for the defect
calculations (Figure 4-1).
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4.7 Supporting Information

S1: XPS peaks and fitting parameters

In Figure S 4-1 the comparison of the Ru 3d and O 1s levels before and after exposure
to 1.2 x 10* mbar O, at 470 °C for 95 minutes illustrates the emergence of a strong
Ru oxide peak. Next to the dominant RuO; peak, the rutile RuO, satellite peaks and
a small Ru metal peak were identified. The O 1s spectrum in Figure 1D can be
explained using two components, an O-Ru bond and a second oxygen species which
is attributed to the OH-Ru species. * The peak fitting parameters resolved from these

experiments are shown in Table S 4-1.

290 285 280
Binding Energy (eV)

540

— T — B
m Ru3ddata © O1sdata ©
= Ru 3 fit  s—
c Ru 3d
S RuO, 3d ——
o RuO, Sat. 3d ——
—
©
N—
(2]
-—
C
>
(@] N
o
I I I L L ‘ ‘

290 285 280 540 535 530 525
-_ L B B B T L—— T
:'g Ru3ddata © O 1sdata © D
c Ru 30 fit e O 15 it mm—
S Ru 3d O-Ru
o RuOy 3d —— OH-Ru
= RuO, Sat. 3d ——
©
N—
n
-
[
=}
(@]
(@] [ I

535 530 525
Binding Energy (eV)

Figure S 4-1 High-resolution XPS of Ru(0001) before and after oxidation at 470 °C in 1.2x10* mbar O;.
A) Before oxidation, the Ru 3d core level shows only metallic Ru. B) O 1s before oxidation C) After
oxidation the Ru 3d spectrum is dominated by a Ru oxide peak and a satellite characteristic of the bulk-
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Ru Ru RuOx RuOx RuO2 RuO2 O 1s|01s
3ds2 | 3dsp2 3ds/2 3ds/2 satellite | satellite | (RuOx)
3ds,2 3ds2

Peak DS-G | DS-G DS-G DS-G Voigt Voigt DS-G Voigt
shape
Pos (eV) | 279.8 | 284.0 280.5 284.7 282.5 286.7 529.1 530.8
Lwid 0.19 0.70 0.20 0.70 0.20 0.70 0.13 0.13
(eV)
Lasm 0.04 0.03 0.13 0.11 - - 0.12 -
(eV)
Gwid 0.37 0.37 0.47 0.47 1.50 1.50 1.02 1.86
(eV)

Table S 4-1 XPS peak fitting parameters for high-resolution spectra of the Ru 3d and O 1s core levels,
including the binding energy position (Pos), the Lorentzian and Gaussian line widths (Lwid, Gwid) of the
Voigt profile, and the asymmetry parameter of the Doniach-Sunjic line shape.

S2: LEED pattern of clean Ru(0001)

To determine the cleanliness of the surface, low-energy electron diffraction (LEED)
images were collected of the cleaned polished Ru(0001). In Figure S 4-2 the LEED
pattern at different beam energies is showing the expected pattern for a clean
Ru(0001) surface.

The LEED setup is operated in a chamber with a base pressure of 2x10'** mbar.
Introducing a sample raises the pressures to the low 10 mbar range. The electron
energy is provided at top left of each image.

Figure S 4-2 LEED images of as-prepared Ru(0001) at different electron energies. The pattern is in
agreement with the hexagonal structure of Ru and the symmetry expected at the (0001) surface. The
intensity between the spots (clearest for 125 eV) is attributed to the presence of small amounts of
oxygen at the surface, forming a superstructure in parts of the surface.
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S3: Evolution of individual species

In support of Figure 4-4 in the main text, the individual species of the three different
temperatures are shown in Figure S 4-3. The ruthenium metal intensity (blue)
decreases during exposure, faster for the high temperature. The ruthenium oxide
intensity (orange) increases during exposure. The rutile RuO, satellite species
(purple) begins to emerge after approximately 30 minutes for the intermediate
temperature and 10 minutes for the high temperature. The satellite species for the
high-temperature graph emerges at a similar time as the RuOy species starts its
accelerated growth. From the spectra of the O 1s the O-Ru species (ochre), which
are attributed to the ruthenium oxide phase, are increasing in intensity over time.

WMW

(.‘_.....,.,o......oo-o....o"o-.-o-......o.._....o..ﬁ"-..o-.-o
4 J | |

0 25 50 75 100

Ry —e— 'B: 380°C
RUQ, ===
RuQ; Satellite ==
ST ORy—e— '.\f-..\x""v
.'.ﬂwt’

ote”
‘ﬁ.{;ﬂ--}"—w 2e00®0atsgfe0snnnpsns®s

0 25 50 75 100 125 150

norm. at. intensity (arb. units)

T T T T _Teci#0°C
RSP S VN T e T WS

Ry =@

RuOl: ——

RuO Satellite =——o=—

. = e

0 25 50 75 100 125 1350

Time (min)

Figure S 4-3 XPS peak areas of individual species during exposure of Ru(0001) of 1.2 x 104 mbar O, at
280°C (A), 380 °C (B), and 440 °C (C) (Ru, RuOy, RuO; Satellite, and O-Ru).
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S4: AFM images of Ru(0001) polished and unpolished

The surface roughness of the polished and unpolished Ru(0001) is determined from
atomic force microscopy (AFM) images (obtained using a Bruker Dimension Icon with
PeakForce Tapping and a scanasyst-air tip). Examples are shown in Figure S 4-4. In
Figure S 4-5 the optical images of the sample and AFM tip are shown for polished (A)
and unpolished (B) Ru(0001). From the optical image the unpolished image shows
horizontal lines, which are visible lines seen on the surface. Three different locations
of each crystal were imaged using AFM images. The average RMS roughness is
0.55 nm and 11.66 nm for polished and unpolished Ru(0001), respectively. The
images of the polished (A) and unpolished (B) Ru(0001) samples exhibit an RMS
roughness value of 0.46nm and 4.24nm, respectively.
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Figure S 4-4 AFM image of (A) polished Ru(0001), (B) unpolished Ru(0001).

4

Figure S 4-5 Optical image of A) polished Ru(0001), B) unpolished Ru(0001).
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S5: XPS oxide growth polished single crystal

In support of Figure 4-2b, the polished Ru(0001) sample is exposed at 340°C, 350°C,
and 360°C, with temporary increases of pressure from 1.2x10* mbar to
5.0x10* mbar O, see Figure S 4-6. During these exposures, no increment of oxide
thickness has been identified.
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Figure S 4-6 Ruthenium oxide thickness (nm) as a function of time at different constant temperatures
in 1.2 x 10* mbar O; on polished Ru(0001).

$6: XPS analysis of the rutile RuO; satellite for unpolished Ru(0001)

Figure S 4-7 shows for unpolished Ru(0001) that the rutile RuO; satellite (black curve,
left axis) is absent at low oxide thicknesses and reproducibly appears at a well-
defined point in the oxidation process. The satellite intensity is expected to scale
with the amount of rutile RuO,, which is part of the total oxide thickness (red curve,
right axis). The purple horizontal lines highlight an oxide thickness of 0.6 nm. For
280°C in Figure S 4-7A, the oxide thickness is increasing and leveling off at
approximately 0.5 nm; no rutile RuO; satellite is observed. At 380°C (Figure S 4-7B)
the oxide layer exceeds 0.6 nm at approximately 30 min, which coincides with the
first indications of the satellite emerging, shown here as a rolling average over five
values with gray areas indicating the respective minima and maxima. The normalized
intensity of the satellite steadily increases with growing oxide thickness and reaches
a value of 0.25 after 150 min. In Figure S 4-7C, the results for 440°C show a slow
growth of RuOy up to 0.6 nm, which accelerates at 14 minutes and exceeds an oxide
thickness of 4 nm in under 30 min. The appearance of the rutile RuO; satellite
coincides with this change in oxidation rate, which occurs at an approximate oxide
thickness of 0.6 nm. While the onset thickness of the satellite appearance in
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Figure S 4-7C cannot be identified at the time resolution of the experiment, a rapid
increase upon exceeding the initial thickness plateau is clearly shown. In contrast to
the results at intermediate temperature, the intensity ratio of the satellite and the
main Ru oxide peak approaches a saturation value at approximately 0.32.
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Figure S 4-7 Intensity of the rutile RuO; satellite XPS species (left axis) normalized to total Ru oxide for
unpolished Ru(0001) in 1.2x10% mbar O, at 280 °C (A), 380 °C (B), and 440 °C (C). The horizontal purple
dotted line marks the point of 0.6 nm oxide thickness.
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Figure S 4-9 Intensity of the rutile RuO; satellite XPS species (left axis) normalized to total Ru oxide
for polished Ru(0001) at 420 °C at 1.2x10* mbar O, kept constant over five hours (A) and with a short
increase to 5x10“mbar at the time points marked in black (B).
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Figure S 4-8 Barriers for Vg, formation on the 1 ML and 2 ML O-coverage surfaces.
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5.1 Introduction

Metals are used in a broad range of applications for their mechanical, electrical,
chemical, or catalytic properties. In many applications the metal surfaces are
exposed to complex conditions such as reactive mixtures of different gases. In
addition to the individual interaction of each molecule with the surface, the
coexistence of different species can lead to synergy effects, making it difficult to
understand the individual steps of surface-based processes such as catalytic
reactions or surface degradation. One of the most common chemical reactions that
results in the modification of surfaces is oxidation. The oxidation of metals has been
extensively studied for a long time and a broad range of elements, both
experimentally and theoretically®?82%212 Unraveling its mechanistic details often
requires the use of model systems based on oriented single-crystal surfaces and
high-purity gasses. Experiments at these idealized conditions provide information on
the different adsorption sites and adsorption energies of oxygen at the metal
surface. However, the relevance of these results to applications is sometimes
questioned because they do not capture important aspects of the complexity of the
material under application conditions.

The additional complexity of the conditions in industrial applications can be
separated into two parts, the surface and the environment that the surface is
exposed to. The surfaces in applications are usually polycrystalline, with randomly
oriented crystal grains coexisting at the surface. Several different crystal planes are
exposed at the surface, and each of them shows a characteristic interaction with the
material’s environment. Moreover, the grainy nature introduces a high density of
extended defects such as step-edges and grain boundaries, which are not captured
by studies on single crystalline model systems. An additional complexity is the gas
environment under application conditions. While, in the example of metal oxidation,
typical model studies only consider pure oxygen, the presence of other gas
molecules in realistic environments complicates the single reaction to multiple
simultaneously occurring reactions. One such example is water vapor, which when
present can lead to the formation of hydroxides on the surface®. Other effects
present in real environments are the interaction and reaction between multiple
gasses, blocking of sites by contaminants, alternative reaction pathways, and surface
modifications by different chemical reactions'’. Therefore careful selection of
experimental conditions to simulate realistic environments is necessary to assess
whether the information from model studies is sufficient to understand the effects
identified in application conditions®3.

In this chapter several aspects of application conditions are carefully selected to
increase our understanding of their separate effect on surface oxidation. The
oxidation of ruthenium is investigated with a focus on three aspects that are often
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left unexplored, namely the details of XPS peak shapes in extended scan ranges, the
effects of polycrystallinity on oxide thickness, and the effect of water as an
alternative oxidant. The first part shows the role of loss features and background in
the fitting of asymmetric peaks, improving the XPS fitting. The second part reports
the oxide growth on polycrystalline ruthenium, resulting in thicker oxides than what
would be expected from single crystals. And lastly, the H,O exposure of pristine and
pre-oxidized Ru single-crystal surfaces during in situ XPS measurements is shown,
illustrating the complexity of surface oxidation and reduction with different oxidants
as well as the role of radiation.

5.2 Methods

Clean Ru(0001) surfaces were prepared by annealing at 300°C in 10 mbar O,,
followed by 700°C in UHV for one hour. The absence of contaminants and residual
oxygen was confirmed using XPS. The polycrystalline ruthenium films were
deposited on Al,03(0001) substrates by pulsed laser deposition (PLD) using a KrF
excimer laser (Coherent Compex 201F, A = 248 nm) in UHV. The substrate was
positioned 55 mm from the PLD target. The depositions were performed at a laser
fluence of 8.5 J/cm?, a shot frequency of 10 Hz, and a spot size of 0.4 mm?. With
20,000 deposition pulses a 30 nm thick ruthenium layer was deposited. After
deposition, XPS showed no traces of oxygen contamination. With grazing incidence
X-ray diffraction (Gi-XRD) the crystallite size was determined to be approximately
10 nm.

For the in situ experiments, the Ru(0001) crystals were stabilized at the desired
temperature before introducing 1.2 x 10* mbar O, (Messer CAN-Gas O, 5.0 (Purity
99.999%)) or H,0 vapor via a high-precision leak valve. The water was cleaned with
three freeze-pump-thaw cycles and purity confirmed with a residual gas analyzer to
confirm no contaminations from air, such as oxygen and nitrogen, were present. The
XPS analysis was carried out with a HiPP-3 spectrometer using a monochromatic Al
Ka source. The HiPP-3 analyzer is used with a 0.8 mm cone and a slit setting of
1.0 mm. XPS peak fitting is performed using KolXPD.
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5.3 Results

5.3.1 XPS constraints on Ru 3d

X-ray photoelectron spectroscopy can be used to distinguish the metallic and
oxidized phases of most elements, including the key element in this thesis,
ruthenium. The interpretation of XPS spectra and the subsequent identification of
different species rely on fitting data using suitable peak shapes and constraints. This
is especially important for the asymmetric peak shape of the Doniach-Sunjic line
shape 123125 here convoluted with a Gaussian curve (DS-G), which is used for metallic
materials like ruthenium and its oxide. This peak shape has a long asymmetric tail to
higher binding energies. Together with electron energy loss peaks close to the main
core level features (see chapter 3 starting on page 41), this tail gives rise to different
approaches to set the background in XPS fits. A close look at an extended binding
energy range can thus allow for the identification of additional peaks that can modify
the background and thus also the total measured intensities.
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Figure 5-1 XPS spectrum of clean Ru(0001). (A) shows a large binding energy range, (B) shows the peak
fitting species for Ru metal and the Ru surface plasmon.

Usually, Ru 3d spectra are reported with a binding energy range of 278 eV to
290 eV68284103 implicitly assuming that the signal intensity at 290 eV has returned
to the background level. Plasmon loss features, however, contribute to the signal at
290 eV, introducing a small discrepancy in the estimation of the background. Figure
5-1 A shows a Ru 3d spectrum of clean Ru(0001) with a binding energy range of
260 eV to 330 eV, illustrating that the background level at 290 eV is higher than at
300 eV. Figure 5-1 B shows a longer than regular region of a Ru 3d XPS spectrum of
clean Ru(0001). The characteristic asymmetric peaks of Ru 3ds/; and 3ds/; are visible
and identifiable in this figure. In the higher binding energy region in the zoomed-in
inset, two additional peaks are identified at +10.2 eV from Ru 3ds;; and 3ds/,. The
peak distance is in agreement with EELS measurements on Ru, reporting a surface
plasmon loss feature of 9.6 eV"°. Acquiring the longer range of the Ru 3d region
allows for fitting the background subtraction to the background at 300 eV and not
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on top of these peaks at 290 eV. As the background is adjusted, the asymmetry of
the ruthenium peaks can be increased without overestimating the intensity at high
binding energies, leading to an improved fit. As the asymmetric tail of the peak shape
extends a long range towards higher binding energies, it contributes substantially to
the total area of the Ru peak. Assigning the measured intensity to the appropriate
peaks can thus increase in the accuracy of the asymmetry fitting parameter and the
Ru peak area.

To determine the effect on the peak fitting result of the optimized fitting parameters
of the Ru 3d long range, they were compared using the same data while cropping
the binding energy ranges to different values. The more commonly used short range
extends from 277 eV to 290 eV, and the long range from 277 eV to 302 eV. Two sets
of peak fitting parameters are defined, named “standard” and “extended” for short
and long ranges, respectively. Table 5-1 shows these parameters for metallic
ruthenium, ruthenium oxide annotated as RuOy, the rutile RuO, satellite, and the
surface plasmon of metallic ruthenium. As the main peak for the intermediate
ruthenium oxide and rutile RuO; have been reported in the same position 82784, they
are defined as a single RuOy peak. In contrast, the rutile RuO; satellite is specific for
the rutile RuO, phase®*8+8, The values provided for the peak widths are their full
widths at half maximum. As the extended range accounts for the presence of the
surface plasmon peaks and the standard range cannot, the peak fitting parameters
for the other species are deviating. The main difference for the species within both
parameter sets is the asymmetry factor.

A contribution to this difference between the spectra ending at 290 eV BE and at
302 eV BE is the intensity at which the perceived background is placed. A significantly
higher background intensity is present at the shorter spectrum, and the asymmetric
tail of the peak shape is more prominent at the end of the short range. While the
intensity of the tail is diminished with increasing distance from the main peaks, the
background drops even faster because the short-range background overlaps with
the additional plasmon loss peaks which are only clearly identified in the longer
spectrum. As a result, a higher asymmetry parameter that better reproduces the
shape of the main peak can be fitted for the extended range of data.
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Table 5-1 XPS peak fitting parameters for extended and standard range.

Extended Standard
RuO; Surface RuO;
Ru RuOy satellite | Plasmon |Ru RuOx |satellite
Peak shape DS-G DS-G Voigt Voigt DS-G |DS-G | Voigt

3ds/2

Position (eV) | 279.80| 280.48| 282.38 290.02 | 279.80 | 280.48 282.50

Lorentzian
width (eV) 0.12 0.2 0.2 0.0 0.19 0.2 0.2

Lorentzian
asymmetry
(eV) 0.09 0.13 - - 0.04 0.13 -

Gaussian
width (eV) 0.42 0.6 1.5 3.0 0.37 0.47 1.5

3ds/2

Position (eV) | 283.96| 284.64| 286.54 294.18|283.97 | 284.65 286.67

Lorentzian

width (eV) 0.57 0.7 0.7 0.0 0.7 0.7 0.7
Lorentzian

asymmetry

(eV) 0.09 0.13 - -| 0.029 0.13 -
Gaussian

width (eV) 0.42 0.8 1.5 3.0 0.37 0.47 1.5

The increased asymmetry parameter for the extended range increases the peak area
of the Ru 3d level, which can impact the relative contributions of Ru metal and
oxidized components and result in different interpretations of surface composition
and oxide layer thickness. Table 5-2 shows the RuOx and RuO; satellite percentages
fitted with the corresponding binding energy ranges and peak fitting parameter sets.
The ratios are consistent between the different parameter sets. Only for the thick
oxide a higher RuO; satellite intensity is seen for the extended range parameter set.
The increase of the RuO; satellite would indicate an increased presence of the RuO,
in the rutile phase in relation to the quantity of the intermediate ruthenium oxide
species. As the ratio between satellite to oxide peak area changes from 16.8% to
27.0%, this would need to be carefully compared with the same parameters,
otherwise a factor 2 difference in rutile RuO; presence could be reported. Thus, while
the differences identified using the presented peak fitting parameters are very
subtle, they can significantly impact the results in specific cases, for example for
guestions related to the content of rutile oxide in the surface region.
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Table 5-2 Ru 3d peak fitting ratios of atomic species of different parameter sets and ruthenium surfaces.

Ru(0001) Thin oxide Thick oxide
Extended range 0.0% RuOy 13.4% RuOx 42.9% RuOy
11.6% RuO;
satellite

Standard range 0.0% RuOy 13.4% RuOx 43.8% RuOy

7.4% RuO;
satellite

While the effect of using the extended measurement range is limited for the
interpretation of the details of the Ru 3d spectrum itself, the changes in background
level and area of the asymmetric peaks can significantly affect the contribution of Ru
to the calculated surface composition. For oxidation studies, the ratio of oxygen to
ruthenium is relevant, as it reflects the stoichiometry and serves as indicator for the
presence of possible additional oxygen species. Table 5-3 shows the ratio of oxygen
per RuOy and RuO; satellite from the two different approaches, while accounting for
cross sections. With this, a decrease is identified in the ratio of
O/(RuO4+RuO, satellite) for the extended range. The resulting value of the extended
range is closer in stoichiometry to the expected RuO, oxide, demonstrating a clear
advantage of using the extended range for characterizing surface composition.

Table 5-3 Atomic ratios of oxygen per ruthenium oxide and ruthenium oxide satellite of different
parameter sets and ruthenium surfaces.

(oxygen) per Thin Thick
(RuOx+RuO; satellite) Ru(0001) | oxide oxide
Extended range 0.00 2.58 2.82
Standard range 0.00 3.32 3.44
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5.3.2 Thermal oxidation of polycrystalline ruthenium

Metal surfaces in applications are often polycrystalline in nature, consisting of
crystalline grains of different orientations exposing different crystallographic planes.
In principle, each of the individual facets of the crystallites can be understood using
knowledge from model studies on single crystals. While it is tempting to believe that
the behavior of a polycrystalline surface can simply be explained as the superposition
of small single crystalline contributions, most processes at polycrystalline surfaces
remain more complex than that*. The case of oxidation of polycrystalline surfaces
involves for example the effects of surface roughness, proximity of different
orientations, and grain boundaries. While the Cabrera-Mott oxide growth model
accounts for one-dimensional diffusion’®, the crystal orientations of polycrystalline
surfaces can be slanted, resulting in one-dimensional growth at different angles to
the assumed surface, which would be perceived as a thicker oxide layer by several
methods measuring at a perpendicular angle. Moreover, the effects of the interfaces
between different grains can result in enhanced diffusion and even dominate surface
modifications, but they are difficult to investigate3%42213, Additionally, measuring the
oxide growth on polycrystalline material introduces complexities such as the
dependence on grain sizes and preferential orientation.

Even though these complexities illustrate the importance of connecting the
knowledge from single-crystalline model systems to applied materials, comparisons
of oxide growth on polycrystalline materials and single crystals of the same
composition are scarce. The main examples include studies on Cr?4, Fe?'>, and Ni?¢,
which all report an increased oxide thickness for polycrystalline material in
comparison to single crystal surfaces. This additional oxide growth is attributed to
the presence of grains and the corresponding grain boundary diffusion leading to an
increased oxygen diffusion inwards 3%21>21  Recent studies combining large
crystallite sizes and high spatial resolution allow for insights on oxidation at the level
of individual grains, for example for Rh3%, Pd*’, and W*. In these reports the oxide
growth of the individual crystal orientation of the polycrystalline material matches
their oxide growth expected from their respective single crystal model systems.
However, the commonly studied low-index surfaces are not necessarily the ones
dominating the oxide growth in the polycrystalline case. In the case of palladium, for
example, the rarely studied Pd(310) orientation has shown a significantly thicker
oxide layer than is expected from the (100) and (110) orientations. This thicker oxide
layer is in agreement with an increased step density of this orientation’. For
ruthenium, the material of choice for this chapter, comparative studies are lacking
but the mechanisms are expected to be similar.

The oxidation of ruthenium has been studied in great detail using various methods,
often using single-crystal model systems. For single crystal ruthenium with (0001)
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orientation, no oxide formation is identified below 300°C, and at 350-400°C the
growth of 2.6 nm of oxide is reported from standardized thermal oxidation’®%, For
polycrystalline ruthenium an oxide thickness of 2.5 nm was reported at 200°C %, a
significantly thicker oxide than expected for single crystal ruthenium oxide. A more
in depth overview of ruthenium oxidation is shown in chapter 1.4 Oxidation of
ruthenium on page 19.

In this sub-chapter, a direct comparison of the thermal oxidation of polycrystalline
and single crystalline ruthenium in (0001) orientation at the same parameters is
provided using in situ XPS measurements, following the evolution of the oxygen
presence as well as the oxidation state of ruthenium. With these measurements a
similar oxide growth processes and increased oxide thicknesses for polycrystalline
ruthenium is identified.

5.3.2.1  XPS verification

In an initial comparison, the XPS peak shapes of Ru(0001) and polycrystalline Ru
layers free of contaminants were overlapped (Figure 5-2 A) to determine if the XPS
peak fitting parameters are transferable from single crystal Ru(0001) to
polycrystalline Ru. The peak fitting parameters of Ru(0001) (shown for example in
section 5.3.1 XPS constraints on Ru 3d in Table 5-1 on page 80) also reproduce the
polycrystalline Ru spectra very well. In Figure 5-2 B a partially oxidized polycrystalline
Ru spectrum of Ru 3d is shown. In this spectrum the fit components attributed to
ruthenium metal, ruthenium oxide (labeled as RuO,), and the rutile RuO; satellite
peak are present. Upon oxidation to a comparable oxygen content, the peak shape
of the Ru 3d level shows no differences between polycrystalline and single crystalline
Ru. Therefore the same peak fitting parameters are used for both types of samples.
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Figure 5-2 Ru 3d XPS spectrum. (A) clean polycrystalline ruthenium and single crystal Ru(0001), (B)
partially oxidized polycrystalline ruthenium peak fitting with the species Ru, RuOy, RuO; satellite.
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5.3.2.2  Approximation for overlayers on polycrystalline surfaces

Estimating the thickness of an oxide layer on top of a polycrystalline surface
spectroscopically is complex due to the conflict of simplifying approximations and
imperfections of the layer, such as the surface roughness. Surface-sensitive
techniques, such as XPS, are particularly affected by changes introduced by the
coexistence of multiple grains of different orientations and shapes. When using XPS
to calculate a layer thickness, typically a homogeneous flat layer is assumed to be
grown on top of a homogeneous flat substrate, which is often suitable for single-
crystal oxidation, see Figure 5-3 A. For polycrystalline layers, the approximation of a
homogeneous flat oxide layer on a flat substrate may no longer provide an accurate
description of the system, and a different model is needed to estimate the oxide
thickness of a polycrystalline surface.

While idealized models fail to fully describe the case of an overlayer on a
polycrystalline surface, they can provide limits for the maximum and minimum
thickness corresponding to a measured signal. Here, two extreme overlayer models
are used to determine the possible range of oxide overlayer thicknesses on a
polycrystalline surface: the approximation of a flat surface and that of an assembly
of core-shell particles of metal coated in oxide. While a polycrystalline surface is
neither flat nor spherical, it is assumed to be rougher than a perfect plane, and flatter
than an assembly of spherical nanoparticles, thus falling in between these extreme
models. The core-shell approximation assumes a homogeneous oxide layer around
a spherical metal core, see the image on the right side of the sketch in
Figure 5-3 C%7. The particle size decides on the relative contribution of the outer
shell to the oxide-to-metal ratio. At the same measured oxide signal, smaller
particles yield a thinner calculated oxide layer. The rightmost panel of Figure 5-3 D
illustrates the calculated oxide thickness for different intensity ratios and particle
size approximations. For larger particle sizes, the estimated oxide thickness
increases, but the model is limited to nanometer to micrometer-sized particles and
does not fully approach the value of the flat approximation at the maximum particle
size 2V,
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Figure 5-3 Schematic sketch of a ruthenium oxide layer on ruthenium surface (A), schematic depiction
of an oxide layer on polycrystalline ruthenium (B), a core-shell oxide layer on ruthenium (C),
approximated oxide thickness for different overlayer models (D).
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5.3.2.3  Polycrystalline ruthenium: thermal oxidation

A time-dependent XPS study was conducted to follow the initial oxidation of
polycrystalline ruthenium and compare it with results on single crystalline Ru(0001).
Polycrystalline ruthenium films were deposited by pulsed laser deposition and
transferred to the XPS measurement chamber without breaking vacuum. A series of
consecutive in situ XPS spectra was recorded while exposing the polycrystalline
ruthenium to 1.2 x 10 mbar O; at constant temperatures in the range from 280°C
to 380°C.

The results of the thermal oxidation at 290°C are shown in Figure 5-4. Panel A shows
the evolution of the ratio of oxygen per ruthenium during the exposure. An initial
slow increment in the oxygen content is seen, followed by an accelerated increase
in the O/Ru ratio at 20 minutes. This rapid growth of this ratio slows down after
35 minutes and approaches saturation after 70 minutes. In panel B, the respective
calculated oxide thickness is shown, where the upper limit is based on the flat
approximation and the lower limit is based on the core-shell approximation using an
estimated particle size of 10 nm. The oxide thickness slowly increases and stabilizes
between 1.5 nm and 2.5 nm after 70 minutes. In panel C the evolution of the
individual species identified in XPS normalized by their corresponding cross sections
are shown. For Ru 3d, the components attributed to ruthenium metal, ruthenium
oxide (RuOy), and the rutile RuO; satellite are identified. From the O 1s XPS spectra
the oxygen in the oxide lattice is identified, Ox-Ru. A second oxygen species,
commonly attributed to hydroxyl groups (OH-Ru), was observed at a low stable
intensity and excluded from the graph. As the exposure to oxygen proceeds, a clear
decrease of ruthenium metal is seen, and an increase of RuOx and Ox-Ru is evident.
After an initial step, the intensity of the Ox-Ru species shows a slow increment,
followed by an accelerated increase after 14 minutes. At approximately 70 minutes
the oxidation of ruthenium metal to ruthenium oxide is stabilized. While the ratio of
Ox-Ru and RuOy species converge to a constant value at the end, in the initial growth
shows excess Ru in the oxide. The characteristic satellite feature for rutile RuO,
emerges after 20 minutes and continues to increase until it saturates at a
comparable time to the oxygen content and the RuOy signal.
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Figure 5-4 Thermal oxidation of polycrystalline ruthenium at 290°C in 1.2 x 10 mbar O,. (A) atomic ratio
of oxygen per ruthenium, (B) ruthenium oxide thickness approximated between thinnest (core-shell
approximation) and thickest (flat surface approximation), (C) normalized intensity of species detected in
XPS.

To determine the effect of temperature, the same type of polycrystalline ruthenium
was exposed to 1.2 x 10* mbar O, at 340°C. Also at this higher temperature, the
O/Ru ratio in Figure 5-5 A first rapidly increases to a small value that is stable for a
short time, followed by a phase of accelerated growth and, finally, saturation. The
respective calculated oxide thickness first reaches a brief metastable thickness
plateau of 0.3 nm and 0.5 nm before growing to a final oxide thickness between
2.5 nm from the core-shell approximation and 4.5 nm from the flat approximation.
The evolution of the individual Ru 3d species and the lattice oxygen Ox-Ru is shown
in panel C. The oxide growth at 340°C shows a similar trend to the lower
temperature, however with a higher final oxide thickness and a steeper growth curve
in the initial growth phase at approximately 10 minutes. This transition from slow to
fast growth is significantly more accentuated than at 290°C. Moreover, the
appearance of the rutile RuO; satellite is more distinct, allowing for a clearer link to
the evolution of the other species.
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Figure 5-5 Thermal oxidation of polycrystalline ruthenium at 340°C in 1.2 x 10~ mbar O. (A) atomic ratio
of oxygen per ruthenium, (B) ruthenium oxide thickness approximated between thinnest (core-shell
approximation) and thickest (flat surface approximation), (C) normalized intensity of species detected in
XPS.
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To illustrate the similarities and differences between polycrystalline and single
crystalline ruthenium, the thickness curves from Figure 5-4 and Figure 5-5 are
compared to the time-dependent oxide thickness measured for a Ru(0001) single
crystal surface (see also chapter 4 starting on page 57) in Figure 5-6. At both
temperatures, the thinnest approximated oxide thickness for polycrystalline
ruthenium is significantly thicker than the single crystal. The growth curves of the
polycrystalline samples show quick growth followed by a slowed down increase in
oxide thickness, whereas the single crystal oxide growth demonstrates only a slow
growth process at low temperatures. However, it shows a similar growth at higher
temperatures.
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Figure 5-6 Oxide thickness compared for single crystal Ru(0001) at 290°C, 340°C, and 430°C, and
polycrystalline ruthenium at 290°C and 340°C.

To obtain further insight into the phase of the forming oxide, it is instructive to relate
the calculated oxide thickness to the intensity of the satellite peak at 282.4 eV, which
is characteristic for RuO, with a rutile structure. This satellite is not observed at the
onset of oxide formation and only seems to emerge upon exceeding a minimum
thickness. At 290°C the RuO, satellite appears with an approximated thickness
between 0.72 nm and 0.42 nm in the flat and core-shell approximations, respectively
(see Figure 5-4). At the increased temperature of 340°C, the RuO; satellite intensity
was first identified upon exceeding a thickness of 0.52 nm and 0.30 nm (Figure 5-5).
The intensity ratio between the satellite and the oxide peak in Ru 3d in Figure 5-7
provides a measure of the degree of conversion towards rutile RuO,. Polycrystalline
ruthenium at 290°C shows the satellite peak emerging 17 minutes after starting
exposure. The peak area ratio of the satellite and the main Ru oxide peak saturates
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at approximately 0.3 after 40 minutes. At 340°C, processes are accelerated, shown
by an initial satellite intensity after 10 minutes and a stabilized ratio of 0.3 already
after 17 minutes. In comparison the conversion on the Ru single crystal is shifted to
higher temperatures, showing no satellite intensity at 290°C and a slow increase
after a delayed emergence at 340°C, approaching the value of 0.3 at around 150
minutes. The Ru single crystal at 430°C shows a similar increase in the satellite
intensity as is seen for the polycrystalline Ru.
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Figure 5-7 Intensity ratio of the rutile RuO; satellite per ruthenium oxide intensity from Ru 3d XPS spectra
resolved in time for single crystalline Ru(0001) and polycrystalline ruthenium at 290°C and 340°C.

5.3.2.4  Discussion

In chapter 4 the initial oxidation of the single crystalline Ru(0001) surface is shown
to follow a characteristic two-step oxide growth. In the present chapter it is
demonstrated that this growth pattern also applies to polycrystalline ruthenium.
First an initial oxide layer grows, followed by a slowing down of the oxide growth.
After reaching a thickness threshold the oxide growth accelerates again, leading to a
rapid increase in thickness before slowing down to approach saturation. This two-
step oxidation indicates a kinetic hindrance of the growth at low thicknesses
between approximately 0.3 and 0.7 nm, similar to the single crystalline case. This can
be perceived by the same time-dependent slow-down and acceleration for the two
different surfaces, even though the polycrystalline surface is not a homogeneous flat
surface.
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Previously reported comparisons of oxide thicknesses between polycrystalline and
single crystalline materials have shown an increased oxide thickness on
polycrystalline surfaces?’ 2%, This matches well with our comparison for
ruthenium®2!, The increased oxide thickness for polycrystalline Ru at the same
conditions can find their origin in different properties of polycrystalline surfaces, for
example the surface energy of different facets, differences in oxygen dissociation,
roughness, or grain boundary diffusion. The surface energy is considered an unlikely
explanation for the increased oxide thickness. The lowest surface energy plane for
ruthenium is the (0001) orientation?'® which is therefore expected to be the most
abundant surface for polycrystalline ruthenium. Similar oxide thicknesses have been
reported for other low surface energy crystal orientations®®. The oxide thickness can
also be modified by the concentration of oxygen available for oxide formation, which
is determined by the dissociation of oxygen on the surface and thus by the pressure,
temperature, sticking probability, and surface area. The temperature and pressure
are experimental parameters that were maintained the same for both types of
samples. For the intermediate oxide phase, no dissociation of oxygen was reported
in literature, however the dissociation of oxygen of this surface is expected to still
occur. For the different orientations of RuO, the dissociation is indicated to be
similar?®®, As a result, it is unlikely that the oxygen dissociation is the origin for the
increased oxide thickness. Additionally, an increased surface area also results in a
larger exposed area that will be oxidized. However, the real surface area is
challenging to estimate, calling for approximations. For the extreme case of high
surface area, the polycrystalline oxide surface is modelled with the core-shell
approximation, which assumes a surface covered by spherical particles with an
approximate size of 10 nm. The surface roughness of this hypothetical model is
significantly higher than the experimentally obtained values for polycrystalline
ruthenium films. Even in this high-roughness limit, the increased surface does not
account for the thickness difference observed in Figure 5-6.

The remaining important difference between single crystals and polycrystalline
surfaces is the existence of grains and grain boundaries in polycrystalline material.
Grain boundaries have been reported to offer facilitated pathways of diffusion in
comparison to a continuous bulk oxide*’. The diffusion of oxygen along the
boundaries proceeds with lower activation energy than the diffusion of oxygen
through the oxide structure and is therefore expected to become active at lower
temperatures®. Facilitated diffusion along the grain boundaries enables oxygen to
more easily reach deeper layers to continue oxidation, which would normally be
inaccessible for dense closed layers. This enhanced diffusion is a plausible
explanation for the increased oxide thickness seen for polycrystalline material. The
grain boundary diffusion as mechanism is well established in the literature, but
guantitative characterization of the enhancement of diffusion remains elusive. Thus,
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while it is a likely explanation, it is unclear if it is responsible for the full increase in
oxide thickness**21¢,

5.3.3 Ruthenium and its oxides exposed to water vapor

The interaction of water with surfaces is relevant to a wide range of scientific fields,
among which are electrochemistry, corrosion chemistry, heterogeneous catalysis,
and physical chemistry?®, The stability and dissociation of water molecules on
surfaces, for example, is important for heterogeneous catalysis, where H,0 can take
the role of a reactant or product??’. Moreover, water can play the role of an oxidant,
and its presence can affect the surface composition of materials. Furthermore, the
presence of water during metal oxidation by oxygen can modify the oxidation
mechanism and result in different kinetics and final oxide thicknesses??2.

One of the processes occurring in the presence of water is accelerated oxidation®.
The differences between oxidation by oxygen and by water has been studied for a
broad range of elements, for example Be>*%, AlP%223:224 Fe222 Sj225  and Pt-group
metals®l. The observed differences have been attributed to an increased initial
sticking coefficient for water on beryllium which is expected to be similar for other
elements®®, and a change in oxidation kinetics from inverse logarithmic in oxygen to
parabolic in water. While this corresponds to a change in the oxidation mechanism
from field-limited to diffusion-limited growth, both types result in the same type of
oxide®*. Aluminium exposed to water, on the other hand, forms a hydroxide layer??.
At room temperature the oxidation of aluminium with oxygen has a limiting oxide
thickness, whereas with water a parabolic oxide growth is reported>.

Also for ruthenium, studies on the interaction of water on metal surfaces have been
reported. The adsorption and dissociation of water on single crystalline ruthenium
has been investigated by both experimental and theoretical studies of the Ru(0001)
surface?*?%°, From DFT calculations the activation barrier for the dissociation of
water on Ru(0001) is reported to be 0.8 eV/H,0%3%?31, The precursor for dissociation
is identified as rows of water absorbed along the [2110] crystal directions by STM
with the support of DFT2%2, The dissociation products of H,O on Ru(0001) are first OH
+ H, followed by additional dissociation step to form O + 2H?. Also XPS provides
evidence of the dissociation product being OH groups?**2**, The dissociation of water
competes with its desorption from the surface and is thus deemed kinetically
hindered. Additionally, beam-induced dissociation has been suggested to play a role
in XPS and electron-beam-based experiments?34. EUV-induced dissociation of water
on ruthenium has also been reported®>3®,
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The exposure of water to oxidized ruthenium, more specifically RuO,, occurs during
the oxygen evolution reaction. In this catalytic reaction H,O is interacting with the
surface of RuO; splitting water to form the product O,. The dissociation of H,0 on
RuO; is an important step in this reaction, which was calculated using DFT to
understand the effect of the different orientations of rutile RuO; 22236 as well as
different surface coverages of water?®’. These studies have shown that the
dissociation of water can occur at two active sites, namely the coordinatively
unsaturated Ru site, and the oxygen bridge site, Oy Since the surface density of
these active sites differs for different crystallographic orientations, the tendency to
dissociate water varies between facets of RuO,, with a maximum for the (101)
surface followed by the (110), (001), and (100) surface?!%23¢23’ The dissociation ratio
of water on rutile RuO; is calculated to be 50%, where 50% of the H,O molecules is
deprotonated and the nearest undercoordinated O site is protonated, forming
H30, species resulting from deprotonation of two water molecules?3®, Evidence of
water dissociation has been obtained using STM images, showing dimers of water
readily deprotonating into rows of dissociated H,O + OH?*®. However, according to
Lobo et al.?®, defects are required to dissociate water and no dissociation is
expected on perfect rutile RuO,. When RuOQ; is exposed simultaneously to oxygen
and water, the oxygen can hinder the dissociation of water?*,

Moreover, the presence of ionizing radiation during exposure to water vapor has
been found to affect the oxidation of pristine ruthenium?*, In an environment of
107 mbar H,O with a localized electron beam, exposure resulted in an oxide
thickness of 1-2 nm inside the beam area, whereas only 0.5 nm oxide thickness was
reported outside this area®®®*?42, The water dissociates under ionizing radiation and
forms OH and H products with a small fraction of atomic oxygen?. The dissociation
of water on ruthenium under ionizing radiation is suggested to be similar to
electrochemical dissociation of oxygen on a ruthenium surface showing oxide
growth®, Despite these studies on the interaction of water with surfaces, there are
still open questions. In the thermal oxidation of ruthenium, for example, it is unclear
how the presence of oxygen on the surface and different stoichiometry of
oxygen/ruthenium films affect the oxidation.

In this sub-chapter, an in situ study of ruthenium and its oxides exposed to water
vapor provides insight into the redox surface chemistry of water vapor on Ru(0001)
surfaces with different levels of oxidation. NAP-XPS measurements of Ru(0001) in
water pressures up to 1.2 x 10 mbar demonstrate a different response of different
oxides to water exposure and a high sensitivity to small amounts of hydrogen during
the dosing of water. The comparison to pre- and post-exposure XPS measurements
without X-ray irradiation during water dosing show a significant effect of ionizing
radiation.
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5.3.3.1 Exposure of ruthenium to water vapor

To explore the effect of water on ruthenium, a clean Ru(0001) surface was exposed
to 1.2 x 10 mbar H,0 (with a H, content corresponding to approximately 107 mbar).
Figure 5-8 A and B show a comparison of the Ru 3ds;; and O 1s XPS spectra of pristine
Ru(0001) after cleaning, after water exposure at room temperature for 30 minutes,
and at 300°C for 30 minutes during in situ XPS measurements. From the XPS spectra
of clean Ru(0001) measured at room temperature, in red, the ruthenium metal peaks
and no oxygen species are identified. After exposure to H,0 for 30 minutes at room
temperature, Figure 5-8 A and B in blue, neither the formation of ruthenium oxide
nor the emergence of oxygen species was identified.
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Figure 5-8 XPS spectra of Ru 3ds/, (A) with fit results highlighting the emergence of the RuOy species
in orange and O 1s (B) for Ru(0001) in its pristine state (red) and after exposure to 1.2 x 10* mbar H,0
at room temperature (blue, total dose of 2.2 x 10° Langmuir) and elevated temperature (purple).

Increasing the temperature to 300°C to identify possible thermal effects results in an
increase in the oxygen content and a small oxide peak, shown in Figure 5-8 A and B
in purple. The O/Ru ratio increased from 0.00 to 0.10. The peak positions of the new
components in the O 1s and the Ru 3d regions correspond to the binding energies of
ruthenium oxide (RuO,, marked in orange in the Ru 3d region). This intensity of the
Ru oxide peak corresponds to a calculated oxide thickness of 0.3 nm, using the
approximation of a flat, homogeneous layer.

A possible explanation for this oxidation could be X-ray induced dissociation of water
during the in situ XPS measurement, forming active oxygen species on the surface.
To estimate the effect of X-rays, a reference experiment with similar exposure of
Ru(0001) to 1.2 x 10* mbar H,0 at 340°C for 2 hours without X-rays has been
conducted. In Figure 5-9 A and B, the Ru 3d and O 1s before and after exposure are
shown, green and ochre, respectively. The O/Ru ratio increased from 0.03 to 0.05,
but in the O 1s spectrum, no significant presence of the Ru oxide peak (530 eV) was
detected. The other species at higher binding energy can be explained by adsorbed
oxygen species on the surface. The post-exposure spectrum also shows finite
intensity at 530.5 eV, but placing an additional component there in the peak fitting
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process did not result in a component of finite intensity reproducing the datapoints.
The signal to noise ratio in this spectrum is insufficient to reliably determine whether
one or two peaks are present, which is why a single Voigt peak was used to obtain
an estimate of the total intensity. From the Ru 3d spectra, no increase of RuOy
species was identified.
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Figure 5-9 XPS spectra of Ru 3d (A) and O 1s (B) comparing unexposed Ru(0001) and H,0 exposed at
elevated temperatures for an extended time without X-ray irradiation during H,0 exposure.

5.3.3.2 Insitu exposure of Ru(0001) to water vapor

To evaluate the effect of water exposure as a function of temperature, Figure 5-10
shows the evolution of the O/Ru ratio (A), approximate Ru oxide thickness (C), and
the oxygen peak components (D), following a temperature profile with a ramp from
room temperature to 300°C, and a stepwise increase to approximately 700°C (B).
During the ramp from 200°C to 300°C, a sharp increase in the O/Ru ratio was seen.
This change was accompanied by the emergence of an oxide component in the Ru
3d spectra, corresponding to an increase in the calculated oxide thickness to 0.3 nm
RuO.. The increase of the corresponding lattice oxygen species in the O 1s region,
Ox-Ru, coincides with the increase of RuOy. As the temperature was increased above
400°C, a decrease of the O/Ru ratio was observed, which was also borne out by a
small decrease in the calculated oxide thickness. The ratio of the Ox-Ru species to
the RuOy species, however, is maintained at the same value. As the temperature
ramp reached 700°C, no difference was identified from the O/Ru ratio. However, the
Ru oxide signal in the Ru 3d region decreased, leading to a drop in the calculated
RuOx thickness to <0.1 nm.
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Time (min)

Figure 5-10 Time-dependent surface properties of single crystal Ru(0001) exposed to 1.2 x 10* mbar H,0
during a temperature ramp. (A) atomic ratio of oxygen per ruthenium, (B) temperature ramp of the
sample, (C) ruthenium oxide thickness, (D) normalized intensity of O 1s species in XPS

5.3.3.3  Thin RuOy exposure to water vapor

Once a finite oxide layer thickness has been achieved on ruthenium, the further
growth of Ru oxide is known to proceed autocatalytically with oxygen?®. This
peculiar behavior makes it particularly interesting to also test the interaction of
oxidized Ru surfaces with a different oxidant such as water. In Figure 5-11 a thin
oxide layer of 0.5 nm was grown on Ru(0001) in 1.2 x 10 mbar O,. The time at this
condition is indicated by the purple background, followed by pumpdown to UHV
(white background) and exposure to 1.2 x 10* mbar H,O (blue background). The
individual panels display the evolution of the O/Ru ratio (A), the temperature (B), the
approximate oxide thickness (C), and the intensities of the individual O 1s species
(D). During the oxygen exposure, the O/Ru ratio, RuOy thickness, and Ox-Ru species
show aninitial increment and stabilize at values corresponding to a 0.5 nm thick RuOx
layer. When changing from the exposure gas of 1.2 x 10 mbar O, to UHV, no change
was identified in the oxide. However, after starting the H.O exposure, a decrease
was seen in the O/Ru ratio, reflecting a lower intensity of the Ox-Ru peak in the O 1s
region. The oxide signal in the Ru 3d region also decreased, corresponding to a
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change in the RuOy thickness from 0.5 nm to 0.3 nm. A reference experiment
exposing this RuO thickness to 10°® mbar H; (corresponding to the upper limit of the
increased H; background identified while dosing H,0) at a comparable temperature
shows the full reduction of the Ru oxide. The remaining oxide thickness after the
water exposure is comparable to the oxide grown on pristine Ru in water vapor
(Figure 5-10), showing that the system prefers this thickness for different starting
points of the water exposure.
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Figure 5-11 Time-dependent surface properties of single crystal Ru(0001) exposed to 1.2 x 10* mbar O;
(purple region) growing approximately 0.5nm RuO,, followed by 1.2 x 104 mbar H;O (blue region). (A)
atomic ratio of oxygen per ruthenium, (B) temperature of the sample, (C) ruthenium oxide thickness, (D)
normalized intensity of O 1s species in XPS.
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5.3.3.4 Thick RuO; exposure to water vapor

The thin oxide film is shown to reduce in H,0 vapor where trace amount of H, is
present. The different structure and electronic properties of thicker Ru oxide layers
discussed in Chapter 4 make it interesting to also investigate the interaction with
water at a higher layer thickness. A Ru(0001) surface is exposed at 380°C to
1.2 x 10 mbar O,, growing an approximately 2.4 nm thick oxide film, highlighted in
Figure 5-12 by the purple background. The growth in oxygen is followed by
pumpdown to UHV and exposure to 1.2 x 10 mbar H,0 at 150°C (blue background).
The panels show the O/Ru ratio (A), the sample temperature (B), the approximated
RuOy thickness (C), and the intensity of the individual O 1s species (D) followed by
XPS. Upon the exposure of Ru(0001) to O, at 380°C, an increment in the O/Ru ratio
is seen and the calculated RuOy thickness increases to 2.4 nm. From the O 1s XPS
spectra, the majority of the oxygen measured is Ox-Ru. No change in the sample is
apparent after returning to UHV. The temperature of the sample was decreased to
150°C to replicate the H,O exposure for the thinner oxide. During 100 minutes of
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Figure 5-12 Time-dependent surface properties of single crystal Ru(0001) exposed to 1.2 x 10* mbar O;
(purple region) growing approximately 2.4 nm RuO,, followed by 1.2 x 104 mbar H,0 (blue region). (A)
atomic ratio of oxygen per ruthenium, (B) temperature of the sample, (C) ruthenium oxide thickness, (D)
normalized intensity of O 1s species in XPS.
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H,0 exposure, no change was seen in the O/Ru, RuOy thickness, and the distribution
of the individual O 1s species.

5.3.3.5 Discussion

The presented results on the effect of water vapor on Ru(0001) and two different
types of ruthenium oxide overlayers on this surface confirm previous reports of weak
interactions between ruthenium and water'®?%’, When exposing pristine Ru to
water, a thin oxide layer is only observed to grow during simultaneous irradiation of
the surface with X-rays. A thin Ru oxide layer was observed to partially reduce in
water with a low hydrogen content, whereas a layer that is several nanometers thick
appears stable during exposure to the same conditions. Reduction experiments at
comparable pressures of pure hydrogen lead to a strong reduction of the thin Ru
oxide layer.

X-rays have a clear enhancing effect on the oxidation of ruthenium in the presence
of water, with no ruthenium oxide formation occurring without the additional
activation by radiation. During irradiation of the sample, photoelectrons with
characteristic energy and a large number of secondary electrons at lower energy are
exiting from the surface. These electrons interact strongly with matter and can excite
and activate the molecules in the sample’s environment and facilitate their sticking
and dissociation on the surface®*?%, It has been previously reported that an electron
beam or EUV light enhances the break-down of water and resulted in the oxidation
of ruthenium®82352% The effects seen in electron-beam and EUV-based experiments
are much stronger than those identified with X-ray radiation resulting in a thicker
oxide layer®®. However, part of this difference likely stems from the increased oxide
thickness expected for a polycrystalline surface in comparison to the single crystal in
our experiment. Further investigation on the difference between the X-ray-assisted
oxidation of single crystalline and polycrystalline ruthenium surfaces would give
additional insights into this effect.

In contrast to the weak oxidation of Ru metal by water, which follows reports from
the literature, the reduction of a thin layer of ruthenium oxide in water vapor is an
unexpected observation. While the in situ XPS data is clear and shows reduction of
Ru in the Ru 3d spectra, together with a decrease in the oxygen content, this effect
cannot be unambiguously assigned to water. From a residual gas analyzer
measurement during the water exposures a H, partial pressure in the 107 mbar-
range was identified. Exposure to pure hydrogen at the same temperature in
10® mbar led to full reduction of a comparable oxide layer, in line with literature
reports on full reduction of 2.2 nm Ru oxide in 40 minutes at 10°® mbar H, and
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200°C**®, Concluding from these experiments and literature examples the reduction
of ruthenium oxide most likely originates from the hydrogen presence.

While the reduction in pure hydrogen indicates that water does not play a direct role
in the reduction of the thin Ru oxide layer, the different stability for different oxide
thicknesses is an intriguing observation, especially as no change is identified in UHV
at the same temperatures. A possible explanation for the preferential reduction of
the thin oxide compared to the thick oxide could be the difference in the oxide
phase. The oxidation of ruthenium to rutile RuO; proceeds via the formation of an
intermediate oxide, which converts to rutile RuO, oxide upon exceeding a critical
thickness??73193, These two oxides can be distinguished in XPS spectra via a
characteristic satellite peak for rutile RuO,®>. The relative contribution of this satellite
peak to the total RuOy signal provides an indication of the relative contents of
intermediate oxide and bulk-like RuO,. For the thin oxide films, no rutile RuO,
satellite peak was present, indicating it to be predominantly in the intermediate
oxide phase. Meanwhile, the thick oxide has a stable ratio of the rutile RuO; satellite
peak to the RuOy peak, matching to the values for the rutile RuO, oxide phase in
chapter 4 for single crystalline and in Figure 5-7 for polycrystalline ruthenium.
Reports of a metastable configuration as intermediate oxide®>°1% and a lower
stability of disordered ruthenium oxide®? are in line with the lower stability observed
for the thin oxide layer. Even though the observed reduction is likely due to hydrogen
rather than a direct effect of water, it highlights the changes that the initial RuO,
layer undergoes as a function of thickness and their consequences for the stability
of the oxide layers, which is also of interest for industrial applications,

The reduction of the thin oxide films exhibits peculiar features in itself, for example
its slow-down after reaching an approximate thickness of 0.3nm, in contrast to the
full reduction observed in pure hydrogen. The interplay between the water and the
low hydrogen pressure could explain the stagnation of this reduction. A possible
explanation for the limit of 0.3nm oxide thickness is the oxidation by water seen in
the experiments in this sub-chapter. When no oxide is present the conditions cause
oxidation to this level but not beyond. If this oxidation process is continuously on-
going, also a simultaneous reduction process will not affect the final thickness
significantly, provided that the oxidation is substantially faster.

At the highest temperature in Figure 5-10 the ruthenium oxide is reduced during
water exposure. While the signature of RuO, disappears completely from the Ru 3d
spectrum, surprisingly, the oxygen signal remains almost unchanged. No other
elements are observed in survey spectra, making the possibility of an oxidized
contaminant unlikely. Also the effect of changing peak shapes were considered, but
the expected broadening at high temperature would rather result in an increased
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RuOx intensity fitted which is contrary to the change witnessed. Adsorbed oxygen on
the surface is also unlikely due to its desorption temperature from Ru(0001)
between room temperature and 280°C*%2* and the higher XPS binding energy
expected for this species. The quantity of O/Ru would be in the approximate values
of complete surface coverage by oxygen. In this O 1s spectrum, the oxide species are
situated at the binding energy corresponding to the lattice oxide. Another possibility
is the formation of a phase with a different oxidation state of Ru, such as ruthenium
hydroxide. However, literature reports on ruthenium hydroxide place its Ru 3ds/,
peak at 282.3 eV, where no intensity is identified, and other higher oxidation states
are also not detected®?.

The present in situ study of the interaction of single crystalline ruthenium with water
confirms general trends from the literature, reveals interesting differences between
oxidized Ru surfaces, and points out challenges of experiments with water vapor.
The weakly oxidizing nature of water makes experiments highly susceptible to trace
amounts of other gas, which can affect the oxidation process and the equilibrium
oxide thickness in water exposure. In agreement with prior reports, the presence of
ionizing radiation, here X-rays, can result in dissociation of water and enhance the
oxidizing properties of water. The exposure of ruthenium oxide layers of 0.5 nm and
2.4 nm reveals thickness-dependent differences in stability and supports the
different nature of the oxide structure with thickness reported in Chapter 4. The
results, however, leave several questions unanswered. For a more thorough
understanding of the response of ruthenium and its oxides to water, the study would
benefit from exposure at additional temperatures, generating deeper understanding
of the reaction kinetics at the surface. Moreover, a thorough study of ruthenium
hydroxides and ways to differentiate them from ruthenium metal and ruthenium
oxides using surface science methods would be beneficial for the interpretation of
the effects of water. In particular identifying characteristic features within XPS
spectra, or with another technique that is applicable during the NAP-XPS
measurements could help resolve the question whether a hydroxide is formed
during the water exposure.
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5.4 Conclusion

In conclusion, three less commonly studied aspects of the surface chemistry of
ruthenium have been investigated to broaden the understanding of surface
processes governing Ru oxidation and build a bridge between model systems and
applications. In the first sub-chapter, the importance of the XPS measurement range
and peak fitting parameters for improved determination of the chemical ratios and
composition is pointed out. The second part compares the initial oxidation of
polycrystalline and single crystalline ruthenium, and makes use of two
approximations to emphasize that the higher oxide thicknesses for polycrystalline
ruthenium is more than an effect of geometry. Finally, the investigation of water
vapor as alternative oxidant for ruthenium single crystal surfaces in the third part
confirms the expectation of weak interaction and reveals a complex dependence of
the stable oxide thickness on gas composition and the oxide phase present at the
surface.
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summary

In this thesis, the surface chemistry of ruthenium is investigated to understand its
chemical reactions with silicon, oxygen, and water. CHAPTER 1 establishes the
context for the research and its motivation in nanolithography technology, followed
by an introduction on the basics of metal oxidation. It is made clear that even
seemingly simple reactions like oxidation are not single-step processes but involve a
sequence of individual steps from the reactants to the final product. The
complementary role of thermodynamics, indicating whether a product is favorable
to form, and kinetics, determining the reaction rates of the individual steps, are
outlined and connected to metal oxidation. Depending on the reaction conditions
the oxidation of a metal can have different rate-limiting steps and growth kinetics.
For the thin oxide layers studied in this thesis, the model by Cabrera and Mott is
applicable, describing growth based on ion diffusion driven by an electric field
created inside the layer. This model is discussed in the context of the oxidation of
the element of choice for this thesis, ruthenium, which oxidizes via a thin
intermediate oxide to ruthenium dioxide of a rutile crystal structure.

Experimentally following the evolution of surfaces during chemical reactions
requires surface-sensitive measurement techniques. The method at the core of this
thesis, X-ray photoelectron spectroscopy (XPS), is introduced in detail in CHAPTER 2.
This technique is based on the photoelectric effect, the emission of electrons from a
material upon irradiation with light of sufficient energy. The kinetic energy of the
resulting photoelectrons is characteristic for the emitting element and its oxidation
state. Electrons in the typical energy range for XPS interact strongly with matter and
typically scatter and lose all relevant information if they travel through the solid for
more than a few nanometers. Specific XPS setups designed for operation at near-
ambient pressures allow for measurements during gas exposures, providing insight
into reaction kinetics.

The challenges of peak fitting to identify phases with similar XPS spectra are the
starting point of the study on Ru silicides in CHAPTER 3. The binding energy shift
between metal and silicide is small in the case of Ru, making it challenging to
distinguish the two species by their peak position. In this chapter, an electron energy
loss feature caused by the excitation of plasmons in the solid is identified as clear
indicator of silicide formation in the Ru-Si system. The deposition of thin layers with
different Ru:Si ratios allowed for the observation of a gradual shift of these plasmon
loss features. Confirming the crystal structure with X-ray diffraction, the peak
positions of the plasmon loss features were attributed to different RuSix phases.
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The interaction of single crystal ruthenium with oxygen and the formation of the
initial layers of ruthenium oxide is investigated in CHAPTER 4. NAP-XPS experiments
provide time-resolved information on ruthenium oxidation and help identify a two-
step oxidation process limited by kinetics in the first nanometer of oxide growth.
Experiments varying the surface roughness and the oxygen pressure give indications
that defects and the stoichiometry of the layer both play an important role in this
peculiar growth. Density functional theory calculations provide evidence that
ruthenium vacancies are the predominant defect in the initial oxide layer, influencing
this two-step oxidation process.

The understanding gained in the simple model system of single crystalline ruthenium
in pure oxygen environment is taken to a next level in CHAPTER 5, which connects it
to more complex and less frequently studied aspects of oxidation. This part of the
thesis termed “advanced oxidation” encompasses the role of plasmon features in
the interpretation of Ru XPS spectra, oxidation of polycrystalline Ru layers, and the
oxidation of Ru single crystals by water exposure. The first subsection shows that
surface plasmon loss features are present at the high-binding-energy end of the
typical scan range of the characteristic Ru 3d region, complicating peak fitting. These
plasmon loss features change the background intensity of the spectrum, leading to
an incorrect estimate of the peak asymmetry and thus a different measured peak
area of ruthenium. The second subsection establishes a connection between model
studies on single crystals and thin-film applications, where typically polycrystalline
layers are employed. The polycrystalline ruthenium shows a two-step oxidation
processes similar to the one observed for single crystals in CHAPTER 4 at a similar
threshold thickness. The final subchapter is devoted to the interaction of ruthenium
and its oxides with water, a common contaminant in vacuum chambers and reactors
in industrial applications. In the presence of water vapor a thin oxide layer grows on
Ru metal at elevated temperatures during in situ XPS measurements, whereas no
oxidation is observed without X-ray irradiation. During water exposures of pre-
grown oxide layers of sub-nanometer thickness, a slight reduction in oxide content
is identified, likely originating from an increased hydrogen gas background pressure
during the water exposures. Slightly thicker oxide layers of a few nanometers appear
to not oxidize or reduce during thermal exposure to water at the same conditions.

In conclusion, this thesis contributes to the understanding of surface chemistry of
ruthenium. /n situ studies and detailed analysis of the spectral features in XPS
provide new insights on the formation of compounds with silicon and on the
intricacies of oxide growth at ruthenium surfaces that have been thoroughly studied
over decades. Moreover, the fundamental insights on the evolution of ruthenium
surfaces close to realistic conditions can lead to improvements of their performance
and lifetime in industrial applications.
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Samenvatting

In dit proefschrift wordt de opperviakte chemie van ruthenium met silicium,
zuurstof, en water onderzocht om de chemische reacties te begrijpen. In
HOOFDSTUK 1 wordt de context van het onderzoek en de motivatie voor de
nanolithografie technologie behandeld. Dit wordt gevolgd door een introductie over
de basisconcepten over metaaloxidatie. Deze oxidatie is geen enkele reactie, maar
bestaat uit meerdere individuele stappen om de uiteindelijke oxide te vormen. De
complementaire rol van thermodynamica, die aangeeft of een product gunstig is om
te vormen, en reactiekinetiek, die de reactiesnelheden van afzonderlijke stappen
bepaald, worden geschetst en verbonden met metaaloxidatie. Afhankelijk van de
reactieomstandigheden kan de oxidatie van een metaal verschillende
reactiesnelheid beperkende stappen en groeikinetiek hebben. Voor de dunne oxide
lagen die in dit proefschrift worden bestudeerd is het Cabrera-Mott model van
toepassing. Het CM model beschrijft de groei van een oxide laag op de basis van een
veld geinduceerde ion diffusie. Dit model wordt besproken in de context van de
oxidatie van ruthenium, en hoe ruthenium oxideert via een dunne intermediaire
oxidelaag naar de uiteindelijke rutheniumdioxide met een rutiel kristalstructuur.

De oppervlakte reacties tijdens chemische reacties experimenteel volgen vereist
oppervlakte gevoelige meet technieken. De voornaamst toegepaste methode in dit
proefschrift is rontgen foto-elektron spectroscopy (XPS), en wordt in detail
geintroduceerd in HOOFDSTUK 2. Deze techniek is gebaseerd op het foto-elektrische
effect, waar de emissie van de foto-elektron uit een materiaal komen tijdens de
excitatie door fotonen van hoog genoege energie. De kinetische energie van de
ontstane foto-elektronen is karakteristiek van het element en de oxidatietoestand
van het beschenen materiaal. De elektronen in het typische energiebereik van deze
techniek interacteren sterk met materie, waardoor deze verstrooien en dus de
relevante informatie verliezen wanneer ze door enkele nanometers materiaal gaan.
De XPS die is gebruikt in dit proefschrift is ontwikkeld om te kunnen meten in
gasdrukken die de druk benaderen van tijdens chemische reacties. Hiermee kan
inzicht verkregen worden over de individuele reacties.

De uitdagingen van piek identificatie van verschillende fasen met vergelijkbare XPS
spectra is het startpunt voor het onderzoek naar Ru silicides in HOOFDSTUK 3. Het
bindingsenergie verschil tussen ruthenium metaal en silicide is klein, en maakt het
zeer uitdagend om deze te differentiéren gebaseerd op hun piek posities. In dit
hoofdstuk de elektron energieverlies eigenschap, welke veroorzaakt wordt door de
excitatie van een plasmon in het materiaal, gebruikt als een duidelijke indicator van
silicide vorming het Ru-Si systeem. Door dunne lagen van verschillende verhouding
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Ru:Si te meten, is een geleidelijke verschuiving van deze plasmon verlies eigenschap
te identificeren. De kristalstructuur is geverifieerd met rontgendiffractie, waar de
piek posities van de plasmon verlies eigenschappen zijn geverifieerd met de
verschillende RuSix fasen.

De interactie van een mono kristal ruthenium met zuurstof en de formatie van de
eerste lagen ruthenium oxide is onderzocht in HOOFDSTUK 4. Met behulp van NAP-
XPS experimenten is tijdsafhankelijke informatie naar de oxidatie van ruthenium
mogelijk gemaakt. Deze informatie is ondersteunend naar het identificeren van de
twee staps oxidatieproces, waarin een kinetische limiet zit in de eerste paar
nanometer van de oxide groei. In de experimenten met veranderde
oppervlakteruwheid en veranderde zuurstofdruk gaf indicatie dat materiaal
defecten en de stoichiometrie van de oppervlakte lagen een belangrijke rol zijn voor
deze oxide groei. Met behulp van simulaties en theorie, is er extra bewijs en
indicaties dat ruthenium defecten een belangrijk effect zijn voor de eerste laag oxide,
en specifiek voor de twee staps oxidatie.

Met het verkregen begrip van het simpele model systeem mono kristallijn ruthenium
met puur zuurstof, wordt er in HOOFDSTUK 5 gekeken naar complexere
omstandigheden die minder vaak worden onderzocht. Dit gedeelte van de thesis is
"geavanceerde oxidatie” genoemd en bevat de volgende aspecten, hoe plasmon
eigenschappen invloed hebben op Ru XPS spectra, de oxidatie van polykristallijn
ruthenium lagen, en de reactie van mono kristallijn ruthenium met water in zijn
gasvorm. De eerste subsectie laat zien dat er een oppervlakte plasmon piek aanwezig
is in de hoge energie kant van het typische meetbereik voor Ru 3d, wat de piek
identificatie en bepaling gecompliceerd. Deze plasmon piek beinvioed het
achtergrondsignaal, wat kan resulteren in een incorrecte asymmetrie van de
ruthenium pieken gevolgd door een verandering in totaal oppervlak van de
rutheniumpiek. De tweede subsectie gaat over de connectie tussen model studies
van monokristallijn ruthenium en dunne-laag applicaties. In deze applicaties worden
vaak polykristallijne lagen gebruikt. Ook voor polykristallijn ruthenium is een twee
staps oxidatieproces gezien, welke vergelijkbaar is met het monokristallijn
ruthenium dat gezien is in HOOFDSTUK 4. Eenzelfde dikte voor deze twee staps
reacties is gezien in beide gevallen. De laatste subsectie gaat over de interactie van
ruthenium en zijn oxides met water. Water is een algemene verontreiniging in
vaculimkamers en reactoren in industriéle toepassingen. Tijdens het blootstellen van
gasvormig water aan ruthenium groeit er een dunne laag oxide bij verhoogde
temperatuur tijdens de XPS metingen. Als datzelfde experiment zonder
rontgenstraling wordt gedaan, vormde er geen oxide laag. Tijdens de blootstelling
van water aan vooraf gegroeide ruthenium oxides van onder de nanometer dik, werd
er een kleine reductie van de hoeveelheid oxide gemeten. Deze reductie kan
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mogelijk veroorzaakt zijn door de verhoogde waterstof achtergrond gas tijdens de
water blootstellingen. Een dikkere oxide laag van enkele nanometers lijkt verder niet
te oxideren of reduceren tijdens de blootstelling aan gasvormig water onder
dezelfde omstandigheden.

Metingen tijdens reacties, en gedetailleerde analyse van de spectroscopische
eigenschappen van XPS grafieken geven nieuwe inzichten in de formatie van
componenten met silicium en de ingewikkeldheden van oxide groei op ruthenium
oppervlakken die afgelopen decennia nauwkeurig zijn onderzocht. Bovendien zijn er
fundamentele inzichten over de reacties op ruthenium opperviakken dicht bij
realistische eigenschappen onderzocht, welke tot verbeteringen in de toepassing en
levensduur in industriéle toepassingen kan zorgen.
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