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Abstract

In this work interfacial interactions of MAIN(O) (with M = Ti, Cr) and TiO; with small
adsorbate-molecules such as water, oxygen or carboxylic acids were studied. Here,
especially the chemical surface composition of the substrates and its impact on
physicochemical interactions, taking place at the surface or within the surface near near
region, were of interest.

MAIN(O) phases deposited by means of high power pulsed magnetron sputtering
(HPPMS) are of valuable interest as hard coatings for tool steels that are employed e.g. in
polymer processing. The MAIN(O) materials investigated in this work showed a significant
enrichment of oxygen in the surface near region due to an oxidation reaction with
environmental atmosphere. As these reaction layers determine the interaction with the
polymer, a deeper knowledge of the chemical composition of the surface near region is of
crucial interest. All investigated MAIN(O) coatings exhibited an excess of anions in the
surface near region that points to a metastable material phase that is stabilized by the
formation of metal vacancy defects. Furthermore the impact of the HPPMS parameters
during the deposition of the coatings was investigated. It could be shown that the tendency
of surface oxidation of CrAlIN can be decreased by a forced incorporation of nitrogen into the
material by setting short HPPMS pulse-on-times, which is an approach towards tailored
surface compositions of CrAIN.

The initial chemisorption of oxygen has been studied on TiAIN. Via experimental and
simulation work, it could be shown, that the reaction is determined by the formation of
titanium oxide species and not by aluminum oxide which would be favored for
thermodynamic reasons.

To study the adsorbate formation and interaction with water and carboxylic acids,
atmospherically prepared TiO; single crystalline surfaces were employed as a model system.
The interaction of OH-terminated TiO; substrates with nonadecanoic acid as a model
adsorbate is weak and determined by physical interactions only.

The adhesive interaction at TiO; - TiO2 crystalline surfaces was investigated as a
function of the surface defect density. The measured contact force correlates with the
observed surface defect density and can be discussed based on the effective Hamaker
constant resulting from the change in electronic structure of the surface near region of the

TiO, substrate.
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Zusammenfassung

In dieser Arbeit wurden Grenzflachen-Reaktionen von MAIN(O) (mit M = Ti, Cr) und
Ti02 mit kleinen Adsorbat-Molekiilen wie Wasser, Sauerstoff oder Carbonsiduren untersucht.
Hierbei waren besonders die chemische Oberflichenzusammensetzung und deren Einfluss
auf physikochemische Wechselwirkungen an der Oberfliche oder innerhalb des
oberflachennahen Bereichs von Interesse.

MAIN(O)-Phasen, die durch High Power Pulsed Magnetron Sputtering (HPPMS)
abgeschieden werden, sind von besonderem Interesse als Hartstoffschichten fiir
Werkzeugestdhle, die beispielsweise in der Kunststoff-Verarbeitung eingesetzt werden. Die
in dieser Arbeit untersuchten MAIN(0O)-Materialien zeigten durch eine Oxidationsreaktion
mit Umgebungsatmosphdre eine signifikante Anreicherung von Sauerstoff im
oberflichennahen Bereich. Da diese Reaktionsschichten die Wechselwirkung mit dem
Polymer bestimmen, ist ein tieferer Einblick in die chemische Zusammensetzung des
oberflaichennahen Bereichs von entscheidender Bedeutung. Alle untersuchten MAIN(O)-
Schichten wiesen einen Anionen-Uberschuss im oberflichennahen Bereich auf, was auf eine
metastabile Phase hindeutet, die durch Metall-Leerstellen-Defekte stabilisiert wird. Des
Weiteren wurde der Einfluss der HPPMS-Parameter wahrend der Schichtabscheidung
untersucht. Hier konnte gezeigt werden, dass durch die Wahl kurzer HPPMS-Pulszeiten die
Tendenz zur Oberflichenoxidation von CrAIN durch eine forcierte Einlagerung von
Stickstoff in das Material verringert werden kann, was einen Ansatz hin zu
mafsgeschneiderten Oberflachenzusammensetzungen von CrAlN darstellt.

Die initiale Chemisorption von Sauerstoff wurde auf TiAIN untersucht. Es konnte
durch experimentelle und simulative Arbeiten gezeigt werden, dass die Reaktion durch die
Bildung von Titanoxid und nicht durch Aluminiumoxid, das thermodynamisch begiinstigt
ware, bestimmt wird.

Um die Bildung von Adsorbaten und die Wechselwirkung mit Wasser und
organischen Sauren zu untersuchen, wurden atmospharisch praparierte TiO;-Einkristall-
Oberflachen als ein Modellsystem eingesetzt. Die Wechselwirkung von OH-terminierten TiO-
Substraten mit Nonadecansdure als ein Modelladsorbat ist gering und wird nur durch
physikalische Wechselwirkungen bestimmt.

Die adhdsive Wechselwirkung an kristallinen TiOz - TiOz Grenzflichen wurde als
Funktion der Oberflachen-Defektdichte untersucht. Die gemessene Kontaktkraft korreliert
mit der beobachteten Defektdichte und kann basierend auf der effektiven Hamaker-
Konstante, die aus der Anderung der elektronischen Struktur im oberflichennahen Bereich

des Ti0,-Substrates resultiert, diskutiert werden.
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Chapter 1 - Introduction and fundamentals

Preamble

This dissertation is organized as a thesis by publication and divided into three main
parts. In the first chapter the introduction gives an overview of the motivation and the
scientific approach of this work. This is followed by a review of relevant literature and the
current state of research. Advanced experimental approaches that were employed within
this work are highlighted in the following chapter. In the third chapter six scientifically
relevant publications, which were prepared based on the scientific work covered by this
thesis, are presented. For each publication the author’s contributions are specified. In the
last chapter the most important results of this work are summarized, followed by an overall-
conclusion and a scientific outlook.

The work presented here was performed in the background of two research projects
funded by the Deutsche Forschungsgemeinschaft (DFG):

(1) SFB-TR 87 Gepulste Hochleistungsplasmen zur Synthese nanostrukturierter
Funktionsschichten; Teilprojekt “Verstdndnis der molekularen Adhdsion an
der Grenzfldche zwischen polymerer Schmelze und Plasmaschicht”

(ii) SPP 1486 Partikel im Kontakt; Teilprojekt ,,Molekulare UHV-AFM und FTIR
Untersuchungen von Adsorbat belegten TiO2-Mikropartikel-Oberfldchen”

Chapter 1

1 Introduction

1.1 Motivation and scientific approach

The aim of this work is to investigate the interaction of small molecules, such as
water and oxygen, with metal-oxide and -nitride surfaces. Especially the surface chemistry
and correlated surface phenomena, such as adhesion and the formation of defects within the

surface near region, are of important interest in this context. An understanding of these
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phenomena not only gives an insight into processes on an atomistic scale, but is also
relevant for technical applications.

The field of surface science is a wide spread, interdisciplinary research topic covering
chemistry, physics and also engineering. A large variety of technical applications and
processes, such as catalysis [1], corrosion [2], energy conversion [3], adhesives [4],
semiconductors [5], medical applications [6], data storage [7] and many more, are driven by
interfacial processes. Only a few of these processes and correlated structures are yet well
understood, although they are present in our everyday life.

Within this work two demonstrators with relevance for technical applications were
investigated: (i) Metal (oxy)nitrides with the composition MAIN(O) with M = Ti, Cr and (ii)
single crystalline TiO; surfaces.

The here presented approach focuses on the investigation of interfacial processes on
the earlier mentioned substrates. Therefore, ultrahigh vacuum (UHV) as well as
environmental techniques were employed, which allows for bridging between an
understanding of the observed processes and reactions on a fundamental level - as obtained
from UHV experiments - towards a macroscopic understanding at environmental
conditions. Furthermore complementary ab initio molecular dynamics (MD) simulations
were performed within a cooperation in the workgroup of Prof. Jochen M. Schneider, Chair
for Materials Chemistry (MCh) at the RWTH Aachen University.

The MAIN(O) samples investigated within this work were deposited in a physical
vapor deposition (PVD) process by means of high power pulsed magnetron sputtering
(HPPMS) within a cooperation at the MCh and at the workgroup of Prof. Dr. Kirsten Bobzin,
Surface Engineering Institute (I0T), RWTH Aachen University. Especially the interaction of
oxygen with MAIN(O) surfaces has been studied within this work. For TiAIN the initial
chemisorption of oxygen was studied by means of computational simulations at the MCh and
correlated to experimental results presented within this work.

Single crystalline rutile TiO2 surfaces, prepared under ambient conditions, were
employed as a model system for more complex TiO, surfaces (e.g. TiO; particles) to study
interactions at TiO; surfaces on a fundamental level. Within the here presented approach,
surface adsorbates were simulated by the adsorption of nonadecanoic acid (NDCA) onto
Ti02(100) surfaces, which allows a fundamental understanding of particle-wall interactions
under ambient conditions in the presence of organic adsorbates.

Consequently, this approach was followed by the investigation of contact forces by
means of atomic force microscopy (AFM) under UHV conditions. The contact forces between

a TiOz coated conical AFM tip and a rutile TiO2(110) surface were investigated under UHV-
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conditions to simulate a particle - wall contact. The analyzed interactions under different
experimental conditions enabled the correlation of the observed adhesion forces and the
chemical composition of the TiO; surface as reflected by a variation of the defect density, the

presence of water and the role of organic surface layers.

1.2 Metal nitride and oxide materials

1.2.1 MAIN(O) phases for hard coatings

Hard coatings of the chemical composition MAIN(O) with M = Ti, Cr were investigated
within this work, as these materials are a promising approach to decrease wear and friction
in polymer processing such as extrusion or injection molding. All investigated coatings were
deposited at the RWTH Aachen University using an industrial coating unit CC-800/9
(CemeCon AG, Germany) at the institute for Materials Chemistry (MCh) in case of TiAIN(O)
and at the Surface Engineering Institute (I0T) in case of CrAIN.

TiAIN tool steel coatings are widely used as protective coatings for tools within
mechanical processing, such as cutting or forming, due to their hardness as they offer a good
wear and oxidation resistance [8, 9]. Recent theoretical studies showed that the work of
separation between polypropylene and ideal MosAlosN could be lowered by additional
incorporation of oxygen leading to the oxynitride MosAlosNxOy phase [10]. It is also reported
that TiAINO coatings show an increased performance in contact with molten JIS ADC 12
aluminum alloy [11] and for the processing of transparent polymers [12]. In the injection
molding process of polyolefins, the number of low quality products that showed an
inhomogeneous surface quality could be significantly reduced by the deposition of CrAINO
coatings on the extruder unit [13].

Often the deposition of such coatings is a non-equilibrium process that is governed
by an interplay of thermodynamics and kinetics [14]. A common synthesis method is a
plasma enhanced physical vapour deposition (PVD) process by means of high power pulsed
magnetron sputtering (HPPMS) which is schematically presented in Figure 1.1. A detailed
review of the HPPMS technology is given by Sarakinos et al. [15] and Lundin et al. [16]. Due
to high-energy pulses a plasma density can be achieved which is higher by three orders of
magnitude in comparison to conventional direct current (DC-MS) sputtering [17], leading to
highly ionized plasmas with an increased ion/atom ratio in comparison to DC-MS [18, 19].

For CrAIN hard coatings deposited by HPPMS improved mechanical properties for

3
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aluminium contents below 30 at.-% could be shown. An increased hardness of 27 GPa for
coatings deposited by HPPMS in comparison to 22 GPa for coatings deposited in the DC-MS
process was found [20]. Furthermore, a significantly different phase texturing that
preferentially shows a (200) orientation in case of HPPMS and (111) for DC-MS deposited

coatings has been observed [21].

vacuum gas inlet
pump Ar, Np, O,, ...
4 substrate 24, : p, DC-MS
S —
"t
® g0 o®® P HPPMS
- :..;t

» ol J magnetron

+ -

E)OWGI’ supply

Figure 1.1: Schematics of the plasma enhanced PVD process including the qualitative power/time

curves for DC-MS and HPPMS processes.

The surface near region of CrAIN and TiAlIN is enriched with oxygen after the
deposition process which is most likely due to a reaction with atmospheric oxygen upon
venting the deposition chamber [22-24]. As the characteristics of the surface near region
determine the interaction of the hard coating with the polymer melt, an exact knowledge of
the chemical composition of the surface near region is of crucial interest. However, the exact
mechanism of oxygen incorporation is still under discussion as referred in chapter 1.3.3.

In order to predict and optimize the interaction between the polymer and the hard
coating, an exact knowledge of the oxide formation within the surface near region of
MAIN(O) materials is of high importance, especially when a targeted surface composition is
desired for tailored materials that show optimized properties in terms of their application,

e.g.a minimized interaction with the polymer in technical applications.
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1.2.2 Surface chemistry of titanium dioxide

Due to its interesting properties titanium dioxide (TiOz) has been extensively studied
within the last decades. Titanium dioxide offers an interesting potential for photocatalytic
applications [25], as biomaterials [26] or in dye sensitized solar cells [27] which is mostly
attributed to its optical properties offering a high refractive index and its electrical
properties of semiconducting characteristics.

Three modifications of TiO; are naturally occurring: Rutile (as shown in Figure 1.2)
and anatase show a tetragonal crystal structure, while brookite exhibits an orthorhombic
lattice. The following Table 1.1 gives an overview on the optical and electrical properties of
titanium dioxide. Based on its optical characteristics, a main application of TiO2 in the
modifications of rutile or anatase is as a white pigment [28], or as a compound in food and

cosmetics [29].

Figure 1.2: Bulk structure unit cell of the rutile modification of TiO., consisting of O anions (red)

and Ti cations (blue). The lattice parameters are a=b=4.584 A, and c¢=2.953 A [30].

Table 1.1: Optical and electrical properties of TiO,

modification refractive index band gap [32]
at 589 nm [31]

rutile n=2.90 3.02 eV

anatase n=248 3.23 eV

brookite n=2.59 3.14 eV

The surface structure of TiOz has been mostly studied under UHV conditions, e.g. by

Diebold et al. [30, 33] and Henderson et al. [34], which is reflected by extensive studies
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mainly of the TiO2(110) and TiO2(100) surface orientations and their most common (1x1)
and (1x2) reconstructions. Therefore, at this point only very few examples shall be
discussed. Bennett et al studied the formation of the (1x2) reconstruction on TiO(110) at
elevated temperatures by means of scanning tunneling microscopy (STM) [35]. They found
two differently ordered surface reconstructions depending on the stoichiometry of the bulk
crystal. On stoichiometric surfaces the (1x2) reconstruction goes along with the formation
of a Ti203 type surface termination. For heavily reduced crystals a cross-linked (1x2)
reconstruction is formed in the type of TiO>.

The interaction of small molecules such as water, alcohols or organic acids at the TiO>
surface has been intensively studied under UHV conditions within the last years [36-39]. In
contrast, only few authors studied the adsorption of larger molecules on TiO; surfaces under
ambient conditions [40, 41].

Henderson reported a different behavior of water adsorption for different TiO:
surface orientations, which is discussed based on temperature-programmed desorption
studies (TPD) [34]. They observed monolayer desorption states for the (100) surface
orientation at 205 K, 250 K, and 305 K, while only one desorption state was observed for the
(110) surface at 270 K. This behavior of water ad- and desorption is discussed based on the
different mechanisms of water dissociation on the (100) and the (110) surface involving
different surface sites for hydroxide formation of terminal and bridging surface hydroxyl

groups as shown in Figure 1.3

Hydroxyl Groups from the Dissociation of Water
on Titanium Dioxide

five-coordinate Ti(4+) cations
(acidic sites)

terminal
hydroxyl
groups

(110)
surface

bridging
hydroxyl:
groups [110]

two-coordinate O(2-) anions

[010] (basic sites) (i10]

[001] [001]
Figure 1.3: Schematics of terminal and bridging hydroxyl groups on Ti02(110) and Ti0,(100)

surfaces. Figure taken from [34].
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TiO2 single crystalline substrates that were prepared under ambient conditions, can
be employed as a model system to bridge towards more complex TiO particle interfaces,
which are much more complicated to understand regarding their morphology and chemical
composition. Nakamura et al. and Yamamoto et al. showed the preparation of well-defined,
stepped TiO; single crystalline surfaces via a procedure of wet chemical etching followed by
an annealing step in air [42-44], which was slightly modified in this work [45].

Considering relevant processes in technical applications such as fluidization,
agglomeration and sintering [46], adhesion forces between micro- and nanoparticles play an
important role. Such processes are utilized in a wide range of tasks, including the production
of pharmaceutical powders, paints and solar cells [47, 48]. As the interactions between small
particles are mostly driven by van der Waals forces, hydrogen bonding and capillary forces,
the physical and chemical structure of the particle surface is of crucial importance. Hence,
the well-defined surface composition with atomically flat terraces of TiO2 single crystalline
substrates is most suitable to study those interactions on a fundamental level. As mentioned
above, capillarity forces also have to be considered when discussing force interactions
between particles under ambient conditions [49, 50]. Farshchi-Tabrizi et al. investigated
capillarity forces between particle modified AFM tips and surfaces of different roughness as
a function of the relative humidity and reported that an influence on the adhesion force was
only detectable for hydrophilic surfaces [51]. Considering photocatalytic effects, Wang et al.
studied the influence of UV light irradiation on the wetting properties of TiO2 single
crystalline surfaces and observed a reversible surface wettability based on a photo induced
transition between Ti** and Ti3* [52].

For surface interactions and contact forces under ambient conditions, native surface
contaminations, which originate from the atmosphere, have to be taken into account as they
also have a significant impact on the surface chemistry. Such adsorbates mainly consist of
water, carbon dioxide and low weight (hydro)carbon species, such as carboxylic acids,
esters and ethers. These side effects of uncontrolled adsorbate formation can be avoided by
very controlled experimental conditions such as UHV-based setups. Up to now only few AFM
contact force experiments under UHV conditions have been reported in the literature, e.g. by
Tadepalli et al., who studied the bond formation at Cu - Cu interfaces [53] and Meine et al,,
who investigated the influence of the surface roughness on the interaction force based on
the JKR (Johnson, Kendall and Roberts) contact model [54].

When discussing force interactions on a nanoscopic level, as measured by AFM,
specific interactions directly located in the contact area as well as the sub-surface

composition and electronic properties have to be considered [55]. The presence of local
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dipoles and gradients in electron density of the interacting materials are crucial for contact
behavior of the TiO; - TiO2 system, as they contribute to the van der Waals interactions [56,
57]. Furthermore, interfacial forces of oxides can be influenced by the adsorption of self-
assembled monolayers such as organophosphonic acids which form 2-dimensional
crystalline aliphatic films [58]. This approach offers to create a model system based on a

known adsorbate chemistry as already discussed above.

1.3 Chemisorption of oxygen and oxide film growth

Within this section the basic mechanisms leading to oxide film growth shall be
reviewed. The word “oxide film” is found in literature to mean layers of oxide thickness from
a single monolayer to several hundred micrometers. Here the formation of thin oxide films
up to a few ten nanometers will be discussed.

Generally, the formation of an oxide film is preceded by the adsorption of small
molecules from the gas phase such as oxygen or water, followed by their dissociation,
ionization and surface diffusion. These processes lead to the formation of oxide nuclei and
finally the lateral growth of the nuclei until a complete layer of oxide is formed. Since the
exact mechanisms of oxygen chemisorption are complex and vary for each material, the
mechanism of oxygen chemisorption on titanium, chromium and aluminum shall be
discussed briefly here, as examples. However, it is accepted that for most surfaces the initial
physisorption of small molecules such as oxygen is followed by the dissociation of the

molecule as the first step of the chemisorption process [59-62].

1.3.1 Oxygen chemisorption on reactive metals: Ti, Cr, Al

1.3.1.1 Titanium

The chemisorption of oxygen on Ti(0001) has been investigated by Jonker et al. by
means of appearance potential spectroscopy (APS), Auger electron spectroscopy (AES), low-
energy electron diffraction (LEED), and work-function measurements obtained by the field-
emission retarding potential technique [63]. They found an impact of adsorbed oxygen on
the local density of states which increases the work function from 4.58 eV (clean surface) to
5.3 eV (oxygen saturated surface). On the bare Ti(0001) surface a strong band of states just
above the Fermi level is located close to the surface which is suppressed upon exposure to
oxygen. The authors identified two states of oxygen chemisorption: (i) A tightly bound “a

state” for a low oxygen coverage of 0.25 monolayers (ML) that can be identified by a well
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ordered p(2x2) LEED pattern, and (ii) a “f state” that is characterized by a disordered
structure and an increased work function.

Complementary ab initio studies on the oxygen adsorption on the Ti(0001) surface
were published by Liu et al. [59]. They could show that the top-surface face centered cubic
Ti(0001) sites are most favorable for the adsorption of oxygen up to a coverage of 0.25 ML.
For a system with a higher coverage of 0.50 ML additional occupation of the octahedral sites
between the second and the third Ti layer leads to the most stable configuration. At even
higher coverage of 1.0 ML the remaining octahedral sites are also occupied, which leads to a

further stabilization and a change in work function and density of states as discussed above.

1.3.1.2  Chromium
The adsorption of oxygen on Cr(110) surfaces was studied by Shinn et al. [64].
According to their work, dissociative chemisorption leads to an ordered p(4x2) oxygen
overlayer, which gives a model with atomic oxygen located in the two-fold symmetric

hollow sites as presented in Figure 1.4.

Cr(110) p(4x2)O

(@ X ) )
QOO0
000000

[170]

Y

[001]

Figure 1.4: Model of the p(4x2)0 overlayer on Cr(110). The ideal coverage corresponds to 1/8
monolayer. Red circles represent O atoms, the parallelogram shows the c(4x2) lattice. Schematics

according to [64].

A detailed work of Sakisaka et al. [65] studied the oxygen chemisorption on Cr(110)
and its impact on the band structure and work function. As investigated by electron loss

spectroscopy (ELS) at low oxygen exposures up to 2 L (1 L =1 Torr - 1 us) the interaction is

9
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dominated by the O 2p - Cr 3d orbital transition which is accompanied by an increase in
work function of +0.19 eV. In the region of 2 - 6 L the electronic interaction has to be
described by various additional transitions such as d - d ligand field, O 2p — Cr 4s, Cr 3d -
4p and Cr 3d — 4f transitions. Above 10 L the oxidized surface is dominated by Cr;03. In
summary they propose an oxidation reaction in four stages: (i) dissociative chemisorption
below a coverage of 2 L, (ii) incorporation of oxygen adatoms into the Cr selvedge between
2 - 6 L, (iii) between 6 - 15 L rapid oxidation leading to the formation of a thin Cr,03 film
and finally (iv) slow thickening of Cr,0s.

Foord et al. compared the behavior of oxygen chemisorption on the Cr(100) and the
Cr(110) orientation [66]: At temperatures of 300 K on both surface orientations metastable
oxygen overlayers, that were slowly incorporated into the underlying metal, were observed.
At higher oxygen exposures of 10 - 100 L the formation of Cr;03 films takes place leading to
an oxide film thickness of 0.4 to 1.3 nm after dosing 100 L. On the Cr(100) orientation the
oxide formed a well ordered c(2x2) LEED structure whereas Cr(110) exhibited oxygen-

induced faceting.

1.3.1.3  Aluminum

Gartland studied the chemisorption of oxygen on Al(100) and Al(111) by Auger
electron spectroscopy (AES) and work function measurements [67]. He reported
significantly different results for the two surface orientations. The sticking coefficient of the
Al(111) surface orientation drops significantly with the surface coverage, along with an
slightly increasing work function by 0.1 eV at 200 L. In contrast, the sticking coefficient on
the Al(100) surface orientation exhibits a maximum, whereas the work function decreases
almost linearly with coverage up to a total decrease of 0.5 - 0.8 eV at 200 L. A different
adsorption mechanism could be observed for the Al(111) and the Al(100) orientation. While
adsorbing randomly on the (111) surface, the oxygen atoms form clustered islands of thin
oxide on the (100) surface which is discussed based on a different surface mobility of the
oxygen atoms. This finding has been confirmed by Brune et al. who could show via scanning
tunneling microscopy (STM), that oxygen adatoms are practically immobile on the Al(111)
surface at 300 K and low coverage [68].

Flodstom et al. observed an ordered chemisorption of oxygen on Al(111) in the initial
formation of surface oxide and suggested a threefold, centered bonding site [69]. At high
oxygen exposure or high temperature, this phase transforms irreversibly to a bulklike

aluminum oxide film. The interaction is discussed based on the resonance of the O 2p orbital

10
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with the valence band of the Al surface which leads to a decrease in the distance between
the oxygen adatom and the metal surface followed by Al-0 bond formation which goes along

with a surface reconstruction that allows the formation of Al;0s.

1.3.2 Principal mechanisms of oxide film growth a high and low temperature

Followed by the initial oxygen chemisorption as discussed above, the thickness of the
oxide films grows, which can be described up to a thickness of less than 1 um by the theory
of Cabrera and Mott [70], that has been reviewed by Atkinson [71] amongst others. For such
thin films the concept of electrical neutrality - leading to an equilibrium growth process - is
unreliable, especially for a thickness of less than 20 nm in which case the Nernst-Einstein
relation is no longer applicable. The Nernst-Einstein relation (1) can be understood in terms
of the Brownian motion and gives a relation between the diffusion coefficient D and the

mobility u of the charged particles:

k,T
D=”; (1)
m2
D: diffusion coefficient in —
s
. J
kg: Boltzmann constant in X
T: temperature in K
q: electrical chargein 4-s
2
W electrical mobility in
.S

Theories of thin film growth rather have to consider ion jumps in the presence of
large electric fields and the possibility of large space charges. Cabrera and Mott assumed
that the electrons can freely pass from the metal to ionize the adsorbed oxygen species so
that the Fermi level is equal for the metal and the adsorbed layer. Thus a uniform electric
field is created by the 02 ions and the positive interface charge of the metal. Hence, this
electric field created by the electron transfer drives the transport of ions across the oxide
film and causes it to thicken. The easiest surface reaction regarding the dissociation of
oxygen can be written as:

1 02 (gas) T 2e (metal) 0z (surface) (2)

11
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Reaction (2) is assumed to be in equilibrium. Hence, we can write the equilibrium

constant K as a function of the chemical activities a:

a(0™")

" a(0,) " a(e)’ )

Where K is related to the change in standard free-energy 4G? of equation (3) and can

be described by the Arrhenius equation:

K= exp( _kAg ] (4)

B

If the surface coverage of excess 02 ions is low, it can be assumed that
a(0O*")=n,/ Ngwhere ny is the number of excess 0% ions and N;is the number of 0% ions
per unit area of the surface. The activity of an electron with respect to the Fermi level is
equal toexp(—eAe/k,T), where the difference in potential A¢p is a positive value.

Combining this with equations (3) and (4) gives:

(5)

0
ne = N.a(0,)" I{M)

k,T

The surface charges can be regarded as a plate capacitor which leads to another

expression for ng, where X is the thickness of the oxide film:

eeAQ
n, =—0—* 6
0= oy (6)
Solving equations (5) and (6) for A gives:
0 2 1/2
26A(p+ln 2eAp :_AG In 4e"N a(0,) " X )
k,T k,T k,T kyTee,

As usually eAg/k,T >>1, the second term on the left side of equation (7) can be

neglected which leads to:

12
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Ap=— (8)

AG® kT 4¢*N.a(0,)"* X
2e 2e kyTeg,

Thus according to equation (8) A¢ is mainly related to the change in free energy of

the reaction but also dependent on T and, more weakly, on a(0,) and X.

To calculate the oxidation rate, it has been assumed that the rate controlling step is
either (i) the formation of a defect in the oxide film at the oxide/metal interface as presented
in Figure 1.5 a) or (ii) the formation of a defect at the oxide/gas interface shown in Figure

1.5b).

M M M2+ 02- M2+ M M M2+ 02- M2+
M M _0* M* O* M VvV |O0* M* O
e —> me
M M M2+ 02- M2+ M M M2+ 02- M2+
M M |O0* M* O* M M |O0* M* O

Figure 1.5 a) Formation of a defect at the metal/oxide interface. The symbol V is correlated to a

vacancy, Mi?* stands for an interstitial metal ion (schematics according to [71]).

M2 0 M M2 0 M2 \—r
or M2 o% r :> o* M2 o* MT
M2 0% M2+/ 02-(Surface) M2 0% V. O*
o* M* o o* M* O*

Figure 1.5 b) Formation of a defect at the oxide/gas interface (schematics according to [71]).

According to Figure 1.5 a) for the chemical reaction in case of (i) we can write the
following equation:

M (metal) = Mi%*(oxide) + 2€(metal) +V (metal) (9)

Assuming that the activation energy W for the jump from the metal into the oxide

film is larger than the activation energy for its subsequent jumps within the oxide film,AH ,
means that W — AH, is the energy of the incorporation of the defect. Under influence of an

electric field the activation energies are reduced by gaA@/2X . The interface is considered

13
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to be far from equilibrium because the electric field does not allow the reaction to take place

in the reverse direction. Within this so called “high-field limit” the growth rate is given by

d—X:avexp _ exp galry (10)
dt k,T 2k, TX

where v is the vibrational frequency of the atoms in the interface. Writing

X, =qaA@/2k,T and D, = a’vexp(-W / k,T) equation (10) can be simplified to:

dX D. X,
—=—texp| — 11
dt a p( X j (1)

According to equation (11) the oxidation rate decreases exponentially with
increasing film thickness. When X << X; (X: can be considered as the limit for which the
assumptions made above are valid) equation (11) can be integrated to give the inverse

logarithmic law

Ll(wJ 12

where X is the limiting thickness above which further growth can be neglected.
According to the criterion of Cabrera and Mott who give a negligible rate of 10-1> ms1, X; is
given by:
w
X, =X,/| —-39 13
- "

B

For the chemical reaction in case (ii) (defect formation at the oxide/gas interface

according to Figure 1.5 b) we can write the equation:
M2+[0Xide) + OZ_(surface] - Vil + MO (14)

Basically the calculation of the growth rate is analog to the considerations presented
above with the difference that only those metal ions that can reach a surface 0% directly
from the metal/oxide interface can undergo reaction (14). Thus the number of surface 02

ions will depend on the geometrical arrangement of the surrounding atoms which will give

14
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an average coordination number of 5 for a surface ion, which means that the growth rate

depends on the concentration of surface O% ions. This results in an equation analog to (10):

d—X: SGV&GXP - exp gang (15)
dt N k,T 2k, TX
With equation (6) for no the growth rate is analog to equation (11)

d_X: —SggOA(o &exp(ﬁJ (16)
dt 2eN,X | a X

giving a slightly different kinetics compared to equation (11) because of the
appearance of X in the denominator which leads to a smaller limiting thickness X; than
predicted for the defect formation at the oxide/metal interface. Analog to (13) the limiting
thickness is:

w
X, =X /|—-39+InX 17
L 1 (kT L] ( )

B

A slight modification to the model discussed above has to be made for low-
temperature oxidation (LTO). LTO defines an oxidation reaction that takes place at
temperatures near 25 °C or below in which an oxide layer forms with a very small or even
zero activation energy. Due to the assumptions made there, the Cabrera-Mott theory as
shown above has to be modified for some instances as discussed by Fehlner and Mott [72].

An important difference is the fact that LTO is controlled by the morphology of the
oxide itself where, for example, the migration of anions through the oxide film also has to be
considered in contrast to solely cation movement as described by Cabrera and Mott. The
initial chemisorption is followed by a fast oxidation process in which anions and cations
interchange positions. This happens when the energy, due to the electrostatic image force of
an oxygen ion, is greater than the binding energy that holds the ion in place. Vice versa a
stable film is formed when the binding energy is larger than the image force, which leads to
the formation of oxygen ions on the surface that build up a potential across the film. This
potential provides the driving force for the ongoing reaction of a slow, logarithmic oxide
growth according to Cabrera-Mott. Here the rate of the ion transfer is limiting as described

by the Cabrera-Mott mechanism for the cation movement. In contrast, for anion movement
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the assumption that the structure changes with film thickness as proposed by Eley and
Wilkinson [73] is necessary. If the oxide film re-orders to form microcrystals, the
logarithmic reaction rate can increase as in networks ions can easily migrate along grain
boundaries to form domains. Furthermore the logarithmic growth rate can be increased by
the presence of water vapor if the water induces dangling bonds into the oxide network
structure.

To summarize, the process of low temperature oxidation can be divided into three
parts that smoothly transform into the following:

(i) Fast incorporation of oxygen into the metal surface by place exchange;

(ii) continued, slow logarithmic growth of the oxide film caused by the electric

field built up across the oxide and
(iii)  accelerated logarithmic growth that results from the re-ordering of the film

with crystallization and domain growth.

1.3.3 Oxygen chemisorption on metal nitride surfaces

The TiAIN and CrAIN phases, which are discussed within this work, exhibit a face
centered cubic (fcc) NaCl structure (as presented in Figure 1.6) with a transition to an

amorphous phase for TiAINO at high contents of oxygen [23].

m|\|||.mu|l.m|m‘|mml‘wug

. el

Figure 1.6: Structure of Tio.5Alo.sN(001) interacting with four oxygen molecules. In the bulk
structure Ti and Al are statistically distributed in the fcc lattice on the cation positions. The
chemisorption of oxygen goes along with the displacement of Ti atoms from the surface plane.
Figure taken from [74].
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Shaha et al. performed ab inito molecular dymanics simulations and proposed a
mechanism oxygen incorporation into the bulk structure of Vo5AlosN1xOxby replacement of
nitrogen lattice positions by oxygen along with the formation metal vacancies [75]; where
the mechanism of oxygen incorporation of TiAIN phases is a topic of ongoing research.

Music et al. studied the interaction of the TigsAlosN(001) surface with small gas
phase molecules such as Oz, H20 and CO; by means of ab inito molecular dynamics (MD)
simulations [76]. They could show that the dissociative adsorption of O occurs at Ti surface
sites and suggested that an increased Ti-O bond strength in comparison to Al-O is the
electronic origin of the early stages of TiO2 formation on TiosAlosN(001). They also observed
the displacement of Ti from the TiosAlosN(001)/0 interface layer which generates vacancies
and enables the mobility at the interface.

However, the exact mechanism of oxygen adsorption and following dissociation on
TiAIN has not been investigated in detail, yet. The initial oxidation stages TiN(100) were
investigated by means of ab initio MD by Zimmermann et al. in [77]. As presented in Figure

1.7, they propose a mechanism of dissociative oxygen adsorption in which the oxygen
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Figure 1.7: Snapshots from a MD simulation of the dissociative adsorption of an oxygen molecule
on the TiN(100) surface. Green: Ti; blue: N. (a) initial configuration; (b) after 94 fs; (c) after 109 fs;
(d) after 131 fs; (e) after 145 fs; (f) final configuration. Figure taken from [78].
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molecule hits the surface and initially binds to a Ti atom, as described more detailed in [78].
Subsequently, the oxygen molecule moves to a bridge position connecting two surface Ti
atoms followed by the dissociation step in a so called “hot atom” mechanism [79]. The
electron donation occurs from the metal atoms into the antibonding orbitals of O,. However,
at this point it is not clear whether this mechanism of oxygen adsorption can be directly
transferred to Tail. In both cases at least the reaction of oxygen with titanium is the
dominating process.

For technical processes further oxidation processes especially at elevated
temperatures are of high relevance. McIntyre et al. studied the oxidation of TiAIN at elevated
temperatures up to 1173 K in pure oxygen at ambient pressure and identified aluminum
and oxygen as the mobile species leading to the formation of an about 100 nm thick
aluminum oxide layer with an underlying titanium oxide layer of comparable thickness [9].
Tempez et at. studied the oxidation of TiAIN at temperatures of 460 °C and an oxygen
pressure of 10-¢ Torr [79]. By means of mass spectrometry and X-ray photoelectron

spectroscopy (XPS) they could identify the preferential formation of TiO2 on the surface.

1.4 Surface and interface analysis

In this section two important surface analysis techniques that were applied within
this work, shall be illustrated briefly: (i) Atomic force microscopy (AFM) and (ii) X-ray
photoelectron spectroscopy (XPS). As both techniques are well established and available in
numerous commercial setups only the aspects that are important for this work shall be

summarized here.

1.4.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analysis technique that
not only offers the elemental composition, but also gives information about the oxidation
state or the type of bonds of the observed elements [80]. Usually, the information depth is
limited to about 5 - 10 nm which makes XPS an outstanding tool to investigate the surface
near region of a material.

Photoelectrons are excited via an X-ray source typically with the energy of
hv=1486.7 eV (corresponding to Al-k. originating from an aluminum anode) or

hv=1253.7 eV in case of Mg-k. In the photoelectron process the incident X-ray photon
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ejects an electron from a core level; the kinetic energy KE of the photoelectron is measured

by an electron spectrometer. One is usually interested in the binding energy BE of the

orbital, the photoelectrons originate from, as this energy is characteristic for a certain

element with a certain core level transition. The binding energy can be determined by

BE=hv—-KE-®

(18)

where @ is the work function of the spectrometer. Hence, all electrons with a lower

binding energy than the incident photon energy hv can be ejected from their orbitals. Each

core level can be identified by the following quantum numbers as shown in Figure 1.8.

label
3ds),
3p3n
3pin
3s
) pd=1 32 2p3p
. 12 2p1n
; s(1=0)
1/2 2s
s (1=C
|
BE /eV
Figure 1.8: Schematics of different core levels and their corresponding quantum numbers and
labeling.
n: principal quantum numbers (n = 1, 2, 3, ...) corresponding to the electron
shellsK, L, M, ...
I: azimuthal quantum number (0 <1< n-1), additionally referred as
s for 1=0
p for 1=1
d for 1=2
f for 1=3
j: total angular momentum quantum number |j| =1+ s, where the spin quantum

numbers= +1/2
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For all core levels with |1 > 1 the spectrum will split into a doublet due to the spin-
orbit coupling. The relative population of the occupied states is given by (2j + 1). For
example, this results for a 2p orbital where j = 1/2 and j = 3/2 in a population ratio of 2 : 4

which is directly reflected by the area of the measured 2p doublet peaks.

The information depth in XPS can be varied by the take-off angle of the
photoelectrons, which is referred as angle resolved XPS (AR-XPS). Here the constraint
should be kept in mind that the roughness of the sample should be not significantly higher
than the information depth of XPS.

photoelectrons

sample

Figure 1.9: Scheme of the geometrics giving the information depth d as a function of the take-off

angle @

Figure 1.9 shows some simple geometric considerations, where d is the information
depth, A is the attenuation length of the photoelectrons and @ is the take-off angle of the
photoelectrons with respect to the sample’s surface normal. The typical attenuation length
A of the photo electrons in a solid can be estimated based on a square root law as a function
of the kinetic energy [81]. Usually, A is between A = 1.5 to 3.0 nm in the energy range that is
typically observed in a XPS spectrum excited with an Al-K.X-Ray source at 1486.7 eV. The
escape depth of the electrons is usually referred to 3A; as 95 % of the photoelectrons
originate from a depth of 3A. As illustrated in Figure 1.9 the information depth d can be

calculated as a cosine-dependent function of the take-off angle 6 [80]:

d=3Acos® (19)

These considerations lead to specific information depths for each element and take-
off angle of the photoelectrons and are only valid under the assumption of a homogeneous

distribution of the elements within the probed surface layer. As an example, the probing
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depths for some selected elements are given for different take-off angles of the

photoelectrons in Table 1.2.

Table 1.2: Probing depth as a function of the XPS take-off angle [81, 82]

take-off angle to d /nm

surface normal ® /

degrees Cr2p 01s N1s Al 2s
30 4.2 4.3 4.6 5.2
60 2.4 2.5 2.7 3.0
80 0.8 0.9 0.9 1.0

1.4.2 UHV and ambient pressure atomic force microscopy

The invention of the Scanning Tunneling Microscope (STM) by Rohrer and Binnig in
the early 1980s opened a new door to ultrahigh resolution microscopy and was the first
member of the scanning probe microscope (SPM) family [83]. In 1986 Binning, Quate and
Gerber designed the Atomic Force Microscope (AFM) [84], which offers various powerful
techniques for surface and interface analysis based on surface imaging techniques, surface
manipulation in the nanometer scale and measuring of forces in the pN regime [85]. A huge
advantage of the AFM technique is its high versatility providing various measuring modes
for different applications and environmental conditions such as air, liquid or ultrahigh
vacuum. Since these techniques are well established and available in numerous commercial
setups today, place only a very short overview shall be given.

AFM is based on the principle that a sharp probe with a tip diameter of typically 5 -
10 nm usually made of Si or SizNy, is attached to a microfabricated cantilever beam. The AFM
cantilever can be positioned via a piezo system in all three room axis (X, y in sample plane, z
perpendicular to the sample plane) with accurateness in the sub-nanometer-range. The AFM
probe interacts with the sample surface, which causes the cantilever beam to bend due to
the occurring interaction force between AFM tip and the substrate. The cantilever
displacement is measured by a laser-optical detection system and represents the input-

value for the measurement electronics.
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1421  AFM imaging

AFM imaging can be performed in various modes e.g. contact mode, intermittent
contact mode or non-contact mode just to mention the most common ones. In all imaging
modes the AFM tip is scanned line-wise across the sample surface to acquire an image.
Dependent on the construction type of the AFM scanner, the imaging area is mostly limited
to typically 100 x 100 um? or even smaller. In contact mode the AFM tip is “dragged” along
the sample surface, simultaneously the topography of the sample is reproduced by a
feedback control that keeps the cantilever displacement - and thus the force applied to the
surface - constant by moving the z-piezo perpendicular to the sample surface. Although the
applied force is quite small (usually in the range of 1 - 10 nN), as a limitation of this imaging
mode, rigid samples are required to avoid damage of the sample surface.

When “soft” samples such as polymers or even living cells shall be investigated, often
the so called intermittent contact mode is used [86, 87]. In this mode the AFM cantilever is
oscillated at an amplitude of a few tens of nanometers slightly below its resonance
frequency. The resonance frequency of the cantilever is usually in the range of 20 - 300 kHz
dependent on the mechanical characteristics of the cantilever and the medium (liquid or air
environment) in which it is operated. An advantage of this mode is that the force applied to
the sample can be controlled very carefully, as the oscillation amplitude of the cantilever is
used as the lock-in value for the z-piezo feedback control. Typically the free oscillation
amplitude is damped to values between 98 % (low force) and 40 % (high force) during
imaging in contact with the sample.

Contact mode and intermittent contact mode are usually applied in air or liquid
environments. However, ambient AFM experiments come along with the limitation that the
interaction between the tip and the sample is also influenced by the environment, like
capillary condensation in humid atmosphere [88]. Under UHV conditions these side-effects
can be avoided which offers advanced imaging techniques to achieve ultimate resolution.
Those experiments are usually performed in noncontact mode. Here the cantilever is also
driven at its resonance frequency and the measurement is solely performed in the regime of
attractive forces. As a lock-in signal the frequency shift of the cantilever - caused by the
force interaction with the sample surface - is analyzed, which makes this method extremely
sensitive for smallest interactions between the tip and the sample. By means of noncontact
AFM Gross et al. studied the electronic structure of pentacene by using a single CO molecule
adsorbed on an AFM tip as a probe [89]. Giessibl et al. observed subatomic features in the
Si(111)-(7x7) structure [90], the chemical identification of single surface atoms is also

possible as shown by Sugimoto et al. [91].
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1.4.2.2  AFM force distance spectroscopy

As mentioned above, the AFM is also a powerful tool for measuring forces in the pN
range. A common method of AFM force measurements is the technique of force distance
spectroscopy, that has also been extensively applied and reviewed within the last years [85,
92]. Via the chemical modification of the AFM tip and/or the substrate, the interaction
between single molecules or within biological systems can also be probed [93]. Within this
work, the contact force between an AFM tip and a sample has been studied under UHV
conditions, which has rarely been reported in the literature up to now, e.g. by Tadepalli et al.
[53], Meine et al. [54] and Ozkaya et al. [94].

The interactions between cantilever and sample can basically be described by the
interplay of attractive van der Waals forces and the repulsive forces caused by the Pauli
exclusion principle which forbids orbitals with identical electron spin to overlap between
AFM tip and sample. The overall potential between the AFM tip and the substrate can be
basically be described by the well-known Lennard-Jones potential [95] that is shown in

Figure 1.10 and gives the potential W as a function of the distance r

W~——— withn>>6 (20)

where the — %6 term represents the longer range attractive van der Waals interactions

and therinterm the very short range repulsive forces as caused by the Pauli repulsion. In

many cases n is set to 12 to allow easy mathematical handling which leads to the so called

Lennard-Jones-(12,6)-Potential.

Figure 1.10: Lennard Jones potential, which described the overall interaction based on longer

range attractive forces and short range repulsion
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In AFM force-distance experiments the AFM tip is approached from a certain distance
(e.g. in the range of 0.1 to 1 um) to the surface. The attractive and repulsive interactions as
discussed above lead to an ideal AFM force curve as presented in Figure 1.11 which shows
the force F that is applied to the cantilever as a function of the z-piezo displacement x.

For large distances between the AFM tip and the sample the resulting force is close to
zero. At low distances of several nanometers the attractive van der Waals forces cause the

cantilever to jump to the surface which is called “snap in”.

Hooke’s region

“snap in“

/

specific adhesion force

Figure 1.11: Idealized force-displacement plot for approach (red) and retraction (blue). When the

cantilever is retracted from the surface, the adhesion force between tip and surface is observed.

Hooke’s law can be applied for small deflections of the cantilever

F=k-Ax (21)

with F: applied force [nN]
k: spring constant [nN/nm]

Ax::  displacement of the cantilever [nm]

When the cantilever is retracted from the surface usually a hysteresis between snap

in and snap off is detected, that is caused by the specific adhesion between the AFM tip and
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the sample in contact. This force can be correlated to adhesion phenomena which are
determined by specific chemical binding such as hydrogen bonding, coordinative bonds or

ligand - receptor interactions.

1.4.2.3  AFM force calibration
To measure a force accurately in an AFM experiment, the force constant k of the
cantilever has to be known as referred in equation (21). The force calibration is usually

performed in a two-step procedure:

(i) Determination of the sensitivity of the cantilever
At first the so called sensitivity 2 of the cantilever is determined from the slope of the
Hookian part of the force-displacement curve in which the photodetector signal I is given as

a function of the z-piezo displacement x:

T
|5

(22)

The sensitivity (2 is normally discussed in nm/V, which makes it possible to obtain
the deflection of the cantilever directly in nanometers from the photodetector signal given

in volts.

(ii) Determination of the force constant of the cantilever

The force constant can be determined by the so called “thermal-K method”, which
uses thermally induced vibrations of the cantilever to calculate the force constant. The
procedure is described in detail in the literature [96]. The thermally induced vibrational
noise is recorded and Fourier-transformed in the time domain which leads to a power
spectral density plot as a function of the frequency. This plot can be fitted and correlated to
the thermal energy ksT, which allows the calculation of the spring constant k in N/m. Within
this calibration step it has to be kept in mind that significant errors up to 30 % may occur
due to the mathematical modelling of the oscillating cantilever. Thus the obtained values for

the force constant have to be discussed carefully.
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Together with the sensitivity as discussed in equation (22) and Hooke’s law (21),

now the applied force F can be calculated directly from the deflection signal I:

F=1-Q-k and [nN:V-@-ﬂ} (23)

V. nm

Although the force curve discussed in Figure 1.11 is strongly idealized, the force
curves that were observed under UHV conditions within this work did not show significant
differences. An example of a force curve obtained for a TiO2 - TiO2 nanocontact in UHV is

presented in Figure 1.12.

— retract
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Figure 1.12: Exemplary AFM force curve obtained for a TiO; - TiO; nanocontact. The figure is also

found in the supplementary material of [97].

The shown force curve is characterized solely by short range van der Waals
interactions in the approach regime and a strong specific interaction in the retract part. It
has to be noticed, that in the contact regime the approach and retract curve are not fitting
which is a common problem of piezo nonlinearities such as creep or hysteresis. However

these side effects can be neglected as they do not affect the measurement.
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Chapter 2

2 Advanced experimental approaches

2.1 Time resolved XPS studies of oxygen chemisorption

Within this work the temporal evolution of the oxygen chemisorption was studied by
means of time resolved XPS spectroscopy which is a highly interesting tool to study dynamic
processes in the time range from a few seconds to several minutes. In contrast to classical
XPS experiments, in which the observed energy has to be scanned over the energy range of
interest (e.g. from 468 eV to 452 eV binding energy for Ti 2p), within these experiments
each core level spectrum could observed within a single snapshot.

During the XPS measurement at each moment electrons of all kinetic energies are
excited by the photoelectron process and are able to enter the spectrometer. Dependent on
the settings of the electron optics and the setup of the analyzer/detector unit, only electrons
of a small energy range (typically a few eV) can reach the detector generating the measured
signal. Within the analyzer, the electrons are forced to a circular path. Hence, the exact
location where the electrons exit the analyzer sphere (and reach the detector) gives
information on the energy dispersion of the measured signal. Conventional electron
detectors that are equipped with e.g. seven (or nine) channels would offer seven (or nine)
reading points, corresponding to the number of channeltrons available. If the used electron
detector offers a high spatial resolution, a whole core level peak can be acquired with a
satisfying energy resolution as shown in Figure 2.1, at once. Within this work a 128 channel
detector (Argus, Oxford Instruments) has been used.

The width of the energy region that is observed by the electron spectrometer is
dependent on the pass energy of the photoelectrons that is set for the experiment. The pass
energy correlates linearly with the width of the photoelectron energy range that is observed
by the spectrometer. For the spectrometer used in this work, the observed energy range is
AE =14.3 eV at 100 eV pass energy and AE = 7.2 eV at 50 eV pass energy.

For the time resolved XPS experiments performed within this work, the pass energy
was set to 100 eV to cover the whole Ti 2p core level peak. XPS spectra of the O 1s, Ti 2p,
N 1s and Al 2p core level peaks were successively measured in the so called “snapshot
mode”. The acquisition time per element spectrum was set to four seconds to achieve a
satisfying signal to noise ratio. Hence, the time resolution of the experiment was 26 s per

loop cycle, that resulted from 4 s each per core level spectrum and about 2.5 s for switching
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the analyzer energy after each measurement. When using this mode it is important to
calibrate the sensitivity of the 128 channels according to the proceedings given by the

manufacturer to achieve reliable results.
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Figure 2.1: Comparison of a 128 channel detector (left) and a 9 channel detector (right). Due to the
high number of channels die whole doublet peak can be resolved sufficiently (left) which is not
possible for the conventional detector (right). The screenshots were taken from the Omicron

Oxford photoelectron spectroscopy control software.

In order to create a bare TiAIN surface the native oxide layer of the sample was
removed by Ar* sputtering with 2 keV for 300 s. Afterwards the re-oxidation of the TiAIN
surface was triggered by introducing oxygen into the XPS chamber via the leak valve of the
Ar* sputter source. During oxygen dosing the pressure in the XPS chamber was increased
from the base pressure of p pase= 1-10-° mbar to pdosing= 1-10-8 mbar, which resulted in an

oxygen partial pressure of p o2 =0.9-10-8 mbar with simultaneous acquisition of snapshot

mode XPS spectra as discussed above.

p(0,) = 1:10® mbar to 128 channel
detector

h- O1s-Ti2p-N1s-Al2p
F 26's —‘

AINTINAINTI

Figure 2.2: Schematics of time resolved XPS experiments
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2.2 UHV-AFM force distance measurements and combined surface analysis
on single crystal oxides
Within this work subsequent surface preparation, analysis by means of XPS and UPS

(UV photoelectron spectroscopy) and UHV-AFM contact force experiments were performed

within the same UHV analytical setup as presented in Figure 2.3.

Figure 2.3: Illustration of the UHV analytical setup allowing the measurement of surface chemistry
and contact forces. 1) preparation chamber; 2) analysis chamber; 3) AFM chamber; 4) gas and

water dosing system

Prior to these experiments, both TiO2 surfaces - the TiO2(110) substrate and the TiO>
coated AFM tip - were cleaned by gentle Ar* sputtering with an ion-energy of 200 eV, which
resulted in the complete removal of carbon contaminations after 12 minutes for the
TiO2(110) single crystalline substrate and 15 minutes for the TiO; modified AFM tip. Here it
has to be checked carefully that the AFM tip is mounted upside-down on the sample
manipulator so that the tip apex is located within the sputter area of the Ar* source.

UHV-AFM force distance curves were obtained from an overlying 16 x 16 point grid
on a 2 x 2 um? probing area. The approach and retract speed of the AFM tip was set to
1 um/s, the overall distance of each force curve was 250 nm. The measured forces were
calibrated based on the sensitivity of the AFM setup derived from the force curve and the
nominal spring constant of the AFM cantilever.

The obtained force curves were analyzed for the lowest value of the retraction curve

which represents the contact force as shown in Figure 1.12. To allow data analysis on a
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statistical basis, at least 330 force values were evaluated for each set of experiments. The
obtained contact force values were displayed in histograms (as exemplary shown in Figure
2.4) giving the number of observed force curves as a function of the contact force. The width
of the histogram bins showing the number of the observed contact force events was set to 1
nN.

For water dosing within the AFM chamber a reservoir with ultrapure water was
attached to a gas dosing system that featured a capillary with a distance to the sample of
about 10 mm to allow targeted water dosing. Via a leak valve system water was dosed until
the pressure of within the AFM chamber was increased from p pase = 1-10° mbar to pdosing =
3-10-8 mbar for 30 minutes. After the contact force mapping the sample was transferred to
the analysis chamber for XPS and UPS studies. In the following step the TiO2(110) sample
was transferred back to the SPM chamber, annealed at 473 K for 30 minutes followed again

by AFM force mapping and electron spectroscopy within the analysis chamber.
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Figure 2.4: Example of a histogram giving the event frequency as a function of the observed

adhesion force. The overall number of data points is 330.
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Publications

In this chapter the publications that were generated within this work are presented.

Overall six publications, where four publications are main author contributions (*) and two

publications are second author contributions (**), are relevant for the here presented thesis

and are located in a coherent context. The following publications will be discussed:

l**

I*

I+

\"%

V*

VI*

C. Gnoth, C. Kunze, M. Hans, M. to Baben, ]. Emmerlich, ].M. Schneider, G. Grundmeier
Surface chemistry of TiAIN and TiAINO coatings deposited by means of high power
pulsed magnetron sputtering

Journal of Physics D-Applied Physics, 46 (2013), 084003.

C. Kunze, R. H. Brugnara, N. Bagcivan, K. Bobzin, G. Grundmeier

Surface Chemistry of PVD (Cr,Al)N coatings deposited by means of Direct Current and
High Power Pulsed Magnetron Sputtering

Surface and Interface Analysis, 45 (2013), 1884-1892.

N. Bagcivan, K. Bobzin, G. Grundmeier, M. Wiesing, 0. Ozcan, C. Kunze, R. H. Brugnara
Influence of HPPMS Pulse Length and Inert Gas mixture on the Properties of (Cr,Al)N
Coatings

Thin Solid Films, 549 (2013), 192-198.

C. Kunze, D. Music, M. to Baben, ].M. Schneider, G. Grundmeier
Temporal evolution of oxygen chemisorption on TiAIN
Applied Surface Science, 290 (2013), 504-508.

C. Kunze, B. Torun, I. Giner, G. Grundmeier

Surface chemistry and nonadecanoic acid adsorbate layers on TiOz(100) surfaces
prepared at ambient conditions

Surface Science, 606 (2012), 1527-1533.

C. Kunze, I. Giner, B. Torun, G. Grundmeier

Influence of the surface chemistry on TiO; - TiOz nanocontact forces as measured by an
UHV-AFM

Chemical Physics Letters, 597 (2014), 134-138.
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Within publication I the chemical composition of the surface near region of TiAIN(O)
surfaces was investigated in detail for the first time by means of angle resolved XPS
experiments. It could be shown that the composition of the surface near region significantly
differs from the bulk composition of the coatings which had not been taken into account yet
when discussing the interaction of such a coating with a polymer(melt).

These results have been transferred to the related materials of the composition
CrAlN as discussed in publication II. Within this work - based on the previous publication -
the influence of the HPPMS sputter process parameters have also been investigated more
detailed. It could be shown that the tendency of the surface near region to incorporate
oxygen can be influenced by the choice of adequate process parameters.

The influence of the process parameters during the deposition of CrAIN not only on
the surface composition but also on bulk properties (such as hardness and morphology)
have been investigated in III. These results can be nicely correlated to the previous work.

As the question of oxygen chemisorption and further incorporation into the surface
near region of MAIN(O) is of crucial interest towards designing tailored materials, the initial
chemisorption of oxygen on TiAIN was investigated in IV. Interestingly the oxygen
chemisorption is determined by the reaction of titanium with oxygen along with the
formation of titanium vacancies - not by the reaction of aluminum with oxygen which would
the favored because of thermodynamic reasons.

The interaction of titanium oxide surfaces with organic molecules was studied in V.
Here, atmospherically prepared TiO: single crystalline surfaces were evolved as a model
system to study the interactions on a fundamental level.

Based on the employment of atmospherically prepared single crystalline surfaces as
discussed previously the interaction forces in TiO; - TiO2 nanocontacts were studied under
UHV conditions in VI. It could be shown that the state of the surface in terms of defect
density is of crucial importance for the observed contact force. As the formation of defects is
also important for the interactions at TiAIN surfaces as discussed in IV, such experiments

might offer interesting studies for future work.
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3.1 Surface chemistry of TiAIN and TiAINO coatings deposited by means of

high power pulsed magnetron sputtering

Christian Gnoth, Christian Kunze, Marcus Hans, Moritz to Baben, Jens Emmerlich,
Jochen M. Schneider, Guido Grundmeier

Journal of Physics D - Applied Physics, 46,2013, 084003.

Reprinted from Journal of Physics D - Applied Physics, Volume 46, Authors: C. Gnoth, C.
Kunze, M. Hans, M. to Baben, J. Emmerlich, .M. Schneider, G. Grundmeier, 084003,
Copyright (2013), with permission from IOP Publishing.

The scientific work and discussion was coordinated and consolidated by CK under
supervision of GG.

The manuscript was prepared by CK based on preliminary work of CG; MtB
contributed to the introduction of the manuscript.

Hard coatings were deposited by MH and MtB.

EDX measurements and data evaluation were performed by MtB and JE.

XRD measurements and data evaluation were performed by JE.

XPS measurements and data evaluation were performed by CK and CG.

The manuscript was revised by GG and JMS.

This publication is in context of the master thesis of C. Gnoth (“Surface chemistry and
wetting properties of TiAION and CrAION plasma layers”, January 2012) under supervision of C.
Kunze at the chair of Technical and Macromolecular Chemistry of Prof. Dr.-Ing. G. Grundmeier.
The work of the master thesis has been performed on a different set of TiAINO coatings that

have been deposited with varying parameters as discussed in the publication below.

Within this paper the chemistry of the surface chemistry of TiAIN and TiAINO hard
coatings has been investigated. It could be shown that the surface near region of the
investigated coatings is enriched with oxygen in comparison to the bulk composition. As this
coating system is used during cutting and polymer forming operations, the here established
difference between the bulk composition of the coating and the composition of the surface
near region of the coating is of great relevance for understanding interfacial dominated

interactions.
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Abstract

It is shown that the investigated TiAIN and TiAINO protective coatings show an enrichment of
oxygen in the surface near region with concurrently higher oxidation states of titanium. We
suggest that surface oxidation is caused by reaction with atmospheric oxygen at room
temperature and/or with residual gas immediately after deposition during cooling in the
chamber. As this coating system is used during cutting and forming operations, the
here-established difference between the coatings composition and the composition of the
surface near region of the coating is of great relevance for understanding the interactions

thereof with the materials to be cut or formed.

(Some figures may appear in colour only in the online journal)

1. Introduction

TiAIN is widely used as protective coating for cutting and
forming tools due to the high hardness combined with good
oxidation and wear resistance [1, 2]. It has been proposed that
by incorporation of oxygen TiAINO can be used as protective
coating in contact with molten JIS ADC 12 aluminum alloy
[3] and for processing of transparent polymers [4]. By
deposition of CrAINO coatings on a steel extruder, the number
of low-quality components formed could be decreased nearly
by a factor of three [5]. In order to investigate the basic
mechanisms leading to the low adhesion between polymers
and MAINO (M = Ti, Cr) coatings, the interface between
polypropylene and MAIN and M AINO was recently studied
by ab initio calculations [6]. It was shown that the work of
separation between polypropylene and defect-free My sAlgsN
and My 5AlpsNosOq s surfaces is very small and in the same
order of magnitude as decohesion energies for V,0s [7].
Radicals, which may be formed by e.g. shearing of the
polypropylene melt [8, 9], increase the work of separation by
two orders of magnitude [6]. In the ab initio calculations
M0_5A10‘5N or M0'5A10_5N0.500‘5 surfaces as well as Ti().sA]()jN
surfaces with agglomerated surface vacancies were considered
[6]. Under technical conditions, after deposition, a coated tool

0022-3727/13/084003+07$33.00

surface will be exposed to ambient atmosphere which can lead
to a change in the chemical composition of the surface near
region.

However, reactions may also occur during deposition
between the surface near region of the coating and residual
gases present in the deposition chamber. In high vacuum
the residual gas is mainly H,O [10]. Hence, oxygen and
hydrogen stemming from residual gas may be incorporated
during growth [10]. High plasma density pulse discharges [11]
and the presence of magnetic fields [12] were shown to result
in efficient ionization of residual gases. Furthermore, it has
been reported that ion bombardment reduces the amount of
incorporated H [13], as hydrogen is desorbed from the surface
near region of the coating during growth [14]. However,
oxygen stemming from H,O is expected to be incorporated
during ion-assisted growth as the oxide bond energies are
significantly larger than for hydroxyls or hydrides. The surface
near region of an as-deposited TiAIN or TiAINO coating may
be further oxidized in the deposition chamber immediately
after deposition during the cool down sequence by residual
gas. It is also reasonable to assume that upon exposure to
air at room temperature and ambient pressure oxidation of the
surface near region and surface adsorption may occur as the
partial pressures of water and oxygen as well as small organic

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Table 1. Deposition parameters.

Sample Ar-flow N,-flow O,-flow p(Ar) p(N2) p(O;) Thickness
no. (sccm) (sccm) (sccm) (mPa) (mPa) (mPa) (um)

1 200 75 0 347 137 0 1.4

2 200 75 5 347 137 6 1.4

3 200 75 8 347 137 10 1.1

4 200 75 12 347 137 15 0.7

molecules are significantly higher than under high vacuum
conditions.

Angle resolved x-ray photoelectron spectroscopy (AR-
XPS) measurements were reported for amorphous TiAIN
coatings showing that the surface near region was partly
oxidized and enriched with Al due to air exposure [15].
To the best of the authors’ knowledge, no data on the
composition of the surface near region and gradients therein
were reported to date for crystalline TiAIN and TiAINO.
Therefore, the goal of this work is to identify the surface
near composition of TiAIN and TiAINO in order to contribute
towards understanding surface phenomena, such as the
mechanisms leading to low adhesion between polymers and
MAINO coatings. Furthermore, surface near composition data
are instrumental for compiling realistic models describing the
interaction between the coating and material to be formed
or cut.

TiAIN and TiAINO coatings were deposited by high
power pulsed magnetron sputtering (HPPMS) [16, 17] and
the resulting structure, composition and thickness were
analysed by x-ray diffraction (XRD), energy-dispersive
x-ray spectroscopy (EDX) and scanning electron microscopy
(SEM), respectively. To study the composition of the surface
near region and gradients therein, AR-XPS was used. AR-XPS
is highly surface sensitive and allows the determination of the
chemical composition and chemical states. Experiments at
varying take-off angles allow obtaining chemical composition
gradients on the nm scale.

2. Experimental

2.1. Materials and chemicals

All chemicals were used without further purification.
Isopropanol, tetrahydrofuran and ethanol for cleaning
purposes were purchased in p.a. grade from VWR
International, Germany. Silicon wafers of orientation Si(1 00),
(p-doped with boron, single-side polished) were purchased
from Si-Mat, Kaufering, Germany.

All surfaces were cleaned with organic solvents before
analysis. The samples were sonicated in tetrahydrofuran,
isopropanol and ethanol for 15 min each and rinsed with clean
solvent before the next cleaning step. After rinsing with pure
ethanol the samples were dried in a flow of pure nitrogen gas.

2.2. Deposition parameters

The coatings were deposited on electrically floating Si(100)
substrates by HPPMS in a CC-800/9 CemeCon deposition
chamber using a 500 x 88 mm? TiAl sputter target consisting

Table 2. Probing depth as a function of the XPS take-off angle [19].

Take-off Probing
angle ® (°)  depth (nm)
30 2.60

60 1.50

80 0.52

of a Ti plate with inlays of Al leading to a Ti/Al ratio close
to 1. The target voltage was set to 700V at 450 Hz and the
pulse-on-time was 200 us, leading to a time average power
density around 10.5 W cm™2. The pulse shape was similar to
the one reported in [18] (figure 2). The target-to-substrate
distance was 155mm and the base pressure was 0.15 mPa.
Tig.5Alg5sN;_ O, coatings were synthesized in an Ar/N,/O,
atmosphere at 420 °C substrate temperature for 100 min. The
Ar and N, flows were kept constant at 200 sccm and 75 scem,
respectively. The O, flow was setto O sccm, 5 sccm, 8 sccm and
12 sccm in four deposition runs, respectively. The resulting
partial pressures are shown in table 1. Throughout the
deposition experiments the target was kept in the metallic
sputter mode.

2.3. Analytical methods

AR-XPS measurements were performed by means of an
Omicron ESCA+ System (Omicron NanoTechnology GmbH,
Germany) with a base pressure of <3 x 107!'mPa. The
system is equipped with a hemispherical energy analyser, the
element spectra were recorded at pass energies of 25 eV. For
photoelectron excitation amonochromated Al-Ko (1486.3 V)
x-ray source with a spot diameter of 600 um was used. The
take-off angle of the detected photoelectrons was varied from
30° to 80° with respect to the surface normal. The calibration
of the spectra was performed using the C 1s peak (binding
energy, BE = 285.0eV) as an internal reference. For data
evaluation the CasaXPS software was used. All quantification
of the XPS data was done by integration of the peaks with
regard to the relative sensitivities of the elements.

Estimating the typical attenuation length of the
photoelectrons in a solid to A =~ 3 nm (for an Al-K, X-Ray
source at 1486.3eV), the probing depth d can be calculated
from geometric considerations as a cosine-dependent function
of the take-off angle ® [19] and the attenuation length A
according to table 2:

d = Acos©®. (1)

Chemical composition analysis of the bulk coating was
carried out in a JEOL JSM-6480 SEM with an EDAX Genesis
2000 EDX detector at 12kV acceleration voltage.
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p(0,) =6 mPa

Figure 1. SEM cross-sectional images of the investigated TiAINO coatings. The Si wafer substrate (bottom) can be clearly distinguished

from the TiAINO coating (middle).

XRD was performed by means of a Siemens D5000
XRD system with a Cu-K, radiation source in the ®-20
configuration.

For the analysis of TIAINO cross sections a Zeiss Neon 40
SEM was used. The applied electron acceleration voltage was
2.00kV at a working distance of 4.1-5.5mm. The aperture
size was 30.00 um. The pressure in the analysis chamber
was below 0.002 mPa. Cross section samples were prepared
by scratching the backside of the Si wafer substrate with a
diamond cutter followed by breaking the sample.

3. Results and discussion

3.1. Coating morphology

The investigated TiIAINO coatings had a thickness between
0.7 and 1.4 um. The coating thickness was determined by
SEM from cross section samples, as shown in figure 1. As the
information depth from the AR-XPS experiments is limited
to about 3 nm, only the surface near region of the TIAINO
coatings is measured and no effects of the underlying silicon
wafer substrates are expected. According to the SEM analysis
the surface shows a roughness of less than a few nanometres.

3.2. EDX analysis

The coating composition as measured by EDX is shown
in figure 2 as a function of the oxygen partial pressure.
While quantitative analysis is not possible with EDX for
light elements and due to peak overlap between the Ti-L
line and O-K and N-K lines, the results can be discussed
only qualitatively. For the coating without intentional oxygen
addition, a small amount of oxygen in the range of 1at% is
detected. With increasing oxygen partial pressure the oxygen
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Figure 2. Composition of the coatings as determined by EDX
measurements.

content in the coating increases at the expense of nitrogen. A
crossover from a nitrogen rich to an oxygen rich coating is
observed based on the EDX data for the coating deposited at
an oxygen partial pressure of 10 mPa.

When comparing the composition of the coating to the
composition of the gas phase it is found that even though
the N, : O, partial pressure ratio is 14: 1, the coating is more
oxygen rich. This can be understood based on the higher
affinity of titanium and aluminum to oxygen compared with
nitrogen. Additionally, it can be observed that the aluminum
content in the coating is slightly decreased with increasing
oxygen content. This could be due to target poisoning as
the sputter yield of the oxide is smaller compared with the
nitride [20,21]. This assumption is also consistent with the
lower deposition rate measured with increasing oxygen partial
pressure. Without intentional oxygen incorporation, i.e. in

(9%}
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Figure 3. Diffractograms of the investigated samples. Note that the
Si(200) peak at 33° is caused by the underlying Si substrate.
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Figure 4. Typical XPS survey spectrum of the surface near region
of a TIAION coating. The shown spectrum was measured for
sample 1 (p(O,) = 0 mPa) at a take-off angle of 60° with respect to
the surface normal.

the nitridic mode, the deposition rate is 15 nmmin~', which
is decreased to 9 nm min~! for an oxygen partial pressure of
15 mPa.

3.3. XRD analysis

The results of the XRD analysis are shown in figure 3 as
a function of the oxygen partial pressure during deposition.
Coatings deposited at an oxygen partial pressure up to 10 mPa
exhibit an fcc-nitride structure. The coating deposited without
intentional oxygen addition is randomly textured. With
increasing oxygen content, (200) fibre texture is observed,
which points to different mobility and/or surface energies
due to oxygen incorporation. A (200) peak splitting is
observed for the oxygen partial pressure of 10mPa. This
is similar to previously reported diffractograms indicating
spinodal decomposition into TiN and AIN rich domains during
growth of TiAIN [22,23]. Clustering into TiN and AIN rich
regions in the as-deposited state has been reported for TiAIN
coatings recently [24, 25].

The sample deposited at the highest oxygen partial
pressure was x-ray amorphous.  The formation of an
amorphous phase has been observed for TiAINO coatings for
higher oxygen contents and was argued to be due to a chemical
driving force for decomposition as well as decreased energy
of the ion bombardment due to increase in resistivity of the
growing film [26].

Estimated information depth [nm]

Figure 5. C/(Al+Ti)-ratios in the TiAINO coatings as a function of
the oxygen partial pressure and estimated information depth.

3.4. XPS analysis

The chemical composition of the surface near region was
analysed to compare the chemistry of the surface near region
to the bulk composition of the coatings deposited at different
oxygen partial pressures.

A survey XPS spectrum, qualitatively representative for
all samples, is shown in figure 4. The XPS analysis section
is organized as follows: first, the origin of the C 1s peak is
discussed, then the chemical composition in the surface near
region is analysed from peak areas in AR-XPS spectra and
last the oxidation state is studied from the change in binding
energy.

The C/(Ti+Al) ratio for all samples is plotted in figure 5
as a function of the estimated information depth. Since the C
1s peak is used for energy calibration, no peak shifting can be
observed for different samples or different sample depths. A
uniform peak shape was observed for all samples and probing
depths (not shown for brevity). Thus, the chemical properties
of the carbon signal do not change with the composition of the
TiAINO coating. Carbon contents of 18 at% and 48 at% were
observed for probing depths of 2.6 nm and 0.5 nm, respectively,
showing that the carbon signal originates at the surface. Within
our data no correlation between the carbon contamination and
the surface chemistry of the coating was found. It can be
concluded that the observed carbon peak does not originate
from the coating and is a consequence of adsorption upon
contact with the environmental atmosphere. Thus, no impact
of carbon on the surface chemistry of the TiAINO coating
is expected and the carbon data are excluded from further
discussion.

The chemical compositions of the investigated coatings
are shown in figure 6 in at%. The XPS results show
that increasing O,/Nj-ratios in the plasma lead to increasing
oxygen concentrations in the surface near region, which is in
good agreement with the EDX results. Again a small partial
pressure of oxygen leads to high O/N-ratios in the coating. In
addition, an enrichment of oxygen in the surface near region
can be derived from the XPS data.
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Figure 6. Compositions of the surface near region as measured by AR-XPS and of the coating as measured by EDX for samples deposited

at different O, partial pressures.

Table 3. Atomic ratios calculated from AR-XPS composition data.
The calculated element ratios include an estimated error of 4%.

AR-XPS 30° 60° 80° 30° 60° 80°
p(O,) = O mPa p(0;) = 6mPa
0, /N, gas flow 0 0 0 0.07 0.07 0.07
O/N 1.1 2.0 3.8 2.0 24 2.8
Al/Ti 2.6 32 42 2.9 3.0 3.3
O/(Al+Ti) 081 1.13 150 1.11 1.17 1.28
N/(Al+Ti) 0.73 0.57 040 053 050 046
p(Oy) = 10 mPa p(0,) = 15mPa
0, /N, gasflow 0.11 0.11 0.11 0.16 0.16 0.16
O/N 3.8 4.5 7.3 13.8 15,6 313
Al/Ti 1.9 2.1 2.3 1.2 1.2 1.1
O/(Al+Ti) 135 141 1.62 1.65 173 196
N/(Al+Ti) 036 032 022 0.12 0.11 0.06

A comparison of some important ratios of elements as
derived from the quantification of the XPS spectra is shown
in table 3. For the coatings deposited at oxygen partial
pressures up to 10 mPa a similar trend is observed. The O/N

ratio increases close to the surface as the incorporation of

Intensity (a.u.)

p(0,) = 10 mPa

N
B e e

p(0,) = 6 mPa

p(0,) =0 mPa

|
\
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Figure 7. Ti 2p detail spectra of the TIAION coatings. A shift to
higher binding energies shows a higher state of oxidation of titanium
in the coating.
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Figure 8. Comparison of spectra of samples deposited at different oxygen partial pressures. (a) p(O,) = 0 mPa, (b) p(O,) = 6 mPa, (¢)
p(0,) = 10mPa, (d) p(O,) = 15mPa.

oxygen along with surface oxidation is thermodynamically The corresponding spectra are shown in figure 8.

favoured. Moreover, the Al/Ti ratio is also increased towards
a higher concentration of aluminum close to the surface.

The increase of the amount of oxygen towards the
surface indicates that an oxidation process of the TiAINO
coating occurs after the end of the deposition process.
Oxygen chemisorption within the deposition chamber after the

deposition process and during atmospheric exposure cannot be
separated based on the ex situ analysis.

The fact that long term exposure, over several months, of
the coating deposited at p(O,) = 0 mPato ambient atmosphere
did not show any significant increase in oxygen concentration
indicates fast kinetics of the oxidation reaction immediately

after coating deposition.

The element spectra of titanium (Ti 2p) show peaks of two
different species which are shifted to higher binding energies
in comparison with elemental titanium, as shown in figures 7

and 8.

A comparison with data from the literature [15] suggests
the existence of titanium nitrogen compounds (TiN with
BE(Ti™) = 455.1¢V) and two titanium oxide species (Ti;O3
with BE(Ti'™) = 456.8 eV, TiO, with BE(Ti'Y) = 458.6¢V).

Since

a higher take-off angle () leads to strongly decreased
integral intensities, the intensities were normalized for a better
comparison of the angle-resolved spectra of a sample.

At a higher take-off angle with respect to the surface
normal a shift towards an increased concentration of TiO, can
be observed, as shown in figure 8. This proves the assumption
of a higher oxidation of the surface compared with the bulk
and a gradient in the surface-near region of the coatings.

When increasing the oxygen partial pressure during
deposition from O to 10 mPa and when increasing the take-
off angle towards higher surface sensitivity the contribution

of Ti"V in comparison with Ti

increases. For the coating

deposited at p(O,) = 15 mPa a single contribution of Ti'V i
the Ti 2p core level signal is visible which correlates well with
the extremely low nitrogen content in the surface near region.
In the Al 2s spectra, no significant peak shift could be
observed as the Al-O and AI-N bonds are very similar in

energy [26].

However, due to the concurrently increasing

intensity of Al and O when decreasing the probing depth and
the enthalpies of formation, it is reasonable to assume that
aluminum preferably bonds to oxygen.
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4. Conclusions

In this work TiAIN and TiAINO coatings were deposited
and analysed with XRD, EDX and AR-XPS to investigate
structure, composition and composition gradients within the
surface near region, respectively. All crystalline coatings
exhibit a several nm thick oxidized surface near region
including the TiAIN coatings deposited under high vacuum
conditions without the addition of oxygen as a process gas.
Using AR-XPS it could be shown that the oxygen content
increases in the surface near region. Surface concentrations
of oxygen ranged from 40 to 60 at%.

Surface oxidation may be due to reaction with atmospheric
oxygen at room temperature and/or with residual gas
immediately after deposition during cooling in the chamber.

These results are significant for understanding the
performance of TiAIN and TiAINO coatings on forming
tools e.g. of polymer melts as well as for modelling
physical and chemical interactions of these coatings during
cutting and forming applications. = The overall coating
composition is hence not representative to describe coating-
polymer melt interactions. Instead of the overall coating
composition the surface near region composition is relevant.
These findings underline the importance of surface-sensitive
analysis methods when designing protective coatings for
application.
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Within this paper the surface chemistry of CrAIN hard coatings has been investigated
comparing DC-MS and HPPMS deposition processes. It could be shown that the surface near
region of the investigated coatings is enriched with oxygen in comparison to the bulk
composition along with an enrichment of aluminum in the surface near region. Both, DC and
HPPMS coatings, showed a non-stoichiometric chemical composition with a significant
excess of cations (chromium and aluminum) in the bulk structure. The variation of the pulse
length of the HPPMS process had a strong influence on the resulting composition of the
surface near region mainly influencing the observed anion/cation stoichiometry. Here a
significantly increased incorporation of nitrogen could be observed for short HPPMS pulse
lengths. Based on these results an increased knowledge towards tailored surface

compositions of CrAlIN coatings could be gained.
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Surface chemistry of PVD (Cr,Al)N coatings
deposited by means of direct current and high
power pulsed magnetron sputtering
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(Cr,Al)N protective coatings were deposited using direct current (DC) and high power pulse magnetron sputtering (HPPMS)
technology. The chemical analysis of the surface near region of the coatings was performed by means of X-ray photoelectron
spectroscopy (XPS) and was correlated to the deposition parameters and resulting coating morphology. A surface oxidation
process was observed by means of angle resolved XPS studies and XPS sputter profiles. Both DC and HPPMS coatings showed
a non-stoichiometric chemical composition with a significant excess of cations (chromium and aluminum) in the bulk struc-
ture, leading to a metastable phase. The passivation reaction of the surface near region leads to an anion to metal ratio which
goes along with an enrichment of aluminum in the surface near region as a thermodynamically favored composition in equi-
librium with the ambient atmosphere. Interestingly, the variation of the pulse duration of the HPPMS process, which led to a
change of the peak current, had a strong influence on the resulting composition of the surface near region. Copyright © 2013

John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Injection moulding is a commonly used manufacturing process
for the fabrication of complex plastic parts. During plastic process-
ing, abrasion and adhesion wear as well as corrosion take place on
the surfaces of moulding tools. In order to improve these tools,
hard coatings deposited via physical vapor deposition (PVD) have
been developed as protective coatings. It was demonstrated that
the adhesion of plastics melt can be reduced by using, e.g. TiN,
TiAIN, TIAION, CrN, CrAIN and CrAION coatings.!'~!

In order to analyse the adhesion mechanisms between poly-
mers and hard coatings, the interface between polypropylene
(PP) and MAIN and MAINO (M =Ti, Cr) was recently studied by
Music et al. using ab initio calculations. It was reported that
the work of separation between PP and defect-free MgsAlpsN
and Mg sAlgsNo sOg 5 surfaces is very small.™) Calculations showed
that radicals, that may be formed, e.g. during shearing of the PP
melt,®” increase the work of separation by two orders of magni-
tude. Under technical conditions, after the deposition process,
the coating is exposed to atmosphere of high oxygen and water
partial pressure, which can lead to an alteration of the reactive
surface near region possibly due to the high sticking coefficient
of oxygen, hydrogen and water.® Angle resolved X-ray photo-
electron spectroscopy (AR-XPS) measurements were reported
for amorphous TiAIN coatings showing that the surface near
region was partially oxidized and enriched with AL® Gnoth et al.
have recently investigated the surface chemistry of as-deposited
TIAINT? 1t was reported that the TIAIN coating deposited under
high vacuum shows several nanometer thick oxidized surface after
the deposition process.'” To the best knowledge of the of the
authors, no information about the chemical composition of the

surface near region and gradients therein were reported to date
for crystalline (Cr,A)N deposited by direct current (DC) and high
power pulse magnetron sputtering (HPPMS). Therefore, the goal of
this work was the investigation of the surface near composition of
(Cr, AN in order to contribute towards the understanding surface
phenomena, such as the mechanisms leading to low adhesion be-
tween polymers and (Cr,Al)N coatings. Moreover, information about
the chemical composition of surface near region composition data is
important for generation of realistic models describing the interac-
tion between the coating surface and material to be processed.

(Cr,AlN coatings were deposited by DC and HPPMS process
with different pulse durations (40, 80 and 200 ps). The resulting
microstructure and chemical composition were analyzed by
atomic force microscope (AFM), energy dispersive X-ray spectros-
copy (EDX) and glow discharge optical emission spectroscopy
(GDOES), respectively. To study the composition of the surface
near region and gradients therein, AR-XPS was used. AR-XPS is
highly surface sensitive and allows the determination of the
chemical composition and chemical states. Experiments at varying
take-off angles allowed for the analysis of chemical composition
gradients on the nanometer scale.
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University of Paderborn, Warburger Str. 100, 33098 Paderborn, Germany.
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Experimental
Materials and chemicals

All chemicals were used without further purification. Isopropanol,
tetrahydrofuran and ethanol for cleaning purposes were pur-
chased in p.a. grade from VWR International, Germany. Silicon
wafers of orientation Si(100), (p-doped with boron, single-side
polished) were purchased from Si-Mat, Kaufering, Germany. For
GDOES experiments, cemented carbide substrates (THM12) from
WIDIA (Germany) with a size of 12.7 x 12.7 mm? and a thickness
of 476 mm were used.

All surfaces were cleaned with organic solvents before analysis.
The samples were sonicated in tetrahydrofuran, isopropanol and
ethanol for 15 min each and rinsed with clean solvent before the
next cleaning step. After rinsing with pure ethanol, the samples
were dried in a flow of pure nitrogen gas.

Deposition parameters

The coatings were deposited on silicon wafer (100) and on
cemented carbide (THM12) via an industrial CC800/9 coating unit
(CemeCon AG, Germany), equipped with one HPPMS power sup-
ply and one DC source, which were operated at constant mean
power of 5kW. A Cr target (500 x 80 mm?) with 20 Al plugs
(15 mm diameter) with a purity of 99.9% for Cr and 99.5% for Al
was applied for the deposition of the coatings. The bias voltage
was set to —100 V. HPPMS (Cr,AIN coatings were deposited using
different pulse durations (40, 80 and 200 pus) at constant fre-
quency of 500 Hz and constant mean power (5 kW). The recorded
voltage and current waveforms of the HPPMS process for 200 ps
and 40 ps can be found in the Supplementary Material. By reduc-
ing the pulse duration, the cathode peak current increases from
260 A at 200 us, to 280 A at 80 us and to 660 A at 40 ps in order
to keep the same mean power. Higher peak currents can be asso-
ciated with an increased plasma ionization rate.!""'? Therefore, it
can be expected that the ionization rate of the metal and reactive
gas atoms is dramatically increased at reduced pulse dura-
tions.!"3! All (Cr,ANN coatings were synthesized in an Ar/Kr/N,
atmosphere at total pressure of 0.45 Pa. The Ar and Kr flows were
kept constant at 120 sccm and 80 sccm, respectively. The N, flow
rate was pressure-controlled in order to keep the chamber
pressure at 0.45Pa. All coatings were deposited for 120 min.
The summarized deposition parameters are presented in Table 1.

Analytical methods

EDX Analysis of chemical composition of the bulk of the coating
was carried out in a scanning electron microscope (SEM) of type
DSM 982 Gemini (Zeiss, Germany) with an EDX detector.

GDOES The bulk composition of the coatings was analyzed by
glow discharge optical emission spectroscopy (GDOES) in RF mode

as a function of etching time. A GDOES Profiler type JY 5000 RF
(Horiba, Japan) equipped with an anode of 4 mm was used.

AFM AFM topography imaging was performed by means of a
Nanowizard Il Ultra (JPK, Germany) system in contact mode with
a constant force of about 5 nN. Cantilevers of type CSC-17 AIBS
(Mikromash) with a resonance frequency of 12 kHz and a force con-
stant of 0.15N/m were used.

XPS Angle resolved XPS (AR-XPS) measurements were performed
by means of an Omicron ESCA + System (Omicron NanoTechnol-
ogy GmbH, Germany) with a base pressure of < 31077 Pa. The sys-
tem is equipped with a hemispherical energy analyzer; the element
spectra were recorded at pass energies of 25 eV. For photoelectron
excitation, a monochromated Al-Ka (1486.7 eV) X-ray source with a
spot diameter of 600 um was used. The take-off angle of the
detected photoelectrons was varied from 30° to 80° with respect
to the surface normal. The native carbon contamination on the sur-
face which forms upon contact with the ambient atmosphere and
mainly consists of low weight (hydro-)carbon species was removed
by mild Ar sputtering at 350 eV for 180's prior to the XPS measure-
ments, which resulted in a residual carbon concentration of typi-
cally below 5 at-%. The calibration of the spectra was performed
using the remaining C 1s peak (binding energy, BE=285.0eV) as
an internal reference. For data evaluation, the CasaXPS software
(version 2.3.15) was used. All quantification of the XPS data was
performed by integration of the peaks with regard to the relative
sensitivity factors of the elements. As the core level energy of Al
2p overlaps with Cr 3s, the Al 2s peak was used for the evaluation
of the Al content.

The typical attenuation length 4 of the photo electrons in a
solid can be estimated based on a square root law as a function
of the kinetic energy!™ which leads to values of =16 to
2.0nm in the observed energy range between Cr 2p, O 1s, N 1s
and Al 2s for excitation with an Al-K, X-ray source at 1486.7 eV.
The probing depth d is usually referred as 31 and can be calcu-
lated from geometric considerations as a cosine-dependent
function of the take-off angle ©'* according to Table 2:

d=3icos® (1

Table 2. Probing depth as a function of the XPS take-off angle!'*'*!

Take-off angle to Probing depth/ O 1s N 1s Al 2s

surface normal ©/degrees  nm Cr 2p

30 4.2 43 4.6 5.2
60 24 25 27 3.0
80 0.8 0.9 0.9 1.0

Table 1. Deposition parameters of the investigated (Cr,Al)N coatings

Sample no. Ar flow/sccm Kr flow/sccm N, flow/sccm Pulse parameters/us/Hz/kW Process Target
1 120 80 37 40, 500, 5 HPPMS CrAI20
2 120 80 41 80, 500, 5 HPPMS CrAI20
3 120 80 43 200, 500, 5 HPPMS CrAI20
4 120 80 52 - =5 DC CrAI20

Surf. Interface Anal. 2013, 45, 1884-1892
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These considerations lead to specific information depths for
each element and take-off angle of the photoelectrons and are
only valid under the assumption of a homogeneous distribution
of the elements within the probed surface layer. However, as
the aim of this work focuses on the investigation of gradients in
compositions within the surface near region, all following data
will be presented without a detailed discussion of the element-
dependent information depth.

To investigate the composition of the coatings towards the
bulk structure of the coating, depth profiling experiments were
performed by means of argon sputtering. The acceleration
voltage of the Ar ions was set to 2keV, the etching time was
30s per sputter cycle. As the exact sputter rate of the (Cr,Al)N
coatings was not calibrated, the results will be discussed
qualitatively. For comparison, the sputter rate calibrated on SiO,
is about 4 nm/min under the same operating conditions.

Results and discussion
Coating microstructure

The investigated (Cr,Al)N coatings had a thickness of 0.8 um
(40ps), 1.3um (80pus), 1.5um (200pus) and 3.1 um (DC). SEM
images of the cross sections which were used for determining the
coating thickness can be found in the Supplementary Material.
The surface microstructure of the coatings was investigated by
contact mode AFM imaging as presented in Fig. 1. The RMS
roughness of the samples was determined from 2 x 2 um? scans
by the JPK Data Processing Software (version 4.2.53). The coating
deposited by the DC process (sample 4) showed a significantly
higher roughness compared to all HPPMS coatings. The correspond-
ing roughness values are presented in Table 3. For the HPPMS sam-
ples, the surface roughness decreased with decreasing pulse
duration. By means of the AFM and SEM micrographs can be consid-
ered that the DC coating and the HPPMS coating deposited at
200 ps present columnar a microstructure, while the other coatings

7.825 nm

25.93 nm

Table 3. Surface roughness of the investigated (Cr,Al)N coatings as
determined by AFM topography imaging
Sample number

HPPMS pulse duration RMS roughness/nm

1 40 pus 1.8
2 80 s 20
3 200 us 59
4 DC 17.8

(80 and 40 pus) show a finer and compacter microstructure. The
lowest roughness was achieved for the coatings deposited at
40 pus and 80 ps. This finding can be attributed to the increased
metal ion flux, which leads to an increased ad-atom mobility
and a smoother surface and finer microstructure.'°7'8

EDX analysis

The coating composition obtained by means of EDX analysis is
presented in Table 4. As quantitative analysis by means of EDX is
not reliable for light elements such as nitrogen, these results can only
be discussed qualitatively. For all coatings, no oxygen could be
detected. Sample 4, which was deposited by DC-MS, showed an
increased chromium/aluminum ratio in comparison to the HPPMS
coatings which could be explained by a significantly higher sputter
rate of aluminum in the HPPMS process compared to DC-MS.[')

GDOES profiling

GDOES profiles of the investigated (Cr,Al)N coatings deposited on
cemented carbide substrate are presented in Fig. 2 as a function
of the etching time. All profiles were plotted after stabilization of
the RF plasma in the GDOES unit. The transition point where
tungsten is the only detected element can be assigned to the
underlying substrate, as the concentration of carbon is not
presented in the GDOES profiles. Based on the thickness of the

8.784 nm

78.52nm

Figure 1. AFM topography images of the investigated coatings: a) sample 1 (t=40 ps), b) sample 2 (t=80 ps), c) sample 3 (t =200 ps), c) sample 4 (DC).
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Table 4. Composition of the investigated (Cr,Al)N coatings as deter-
mined by EDX measurements

Sample no., pulse duration Cr/at-% Al/at.-% N/at.-%
1,40 us 46 17 37
2,80us 56 17 27
3,200 pus 59 16 26
4, DC 66 10 24

(Cr,Al)N coatings as determined from SEM cross section images,
the sputter rate can be estimated to about 4.2 um/min for all
samples. The finding that the HPPMS process leads to a higher
Al content in the coating compared to DC-MS can be confirmed
by the GDOES data. Additionally, an increased incorporation of
nitrogen could be observed especially for the HPPMS coating
deposited at a pulse duration of 40us. This finding could be
explained by the high concentration of energetic N* and N** ions
in the plasma during the HPPMS discharge at an increased peak
current.!>2?% Furthermore, the increased incorporation of nitro-
gen into the (Cr,A)N phase is predominantly influenced by the
short HPPMS pulse duration and not by an increased partial
pressure of nitrogen in the deposition chamber, as the nitrogen
partial pressure was even decreased during the deposition
process for short HPPMS pulse durations (see Table 1), which
can be also explained by the higher grade of nitrogen ionization
as discussed before.

XPS analysis

The chemical composition was analyzed by means of AR-XPS
to compare the composition of the surface near region to the
bulk composition of the coatings deposited under different
sputter parameters.

100

80 -
60 -

40

composition [at.-%)

20 30 40
time [s]
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80

60 -

composition [at.-%]

0 10 20 30 40

time [s]

Beside the elements of the sputter targets — chromium and alu-
minum - and nitrogen as a reactive gas during the plasma depo-
sition, significant amounts of oxygen were detected in the XPS
spectra. Additionally, residual amounts of adsorbed carbon spe-
cies (about 1 to 5at.-%) were observed for all samples after Ar
sputter cleaning at 350eV for 180s. For shorter HPPMS pulse
durations, the survey spectra indicated a decrease of the O/N ratio
in the surface near region of the coatings. Especially, a pulse dura-
tion of 40 ps leads to a significantly lower oxygen concentration.

AR-XPS analysis of the surface near region

The chemical compositions of the surface near regions of the
investigated coatings as measured by means of XPS and EDX
are presented in Fig. 3. A significant enrichment of oxygen in
the surface near region of all studied coatings could be derived
from the AR-XPS data. Additionally, the XPS results confirmed
the decrease of the O/N-ratio in the surface near region depos-
ited with short HPPMS pulse duration (40 pus). Furthermore, the
coating deposited by means of the DC plasma process (sample
4) resulted in a strongly increased Cr/Al ratio, which is in good
agreement with previous results due to an increased sputter rate
of Al in the HPPMS process.!

A comparison of some important ratios of elements as derived
from the quantification of the XPS spectra is given in Table 5. For
the coatings deposited by means of the HPPMS process, a similar
trend was observed. The O/N ratio increases close to the surface
as the incorporation of oxygen and surface oxidation is thermo-
dynamically favored. Moreover, the Cr/Al ratio is decreased close
to the surface which hints to a preferential oxidation of aluminum.
A similar result was observed in a recent study by Gnoth et al. for
TIAIN(O) coatings."® This observation can be explained by the
thermodynamically favored formation of aluminum oxide in com-
parison with chromium oxide formation taking into account the
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Figure 2. GDOES depth profile of the investigated (Cr,Al)N coatings deposited on cemented carbide substrates. The sputter rate can be estimated to

about 4.2 um/min.

Surf. Interface Anal. 2013, 45, 1884-1892

Copyright © 2013 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/sia

45

L88L



Chapter 3 - Publications

? and
A
a) ,
60 T T T / T
t=40pus
50 .
*
% 404 T B
5, i I .
c 304 i § ? i
o
.“ﬁ
s 20 ;
g 4 4
5 t ! !
104 o o Y 4
u Al
4 4 N v 4
0 v O Y
T T T /, T
80° 60° 30° bulk (EDX)
take off angle ©
C) & T . , / s
t=200 ps
50 b
T 40 Y .
kS Y
5 30 3 ¢ R
B 3 i £
o [ ] i 1
o b o
£ 20 i L -
8 1 ¥ ’ .
09 o cr 7
Al
A N ¥
0 4
v O ., Y
T T T T
80° 60° 30° bulk (EDX)

take off angle ©

composition [at.%)]

o
N

composition [at.%)]

C. Kunze et al.

®Ti=s0ps ' ' ’ é
50 b
=
404 Y -
. ¢
30 3 I
; * ; :
1 4 T
20 . 2 .
; : : ;
107 o cr 7
m Al 1
AN I
0 v O Y
T T T T
80° 60° 30° bulk (EDX)
take off angle ©
70 T T T 7/ X
{DC ®
60 1 e Cr 1
Al
s04| 4 N s
v O
404 4
O
304 Y . p
, i i A
20 A - = i
10 E i E i 7
0 v o
T T T //// T
80° 60° 30° bulk (EDX)

take off angle ©

Figure 3. a) - d): Compositions of the surface near region as measured by AR-XPS and EDX for samples deposited at different HPPMS pulse durations

and in the DC process.

Table 5. Atomic ratios calculated from AR-XPS composition data. The calculated element ratios include an estimated error of 4%
t=40ps t=80ps
AR-XPS 30° 60° 80° 30° 60° 80°
O/N 033 0.55 1.12 0.94 1.46 244
Cr/Al 1.85 1.62 1.19 1.89 1.54 1.24
O/(Cr+Al) 0.24 0.38 0.70 0.45 0.64 0.92
N/(Cr + Al) 0.74 0.70 0.63 0.48 0.44 0.38
t=200ps DC
AR-XPS 30° 60° 80° 30° 60° 80°
O/N 1.25 1.66 2.31 1.25 1.40 1.60
Cr/Al 1.87 1.67 1.27 4.65 4.05 428
O/(Cr+Al) 0.64 0.79 1.01 0.62 0.70 0.75
N/(Cr + Al) 0.51 0.48 0.44 0.49 0.50 047

standard enthalpies of formation of Al,O; (UH? = —1677 kJ/mol)
and Cr,0; (AH?=—1140kJ/mol).*"" The coating deposited by
means of the DC plasma process (sample 4) did not show a signif-
icant change in the composition at the surface near region. This
could be explained by the high surface roughness of the DC-MS

coating in comparison with the HPPMS coatings (see Fig. 1 and
Table 3) which decreases the surface sensitivity of the angle

resolved XPS experiments.

Physisorbed surface contaminations were removed by gentle
Ar sputtering prior to the XPS experiments. Thus, the measured
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concentrations of oxygen in the surface near region can be
assigned to the formation of a surface oxide layer on (Cr,Al)N. As
we are discussing a probable application of (Cr,Al)N systems as
protective coatings for polymer processing, the composition of
the oxidized surface near region of the (Cr,Al)N coatings has to be
investigated in detail, as it determines the interaction with the poly-
mer melt. The increase of oxygen concentration towards the outer
surface indicates that an oxidation process of the (Cr,Al)N coating
occurs after the completion of the deposition process. However,
oxygen chemisorption within the deposition chamber after the
deposition process and surface oxidation upon atmospheric expo-
sure after venting the deposition chamber cannot be separated
based on the ex-situ analysis performed in this work. It is likely that
the oxygen partial pressure in the sputter chamber during and after
the deposition process is enough for an initial surface oxygen
chemisorption on the hot coating right after the sputter process
even at low process pressures of 0.45 Pa.'"”

A significantly decreased O/N ratio was observed for sample 1
which was deposited with the shortest HPPMS pulse duration
(40 ps) as presented in Fig. 4. The higher stability observed for
sample 1 towards the post oxidation reaction could be explained
either with the changes in the morphology or with the differences
in the chemical composition of the coating based on the plasma
parameters. The smoother surface (see Fig. 1 and Table 3) and more
compact morphology lead to a reduction in the surface area and
porosity of the surface near region. Thus, the interface for the oxida-
tion reaction with oxygen is decreased which leads to a lower incor-
poration of oxygen. To investigate the composition of the samples
towards the bulk structure complementary, Ar-sputtering profiles
were measured and presented in the following section.

The element spectra of chromium (Cr 2p) show noticeable dif-
ferences in peak shape and width as a function of the deposition
parameters as exemplarily presented in Fig. 5. A comparison with
the literature shows that a correct interpretation of the Cr 2p core
level peak is not straight forward. For CrN substrates, Lippitz et al.
used four contributions to fit the Cr 2ps,, peak: Cr° at 574.0 eV,
chromium nitride at 575.5eV and two chromium oxide species
at 576.9 eV and 578.2 eV,?? while Kaciulis et al.?* assumed two
components at 574.6eV for chromium nitride and 576.8 eV for
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Figure 4. (O/N)-ratio in the investigated coatings as a function of the
deposition parameters. As no oxygen could be detected in the EDX exper-
iments, only the results of the XPS measurements are presented here.
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Figure 5. Cr 2ps,, detail spectrum for sample 1 (t=40 ps) at 60° take-off
angle. Synthetic components of CrN, Cr,03 and mixed CrOs/Cr,05/CrOOH
contributions are fitted.

chromium oxide. Highly resolved XPS data of chromium oxide sam-
ples suggest that even more compounds are necessary to achieve a
satisfying fit of chromium oxide species as shown by Unveren
et al?¥ and Biesinger et al.”* For the Cr 2p spectra measured within
this work, a satisfying fit could be achieved with three components
for the Cr 2ps/, peak, as shown for sample 1 (t=40 ps) in Fig. 5. The
fitted peaks assign the contributions to CrN at 574.7 eV, Cr,05 at
576.1eV and a contribution at 577.9 eV that is usually assigned to
higher oxidation states of Cr(v)).28 According to Biesinger et al®?
also mixed contributions of Cr,03 and CrOOH cover a broad energy
range in this region. As the composition of the passive oxide film is
quite complex, we cannot distinguish these contributions based on
the measured XPS data. However, the components fitting the
Cr 2ps/, spectra can be at least discussed qualitatively in terms of
nitridic and oxidic contributions as shown for all samples in Table 6.
Additionally the full width half maximum (FWHM) values of the
Cr 2ps,, peaks are presented. A trend of smaller FWHM values with
a decreased amount of oxidic chromium species could be observed
for the samples deposited with short HPPMS pulse durations,
indicating that chromium exists in rather one oxidation state. This
finding supports the predominant existence of CrN along with a
significantly decreased contribution of Cr,O3 species, which leads
to the conclusion that the incorporation of nitridic species into the
deposited film is favored with short HPPMS pulse durations.

The Al 2s spectra did not show a significant peak shift as the
Al-O and AI-N bonds are very similar in energy.?”’ However,
due to the concurrently increasing intensity of Al and O with
decreasing probing depth and the previously discussed enthalpies
of formation, it is reasonable to assume that aluminum preferably
binds to oxygen.

Sputter depth profiling

For the HPPMS coatings with a rather smooth morphology,
sputter depth profiles were measured by means of XPS. Prior to
sputter depth profiling, the composition of the surface near
region was in good agreement with the angle resolved XPS data
presented above. For an insight towards the bulk composition of
the coatings and a rough estimation of the passive layer thickness,
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Sample no., Pulse duration CrN/relative area

Table 6. Relative peak areas of the Cr 2p;/,, components and FWHM values measured at 60° take-off angle

Cr,O3/relative area

Mixed CrOs, Cr,05, CrOOH/relative area FWHM Cr 2p3/,/eV

1,40 ps 045 0.43
2,80pus 045 0.42
3,200 ps 0.40 0.43
4, DC 043 0.41

0.12 29
0.13 32
0.17 37
0.16 37

depth profiles were acquired by means of Ar sputtering. Within this
work, two comparative depth profiles for sample 1 (t=40ps) and
sample 3 (t=200ps) are presented for the comparison of the
strongest variation of process parameters within the HPPMS
coatings. The corresponding sputter profiles are presented in
Fig. 6 (t=40 us) and Fig. 7 (t=200 us). After each sputter cycle of
305, the coating composition was determined by means of XPS
at 60° take-off angle. As the exact sputter rate of (Cr,Al)N under
the applied conditions is unknown, the results can only be
discussed qualitatively. Nevertheless, these findings are helpful
to compare both coatings in terms of chemical composition and
oxide layer thickness. The depth profile which was obtained for
sample 1 (t=40 ps) is presented in Fig. 6. The decreasing concen-
tration of oxygen with increasing sputter etching time is in
agreement with the previous results that oxygen incorporation
is strongly increased in the surface near region. A small concentra-
tion of oxygen in the range of 4 - 5 at.-% was observed in the bulk
region. This small amount of oxygen probably results from
residual oxygen and/or adsorbed water within the deposition
chamber. Furthermore, the concentration of nitrogen and
chromium is decreased in the surface near region which hints to
an additional incorporation of oxygen — probably on interstitial
lattice positions — into the (Cr,Al)N matrix. Almost no depth
dependency of the aluminum concentration was observed.
Hence, a relative enrichment of aluminum in the surface near
region — as an additional element (oxygen) is present — can be
concluded. This result supports the previous results obtained by

55

T T
1t=40ps 1
50 H E

45 - -

40 A

() 2
>
>e
>e

35 °

304

4 > m o
P4

25

composition [at.-%]
[ ]

5 v -
v
1 v v v v v 1

T T T
0 30 60 90 120 150

etching time [s]

T T T
180 210 240

Figure 6. Depth profile for sample 1 (t=40ps) during Ar sputtering at
2keV as a function of etching time. (The sputter rate can be estimated
based on calibration experiments leading to 4 nm/min for SiO,.).

means of angle resolved XPS indicating the preferential formation
of Al,O5 as the most thermodynamically stable species within the
oxidation process.

The depth profile of sample 3 (t=200 ps) is presented in Fig. 7.
Although the concentrations of all elements follow the same
trends as observed for sample 1 (t =40 ps), significant differences
in the bulk composition at long sputter times were observed. A
strongly increased concentration of chromium and a significantly
decreased concentration of nitrogen were observed for sample 3
(t=200 ps). As these effects cannot be explained by the oxidation
reaction of the surface near region, the different composition of
the deposited coating could be explained with the change in
the HPPMS plasma parameters.

The observed composition of the region below the passivation
layer as determined by means of XPS sputter depth profiling is in
good agreement with the EDX and GDOES data presented in pre-
vious sections. Regarding the stoichiometry of the (Cr,Al)N phase,
both bulk structures show a significant excess of cations (chrome
and aluminum) in comparison to the anionic lattice of nitrides. As
no metallic Cr° and AI° contributions are expected, this result
points towards a metastable, non-stoichiometric composition of
the deposited coatings. To Baben et al. addressed the nitrogen
over- or understoichiometry in TiAIN films to metal vacancies or
nitrogen vacancies, based on ab initio calculations.”® This find-
ing is even more distinctive for sample 3 (t=200 ps) due to its
increased Cr/Al ratio and decreased concentration of nitrogen
in comparison to sample 1 (t=40ps). This result supports the
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Figure 7. Depth profile for sample 3 (t=200 us) during Ar sputtering at
2keV as a function of etching time. (The sputter rate can be estimated
based on calibration experiments leading to 4 nm/min for SiO,.).
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assumption of a thinner passive layer in the case of sample 1
(t=40ps), as concluded from the depth profiles. For sample 1
(t=40us) and 3 (t=200 pus), no significant changes in composi-
tion were observed after 120s and about 210's of etching times,
respectively. A rough estimation of the sputter rate based on SiO,
(sputter rate 4 nm/min) was performed which leads to a thickness
estimation of the passive layer of about 8 nm in case of sample 1
(t=40ps), and about 14nm in case of coating sample 3
(t=200 ps). The finding of a thicker passive layer along with the
incorporation of oxygen into the coating explains the strong
depletion of chromium in the surface near region of sample 3
(t=200 ps). The combined results of bulk analysis and the angle
resolved XPS data lead to the conclusion that two effects could
have an influence on the thickness and chemical composition
of the passive layer of the investigated (Cr,Al)N coatings: First,
the stoichiometric composition, including the ratio of anions
and cations in the coating itself and second the morphology
and nanostructure of the coating. In the case of sample 1
(t=40 ps), the smoother coating leads to a decreased surface
area along with a detained reaction with oxygen under ambient
conditions during the passivation reaction.

Conclusions

The process parameters during DC sputtering and HPPMS depo-
sition of (Cr,Al)N coatings could be correlated with the chemical
composition of the surface near region. XPS sputter depth profil-
ing and GDOES analysis were performed to analyze the coating
composition within and below the surface near region.

It was shown that by a variation of the HPPMS pulse parame-
ters the peak current was changed and thus the composition of
the coating could be influenced in terms of volume microstruc-
ture and composition, which has an impact on the passivation
reaction of the surface near region after the coating deposition
upon contact with ambient atmosphere.

As measured by means of EDX and XPS depth profiling, all
investigated coatings showed a non-stoichiometric chemical
composition with a significant excess of cations (chromium and
aluminum) in the bulk phase, indicating the presence of a meta-
stable phase, that probably can be assigned to anion vacancies in
the (Cr,AN crystal structure.

XPS analysis showed that independent of the process parame-
ters all investigated coatings were covered with a several
nanometer thick oxidized surface near region, which, however,
differed in composition. By means of AR-XPS, it could be shown
that the oxygen content increases towards the outer surface of
the passive film and reaches levels up to 40 to 60 at.-%. The main
oxidation reaction is most likely due to the chemisorption of
oxygen as part of the residual gas in the deposition chamber
immediately after deposition during the cooling phase.

Interestingly, the increased incorporation of nitrogen into the
(Cr,A)N phase is predominantly triggered by the short HPPMS pulse
duration and not by an increased partial pressure of nitrogen in the
deposition chamber. This finding can be explained by the higher
grade of ionization of nitrogen due to a high peak current at short
pulse durations. By reducing the pulse duration, the cathode peak
current increases to keep the same mean power. Higher peak
currents can be associated with an increased plasma ionization rate
that influences the composition of the deposited material.

The passivation reaction of the surface near region is based on
the incorporation of additional oxygen anions leading to an

approximation of the ideal stoichiometric composition of the
oxidized surface layer. However, an increased incorporation of
nitrogen anions during the deposition process at short pulse
durations led to coatings which were less sensitive to oxidation
of the surface near region with a more compact coating micro-
structure and a smoother surface.

The comparison of the DC and HPPMS deposition process
leads to the conclusion that the HPPMS process leads to smoother
surface while the DC process rather produces a columnar
morphology. The latter leads to an increased surface area, which
is preferentially oxidized after the deposition process. The HPPMS
process enables the deposition of smooth surfaces especially at
short pulse durations which enables the reduction of the surface
oxidation process.

In summary, we conclude that two effects can be considered if
a tailored surface composition of (Cr,Al)N coatings is desired. First,
the volume composition of the coating can be influenced by the
characteristics of the HPPMS pulse parameters as shown within
this work, aside from the process parameters like composition of
the sputter target and partial pressures of the used reactive gases.
Second, the composition of the final surface near region of the
coatings upon reaction with an oxygen containing gas phase is
not solely determined by the composition of the (Cr,Al)N coating
but also by the microstructure and roughness.
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SEM cross section images

Cross section samples were prepared by scratching the backside of the Si wafer substrate with a
diamond cutter followed by breaking the sample. The coating deposited at 200 us exhibits a
distinctive columnar structure compared to the DC-MS coating. As the pulse length is reduced from
200 to 80 and 40 pus, a change in the microstructure towards a fine microcrystalline morphology is
observed.

-

a).t=40us - \ Coff=gops

. = H o~ —
x30000 B e — 4 .00KV Zmm x30000 B e — 4 .00kUV Zmm
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d) DC

Figure 1: SEM cross-sectional images of the investigated (Cr,Al)N coatings. a) sample 1 (t = 40 ps), b)
sample 2 (t = 80 us), c) sample 3 (t = 200 ps), c) sample 4 (DC).
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Voltage and current waveforms during HPPMS discharge

The recorded voltage and current waveforms during HPPMS discharge are demonstrated in Figure 2
representative for a pulse length of 200 ps (left) and 40 us (right) at constant mean power (5kW) and
frequency (500 Hz). With reduced pulse duration the current and voltage increase in order to keep
the same cathode mean power.

600 - Pulse duration 200 ps 600 - Pulse duration 40 ps

> >
> 400 > 400
en
£ 200 <— Current £ 200 <— Current
©) ©)
> il > 4
2 0 < 0
<-200- <-200
5-400 5- 400
% & 400 <4— Voltage
O - 600 <4— Voltage 5 - 600

-800 T T T T T -800 T T T T T

0 50 100 150 200 250 0 50 100 150 200 250
Time t/ ps Time t/ ps

Figure 2: Cathode voltage and current measured during HPPMS discharge at constant mean power of
5 kW, frequency of 500 Hz and at a pulse duration of 200 ps (left) and 40 s (right).
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Within this paper the influence of different deposition parameters on the chemical
composition of the surface near region of CrAIN hard coatings has been investigated. Short
HPPMS pulse lengths led to an increased hardness of the deposited coatings, in comparison
a coating deposited via DC-MS exhibited the lowest hardness. The use of krypton as an inert
gas in the sputter process increased the deposition rate marginally while no significant
changes of the mechanical properties could be observed. Electrochemical impedance
spectroscopy (EIS) experiments could prove a more dense morphology of the coatings
deposited by means of HPPMS which is in good correlation to the observed mechanical

properties.
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corrosion take place in the molding tools. Concerning this, (Cr,Al)N coatings deposited via physical vapor

Keywords: deposition (PVD) have a good potential to be used as protective coatings on injection tools. For an effective protec-
CrAIN tion of coated tools a uniform layer of coating material is also required. In this regard, the HPPMS (high power pulse
HPPMS magnetron sputtering) technology offers possibilities to improve coating thickness uniformity as well as to adapt
?\III;JIMS the chemical and mechanical properties. The present work deals with the investigation of influence of HPPMS

pulse length and the argon/krypton ratio in the deposition process on (Cr,Al)N coating properties. For this reason,
(Cr,AI)N coatings were deposited with HPPMS pulse length of 40, 80 and 200 ps at constant Ar/Kr ratio (120/
80 sccm). The results were compared with a coating deposited with DC Magnetron Sputtering (DC-MS) with the
same Ar/Kr ratio. Afterwards, a (Cr,Al)N coating was deposited with constant pulse length (200 ps) without Kr.
The chemical composition, morphology and phase composition of the coatings were analyzed by means of EDS (En-
ergy Dispersive Spectroscopy), SEM (Scanning Electron Microscopy) and XRD (X-ray Diffraction), respectively. The
composition of the surface near region in the samples was investigated by means of XPS (X-ray Photoelectron Spec-
troscopy). Mechanical properties were measured by means of nanoindentation. Decreasing of pulse length at con-
stant mean power leads to a considerable increase of cathode current. It could be observed that the deposition rate
of the HPPMS process reduces with decreasing pulse length. Nevertheless, short HPPMS pulse lengths and high
peak currents lead to an increase of hardness from 25 GPa to 32 GPa while the DC-MS coating displays a hardness
of 18 GPa. The use of krypton within the sputter process leads to a marginal increase of the deposition rate while
the mechanical properties are not significantly changed. In addition, EIS (electrochemical impedance spectroscopy)
was employed to investigate the defect structure of the coatings.

Plastics industry

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

During processing of plastic products using injection molding ma-
chines the surfaces of molding tools are often subject to adhesion and
abrasion wear as well as corrosion [1]. Limited tool life of molding
tools represents an issue for mass production especially of plastic
products with complex geometries. Concerning this, coatings deposited
via physical vapor deposition (PVD) have a good potential to be used
as protective coatings on molding tools. It was demonstrated that
the protection of molding tools can be improved and the adhesion of
plastic melts can be reduced by using e.g. titanium and chromium
based coatings [2,3]. Especially, (Cr,Al)N is an important hard transition
metal nitride coating that exhibits high hardness, good abrasion wear
resistance and high corrosion resistance [4-8], which makes this
coating system a promising candidate for many different applications,
e.g. cutting and forming operations [9-12]. Thus, (Cr,Al)N was chosen
to be investigated in this work.

* Corresponding author. Tel.: +49 241 809 5577; fax: +49 241 809 9306.
E-mail address: brugnara@iot.rwth-aachen.de (R.H. Brugnara).

0040-6090/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.tsf.2013.06.036

HPPMS (High Power Pulsed Magnetron Sputtering) is a physical
vapor deposition (PVD) technology. Due to high-energy pulses a plasma
density can be achieved which is higher by three orders of magnitude in
comparison to conventional direct current (DC-MS) sputtering [13].
Furthermore, the MPP (Modulated Power Pulse) technique enables a
creation of highly ionized sputtered species leading to deposition of
dense coatings with deposition rates up to 15 pm/h and high hardness
[14,15]. A detailed review of HPPMS/HIPIMS technology and its advan-
tages is given from Sarakinos et al. [16] and Lundin et al. [17]. The main
advantage of using HPPMS is that it provides high plasma densities and
a high grade of ionization. First analysis using optical emission spectros-
copy (OES) during sputtering of Cr and Ti targets have shown a consid-
erable enhancement of ion/atom ratio by highly ionized plasmas
compared to DC-MS sputtering [18,19]. Thus, the use of HPPMS allows
for a better control of the energetic bombardment of the substrate. It of-
fers the possibility to influence phases, microstructure, and composition
of the coating by variation of the process parameters [20], e.g. peak cur-
rent, frequency and pulse length. Investigations of CrN, coatings show
changes of the density and the surface roughness as the peak target cur-
rent increased, while the deposition rate decreases drastically [21]. Other
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investigations of CrNy reveal that an increasing frequency leads to a
nano-sized grain structure and a partial suppression of the columnar
growth [22]. Jing et al. reported that the crystal size and the surface
roughness of titanium coatings increased with increasing pulse length
[23].

The most commonly utilized inert gas for magnetron sputter depo-
sition is argon, due to its combination of physical and chemical proper-
ties and its relatively low cost. However, the choice of the process gas

N. Bagcivan et al. / Thin Solid Films 549 (2013) 192-198 193
Table 1
Process parameters for deposition of the (Cr,Al)N coatings.
Deposition parameters Unit HPPMS DC
Substrate Cemented carbide, silicon, AISI 304 (1.4301, X5CrNi18-10)
Mean cathode power kw 5 5
Pulse length us 200/ 80/ 40 -
frequency Hz 500 -
Bias voltage \% —100 —100
Nitrogen flow Pressure controlled Pressure controlled
Pressure mPa 450 450

may significantly affect the production and transport of a range of ener-
getic species to the substrate, and subsequently the growth and proper-
ties of the deposited material [24]. Krypton is used for its greater atomic
mass and size compared to argon, which leads to lower gas incorpora-
tion and may have beneficial effects on the kinetics of the coating
growth. Its potential and kinetic secondary electron emission yields
are somewhat lower than those for argon [25].

The presented work deals with the investigation of the influence
of HPPMS pulse length on the properties of (Cr,Al)N coatings depos-
ited with an argon/krypton mixture. The results were compared to
other coatings obtained via a DC-MS process. For this reason, (Cr,Al)N
coatings were deposited with HPPMS pulse lengths of 40, 80 and
200 ps at constant Ar/Kr ratio (120/80 sccm). The properties of these
coatings were compared with a coating deposited with DC Magnetron
Sputtering (DC-MS) with the same Ar/Kr ratio. Afterwards, a (Cr,Al)N
coating was deposited with constant pulse length (200 ps) without
Kr in the gas mixture. In addition, the chemical composition of the
coatings was measured by EDS (Energy Dispersive Spectroscopy).
An investigation of the chemistry of the surface near region of these coat-
ings is of crucial importance towards understanding the interaction of the
polymer melt with the (Cr,Al)N substrate such as adhesion, wear and
related phenomena. To study the composition of the surface near region,
X-ray photoelectron spectroscopy (XPS) was used. Tempez et.al. reported
angle resolved XPS measurements for amorphous TiAIN coatings showing
that the surface near region was partially oxidized and enriched with Al
[26]. The information depth of XPS is limited to a few nanometers, so
the results are representative for the composition of the native oxide
layer of the coating. As our study focuses on (Cr,Al)N as a protective coat-
ing for tools within polymer processing it is straight forward to perform a
comparative analysis of the bulk composition by means of EDS and an
analysis of the surface near region by XPS as the interaction with the poly-
mer melt is determined by the surface chemistry of the coating. Mechan-
ical properties, morphology and phase composition were analyzed by
means of Nanoindentation, SEM (Scanning Electron Microscopy)
and XRD (X-ray Diffraction) measurements, respectively. EIS (electro-
chemical impedance spectroscopy) was employed in order to investigate
the electrochemical properties and defect structure of the coatings.

2. Experimental
2.1. Materials and processes

The investigated coatings were deposited on cemented carbide
(THM12), on silicon wafer (100) and on stainless steel AISI 304 (1.4301,
X5CrNi18-10) via an industrial CC800/9 coating unit from CemeCon
AG, equipped with one HPPMS power supply and one DC source,
which were operated at constant mean power of 5 kW. A Cr target
(500 x 80 mm) with 20 Al plugs (purity: Cr: 99.9% and Al: 99.5%) was
applied for the deposition of the coatings. HPPMS (Cr,Al)N coatings
were deposited using different pulse lengths (40, 80, 200 ps) at con-
stant Ar/Kr ratio (120/80 sccm). The gas composition was chosen in
order to achieve an Ar/Kr ratio of approximately 1.5 as reported by
other authors [27-29]. Furthermore, a HPPMS (Cr,Al)N coating was
deposited in pure Ar atmosphere (200 sccm) at 200 ps pulse length.
In addition, a DC-MS coating was deposited with a Ar/Kr ratio of
120/80 sccm. During deposition samples were moved in a two-fold
rotation. Other process parameters are shown in Table 1.

2.2. Analytical methods

Morphology, topography and chemical composition of the sam-
ples were analyzed using scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS) for elemental analysis. The sur-
face roughness was measured by means of a Hommel-Tester T2000
profilometer. The phase analysis was carried out via X-ray diffractom-
etry with a grazing incidence X-ray diffractometer XRD 3003, General
Electric. All measurements were performed using Cu-Ka (wavelength
N = 0.15406 nm) radiation operated at 40 kV and 40 mA. Hardness
and Young's modulus were determined using a Nanoindenter XP,
MTS Nano Instruments. The evaluation of the measured results was
based on the equations according to Oliver and Pharr [30]. A Poisson's
ratio of v = 0.25 was assumed.

XPS measurements were performed by means of an Omicron
ESCA+Sytem (Omicron NanoTechnology GmbH, Taunusstein, Germany)
with a base pressure of <3 - 10~% mPa. The system is equipped with a
hemispherical energy analyzer, the element spectra were recorded at
pass energies of 25 eV. For photoelectron excitation a monochromated
Al-Ka (1486.7 eV) X-ray source with a spot diameter of 600 um was
used. The take-off angle of the detected photoelectrons was 30° with re-
spect to the surface normal. The calibration of the spectra was
performed using the C 1 s peak (binding energy, BE = 285.0 eV) as
an internal reference. For data evaluation the CasaXPS software (version
2.3.15) was used. All quantifications of the XPS data were done by inte-
gration of the peaks with regard to the relative sensitivities of the ele-
ments. As the core level energy of Al 2p overlaps with Cr 3 s, for the
evaluation of the Al content the Al 2 s peak was used. Estimating the at-
tenuation length of the electrons in a solid to X = ~2 nm (for an Al-K,
X-ray source at 1486.7 eV), the information depth d can be estimated to
about 3\ - cos(30) = 5.0-5.5 nm [31].

Electrochemical impedance spectroscopy (EIS) measurements were
performed with a Reference 600 (Gamry, Germany) potentiostat. A gold
wire and a saturated Ag/AgCl electrode were used as counter and refer-
ence electrodes, respectively. Impedance data was collected in a borate
buffer electrolyte (pH ~ 8.4, 19.1 g/L sodiumtetraborate decahydrate,
12.4 g/L boric acid und 7.1 g/L sodium sulfate) for a frequency range
of 1-10° Hz by superimposing a 10 mV AC voltage at open circuit
potential.

3. Results and discussion
3.1. Cathode voltage and current measurement during HPPMS discharge

The generated pulse shape during HPPMS discharge is demon-
strated in Fig. 1 representative for a pulse length of 200 ps (left)
and 40 ps (right) at constant mean power (5 kW) and frequency
(500 Hz). When the pulse length is reduced, the current and voltage
are increased in order to keep the same mean power. It can be ob-
served that the peak current increases drastically from 260 A at
200 ps, to 280 A at 80 ps and to 660 A at 40 ps. Higher peak currents
can be associated with an increased plasma ionization rate as it was
reported by Alami et al. [21,32] for Cr sputtering. Therefore, it can
be assumed that the ionization rate of the metal atoms is dramatically
increased with increasing peak current.
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Fig. 1. Cathode voltage and current measured during HPPMS discharge at constant mean power of 5 kW, frequency of 500 Hz and at a pulse length of 200 ps (left) and 40 ps (right).

3.2. Chemical composition, morphology and topography

The chemical composition of the deposited coatings as measured
by EDS is shown in Table 2. The content of nitrogen is not discussed
in this section due to the fact that a quantitative EDS analysis is
not possible for light elements. The results show almost constant
aluminum and chromium contents with decreasing pulse length.
The coatings deposited with and without Kr show also no variation
in the chemical composition. An increase of the Al-content of the
HPPMS coatings compared to the DC-MS sample can be observed.

Table 2
Chemical composition and thickness of the (Cr,Al)N coatings as determined by EDS and
REM.

Sample Ar/Kr Pulse Cr Al Coating Deposition

[sccm] length [at%] [at.%] thickness rate

[1s] [um] [m/h]

HPPMS-1 120/80 200 ps 79 21 1.55 0.77
HPPMS-2 120/80 80 us 78 22 1.30 0.65
HPPMS-3 120/80 40 ps 76 24 0.80 0.40
HPPMS-4 200 200 ps 79 21 145 0.72
DC 120/80 - 88 12 3.1 1.55

'HPPMS 80 ps
P

HPPMS 200 ps
nessa

e

This fact can be attributed to the higher sputter rate of aluminum
in HPPMS process compared to DC-MS [28]. The coating thicknesses
in Table 2 were determined using SEM. The deposition rates show a
decrease with lower pulse lengths at the same mean power. This ef-
fect can be explained by the fact that short pulses lead to a substantial
increase of peak current, as demonstrated in Fig. 1, resulting in an in-
crease in ionization accompanied by a decrease of the deposition rate,
due to self-sputtering [32].

Analysis of the morphology and the topography of the coatings
were performed by means of SEM. Cross section fractures of DC-MS
and HPPMS coatings deposited at 200, 80 and 40 ps are shown in
Fig. 2. It can be clearly seen that the film deposited at 200 ps has a
finer columnar morphology compared to the DC-MS coating. As the
pulse length is reduced from 200 to 80 and 40 ps, it is clearly visible
that the columnar morphology disappeared and a dense fine grained
crystalline morphology is observed. The SEM micrographs of the sur-
face (e-h) show a compact and closed coating surface, but with
some pits when the pulse length is reduced. Nevertheless, the surface
roughness (Ra) is 0.019 um for the pulse duration of 200 ps and de-
creases to 0.014 pm for 40 ps. For DC-MS, Ra is 0.039 um. It can be con-
cluded, that the coating surface deposited at reduced pulse lengths is
smoother than those at same average power by HPPMS (200 ps) and

HPPMS 40 ps

Fig. 2. SEM cross section fractures (a-d) and SEM images of the surfaces (e-h) of (Cr,AI)N coatings deposited via HPPMS at 200, 80 and 40 s as well DC-MS process.
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Fig. 3. SEM cross section fractures (a-b) and SEM image of the surfaces (c-d) of (Cr,Al)N coatings deposited via HPPMS at 200 ps with a Ar/Kr ratio of 120/80 sccm and with

Ar (200 sccm).

DC-MS. This result could be attributed to the increased metal ion flux
commonly observed in the HPPMS discharges. The ion bombardment
that leads to a higher flux ratio of metal ions to neutrals results in an
increased ad-atom mobility and a smoother surface [33-35].

Cross section fractures of HPPMS coatings deposited at 200 ps
with and without Kr are shown in Fig. 3. The morphology and surface
topography of both coatings are very similar. Its leads to the assump-
tion, that the use of Kr in the investigated Ar/Kr ratio (120/80 sccm)
does not have a considerable influence on the microstructure of the
HPPMS (Cr,Al)N coating.

3.3. Composition of surface near region

The chemical composition of the surface near region was analyzed
to compare the chemistry of the surface near region to the bulk com-
position of the coatings deposited at various deposition parameters.
As aforementioned, the information depth can be estimated to
about 5.0-5.5 nm. On all samples a significant contribution of C 1 s
was found, which can be discussed as a native contamination layer
which forms upon contact with the environmental atmosphere and
mainly consists of low-weight (hydro)carbon species. Within our
studies we tolerated the presence of the carbon contamination as it
is also relevant for the application of the coatings in the technical
process. Furthermore its impact on the analysis of the chemical
composition (originating from “overlayer”-effects) of the coatings is
negligible as the carbon concentration on all samples was quite
similar (between 28 at.% and 30 at.%), and all XPS experiments were
performed with a high depth of information from the surface near
region. Nevertheless, all further XPS data are presented without
discussing the carbon content. Fig. 4 shows a representative XPS spec-
trum of the surface near region of the HPPMS (Cr,Al)N deposited at
200 ps with a Ar/Kr ratio of 120/80 sccm.

The elemental compositions of all investigated coatings are shown
in Table 3. The presence of noble gases (Ar, Kr) could not be detected
in any of the investigated samples. The lower detection limit of these

elements in XPS can be estimated to about 1 at.%. Thus, it can be
followed that the implantation of noble gases in the surface near re-
gion plays a negligible role. A significant amount of oxygen can be
assigned to the oxidation of the surface near region immediately
after the end of the deposition processes in an atmosphere with rela-
tively high oxygen and water partial pressures. Surface concentrations
of oxygen ranged from 28 to 44 at.%. Moreover, the concentration of
aluminum in the surface near region is significantly increased as
seen from the comparative EDS data and XPS measurements. This
finding can be explained by the preferential formation of aluminum
oxide in the surface near region, which has been already observed
for (Ti,Al)N coatings [36]. The formation of aluminum oxide instead
of chromium oxide is thermodynamically favored comparing the
standard enthalpies of formation of Al,03 (AH’; = — 1677 kJ/mol)
to Cr,05 (AH% = —1140 kJ/mol) [37].

Table 4 shows element ratios calculated from the XPS composition
data for all investigated coatings. The elemental compositions shown
in Tables 3 and 4 do not show a significantly different composition

Cr2p
3
©
> N1s
k7
[
2
£ O1s
Al 2s
Ci1s
1 I 1 T T '
1200 1000 800 600 400 200 0
binding energy / eV

Fig. 4. Typical XPS survey spectrum of the surface near region of a (Cr,Al)N coating
deposited at 200 ps with a Ar/Kr ratio of 120/80 sccm.
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Table 3

Chemical composition of all investigated (Cr,Al)N coatings in the surface near region.
All data are shown with an experimental uncertainty of +/—2 at.% resulting from
the XPS measurement. Carbon was excluded from the calculation.

Sample ([Ar/Kr] sccm, [t] ps) Cr2p Al 2s N 1s 01s
[at.%] [at.%] [at.%] [at.%]
HPPMS-1 (120/80 sccm, 200 pis) 24 15 19 42
HPPMS-2 (120/80 sccm, 80 pis) 23 17 21 39
HPPMS-3 (120/80 sccm, 40 ps) 24 15 34 27
HPPMS-4 (200/0 sccm, 200 ps) 24 16 27 33
DC (120/80 sccm) 28 8 20 44

comparing samples HPPMS-1 and HPPMS-2 except of the observed
Cr/Al ratio. Both coatings were deposited with the same inert gas
mixture (Ar/Kr 120/80 sccm) at different HPPMS pulse lengths of
200 ps and 80 ps, respectively. The coating deposited without Kr
(Sample HPPMS-4) shows an increased N/O ratio which is even
more significant for the coating deposited at 40 us (HPPMS-3). This
finding might lead to the assumption that these coatings are less sen-
sitive to oxidation of the surface near region after deposition. At this
point it is not fully understood whether the presence of Argon as the
only inert gas in the plasma (in case of HPPMS-4) or the short HPPMS
pulse length (in case of HPPMS-3) leads to the difference in composition
of surface near region. Further studies are necessary to investigate this
effect. For all HPPMS coatings an almost identical metal (Cr + Al) to
nonmetal (N + O) ratio was observed. The coating prepared in the
DC sputter process shows a significantly different composition of the
surface near region in comparison to the HPPMS samples which is
mainly hallmarked by a significantly increased Cr/Al ratio. This finding
can be explained by an increased sputter rate of Al in the HPPMS pro-
cess which has been already reported in [28]. Additionally, a decreased
metal/nonmetal ratio (Cr + Al)/(N + O) was observed in the surface

Table 4
Element ratios calculated from the XPS composition data. The calculated values include
an estimated error of 4%.

Sample ([Ar/Kr] sccm, [t] pis) Cr/Al N/O (Cr + A/(N + 0)
HPPMS-1 (120/80 sccm, 200 ps) 1.67 0.46 0.64
HPPMS-2 (120/80 sccm, 80 ps) 1.38 0.53 0.66
HPPMS-3 (120/80 sccm, 40 ps) 1.55 1.22 0.63
HPPMS-4 (200/0 sccm, 200 ps) 1.50 0.82 0.66
DC (120/80 sccm) 332 0.46 0.56

o c-AIN (JCPDS 25-1495)
¢-CrN (JCPDS 11-65)

* WC (JCPDS 25-1047)

i HPPMS-1 (Ar/Kr 120/80 sccm, 200 ps)
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Diffraction Angle 20 / °

Fig. 5. XRD patterns of the (Cr,Al)N coatings.

near region which correlates with the smaller sputter rate of Al during
the DC-MS process.

3.4. Phase analysis

The phase composition of the (Cr,Al)N coatings was analyzed
using XRD. Fig. 5 shows the XRD patterns of all deposited coatings.
The increase of the substrate peaks can be explained by the differ-
ent coating thicknesses. All coatings present a NaCl-type crystal
structure, indicating that the crystalline structures of the (Cr,Al)
N coatings are predominantly cubic. The diffraction peaks of the
crystallographic planes (111), (200), (220), (311) and (222) cor-
responding to the cubic CrN and cubic AIN phase are identified.
Furthermore, a preferential growth of (200) grains is observed
for the HPPMS coatings as well as the DC-MS sample. According
to [38], the CrN (200) plane presents the lowest surface energy.
One possible explanation of the occurrence of a (200) preferred
orientation can be the formation of new crystal islands during
the deposition with bias (—100 V) in order to minimize the coat-
ing surface energy, which has been demonstrated by other authors
[28,39,40].

3.5. Mechanical properties

The Hardness, Young's modulus and the H>/E? ratio of the inves-
tigated coatings are shown in Table 5. The H?/E? ratio can be used as
an important parameter to evaluate the resistance of materials to
plastic deformation. In other words, the plastic deformation is re-
duced with high ratio of H3/E? [41]. All HPPMS (Cr,AD)N films
showed a significantly higher hardness and H3/E? ratio compared
to the DC-MS coating. One explanation for this is the low Al content
in the DC-MS coating. With decreasing pulse length from 200 to
40 ps a considerable increase of hardness (from 25.0 to 32.4 GPa)
and H3/E? (from 0.086 to 0.163 GPa) was achieved. It is known
that the decrease of the coating porosity, which means an increase
of the material density, leads to an enhancement of the hardness.
In this study, as the pulse length was reduced from 200 to 80 and
40 ps, the peak current is increased and the microstructure became
denser, which could be contributed to the improvement of the
hardness and H*/E? ratio.

3.6. Electrochemical impedance spectroscopy (EIS)

The impedance and phase angle graphs of the investigated coating
systems are presented in Fig. 6. For low frequencies an increase of im-
pedance was observed with all HPPMS (Cr,Al)N coatings in compari-
son to the reference steel substrate AISI 304 (1.4301, X5CrNi18-10).
For the samples prepared with an Ar/Kr ratio of 120/80 sccm and
with pulse lengths of 200 and 80 ps, as well as the sample deposited
with a pulse length of 200 ps under pure Ar atmosphere EIS analysis
yielded similar profiles. EDX and XPS analyses indicated a similar
chemical composition of the HPPMS coatings which was also reflected
in the electrochemical properties. A clear difference was observed
comparing films prepared by means of HPPMS and DC-MS processes,

Table 5
Hardness and Young's modulus of (Cr,Al)N coatings determined by Nanoindentation.

Sample ([Ar/Kr] sccm, [t] ps) Hardness Young's modulus H3/E?

[GPa] [GPa] [GPa]
HPPMS-1 (120/80 sccm, 200 ps) 25.0 £ 1.5 425 + 17 0.086
HPPMS-2 (120/80 sccm, 80 ps) 30.1 £+ 2.6 408 + 28 0.163
HPPMS-3 (120/80 sccm, 40 ps) 324 £+ 3.7 453 4 44 0.165
HPPMS-4 (200/0 sccm, 200 ps) 253 +£ 1.5 418 + 21 0.092
DC (120/80 sccm) 18.0 4+ 2.2 393 + 25 0.037
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Fig. 6. Impedance and phase angle graphs of (Cr,AI)N coatings on stainless steel substrates AISI 304 (1.4301, X5CrNi18-10).

Table 6
Calculated capacitance values for (Cr,AI)N coatings prepared by means of HPPMS
process.

Sample ([Ar/Kr] sccm, [t] ps) Frequency at phase

minimum [Hz]

Capacitance at phase
minimum [uF]

HPPMS-1 (120/80 sccm, 200 ps) 79 0.67
HPPMS-2 (120/80 sccm, 80 ps) 100 0.65
HPPMS-3 (120/80 sccm, 40 ps) 20 1.90
HPPMS-4 (200/0 sccm, 200 ps) 100 0.56

where the DC-MS sample has shown significantly lower impedance
values at lower frequencies.

Additionally, the capacitances of the (Cr,Al)N coatings prepared by
means of HPPMS process were evaluated at the phase minima and are
presented in Table 6. The samples prepared with an Ar/Kr ratio of
120/80 sccm at pulse lengths of 200 and 80 s, as well as the sample
deposited with a pulse length of 200 ps under pure Ar atmosphere did
not show a significant difference in the evaluated capacitance values.
Considering that all HPPMS films have a similar chemical composition
(see Table 2), the slight increase in the capacitance of the coating pre-
pared at 40 ps could be explained with the lower thickness of this
coating.

The DC-MS (Cr,Al)N coating had a phase profile similar to the AISI
304 (1.4301, X5CrNi18-10) reference sample and has shown no
phase minimum indicating that the double layer capacitance is
dominating the impedance response of the system. This behavior of
the DC-MS (Cr,Al)N coating could be explained with a combined
effect of the increase in Cr/Al ratio and the film morphology. The
DC-MS process is known to generate a coating microstructure with
lower density in comparison to the HPPMS process, as discussed be-
fore. The decreased impedance values observed at low frequencies
and the phase angle profile indicate the presence of pores in the
DC-MS coating compared to HPPMS coatings.

4. Summary

The synthesis of (Cr,Al)N coatings by HPPMS has been studied for
various values of pulse length (200, 80, 40 ps) and for different inert
gas mixtures (Ar/Kr 120/80 and Ar/Kr 200/0 sccm) at constant mean
power. One DC-MS experiment was carried out at the same mean
power values and constant Ar/Kr ratio (120/80 sccm) for comparison.
The shortening of pulse length led to a significant increase of peak cur-
rent from 280 A at 200 pis to 660 A at 40 ps. It was observed that the
deposition rate of HPPMS (Cr,Al)N was predominantly influenced by

variation of pulse length and accordingly the peak current. The depo-
sition rate decreased nonlinearly with reduced pulse length. For the
HPPMS coatings the highest deposition rate (0.77 pm/h) was obtained
ata 200 ps pulse length and an Ar/Kr ratio of 120/80 sccm.

In the (Cr,AI)N coating deposited at a pulse length of 80 and 40 ps
it is clearly visible that the columnar structure disappeared and a
dense fine grained crystalline microstructure is observed. Further, a
smoother surface was achieved compared to the DC-MS and HPPMS
coating (200 ps). The experiments with and without Kr did not
show a considerable influence of this noble gas on the microstructure
of the coatings. For all investigated coatings a significant amount of
oxygen was detected in the surface near region, due to a passivation
reaction of the surface near region. The surface concentrations of
oxygen ranged from 28 to 44 at.%, with the lowest oxygen content
in the coating deposited at 40 ps. Hence, the composition of the sur-
face passive layer has to be taken into account when discussing inter-
facial processes such as adhesion and interactions with a polymer
melt. The preferred orientation is (200) for the DC-MS as well as
HPPMS coatings. Regarding the mechanical properties a significant
increase of hardness and H3/E? ratio is achieved when the pulse length
is reduced from 200 ps (25.0 GPa; 0.086 GPa) to 40 ps (32.4 GPa;
0.163 GPa). EIS results were in good agreement with the microstruc-
ture and chemical composition analysis indicating the presence of a
defect rich structure in the DC-MS coating compared to the HPPMS
coatings.
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Within this paper the temporal evolution of oxygen chemisorption on TiAlIN surfaces
has been studied by in-situ XPS experiments and complementary ab initio molecular
dynamics (MD) simulations. It could be shown that oxygen preferentially reacts with surface
Ti atoms although the formation of Al-O bonds would be expected due to thermodynamic
reasons. The reaction goes along with the displacement of Ti from the surface plane. Within
this work it could be shown experimentally and theoretically that Ti and not Al determines

the chemisorption of oxygen on TiAIN for the first time.
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dynamics simulations. Both the experimental and theoretical data imply that Ti and not Al determines
the oxygen chemisorption process. Dissociative adsorption of oxygen is followed by upward movements
of Ti, generating vacancies in the TiAIN interface and the formation of Ti—O—Ti bridges with Ti,0;-like

bonding passivating the surface.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

TiAIN is widely used as protective coating for cutting and form-
ing tools due to the high hardness combined with good oxidation
and wear resistance [1,2]. It exhibits the NaCl structure (space
group Fm-3m) up to an AIN fraction of 0.5-0.9 [3-9], where it
transforms into the thermodynamically stable hexagonal configu-
ration with inferior mechanical properties. While structure, phase
stability, electronic structure, and mechanical properties of TiAIN
have been discussed extensively [3,10-15], its surface characteris-
tics have only recently been studied even though they are critical
for the performance of protective coatings in contact with molten
aluminum [16] or for polymer forming tools [17,18].

It was shown previously by chemical analysis of TiAIN and
TiAINO protective coatings that oxygen is enriched at the surface
near region [19]. The oxidation of the surface near region was sug-
gested to be due to reaction with residual gas immediately after
deposition during cooling in the deposition system and/or reac-
tion with atmospheric oxygen at room temperature [19]. Tempez
et al. studied amorphous TiAIN coatings by means of ex situ X-
ray photoelectron spectroscopy (XPS) and reported that the surface
near region was partly oxidized giving rise to Ti—O and Al—O bond-
ing along with an enrichment of Al due to air exposure [20]. The
detailed chemical composition of the surface near region formed
under atmospheric conditions of high power pulsed magnetron
sputtering (HPPMS) TiAIN and TiAINO coatings have been discussed
recently [19]. In a recent theoretical work [21], surface processes
on Tip5Alp5N(00 1) interacting with O, at room temperature were
explored using ab initio molecular dynamics (MD) simulations. Dis-
sociative adsorption of O, occurs on Ti sites, which are unusual
sites as Al,03 is more stable than TiO,. It was suggested that
an increased Ti—O bond strength relative to Al—0 surface bond
strength is the electronic origin for the early stages of titanium
oxide formation on TigsAlgsN(001). At larger coverages, Al—O
bonds are formed. Another unexpected finding was that Ti escapes
from the TiAIN(0 0 1)/0 interface layer, moves upwards generating
both vacancies and the coverage of the nitride interface layer with

0169-4332/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apsusc.2013.11.091

Ti—0 [21]. These predictions have not been confirmed by experi-
ments as no temporal evolution of the surface chemistry is available
in literature.

At elevated temperatures, surface chemistry and kinetics may
be radically different. McIntyre et al. studied the oxidation of
TiAIN at temperatures between 1023 and 1173 K in a pure oxygen
atmosphere at ambient pressure [2]. Under these conditions they
identified aluminum and oxygen as the mobile species leading to an
aluminum oxide rich top layer of about 100 nm in thickness with an
underlying titanium oxide rich layer of similar thickness. An oxida-
tion kinetics that initially varies parabolically with time has been
observed, followed by accelerated oxidation in conjunction with
crack formation.

Other spectroscopic methods offer complementary information
about the bulk phase of the investigated material. Barshilia and
Rajam studied the thermal stability of TiAIN coatings by means of
Raman spectroscopy [22]. Under atmospheric conditions they did
not observe any changes below 973 K and reported a formation of
anatase TiO, and Al;03 at 1073 K, whereas they did not observe a
phase transformation for the same coatings annealed under vac-
uum conditions.

In this work, we devise a strategy to identify the temporal evolu-
tion of the surface chemistry of TiAIN at a low O; partial pressure of
1 x 10-3 mPa. We studied the temporal evolution of surface chem-
istry of HPPMS and TiAIN coatings at 300 K combining XPS and ab
initio MD simulations.

2. Theoretical methods

To identify the atomic processes leading to the observed
chemisorption kinetics, an ab initio MD study of Tig5AlgsN(001)
interacting with four O, molecules was carried out using the
OpenMX code [23], based on the density functional theory [24]
and basis functions in the form of linear combination of localized
pseudo atomic orbitals [25] in conjunction with the generalized
gradient approximation [26]. The basis functions used were
specified as follows: Ti5.0-s2p2d1, Al6.0-s2p2, N4.5-s2p1, and
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04.5-s2p1. Ti, Al, N, and O designate the chemical name, followed
by the cutoff radius (Bohr radius units) in the confinement scheme
and the last set of symbols defines primitive orbitals applied.
The energy cutoff (150Ry) and the 96 x 96 x 240 real-space grid
were adjusted to reach the accuracy of 10-¢ H/atom. A canonical
ensemble at 300K was used to simulate Tig5AlgsN(00 1) surface
(6 atomic layers, surface area 12.536 x 12.536A2, 216 atoms)
interacting with O,. The MD time step was 1.0fs and the total
simulation time was 2000 fs. The motion of atoms was studied by
analyzing atomic trajectories during the MD run, as implemented
in the ASAP code [27]. More details can be found elsewhere [21].

3. Experimental
3.1. Deposition of TiAIN

TiAIN coatings were synthesized on Si(100) substrates using
HPPMS in a CC-800/9 CemeCon deposition chamber using a
500 x 88 mm? TiAl sputter target consisting of a Ti plate with inlays
of Al. The average power density was approximately 10.5W cm 2
and the substrate temperature was 693 K. More experimental
details pertaining to the synthesis of the thin films as well as their
composition can be found elsewhere [19]. The thickness of the
TiAIN coating used in this study was 1.4 um. Clean TiAIN surfaces
were created under UHV conditions by removal of the native pas-
sive layer by means of Ar sputtering with 2 keV for 300s.

It was proven that no preferential sputtering took place. A cor-
responding depth profile is provided as supplementary data that
show a steady state in the chemical composition after the native
surface oxide layer has been removed. Furthermore no chemical
changes within the core level spectra of titanium and aluminum
could be observed with an increasing of sputter cycles after the
initial removal of the surface oxide layer. The generated surface is
thereby similar to one that is formed by the sputter deposition pro-
cess without forming reaction products due to exposure to residual
gas and/or atmosphere [19].

3.2. Investigation of oxygen chemisorption by means of XPS

The chemisorption of oxygen on the surface was induced by
a controlled exposure to oxygen under UHV conditions at a base
pressure of lower than 1x 10-4mPa. The temporal evolution of
the surface composition at room temperature and at a defined
oxygen partial pressure was investigated by means of XPS, as pre-
viously described in [19], with a 128 channel electron detector
(Argus, Oxford Instruments, Taunusstein, Germany) and operated
at a pass energy of 25eV for high resolution spectra. For time
resolved spectra the pass energy was raised to 100eV to increase
the observed energy range of the 128 channel detector as discussed
below. The principal energy resolution of the spectrometer could
be estimated by a calibration based on Ag 3ds, that gives full width
half maximum values of 0.65 for 25eV pass energy and 0.8 for
100eV pass energy, respectively. The take-off angle of the photo-
electrons was 60° with respect to the surface normal which leads
to an information depth of about 3 nm [28]. During oxygen dosing
the pressure in the XPS chamber was increased from the base pres-
sure of Ppase =1 x 1074 t0 Pyosing =1 x 103 mPa, which resulted in
an oxygen partial pressure of p0, =0.9 x 10-3 mPa. XPS data of the
0 1s, Ti 2p, N 1s, and Al 2p core level peaks were successively mea-
sured in such a way that the 128 channels of the electron detector
covered the whole core level peak (“snapshot mode”). The acqui-
sition time per core level spectrum was 4s to achieve a satisfying
signal to noise ratio. The time resolution of the experiment was
26's per loop cycle resulting from the time needed to acquire the
core level spectra (4 s per element) and switch the observed energy
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Fig. 1. Temporal evolution of surface chemistry for the surface near region of TIAIN
measured in situ by “snapshot mode” XPS during O, dosing.

range of the photoelectron analyzer (2.5s after each acquisition).
The pass energy was set to 100 eV to cover the energy range of the
corresponding core level spectra which leads to an overall energy
range of 14.3 eV that is covered by the 128 channels of the detector.
This procedure allowed us to follow the temporal evolution of the
elemental composition of the surface near region.

As the time resolution of the spectroscopy was in the order of
265, it is interesting to estimate how many monolayers are formed

in a corresponding time scale. The rate of oxygen adsorption N can
be estimated from the kinetic theory of ideal gases [29]:

. A

N=_Px8 1)

'V ZmnkBT'

where, N is the number of molecules hitting a surface
area per unit of time, p is the oxygen partial pressure of
1 x 10-3 mPa, A designates the surface area covered by one oxygen
molecule (0.1 x 10-'8m2), m is the mass of the oxygen molecule
(5.31 x 10-26 kg), kg is the Boltzman constant, and T is the temper-
ature (300 K). We assumed the sticking coefficient of 1. This results
in the chemisorption of 2.7 x 10~3 oxygen monolayers per second.
Thus, about 370s are necessary for the formation of an oxygen
monolayer, which allow us to resolve the chemisorption process
over time.

4. Results and discussion
4.1. Temporal evolution of surface chemistry

The temporal evolution of surface chemistry of TiAIN during
oxygen exposure as investigated by means of XPS is presented in
Fig. 1 as a function of dosing time in seconds and also molecular
dose in Langmuir (1L=1Torr 1 ws). The major changes occur within
the first 150s. After about 300s the surface concentration of oxy-
gen reaches an almost constant value of about 15%. Comparing the
approximated monolayer adsorption time for oxygen molecules of
360 s this indicates that the first monolayer of chemisorbed oxygen
inhibits the three dimensional growth of an oxide film at the given
oxygen partial pressure and temperature.
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As oxygen is chemisorbed on TiAIN a concomitant decrease in
N concentration is measured. In the early stage of oxygen dosing a
sharp decrease of the aluminum concentration is observed, while
the titanium concentration remains constant. As shown by the
time resolved elemental spectra and ab initio MD simulations (see
below) this initial increase in the Ti/Al-concentration is assigned
to the preferential formation of a Ti;O3 surface monolayer which
shields the underlying material. This may lead to a sudden drop
in the aluminum concentration as its XPS signal is impeded by
the formation of Ti;O3. Within the first 300s a preferential for-
mation of oxidic titanium species is leading to a converging surface
chemistry. For the given temperature and oxygen partial pressure
no significant changes of the TiAIN composition after 900s were
observed.

The temporal evolution of the Ti 2p core level XPS spectra dur-
ing oxygen dosing is given in Fig. 2(a). Within the first minutes of
the oxygen exposure, nitridic titanium species react to form Ti,O3.
After about 180 s no significant further changes in the peak shape
of the Ti 2p core level spectra were observed. This is consistent
with the temporal evolution of surface chemistry (see Fig. 1). This
observation implies a preferential reaction of titanium with oxygen
during the initial chemisorption process.

Highresolution Ti 2p core level XPS spectra before and after oxy-
gen dosing allow for the deconvolution of the oxidic and nitridic
peak contributions as shown in Fig. 2(b). The purely nitridic Ti 2p
peak is characterized by a strong asymmetry with a tail reaching
to higher binding energies. This may be assigned to the screening
of core orbitals by valence band electrons for conductive materials
[30], which makes a modeling of the Ti 2p peak in TiAIN via a fit
of synthetic compounds difficult [31,32]. Thus we used the Ti 2p
spectrum that was obtained prior to oxygen dosing as a reference
spectrum, which was introduced as the nitridic Ti 2p component
into the Ti 2p spectrum obtained after oxygen dosing. To represent
the oxidic Ti; O3 contributions, additional synthetic compounds of
the shape GL (30) (Gaussian (30%)-Lorentzian (70%)) [33] were fit-
ted as shownin Fig. 2(b) which allows for obtaining the contribution

of oxidic and nitridic titanium compounds, via the peak areas. The
Ti 2p core level spectrum still shows contributions of TiN after the
chemisorption of oxygen, as the information depth of the XPS mea-
surement is in the order of a few nanometers. It can be assumed that
a three dimensional oxide layer forms at increased oxygen partial
pressures [19] and/or significantly elevated temperatures [2].

The elemental compositions of the TiAIN sample were obtained
from high resolved XPS spectra before and after oxygen dosing
and are given in Table 1. As surface contaminations were removed
by the argon sputtering prior to the experiments, as described in
Section 3.1, a quantitative analysis of the surface composition is
possibly based on the XPS results.

Considering the anion to cation ratio, an almost stoichiometric
TiAIN composition before oxygen dosing could be observed while
after dosing non-metal over stoichiometry is observed which is in
agreement with ab initio calculations on TiAINO [34]. In the final
state of the oxide formation reaction at low oxygen partial pres-
sure, the observed concentration of Ti(Ill) bound to oxygen would
correspond to an oxygen concentration of 14.4 at.% if a pure Ti» O3
layer would cover the surface. The observed difference of 3.6% is
assigned to the formation of aluminum oxide. It is interesting to
note that the depth information is sufficient to identify the nitridic
contribution of the Ti 2p peak, indicating that the decrease in oxy-
gen uptake observedinFig. 1 afteraround 150 s is due to passivation
and not due to insufficient depth resolution in XPS.

Atmospherically exposed TiAIN films further oxidize up to
Ti(IV), as shown in a previous study [ 19]. Within this study, no for-
mation of TiO, could be detected based on the XPS data. Thus we
suggest that higher partial pressures of oxygen and/or the presence
of water adsorbates are necessary to form TiO on TiAIN.

4.2. Ab inito molecular dynamics studies
Fig. 3 shows the interaction of the Tig 5Alg5N(00 1) surface with

four O, molecules, as obtained by ab initio MD studies. It is evi-
dent that a dissociative adsorption of O, occurs: individual O atoms
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Table 1
Elemental composition of the TiAIN sample.
Ti 2p (at.%) Al 2p (at.%) N 1s (at.%) 0 1s (at.%)
Ti 03 TiN
Before O, dosing - 19 31 47 <3
After O, dosing (14 L, 35 min) 9.6 6.4 29 37 18

interact with metal atoms, but never with N. Ti sites are preferred
over Al sites. There are four types of metal —O bonds formed:
(i) single Ti—O bond (referred to as Ti1), (ii) double Ti—O bond
(referred to as Ti3), (iii) triple Ti—O bond (referred to as Ti2) and
(iv) single Al—O bond (referred to as Al1). As discussed previously
[21], Ti escapes from the Tig5Alp5N(00 1)/0O interface layer, which
is induced by an increased Ti—O coordination (double and triple
bonds) compared to single Ti—O bonds. This generates Ti vacancies
in the Tip5Alp5N(00 1)/0O interface layer. Based on the bond length
and coordination data, these triple Ti—O bonds are consistent with
TiO, as well as corundum Ti;O3 [21,35]. Hence, it is reasonable to
assume that the O adsorption induces Ti extraction and the asso-
ciated vacancy formation enables and constitutes the initial stage
of oxide formation. This is consistent with the XPS data presented
above.

To evaluate the kinetics of O, on the Tip5Alp5N(00 1) surface,
we plot the displacement of Ti1, Ti2, Ti3, and Al1 as a function of
time in Fig. 4. Clearly, O, induces a displacement of metal atoms on
TiAIN(0 0 1). The fastest process is triple Ti—O bond and Ti vacancy
formation (Ti2), followed by single Ti—O bond formation (Ti1). The
slowest processes are double Ti—O bond and Ti vacancy formation
(Ti3) as well as single Al—O bond formation (Al1). These data are
consistent with the temporal evolution of the chemical composi-
tion presented in Fig. 1 and the corresponding binding energies in
Fig. 2. We propose that the kinetics of the initial chemisorption of
oxygenon TiAIN is governed by triple Ti—O bond and Ti vacancy for-
mation. This may be understood based on the electronic structure of
TiAIN [11]. TiAIN appears metallic since the Fermi level is occupied.
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Fig. 3. MD snapshot of Tig5AlgsN(00 1) interacting with four O, molecules at 300 K
after 2000 fs. Nearest neighbours are connected. Some surface atoms (Ti1, Ti2, Ti3,
and Al1) are additionally marked due to their importance in kinetic processes.
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Fig. 4. Displacement of Ti and Al atoms, marked in Fig. 3, as a function of time.

There are Ti d-N p and Al p-N p hybridizations present. The follow-
ing mechanism is proposed. As Ti d states dominate the Fermi level,
it is conceivable that Ti atoms are more mobile as Al atoms since
they occupy deeper core states. This is consistent with diffusion
barrieron TiN(00 1): 0.40 eV for Tiand 0.47 eV for Al [36]. More sup-
port for preferred Ti-O interactions can be gained from the effective
charge analysis. We performed the Mulliken populations analysis
[37] and it should be noted that the calculated effective charge
is only proportional to the formal charge. Clean Tig5Alg5N(001)
possesses the following effective charge: from +0.7 to +0.8 for Ti,
from +0.8 to +0.9 for Al and from —0.6 to —0.9 for N. As four O,
molecules react with Tig5AlgsN(00 1) during the ab initio MD run,
the largest changes occur for surface Ti atoms, increasing their for-
mal charge up to 1.0. Simultaneously, oxygen reaches the effective
charge values of —0.5 to —0.6. This indicates that there is a trans-
fer of Ti valence electrons to adsorbed oxygen, which is consistent
with our XPS data.

5. Conclusions

According to the results that were obtained within this work,
we propose that oxygen chemisorption on TiAIN results in the for-
mation of Ti, 03 like bonding and Ti vacancy formation, while the
reaction of aluminum with oxygen plays a subordinated rule. This
interpretation is based on both experimental data and ab initio MD
simulation results. The initial step is dissociative adsorption of oxy-
gen, as the electron density of Ti at the Fermi level of the solid
surface is larger than that of the Al atoms, the oxygen preferentially
coordinates to Ti: first as Ti—O single bonds followed by double- and
three-fold coordination of Ti. This process creates Ti vacancies in
the TiAIN surface along with the displacement of surface titanium
atoms into top layer positions. The formation of Ti,O3 inhibits the
further transfer of electrons to adsorbed oxygen, which suppresses
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the reaction of aluminum with oxygen. These results are relevant
for basic understanding of initial stages of oxidation, surface diffu-
sion and nucleation on reaction layers of transition metal nitrides
upon exposure to residual, and environmental gases.
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Figure 1: Depth profile of the TiAIN coating used within this work during Ar sputtering with 2 keV. The sputter rate
can be estimated based on a calibration on SiO, to about 4 nm/minute.
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Within this work the adsorption of carboxy-functional molecules (nonadecanoic acid)

on atmospherically prepared TiO2(100) single crystalline surfaces has been investigated.

The presented approach aims in a molecular understanding of adsorbate formation on

titania surfaces by applying a model system of TiO; single crystal surfaces and a carboxylic

acid as a model adsorbate. It could be shown that the atmospherically prepared TiO2(100)

substrates exhibit a well ordered structure that is characterized by an OH surface

termination. These substrates weakly interact with carboxy-functional groups leading to an

unordered monolayer of nonadecanoic acid which replaces the native carbon contamination

which originates from molecules that are present in the ambient atmosphere.
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conditions.

The surface and adsorbate chemistry of the TiO,(100) surface prepared at high temperatures and ambient
conditions were studied by means of angle resolved X-ray photoelectron spectroscopy (AR-XPS), Low Energy
Electron Diffraction (LEED) and Atomic Force Microscopy (AFM) based nanoshaving studies. The TiO,(100)
surface shows a 1x 1 structure with a 1x 3 superstructure assigned to surface defects. A significant hydroxide
surface concentration was revealed by means of AR-XPS measurements. The adsorbate formation of non-
adecanoic acid (NDCA) from ethanolic solution led to disordered sub-monolayer surface coverage. The
weak interaction between the carboxylic acid group and the TiO, surface is assumed to be a combination of
the neutral to acid behavior of the TiO, surface and the stable hydroxide surface layer created under ambient

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) plays a crucial role for modern technical
applications such as the design of new catalysts [1-3] or biomaterials
[4-6]. TiO, particles in rutile or anatase phase are widely used inor-
ganic pigments. Moreover, the use of TiO, for photocatalytical pro-
cesses [7-9] and as semiconductor electrode for dye sensitized solar
cells [10-12] have led to a great scientific interest in the surface
chemistry and surface physics of TiO,.

For an optimal color effect the desired particle size is in the range
of 250 to 400 nm. The physical properties of TiO, particles (e.g. its
transparency at visible wavelengths and its large index of refraction)
have made it the world's most widely used white pigment for polymers
[13]. The processability and functional properties of such pigments
strongly depend on the particle-particle interactions and the surface
chemistry of the particles.

As the interactions between small particles are mostly driven by
van der Waals interactions, hydrogen bonding and capillarity forces,
the chemical and physical structures of the particle surface are of out-
most importance. The TiO, surface has been intensively studied by
Diebold et al. [14,15] and Henderson et al. [16] under UHV conditions.
On single crystals prepared under UHV conditions Diebold et al. found
oxygen depletion resulting in the formation of surface defects [14,15].

* Corresponding author. Tel.: 4+49 5251 605700; fax: +49 5251 60 3244.
E-mail address: g.grundmeier@tc.uni-paderborn.de (G. Grundmeier).

0039-6028/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.susc.2012.05.025

Different water adsorption behavior was reported by Henderson et al.
for different TiO, crystal orientations [16]. However, as such single
crystalline surfaces were prepared and analyzed under UHV condi-
tions the corresponding studies are not representative for TiO, sur-
faces prepared under ambient conditions of high water and oxygen
activity.

For the prediction of the behavior of particle collectives under am-
bient conditions the knowledge of the exact adsorbate chemistry on
the considered surfaces plays a crucial role towards understanding
force interactions between solids. The adsorption of small molecules
such as water, alcohols or acids has been intensively studied within
the last years mostly under UHV conditions [17-20]. In contrast,
few studies showed the adsorption of larger molecules under atmo-
spheric conditions [21,22]. In both cases, the possibility of obtaining
well-defined stepped TiO,(100) surfaces with monoatomically flat
terraces promoted the use of this crystal orientation as model system.

Adsorption studies under UHV conditions have been mostly per-
formed on the (110) surface [14,23]. The preparation of these surfaces
in UHV conditions results in the formation of well-ordered TiO, sur-
faces free of surface hydroxides. The adsorption of different molecules
like carboxylic acids [23,24], alcohols [25,26], and aldehydes [27,28],
onto the (110) surface has been widely studied. The adsorption
mechanism of a carboxylic acid onto the surface has been elucidated
and occurs via preferential binding to the five-fold Ti** in a bi-
dentate mode. Moreover, the adsorption of the carboxylic acid leads
to the formation of a hydroxide group on the bridging oxygen of the
lattice [29,30].
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When discussing force interactions between particles under ambi-
ent conditions in addition to van der Waals interactions, capillarity
forces also have to be considered. Butt et al. investigated capillarity
forces between particle modified AFM tips and surfaces of different
roughness as a function of relative humidity [31]. They reported
that an influence of relative humidity on the adhesion force was
only detectable on hydrophilic surfaces. Hashimoto et al. studied the
influence of UV light on the wettability properties of TiO, single crys-
tals and observed a reversible surface wettability conversion based on
a photo induced reduction of Ti** to Ti>* [32].

Whitesides et al. and Nuzzo et al. investigated the adsorbate for-
mation of alkanehydroxamic and carboxylic acids on various oxide
covered metals [33]. Due to the higher complexation constant of the
hydroxamic acids with metal ions in contrast to carboxylic acids
they could observe the formation of self-assembled monolayers. For
the combination of the carboxylic acids and amorphous TiO, oxide
films on Ti no self-assembly process was observed. The authors
assigned this behavior mainly to the acid to neutral behavior of the
TiO, oxide film [33].

Nakamura et al. and Yamamoto et al. showed the preparation of
well-defined stepped terrace TiO, surfaces via a wet chemical etching
procedure followed by an annealing step in air [34-36]. Lu et al. also
showed the formation of TiO, surface with well stepped terraces by
means of a modified procedure, a manual polishing of the samples,
followed by sonication in pure water and annealing.

In this paper, the main focus was set on the investigation of the
adsorption of model molecules to enable a fundamental understanding
of particle-wall interactions under ambient conditions in the presence
of adsorbates. As a model molecule to simulate contaminations from
ambient atmosphere nonadecanoic acid (NDCA) was chosen for three
main reasons. Firstly, the carboxylic acid group mimics the chemical
functionalities of contaminations which are present in ambient condi-
tions, secondly the aliphatic chain is of defined chemical composition
that gives an intense carbon signal in XPS experiments and finally
allows the detection of a height contrast in AFM based nanoshaving in-
vestigations. To correlate the properties of single crystalline surfaces of
TiO, with more complex TiO, particle surfaces we followed the ap-
proach of an atmospheric preparation of the single crystalline surface.
The characterization of the bare and adsorbate covered surfaces was
performed microscopically by means of Atomic Force Microscopy
(AFM) and spectroscopically by means of Low Energy Electron Diffrac-
tion (LEED) and angle resolved X-ray photoelectron spectroscopy
(XPS).

2. Experimental
2.1. Materials and chemicals

Rutile TiO, single crystals in (100) orientation of 10 mmx
10 mmx 0.5 mm size grown by the Verneuil process were obtained
from Mateck GmbH (Juelich, Germany). All chemicals and solvents
were of p.a. grade (analytical reagent grade) and used without any
further purification unless mentioned otherwise. Ethanol, used as a
solvent and for general cleaning purposes, was purchased from
VWR International. Nonadecanoic acid (97%) was obtained from
Fluka (Fluka, Germany). Hydrofluoric acid (40%) was obtained from
Merck KGa (Merck, Germany). Water was obtained from an Ultraclear
TWF (SG Wasseraufbereitung, Barsbiittel, Germany) system with a
maximum electrical conductance of 0.055 pS-cm ™.

2.2. Atmospheric preparation of TiO»(100) single crystalline surfaces

TiO,(100) single crystalline surfaces which are stable under ambient
conditions were prepared from one-side polished TiO,(100) rutile single
crystals by a wet chemical etching procedure followed by an annealing
step according to the preparation route proposed by Nakamura et al.

[34] and Yamamoto et al. [35]. To avoid contamination of the crystal
during the preparation, etching was performed in a PTFE vessel.

As a pre-cleaning step, the TiO, crystals were sonicated in ultra-
pure water. For the preparation of single crystalline TiO, surfaces,
the crystals were etched in 20% HF solution for 20 min. After the etch-
ing process the crystals were intensively rinsed with ultrapure water
and dried in a stream of pure nitrogen gas.

After the etching step the crystals were directly transferred into a
tube furnace consisting of a horizontal Al,03 tube and annealed at
680 °C for 48 to 72 h in ambient air. To avoid mechanical stress in
the crystal as well in the annealing tube a heating and cooling rate of
3 °C/min was chosen, resulting in a ramping time of about 3.5 h. After
preparation the crystals were checked for surface quality by means of
AFM.

2.3. Adsorption of NDCA monolayers on TiO, single crystalline surfaces

For studies of adsorbate formation on single crystalline TiO, surfaces
nonadecanoic acid (NDCA, C;gH37,COOH) was chosen as a model
molecule to study the interaction of carboxylic acids with the TiO,
surface. The freshly prepared TiO, single crystals were immersed
into a 1 mM ethanolic solution of NDCA for 12-16 h, according to
typical preparation methods of self-assembled monolayers [37].
After the adsorption step crystals were rinsed with ethanol and dried in
a nitrogen stream.

2.4. Analytical methods

2.4.1. AFM instrumentation

AFM measurements were performed by means of a JPK Nanowizard
I Ultra (JPK Instruments AG, Berlin, Germany) equipped with an anti-
noise- and anti-vibration-box under ambient conditions in air. Contact
mode imaging was applied for bare TiO, single crystal surfaces. AC
mode scanning was performed on TiO, surfaces with adsorbed mole-
cules. Measurements in contact mode were performed at constant
forces ranging from 2 to 5 nN. Imaging in AC mode was done at constant
amplitude, which was damped to 98-90% of the free-air amplitude. The
scan speed was between 1 and 2 um per second, at a scan resolution of
512 x 512 pixels. For contact mode imaging rectangular silicon cantile-
vers type DP17 (obtained from Mikromash, Estonia) with a pyramidal
shaped silicon tip were used. AC mode imaging, as well as Nanoshaving
experiments was performed with NSC15 cantilevers (obtained from
Mikromash, Estonia) with a resonance frequency of about 320 kHz in
air and a force constant of 40 N m~ . A similar experimental approach
was followed by Grundmeier et al. for studies of organophosphonic
acid self-assembled monolayers on Al,O5 surfaces [38].

2.4.2. AFM topographic imaging

The etching and annealing process as described above led to well
defined surface structures (see Fig. 1) with about 150-250 nm wide
atomically flat terraces. The step height between the terraces was
500 pm which corresponds to one rutile unit cell (c=459 pm) [39].

2.4.3. Contact angle experiments

Contact angle experiments were performed by means of a SCA 20
(DataPhysics Instruments GmbH, Filderstadt, Germany) system at
ambient conditions with ultrapure water as liquid. To minimize the
influence of gravity on the drop shape the drop volume was set to
5 ul during all experiments.

2.4.4. XPS instrumentation

The TiO, crystals were directly transferred into the UHV system after
the annealing step, to avoid further contamination from the laboratory
atmosphere. The investigated “as prepared” surfaces were taken out of
the oven after annealing when the crystals were cooled down to about
100 °C and were directly mounted on the UHV sample holder. The time
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Fig. 1. AFM topography image of the TiO,(100) single crystalline surface with about 250 nm wide atomically flat terraces (left). Cross section of the marked area (right).

needed to transfer the bare crystal from the annealing oven to the
UHV load lock was between 5 and 10 min. In the case of SAM coated
samples longer exposure times to laboratory conditions can be
expected since the transfer into and out of the NDCA solution
followed by rinsing and drying has to be considered. Within the UHV
system no pretreatment of the sample was performed prior to surface
analysis.

XPS measurements were performed by means of an Omicron
ESCA+ System (Omicron NanoTechnology GmbH, Germany) with a
base pressure of <2 - 10~ 2 mbar. The system is equipped with a hemi-
spherical energy analyzer, the element spectra were recorded at pass
energies of 25 eV. For photoelectron excitation a monochromated Al
Ko (1486.3 eV) X-ray source with a spot diameter of 600 um was
used. The take-off angle of the detected photoelectrons was varied
from 10° to 70° with respect to the surface plane. The calibration of
the spectra was performed using the C 1s peak (binding energy,
BE =285 eV) as an internal reference. For data evaluation the CasaXPS
[40] software was used. Unless mentioned otherwise all quantification
of the XPS data was done by integration of the peaks with regard to
the relative sensitivities of the elements. Components within one peak
were fitted using a Gaussian-Lorentzian lineshape (30% Lorentzian
and 70% Gaussian).

Angle resolved XPS experiments were performed for the analysis
of the surface chemistry of the prepared crystals. XPS spectra were
recorded at take-off angles of the photoelectrons from 70° to 10° with re-
spect to the surface plane. Estimating the escape depth of the electrons in
a solid to N =~3 nm (for an Al K, X-ray source at 1486.3 eV), the probing
depth d can be calculated as a function of the take-off angle © according
[41] to Table 1:
d = \sin® (1)

The angle resolved spectra presented in Figs. 3, 4, 6 and 7 were
normalized by using the 0%~ peak maximum to create comparable
line plots, as the count rate strongly decreases with decreasing take-off
angle of the photoelectron. For comparison the measured count rate for

Table 1
Probing depth as a function of the XPS take-off angle.

Take-off angle ©/degrees Probing depth/nm  Equivalent in unit cells TiO,(100)

70 2.82 6
40 1.93 4
20 1.03 2
10 0.52 1

the O 1s signal of the bare TiO,(100) sample at the peak maximum was
120 - 103counts/s at 70° take-off angle and decreased to 8-103counts/s
at 10° take-off angle caused by the typical angular distribution of the
emitted photoelectrons.

2.4.5. LEED instrumentation

For LEED experiments Omicron Spectra LEED optics were used at an
incident angle of the electrons close to 90° with respect to the surface
plane. The beam energy was varied from 80 eV to 120 eV to optimize
LEED intensity. The LEED pattern of the surface was simulated and
compared with the experimental crystal parameters using the software
LEEDpat30 [42].

3. Results and discussion

3.1. Characterization of TiO, single crystals prepared under ambient
conditions

3.1.1. LEED analysis

The surface and adsorbate structure of TiO, surfaces was analyzed
by means of LEED experiments after the high temperature annealing
step. The corresponding LEED images obtained with a beam energy of
80 eV is shown in Fig. 2 (left image). The (100) surface clearly shows a
rectangular LEED pattern (bright points) with several secondary points
along the (010) direction. The lattice parameters for TiO,(100) are
a=4.6A and b=2.6 A and o =90° [14]. The evaluation of the pattern
and the respective distances led to the conclusion that the superstruc-
ture corresponds to a 1x5 reconstruction. Fig. 2 (right image) shows
the simulated LEED pattern of the surface created using the software

(001)

j\)

(010)

Fig. 2. The observed LEED pattern on the TiO,(100) (left) surface and the corresponding
simulation (right) of the 1x 5 reconstruction.
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LEEDpat30 [42]. In the literature, 1x 1 and 1 x 3 surface reconstructions
have been reported on TiO, surfaces prepared in UHV [43,44]. More-
over, due to the controversies regarding the interpretation of the
stepped surface of the 1x3 reconstruction, 1x5 and 1x 7 reconstruc-
tions have as well been reported [45]. Thus the apparent 1x5 recon-
struction can be explained as a misinterpretation of the real 1x3
surface structure due to the presence of steps alongside the (010) direc-
tion Therefore it can be concluded that the TiO,(100) single crystal pre-
pared under ambient conditions exhibited a 1 x 3 surface reconstruction
[45]. Nakamura et al. showed a 1 x 1 reconstruction of the surface when
annealing was performed under atmospheric conditions with an oxy-
gen excess [34]. However, Lu et al. observed a reconstruction 1x3 of a
TiO»(100) crystal annealed under atmospheric conditions [46]. The
mechanism which leads to this kind of reconstruction under excess of
oxygen is still unclear.

3.1.2. X-ray photoelectron spectroscopy (XPS)

The overall element composition of the TiO, surface as a function
of the take-off angle is presented in Table 2. Except a typical contam-
ination with carbon originating from the atmospheric preparation no
elements other than titanium and oxygen were detected. The concen-
trations of oxygen and titanium are decreasing with decreasing take-
off angle of the photoelectrons along with an increasing carbon signal
which can be explained by the adsorbate layer of atmospheric
contamination on the top of the crystal. Thus for the most surface
sensitive XPS experiment at 10° the highest concentration of carbon
was observed.

In contrast to a TiO, surface prepared in UHV conditions with an O
1s spectrum purely originating from 0%~ species [23]. The O 1s AR-XP
spectra in Fig. 3 confirm that hydroxides, adsorbed water and carbox-
ylic acid groups are present on the oxide surface as the contribution of
O 1s electrons with binding energies higher than 530 eV increases
with decreasing take off angle.

To analyze the composition of the prepared surface more deeply in
terms of titanium and oxygen composition, in Table 3 the ratio of ox-
ygen to titanium is presented as a function of the take-off angle.
Moreover, for the analysis of the surface adsorbate layer the oxygen
peak is deconvoluted into its chemical contributions. The O 1s spectra
consisted of three components assigned to the 02~ peak at 529.6 eV
and surface OH groups indicated as Ti-OH at 530.8 eV which are cre-
ated during the annealing under ambient conditions. Furthermore
some metal carbonates such as titanium carbonate show binding en-
ergies in this region which might occur as residual species from the
preparation process [47-49]. An ad-layer of specifically adsorbed
water which is stable even under UHV conditions and oxygen associ-
ated with organic acids was assigned to a binding energy of 532.3 eV.
The contributions of water and oxygen associated with carboxylic
acids could not be clearly resolved due to the broad distribution and
overlapping of the respective orbital energies [50,51]. Unfortunately
a detailed differentiation between these species was not possible
because of the undefended nature of the native contamination layer
originating from COO and CO-R species.

Table 2
Surface composition of (100) surface as measured by means of XPS at varying angles.
All data are given with an experimental uncertainty of 4 0.5%.
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Fig. 3. O 1s spectra of the TiO,(100) surface. The take-off angles of the photoelectrons
are given with respect to the surface plane. For better interpretability the spectra were
normalized to the peak maximum as indicated by the vertical line at 529.6 eV.

Sham and Lazarus reported two kinds of surface OH species sepa-
rated by 1.5 eV and 2.8 eV from the O 1s core level on UHV prepared
rutile surfaces assigned to OH “bridge” positions on the surface and
alkaline OH “top” positions [52]. However we assume that due to
the atmospheric preparation route the different O 1s species cannot
be clearly distinguished, as the native ad-layer on the crystal surface
leads to different O 1s contributions that have to be considered.

The increasing Oy/Ti ratio with decreasing take-off angle implies
an oxygen enrichment of the surface which could be supported by
the detailed analysis of surface Ro_;/0%>~ and Ro_»/0%~ contribu-
tions indicating a hydroxide terminated surface. The O2~/Ti ratio
stays nearly constant with a value of 0?~/Ti=2:1 indicating that
the observed excess of oxygen (as indicated by Oy/Ti) is mainly due to
an adsorbate layer of surface hydroxides as proven by the significantly
increasing Ro_1/0?~ ratio with decreasing take-off angles.

The detailed analysis of the carbon compounds on the (100) sur-
face is presented in Fig. 4. Beside the dominant aliphatic contribution,
carbon-oxygen single bonds and carbon-oxygen double bonds were
observed.

The C 1s detailed analysis for the TiO,(100) surface is presented in
for varying take off angles. About one third of carbon atoms are bound
to either one (CO-R) or two (COO) oxygen atoms. Moreover, it can be
concluded that low-weight carbon species such as carboxylic acids,

Table 3

Detailed composition of the O 1s element spectra at varying take-off angles of the pho-
toelectron. Presented values are ratios between component peak areas. The given un-
certainties are resulting from the experiment and the fitting procedure of the model
peak during data evaluation.

Angle 0 1s (at.—%) at Ti 2p 3/2 (at.—%) at C 1s (at.—%) at

©) 5302 eV 458.8 eV 285 eV Angle (°) Oy/Ti 02~ /Ti Ro_1/0%~ Ro_2/0?~
70 632405 27.9+05 89+0.5 70 2.3+0.09 1.9+0.08 0.19+0.008 0.04 +0.002
40 62.5+0.5 247+05 128+0.5 40 2.5+0.10 1.94+0.08 0.26+0.010 0.07 +0.003
20 613405 19.0+05 19.7+05 20 324013 2.14+0.08 0.46+0.018 0.1240.005
10 512405 13.8+05 35.0+05 10 3.74+0.15 2.240.09 0.48+0.019 0.26+0.01
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Fig. 4. C 1s element spectra at varying take-off angles. The take-off angles of the photo-
electrons are given with respect to the surface plane. For better interpretability the spectra
were normalized to the peak maximum as indicated by the vertical line at 285 eV.

ketones, ethers and metal carbonates, as shown in Table 4, contribute
to the formation of atmospheric adsorbate films due to the contact
with the laboratory atmosphere during cooling down after annealing
and transfer of the crystal into the UHV system. As no significant

Table 4

Detailed XPS analysis of the carbon 1s peak of the native adsorbate layer as a function
of the take-off angle. All data are given with an experimental uncertainty of +0.5%
resulting from the experiment and the following component-fit.

Angle COO (at.—%) CO-R (at.—%) C-C (at.—%)
©) (288 eV) (286.5 eV) (285 eV)

70 78405 31.7+05 60.5+0.5
40 8.1+05 329+05 59.0+0.5
20 83405 30.04+05 61.74+0.5
10 8.0+0.5 30.14+05 61.94+0.5

2,0

angle dependency was observed, a disordered, non-oriented struc-
ture of the adsorbate layer can be suggested.

3.2. Studies on NDCA film formation on TiO, single crystalline surfaces

3.2.1. AFM based nanoshaving studies

The sub-microscopic structure of the adsorbed NDCA film was
studied by means of AC-mode AFM topographic imaging. Within the
original scanning area a nanoshaving experiment was performed
within a smaller frame of 500 x 500 nm? by means of contact mode
scanning with a significantly higher force leading to a removal of
the adsorbed NDCA molecules as shown in Fig. 5.

A submonolayer coverage of NDCA on the TiO,(100) surface was
observed as shown in Fig. 5. The shaved area showed the TiO, ter-
races of the bare TiO,(100) surface proving that the adsorbate film
could be removed during the nanoshaving experiments. The found
corrugation of about 120 pm comparing the covered and shaved
areas was lower in height than the theoretical height of a NDCA
monolayer, indicating a disordered film of adsorbed NDCA molecules
and a low surface concentration.

3.2.2. Surface composition and hydrophobicity

The static water contact angle of a freshly prepared TiO, surface was
observed to be 18 & 2° indicating a hydrophilic surface. On NDCA cov-
ered surfaces a contact angle of 454-2° was measured where increase
of the contact angle with respect to the as-prepared sample can be
explained by a higher coverage of the crystal with hydrophobic aliphat-
ic species. Since the contact angle mainly depends on the surface chem-
istry of the outermost layer the presence of adsorbed species can cause
significant changes to the observed contact angle. Moreover, the orien-
tation of adsorbed molecules plays an important role for the contact
angle. From studies of thiol SAMs on gold substrates it is known that
the degree of organization influences the observed contact angle with
highly organized film (long adsorption time) resulting in higher contact
angles and less organized films leading to lower contact angles [53]. In
the case of a perfectly ordered CHs terminated SAM (e.g. octadecylthiole
on Au [54]) typically a contact angle higher than 100° is found. Compar-
ing this value with the observed contact angle for NDCA on TiO, which
is similar to octadecylthiol in terms of the chemical end group indicates
a disordered monolayer rather than an organized SAM.

Complementary XPS analysis proved the NDCA film formation
with a significantly increased carbon concentration in comparison to
the bare substrate (see Table 5 and for comparison Table 2). The

23nm

Height (pm)

0 50 100 150 200
Offset (nm)

Fig. 5. Nanoshaving on an NDCA covered TiO,(100) surface shows the disordered structure of the adsorbate layer (left). Cross section of the marked area (right).
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Table 5
Surface composition of the NDCA covered TiO,(100) crystal as measured by means of
AR-XPS.

C. Kunze et al. / Surface Science 606 (2012) 1527-1533

Table 6

Detailed composition of the O 1s element spectra of the NDCA covered surface at
varying take-off angles. Presented values are ratios between component peak areas.
The given uncertainties are resulting from the experiment and the fitting procedure
of the model peak during data evaluation.

Angle 0 1s (at.—%) at Ti 2p 3/2 (at.—%) at C1s (at.—%) at
) 530.2 eV 458.8 eV 285eV

70 54.14+0.5 226+05 232405

40 526405 18.2+0.5 292405

20 41.7+£05 13.9+05 444405

10 29.14+0.5 89405 62.0+0.5

Angle (°) Oy/Ti 0%~ /Ti Ro_1/0?~ Ro-»/0>~

70 2440.10 2.040.08 0.16+0.006 0.05 +0.002
40 2.840.11 2.140.08 0.24+0.010 0.08 +0.003
20 3.040.12 2.040.08 0.32+0.013 0.16 4 0.006
10 334013 1.8+0.07 0.60+0.024 0.24+0.010

angular dependency of the oxygen, titanium and carbon contribu-
tions shows the same trend as in Table 2.

The NDCA adsorbate layer shows the typical C 1s spectrum of a
long chain carboxylic acid as seen in Fig. 6. Detailed XPS analysis of
the NDCA covered TiO, crystals showed a C 1s peak with a peak
width of 1.5 eV of the C-C component at 10°. The overall amount of
carbon was increased by a factor of more than two in comparison to
the bare substrate along with an increased O/Ti ratio (see Table 6
for detailed analysis) confirming a successful adsorption of NDCA on
the crystal surface.

Thus the adsorption of NDCA led to a partial substitution of the at-
mospheric surface contamination most probably due to the additional
van der Waals interactions of the long aliphatic chains. This result was
supported by the analysis of the full width half maxima (FWHM) of
the fitted C-C species comparing the as-prepared surface and the sur-
face after adsorption of NDCA. For the as-prepared surface a FWHM of
1.9 eV was found in comparison to 1.5 eV for the NDCA covered surface.
This result supports the partial substitution of the poorly defined con-
tamination layer by a well-defined carbon species (NDCA). The different
contributions of aliphatic carbon (285 eV), CO-R (286.5 eV) and COO
(288.0 eV) did not show a trend as a function of the take-off angle.
The ratio of the aliphatic carbon and the carboxylic carbon (C-C/COO)
varied between 18.6 for 10° and 15.9 for 70° reflecting the molecular
composition of the NDCA molecule.

To investigate the impact of the NDCA adsorption on the chemistry of
the titanium dioxide surface the O 1s signals have been analyzed in
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Fig. 6. C 1s spectrum of NDCA covered TiO, crystal at varying take-off angles. For better
interpretability, the spectra were normalized to the peak maximum as indicated by the
vertical line at 285 eV.

comparison to the O 1s spectra of the as-prepared TiO,(100) surface.
The spectra presented in Fig. 7 do not show any significant change in re-
gard to the XPS data before immersion (Fig. 3). Furthermore, the analysis
of the contributions of the O 1s signal as presented in Table 6 and Fig. 7
reveals that the crystal surface underneath the NDCA surface layer
still shows a similar OH:0?~ ratio as for the bare crystal along with a
reduced overall amount of oxygen relative to the Ti 2p signal, which
could be explained by the substitution of previously adsorbed water
molecules.

As a result, no significant change in surface chemistry of the
TiO,(100) after adsorption the NDCA could be verified. The measured
ratios of Oy/Ti, Ti-OH/0?>~ and (H,O, COOH)/0?>~ follow the same
trend as a function of take-off angle compared to Table 3. These results
lead to the hypothesis that the adsorption of NDCA onto the TiO, surface
prepared at ambient conditions is characterized by a weak interaction
between the carboxylic acid group and the hydroxide covered surface.
Moreover, this hypothesis is supported by the AFM nanoshaving exper-
iments. Henderson has reported that an adsorbed water molecule dis-
sociates at the TiO,(100) leading to the formation of two hydroxide
groups at the surface, one hydroxide group attached to the five-fold
Ti*" sites and the other at the bridging 0%~ [16]. Moreover, volatile
organic compounds could be strongly adsorbed onto the surface by
means of a new Ti— O bond. The presence of both volatile compounds
and hydroxide groups bound to the five-fold Ti** sites seems to
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Fig. 7. O 1s spectra of the NDCA covered TiO,(100) surface. The take-off angles of the

photoelectrons are given with respect to the surface plane. For better interpretability,
the spectra were normalized to the peak maximum as indicated by the vertical line.

75



Chapter 3 - Publications

C. Kunze et al. / Surface Science 606 (2012) 1527-1533 1533

inhibit the adsorption of the carboxylic acid onto the TiO, surface,
thus only a weak interaction via hydrogen bonding can be formed
between the carboxylic acid and the hydroxide group [14]. Thus, it
can be concluded that the presence of the hydroxide groups, volatile
compounds and the water adlayer at the surface prevents the forma-
tion of the NDCA self-assembly at ambient conditions.

4. Conclusions

The manuscripts describes an atmospheric high temperature
preparation route of rutile TiO,(100) single crystalline surfaces leading
to morphologically well-defined TiO,(100) surfaces with terminating
surface hydroxide groups.

The TiO,(100) surface prepared at high temperature and ambient
water and oxygen partial pressures showed a non-typical LEED pattern
characterized by the presence of a 1 x 3 superstructure. The interpreta-
tion of the XPS data of the O 1s peak led us to the conclusion that
hydroxide groups terminate the crystal surface. Moreover, the as
prepared surface consists of organocarboxylic adsorbates which
originate from the laboratory atmosphere. The adsorption of NDCA
from ethanolic solution led to a significant substitution of the atmo-
spheric contamination layer as proven by the XPS analysis. The sur-
face concentration of carbon species increased by a factor of two
and led to an increase of the static water contact angle from 18 4 3°
for the as prepared surface to 45 4 3° for the NDCA covered surface.
Moreover, the ratio between the carbon atoms of carboxylic acid
groups and aliphatic carbon reflected the composition of the NDCA
molecule. No self-assembled monolayer but a disordered adsorbate
layer of NDCA molecules on the crystal surface was observed as de-
duced from the interpretation of the AR-XPS analysis and AFM based
nanoshaving experiments. Nanoshaving proved to be a suitable method
for the analysis of such sub-monolayer adsorbate layers. For the NDCA
covered surface, nanoshaving revealed a disordered surface layer
with submonolayer thickness of about 0.120 nm. We assume that
the weak interfacial forces between the carboxylic acid group and
the hydroxide terminated TiO, leads to the disorder and low coverage
of the monolayer.

It has to be emphasized that the presented results are determined
by the atmospheric preparation route of the TiO, surface. We
conclude that results of this work suggest that there may be differ-
ences concerning the surface chemistry and the adsorption of ad-
molecules between TiO, surfaces prepared in UHV and under atmo-
spheric conditions. We think that the chosen strategy of following
an atmospheric preparation route of the substrates and adsorbate
layers significantly extends the applicability of single crystal based
fundamental analysis to the understanding of the relationship be-
tween the surface chemistry and process characteristics of TiO, parti-
cle ensembles.

The prepared TiO, substrates are well suited as a model system for
studies of adsorbate formation, particle wall interactions and interfa-
cial reactions of related technical systems such as TiO, powders. The
presented system also reflects common processes of relevant particle
systems including a high-temperature synthesis, adsorbate formation
as well as surface and interfacial reactions.
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Within this work the interaction forces within a TiO; - TiO2 nanocontact have been

investigated by means of UHV AFM force-distance spectroscopy, which is a novel approach

towards understanding contact forces on a fundamental level. Atmospherically prepared

TiO2 single crystalline surfaces as introduced in the paper presented in section 3.5, were

employed as a substrate to measure interaction forces. Furthermore a defect free reference

system was prepared by adsorbing an octadecylphosphonic acid (ODPA) monolayer on a

TiO2 single crystalline surface. It could be shown that the TiO; surface defect density plays

an important role that determines the strength of interaction. The observed contact forces

could be correlated to the surface defect density and were discussed based on the change in

electronic structure induced by the surface defects and the impact on the Hamaker constant.
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Particle-wall contact forces between a TiO, film coated AFM tip and TiO,(110) single crystal surfaces
were analyzed by means of UHV-AFM. As a reference system an octadecylphosphonic acid monolayer
covered TiO,(110) surface was studied. The defect chemistry of the TiO, substrate was modified by Ar
ion bombardment, water dosing at 3 x 10~ Pa and an annealing step at 473 K which resulted in a varying

density of Ti(IIl) states. The observed contact forces are correlated to the surface defect density and are
discussed in terms of the change in the electronic structure and its influence on the Hamaker constant.

© 2014 Published by Elsevier B.V.

1. Introduction

Adhesion forces between micro- and nanoparticles play a major
role in processes such as fluidization, agglomeration and sintering
[1]. These processes are utilized in a wide range of technical fields,
including the production of pharmaceutical powders, paints, and
solar cells [2,3]. TiO, is a material of high scientific interest and
has already been studied intensively [4,5]. Several phenomena cor-
related to the TiO, surface structure such as contact forces are not
fully understood, yet. Contact forces between micro- and nanopar-
ticles can be directly quantified by an atomic force microscope
(AFM) [6]. Under ambient conditions particle-particle interactions
are significantly influenced by side effects such as the formation of
capillary forces [7,8] which are avoided under ultra high vacuum
conditions (UHV) [5,9]. Up to now only few AFM contact force
experiments under UHV conditions have been reported in the
literature, e.g. by Tadepalli et al. who studied the bond formation
at Cu-Cu interfaces [10].

Within this Letter we focus on TiO, - TiO, contact forces under
ultrahigh vacuum conditions (UHV) on a fundamental level. TiO,
single crystalline surfaces provide an excellent platform for study-
ing adhesion phenomena due to their well-defined atomic surface
structure [11] and surface chemistry. As shown by Takeuchi et al.
the chemical composition of TiO, surfaces can be modified by
the presence of water and the exposure to UV-light, which may
result in a change of the adhesion phenomena [12].

When discussing force interactions on a nanoscopic level, not
only specific interactions directly located in the contact area, but
also the sub-surface composition and electronic properties have

* Corresponding author.
E-mail address: g.grundmeier@tc.uni-paderborn.de (G. Grundmeier).

http://dx.doi.org/10.1016/j.cplett.2014.02.036
0009-2614/© 2014 Published by Elsevier B.V.

to be considered [13]. The presence of local dipoles and gradients
in electron density of the interacting materials are crucial for the
TiO, - TiO, system, as they contribute to the van der Waals inter-
actions [14,15]. Interfacial forces of oxides can be influenced by the
adsorption of self-assembled monolayers such as organophos-
phonic acids which form 2-dimensional crystalline aliphatic films
[16].

In this Letter, the contact forces between a TiO, coated conical
AFM tip and a rutile TiO,(110) surface in different states were
investigated under UHV-conditions to simulate a particle-wall
contact. The study is based on the combination of an UHV AFM
and X-ray photoelectron spectroscopy (XPS) in one UHV analytical
system.

The analyzed interactions under different experimental condi-
tions allow for the correlation of the adhesion forces and the chem-
ical composition of the surfaces as well as the determination of the
role of organic surface layers, defects and water.

2. Experimental
2.1. Preparation of TiO(110) single crystalline substrates

As planar substrates for the AFM adhesion experiments
TiO,(110) single crystalline surfaces were prepared under ambient
lab conditions according to the procedure described in detail in ref-
erence [11]. Briefly, commercially available rutile TiO,(110) single
crystals (CrysTec, Germany) were etched in 20% HF (Merck KGa,
Germany) for 10 min, followed by annealing in a horizontal tube
furnace at 923 K for 48-72 h. The surface morphology after anneal-
ing was evaluated by means of an AFM (JKP Nanowizard II Ultra
AFM, JPK Instruments, Germany) operated under ambient condi-
tions. TiO,(110) single crystalline surfaces after the annealing step
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showed atomically flat terraces of about 200-500 nm width with a
step height of about 0.3 nm that corresponds to one TiO, unit cell
in [110] direction (c=0.296 nm) [17]. The crystals were directly
introduced into the UHV analytical system after the annealing step,
to minimize the contamination of the TiO,(110) surface at the
ambient atmosphere.

2.1.1. Adsorption of octadecyl phosphonic acid (ODPA) on TiO,(110)
To replace poorly defined carbon contaminations due to
atmospheric preparation, the TiO,(110) substrate was chemically
modified with ODPA (octadecyl phosphonic acid) to create
2-dimensional aliphatic crystalline surface layer. A freshly pre-
pared and annealed TiO,(110) crystal was placed in a 1 mM solu-
tion of ODPA (obtained from Alfa Aesar, 97% purity) in absolute
ethanol (purity > 98%, obtained from VWR International) for 16 h.
The formation of the adsorbate layer was monitored by static
contact angle measurements (Data Physics OCA 20, Filderstadt,
Germany), with a fixed drop volume of 5 pul. The contact angle
was increased from 68° (bare surface) to 102° (after ODPA adsorp-
tion) which indicated the formation of a dense monolayer. A de-
tailed XPS surface analysis of the ODPA covered TiO, substrate
can be found in the supplementary material (Section 1) that
showed a pronounced aliphatic C 1s peak leading to an overall car-
bon concentration of about 52 at.-% and about 2 at.-% P 2p. Due to
the low surface energy of the ODPA covered substrate an additional
contamination with atmospheric adsorbates can be neglected.

2.2. Preparation of TiO, coated AFM tips

TiO, modified AFM tips were prepared from AFM cantilevers
type NSC19 (Mikromasch, Bulgaria) by coating the AFM tip with a
150 nm thick titanium coating via a plasma-enhanced PVD pro-
cess. The titanium target was sputtered by a DC plasma in pure Ar-
gon atmosphere at 0.2 x 103 Pa with a mean power of 2 kW and
300V bias voltage. These parameters resulted in a deposition rate
of 14 nm/min. To create a fully oxidized tip surface, the coated can-
tilevers were annealed for 16 h in air at 873 K. The geometry of the
TiO, modified AFM tip was characterized by inverse AFM scanning
with a spike grid type TGT1 (NT-MDT, Russia) under ambient con-
ditions and SEM investigations which showed a tip radius of about
50 nm and a very smooth polycrystalline film covering the tip apex
(see: Supplementary material Section 2).

2.3. Characterization of the crystalline phase of the TiO, coated AFM
tips

As the AFM tip itself is too small to be analyzed, a planar model
sample deposited on Si(100) of 10 x 10 mm? size - which was pre-
pared and treated under the same conditions as the AFM tip in
each step - was used as a representative sample for XPS, UPS
and XRD investigations as described below.

The crystallographic structure of the TiO, AFM tip coating was
investigated by means of grazing incidence XRD (GI-XRD). These
results proved that this polycrystalline film revealed a rutile struc-
ture (see Figure 3 in the Supplementary material).

2.4. Combined surface analysis and UHV AFM based contact force
measurements

The employed UHV-analytical set-up combining XPS and AFM is
described in detail in a recent publication [11]. XPS was performed
in an UHV chamber with a base pressure lower than 5 x 1078 Pa.
The surface composition was investigated by means of an
ESCA + photoelectron spectroscopy system equipped with a 128
channel electron detector (Oxford Instruments, Taunusstein,
Germany). The take-off angle of the photoelectrons was 60° with

respect to the surface normal which leads to an information depth
of about 2.4 nm in XPS [18] for the used monochromated Al-Ko
X-ray source with a photoelectron energy of 1486.7 eV. The elec-
tron analyzer was operated at a pass energy of 25 eV. Ultraviolet
photoelectron spectroscopy (UPS) was performed in the same
chamber with a Hel source (excitation energy of 21.2 eV). In UPS
mode the electron analyzer was operated at a pass energy of 1 eV.

UHV AFM topography imaging and force distance spectroscopy
was performed by means of a VI-AFM XA (Oxford Instruments,
Taunusstein, Germany). For topograpic imaging in contact mode
cantilevers of type CSC17, (Mikromasch, Bulgaria), were used.

AFM force distance spectroscopy experiments were performed
for each surface state by collecting AFM force distance curves from
an overlying 16 x 16 point grid on a 2 x 2 um? probing area at
room temperature allowing a data interpretation based on a statis-
tical basis. The approach and retract speed of the AFM tip was set
to 1 um/s, the overall distance of each force curve was 250 nm. The
measured forces were calibrated based on the sensitivity of the
AFM setup derived from the force curve and the nominal spring
constant of the AFM cantilever.

2.5. Modification of TiO(110) surfaces via Ar* bombardment

Ar* bombardment of both TiO, surfaces — the TiO»(110) and the
TiO, coated AFM tip - was performed with an ion-energy of
200 eV, which resulted in the complete removal of carbon contam-
inations after 12 min for the TiO,(110) single crystalline substrate
and 15 min for the TiO, modified AFM tip.

3. Results and discussion
3.1. Role of surface defects

Before and after Ar* bombardment, the crystallinity of the
TiOx(110) surface was checked by means of low energy electron
diffraction (LEED), detailed information describing the setup can
be found in [11]. After Ar* bombardment, the LEED image still indi-
cated a clear rectangular pattern similar as for the untreated sam-
ple which is presented in the supplementary material (Figure 5).

Additionally, the surface topography after the Ar* bombard-
ment step was measured by UHV AFM in contact mode that
showed very smooth terraces without evidence for surface damage
during the procedure which is presented in the supplementary
material (Figure 6).

3.1.1. XPS investigations

Figure 1a) shows the Ti 2p elemental spectra of the TiO»(110)
substrate before and after Ar* bombardment cleaning. No signifi-
cant differences between the XPS spectra of the TiO,(110) sub-
strate and the TiO, coated film were observed. Additional XPS
spectra (Ti 2p and O 1s XPS data of the TiO, coating) are presented
in the supplementary material (Sections 6 and 7).

After Ar bombardment, the TiO, samples presented a high de-
fect density in the surface near region. In both cases around 20% of
the titanium was in the +III oxidation state which can be explained
by the transfer of an electron to the empty Ti 3d orbital during the
creation of the surface defects as discussed by Wendt et al. [19]. As
also mentioned there, the defects created by Ar* bombardment are
complex, with a different variety of local environments where O
and Ti surface atoms coexist. The exact defect distribution is still
subject of controversy, but it is widely accepted that via Ar* bom-
bardment both - surface defects and sub-surface defects - are cre-
ated [20]. The found defect density is comparable to values up to
25% after Ar* bombardement discussed in the literature [21].
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Figure 1. (a) Ti 2p core level spectra of the TiO,(110) substrate before and after Ar* cleaning (b) Ti 2p core level spectra of the Ar* cleaned surface after water dosing at
3 x 1076 Pa for 30 min followed by annealing the sample to 473 K for 30 min. For comparison the Ti 2p core level of a ODPA adsorbed monolayer onto TiO, bare crystal which

reflects a defect-free surface is shown.

As our work aims at the investigation of the adhesion phenom-
ena, the Ar* cleaned defective surface was selected as the initial
point for the surface chemistry variation. Via a leak valve system
water was dosed at 3 x 107%Pa for 30 min followed by a subse-
quent annealing at 473 K for 30 min. After each step XPS and UPS
measurements were performed. As the sample had to be trans-
ferred from the AFM to the XPS chamber within the UHV system
it was only possible to observe permanent changes in the chemis-
try of the surface near TiO, region. The Ti 2p core level spectra as
presented in Figure 1b) show a decrease in Ti(Ill) defect density
at 457.2 eV binding energy after water dosing and subsequent
annealing. For comparison the defect-free ODPA covered
TiO,(110) surface is shown as a reference. From these results a sat-
uration of surface defects by a reaction with H,O and annealing
was followed. As pointed out by Wang et al, top-surface defects
will be reduced more easily than the sub-surface defects [20].
Hence, the presence of Ti (III) states after the heating may be
mainly ascribed to sub-surface defects.

The corresponding O 1s spectra are presented in the supple-
mentary material (Figure 7) and did not show any significant dif-
ferences after water dosing and annealing of the TiO,(110)
substrate. Walle et al. studied the interaction of water with defec-
tive TiO,(110) surfaces and reported that the formation of defects
has almost no influence on the observed O 1s spectra and that the
surface OH—H,0 balance is an inherent property of the TiO,(110)
surface itself [22]. Within this Letter no strongly adsorbed water
layer was observed during exposure to 3 x 107® Pa water partial
pressure, which is also in accordance with the results of Walle
et al. [22]. Ketteler et al. studied the adsorption of water on
TiO,(110) surfaces at elevated pressures up to 200 Pa [23]. They
found that bridge O-vacancies are reactive surface sites for the dis-
sociation of water followed by the formation of surface OH. Within
the O1s spectra they also did not observe an increase in surface OH
at higher partial pressures of water.

For the thin TiO, coating only very small differences in the
Ti(III)/Ti(IV) ratio could be observed after exposure to the same
conditions of water dosing which might hint to a different mecha-
nism of defect saturation. However, as this finding indicates that
the chemistry of the TiO, AFM tip coating is marginally affected
by the procedure of Ar* cleaning - water dosing - heating in com-
parison to the TiO,(110) substrate, it allows to assign the observed

change in contact forces mainly to changes in the chemistry of the
TiOx(110) surface. The changes in surface chemistry of the
TiO»(110) substrate are reflected in the Ti(Ill)/Ti(IV) ratios ob-
served in the Ti 2p core level spectra. After Ar" cleaning 20% of
Ti(III) contributions were detected, which decreased to 17% Ti(III)
after water dosing and to 10% Ti(Ill) after heating, respectively. A
detailed quantification of the TiO»(110) single crystal regarding
O 1s and Ti 2p contributions can be found in the supplementary
material (Table 1).

3.1.2. UPS investigations

Variations in the valence orbitals during the procedure were
analyzed by means of UPS. Figure 2 shows UPS spectra of the
TiO2(110) substrate after the Ar* cleaning process followed by
water dosing and subsequent heating. As a comparison the UPS
spectrum of the ODPA covered TiO,(110) substrate is shown, that
reflects a defect-free surface. Although the information depth of

T M T d T Ly T M T * T . T
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TiO,(110) substrate

Ti3d
(defect)

3. after heating

2. after water

intensity [arb. units]
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Figure 2. UPS spectra of TiO»(110) surfaces after different step procedure.
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UPS is significantly smaller than for XPS, the substrate electronic
structure can still be observed [24,25] as indicated by the O 2p
observed main peak including oxygen from the phosphonic acid
anchor group and the oxide substrate [26].

The O 2p valence band presents a main feature located at 5.5 eV
with shoulders at 7 eV and 11 eV as also observed by Krischok et al.
[27]. The most relevant peak at 0.9 eV is assigned to Ti 3d transi-
tions. The area of this peak is directly related to the presence of
defects in the surface near region [28]. The UPS spectra clearly
show that the ODPA monolayer covered TiO, surface is free of Ti
3d defects. After water dosing the intensity of the Ti 3d transition
is significantly reduced, indicating that the water exposure
decreases the surface defect density. After heating up to 473K,
the intensity of the Ti 3d transition is further reduced which indi-
cates an additional healing process. The observed UPS data are in
excellent agreement with the XPS data.

3.2. UHV AFM force-distance spectroscopy

As the exact contact geometry of the AFM experiment cannot be
perfectly described, the same TiO, coated AFM tip was used for the
whole set of experiments to assure comparability. As the maxi-
mum forces during the tip-substrate contact were kept quite small
(<20 nN) and the contact area of the 50 nm radius TiO, coated AFM
tip is way larger than for a standard AFM tip we do not expect any
influence of tip degradation such as flattening of the tip that would
lead to an increased contact area. Furthermore, the influence of the
TiO, substrate roughness can be neglected, since the width of the
terraces (about 200-500 nm) is large in comparison to the tip ra-
dius (50 nm), and the step height (0.3 nm) is smaller than the
roughness of the TiO, coated tip.

The histograms of the AFM contact forces as obtained from the
force distance curves are presented in Figure 3. The observed force
curves (see: Supplementary material, Figure 9) did not show any
long range interactions. For the Ar* cleaned surface a broad distri-
bution and the highest adhesion forces were observed which could
be attributed to the defective TiO,(110) surface state. The strong
interaction found between the TiO, surfaces can be explained by
the occupied Ti 3d' orbital configurations that offer electrons for
the formation of additional bonds. Yong et al. studied the contact
of TiO, surfaces via molecular dynamics simulations and conclude
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Figure 3. Histograms of contact forces for different surface chemistries of the
TiO, - TiO, nanocontact.

that the deformation of TiO; in the contact area creates defects that
lead to additional bonds along with higher adhesion forces [29]. As
within our work TiO, defects are created via the cleaning process
we expect a comparable mechanism of interaction. As a second ef-
fect the Hamaker constant is increased due to the strong gradient
in electron density in the surface near region caused by the TiO,
defects. Recent DFT studies revealed that excess electrons from
the oxygen vacancies delocalized along the surface creating an
electron gradient from the surface to the bulk [14]. Studies of the
local electron density in grain boundaries by means of high resolu-
tion transmission electron spectroscopy and valence electron
energy-loss spectroscopy showed an increased contribution of
London dispersion forces in Fe doped SrTiO5 [30] and silicon nitride
films [31].

The broad distribution of the histogram hints to a chemically
inhomogeneous defective surface offering multiple defects within
the contact area for interaction. After water dosing a significantly
narrower distribution and a significant lower adhesion force was
observed. We propose that this finding can be attributed to the
decreasing defect density in the surface near region, while the
contact geometry is not affected. After heating of the TiO»(110)
substrate, the defect density is further decreased leading to a nar-
rower force distribution pointing towards a more homogeneous
surface composition.

For the ODPA covered TiO,(110) surface the smallest interac-
tion and the narrowest distribution force has been observed. This
effect is mainly dominated by the changed surface chemistry of
the substrate from TiO, to an aliphatic carbon chemistry.

3.3. Estimation of interaction forces based on Hamaker constants

The non-retarded Hamaker constant A;; for the interaction
TiO,/vacuum/TiO, can be found according to the literature to be
about 150 x 1072' J [32]. The Hamaker constant Ay, for the interac-
tion of hydrocarbon chains C,H,,/vacuum/C,H,, can be estimated
to about 28 x 10721 ] [33]. The relation:

A = VA -An (1)

gives a combined Hamaker constant A, TiO,/vacuum/C,H,, of
65 x 107! ] which lowers the interaction force by a factor of 2.3
comparing the TiO, tip in contact with the TiO,(110) substrate. This
finding is in very good agreement with the observed adhesion
forces of the AFM studies when regarding the TiO,(110) substrate
after the healing of defects. It can be followed that the increase in
interaction force for the Ti(Ill) rich surfaces can be explained by
the increased donor density and electron density in the conduction
band of TiO, [34,35]. Thus this finding has to be addressed to both -
surface and sub-surface defects - as they contribute to the interac-
tion volume relevant for the van der Waals interactions [14].

4. Conclusions

In this contribution a new experimental approach which corre-
lates particle-wall contact forces between TiO, — TiO, nanocontacts
under UHV conditions regarding the surface defect density is
proposed. The higher TiO, - TiO, contact forces for the Ti(Ill) rich
surface in comparison to the bare but in Ti(Ill) depleted surface
were measured. This might be ascribed to the increase in London
dispersion forces due to the defect induced change in the surface
electronic structure. The increase in the dispersion forces is ex-
plained by the increased density of electrons in the conducting
band of Ti(Ill) rich TiO, surfaces. The broad distribution in the ob-
served adhesion forces for the defective surface is attributed to
randomly distributed multiple defects within the contact area. A
lowered defect density could be correlated with a decreased
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overall interaction force along with a narrower distribution of ob-
served force values. The comparison of an almost defect free
TiO5(110) substrates showed that the difference in interaction
can be discussed based on the non-retarded Hamaker constants.
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Supplementary Material

1. XPS C 1s and P 2p spectra of the ODPA covered TiO,(110) substrate

On the ODPA covered TiO,(110) surface showed a pronounced C 1s signal with a predominantly

aliphatic contribution at 284.5 eV was found leading to an overall carbon concentration of 52%.

Additionally the presence of phosphorous (~ 1 — 2 at.-%) could be proven, indicating a successful

adsorption of ODPA on the TiO,(110) surface.
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Figure 1: XPS C 1s and P 2p core level spectra of the ODPA coverd TiO,(110) surface
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2. Tip shape analysis of the TiO, coated AFM tip

The tip shape of the TiO, modified AFM tip was characterized by inverse AFM scanning with a spike
grid type TGT1 (NT-MDT, Russia) under ambient conditions by means of a JPK Nanowizard Il Ultra
AFM (JPK Instruments, Germany). Based on the image presented in Figure 2 the radius of the TiO,

coated tip is about 50 nm.

Figure 2 a.b: a) AFM image of the TiO, coated tip geometry obtained by inverse AFM scanning and b) by SEM

imaging

3. Crystallinity of the TiO, AFM tip coating

X-ray diffraction (GI-XRD) patterns were recorded in grazing incidence (with typical incidence angle
® = 1°) and parallel beam geometry with a Panalytical X’Pert Pro MRD diffractometer equipped with
a pixel detector and a parabolic mirror in front of a Cu Ko X-ray source (1.5418 A). The diffractogram

presented in Figure 3 indicates the rutile TiO, phase (JCPDS-079-5859).
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Figure 3: GI-XRD diffractogram of the TiO, coating.

4. LEED analysis of the Ar' cleaned TiO,(110) surface

The LEED analysis was performed at a primary energy of the incident electrons of 100 eV. For the
Ar’ cleaned substrate a clear LEED diffraction pattern as presented in Figure 4 was observed, which is
in accordance with LEED patterns reported for TiO,(110) surfaces in the literature (1,2). Thus we
follow no significant sputtering effect during Ar’ cleaning that leads to a significant surface

roughening and destruction of the surface crystallinity.

Figure 4: LEED pattern of the TiO,(110) surface after Ar" cleaning at an electron energy of 100 eV.
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5. UHV-AFM analysis of the Ar" cleaned TiO,(110) surface

The AFM analysis (scan size 2 x 2 um?) shows a well-defined and smooth surface without evidence

for a surface destruction after Ar' cleaning.
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Figure 5 a, b: a) Contact mode UHV-AFM image of the Ar" cleaned TiO,(110) substrate. The scan size is 2 x 2 pm. b)
Cross section of the marked line.

6. XPS analysis of the TiO, AFM tip coating
The changes in surface chemistry of the TiO, AFM tip coating are not significantly differing from the
single crystalline TiO,(110) substrate. During the process of Ar” cleaning also Ti** defects are created

which lead to a defect density comparable to the TiO,(110) substrate.
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Figure 6: Ti 2p core level spectra of the TiO, AFM tip coating before and after Ar" cleaning
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7. XPS O 1s spectra of the TiO,(110) substrate TiO, AFM tip coating

The O 1 s spectra as presented in Figure 7 did not show significant differences between the TiO,(110)
substrate and the TiO, AFM tip coating in surface chemistry after Ar' cleaning. Apart from O* at
530.7 eV two additional oxygen species at 531.5 eV and 532.3 eV were identified, that Perron et al.

assign to bride and top oxygen positions (3).
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Figure 7 a, b): O 1 s core level spectra of the TiO,(110) substrate (left) and the TiO, AFM tip coating before and after
Ar” cleaning.

8. Quantification of Ti 2p and O 1s contributions and evolution of the XPS O 1s spectra of the
Ti0,(110) substrate after water dosing and heating

At this point we do not discuss the ODPA covered TiO,(110) substrate, as the oxygen contributions
present in the ODPA phosphonic groups cannot be reliably distinguished from TiO, oxygen. In the

following table the detailed O 1s and Ti 2p contributions are presented.

Table 1: Ti 2p and O 1s contributions for the TiO,(110) substrate in at.%, all values include an error of +2% based on
the XPS data.

Ti 2p O ls
Ti(IV) Ti(II0) 0 op O bridee o>
1. after Ar” cleaning | 23 6 4 16 51
2. after water dosing | 24 5 3 14 54
3. after heating 26 3 4 12 55

Within the O 1s core level spectra no significant changes could be observed after the steps of water

dosing and heating as presented in Figure 8.
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Figure 8: Evolution of the TiO, O 1s peak after Ar' cleaning, water dosing and heating.

9. Exemplary AFM force curve obtained in the contact force experiments

The AFM force-displacement curve does not show any long range forces and is close to ideal.
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Figure 9: Exemplary AFM force curve obtained for the Ar" cleaned TiO,(110) surface.
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Chapter 4

4 Conclusions and Outlook

Discussing interactions at interfaces such as adhesion or chemical reactions, the
chemical composition and morphology not only of the topmost surface, but also of the
surface near region of the studied material is of crucial importance. Within this work
interfacial reactions and interactions of two important materials were studied: MAIN(O)
with M = Ti, Cr and TiO,. Although these materials may appear to have a quite different
nature, the interfacial interactions observed within this work are significantly driven by
material defect structures and non-equilibrium surface states.

TiAIN(O) and CrAIN have a promising potential as hard coatings for tool steels within
polymer processing such as extrusion and injection molding. For all investigated coating
systems an enrichment of oxygen in the surface near region was observed which has to be
considered carefully when discussing the interaction to the polymer, as this surface near
region - and not the bulk composition of the material - determines the interfacial
interaction. The oxidation process occurs most likely after the deposition of the coatings
upon contact with the ambient atmosphere upon venting the deposition chamber, which
does not allow for well controlled conditions.

This work contributed to the better understanding of the oxide formation on
TiAIN(O) and CrAIN materials. For all investigated TiAIN(O) coatings a non-stoichiometric
composition with an excess of anions was found, which is even increased for the surface
near region due to the incorporation of oxygen into the lattice structure. A different trend
has been observed for the investigated CrAIN coatings: Here the volume structure shows a
depletion of anions but also an excess of anions in the surface near region. This opposite
trend was even stronger for coatings deposited at long HPPMS pulse durations, as this
parameter influences the grade of ionization within the plasma. In this case, a lower
incorporation of anions into the volume structure of the coating was found. The investigated
CrAIN coatings showed an almost stoichiometric composition of the surface near region
with a marginal excess of anions. These findings show that the incorporation of additional
oxygen into TiAIN(O) and CrAIN materials is favored because of thermodynamic reasons.
These processes have to go along with the formation of metal vacancies that lead to the
stabilization of the atomic structure. Another possible explanation is the oxidation of Ti(III)

to Ti(IV). Within the bulk phase of TiAIN only Ti(Ill) is present which leads to a metastable
89



Chapter 4 - Conclusions and Outlook

material phase, that is oxidized up to Ti(IV) in the surface near region upon contact with
oxygen at high partial pressures to reach the thermodynamic equilibrium.

As the exact mechanisms of these processes are hard to analyze and describe,
additional quantum mechanical simulations are a very promising approach to take a deeper
insight here. The here presented experimental and theoretical work on the initial
chemisorption of oxygen on TiAIN was in a very good agreement. It could be shown that the
reaction is driven by Ti-O bonds and not by Al-O bonding although the formation of Al;03
would be thermodynamically favored over the formation of titanium oxide. Within these
experiments at low oxygen partial pressures of 10-¢ mbar the formation of Ti(IIl) oxide Ti»03
has been observed where no further oxidation to Ti(IV) took place. Hence, it can be
concluded that high partial pressures of oxygen and/or the presence of water are necessary
to create a fully oxidized surface region.

For CrAIN the bulk properties were also investigated as a function of the HPPMS
parameters. Here it could be shown that the hardness of the coatings can be increased by
using short HPPMS pulse-on-times during the deposition process which also leads to a
denser morphology and increased barrier properties. These results are mainly discussed
based on a higher ionization rate within the plasma.

In summary the better understanding of the surface oxidation reaction of CrAIN and
TiAIN(O) achieved in this work may lead to new approaches for tailored bulk- and surface
compositions of these materials that are exactly concerted for certain applications such as
polymer processing. The issue of uncontrolled surface oxidation could be overcome by an
optimized deposition process that includes an adequate aftertreatment of the coatings, e.g.

by a non-depositing plasma that only triggers a desired surface chemistry.

Comparable factors of influence have to be considered discussing the interactions at
TiO; interfaces. Within this work the deployment of atmospherically prepared TiO; single
crystalline surfaces as a model system for more complex titanium dioxide surfaces has to be
highlighted. It could be shown that such a defined system is well suited to study interactions
on a fundamental level. Also the presence of adsorbates on such TiO2 surfaces is of high
importance when discussing interactions like adhesion and surface wetting. The formation
of a model adsorbate film consisting of nonadecanoic acid on TiO2(100) was studied which
showed a low interaction with the surface. Mainly physisorption takes place between
carboxy-functional molecules and the OH-termiated surface.

Discussing the interaction at TiO: surfaces, the defect density of the surface and

surface near region also plays an important role. Within this work the well-established
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technique of AFM force-distance spectroscopy has been applied under UHV conditions. This
setup allows to investigate adhesion phenomena at surfaces under very controlled
conditions without environmental influences such as the presence of water or oxygen. It
could be shown that the adhesion force is significantly influenced by the defect density of
the TiO; surface. The bombardment of TiO2(110) surfaces with Ar* ions of 200 eV energy led
to the formation of Ti3* defects in the surface near region of the crystal. It could be shown
that the surface defect density could be decreased by dosing water at 3:10-® mbar and
further by annealing the crystal at 473 K. The defect density was correlated to the contact
force that was measured by means of AFM between the TiO2(110) substrate and an TiO;
covered AFM tip. As a defect free substrate, a TiO crystal covered with octadecylphosphonic
acid was used as a reference. For all four surface states the measured contact force was
correlated to the surface defect density. It could be shown that a higher Ti3* defect density
leads to increased interaction forces that are discussed based on Ti 3d! states that have two
effects: (i) a higher donor density for the formation of additional bonds and (ii) a change in
the electronic structure of the valence band which has an impact on the effective Hamaker
constant.

Although these investigations were performed based on a model system under very
controlled conditions, this approach might lead to an increased understanding of more
complex TiO; surfaces. TiO; particles under environmental conditions exhibit a way more
complicated surface structure in terms of crystallinity and morphology. Here also
environmental influences such as water of adsorbates are present. Based on the results
obtained within this work a transfer towards experiments that are performed under
ambient conditions is possible. AFM force-distance measurements in the presence of water
or other adsorbate forming molecules may give a deeper insight into the interaction of - not
only of TiO, - particles which are present in technical applications under ambient

conditions.
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