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Abstract
A new size-selected cluster deposition technique referred to as “paralleldeposition” is presented. An ion beam composed of multi-sized positively charged
molybdenum and gold clusters was spatially resolved into individual cluster
sizes by utilizing a Wien filter. The beams containing only a single mass
were subsequently deposited on a SiO2 /Si (100) substrate, giving rise to
well-separated spots containing only one cluster size. Experimental techniques employed to investigate this novel method include resolution of the
ion beams with a Channeltron detector in the gas-phase and the investigation
of the deposited spots by conventional and monochromatic imaging XPS. It
is found that “paralleldeposited” Aun (n = 5, 6, 7 and 8) clusters exhibited
even-odd behavior in their reactivity toward oxidation, thus, reproducing
a well-acclaimed result obtained before. This shows the validity of the approach of “paralleldeposition” and demonstrates the potential of this new
technique in investigating size-dependent properties of deposited clusters.

iii

Abstract (German)
In dieser Arbeit wird eine qualitativ neue Methode der Deposition von
massenselektierten Clustern, genannt “Paralleldeposition”, vorgestellt. Mit
Hilfe eines Wienfilters wurden Clusterionenstrahlen aus positiv geladenen
Molybdän- und Goldclustern räumlich in Strahlen, die nur noch eine einzelne
Clustermasse enthalten aufgelöst. Diese individuellen Strahlen wurden auf
SiO2 /Si (100)-Substraten deponiert, wodurch voneinander getrennte Spots
entstanden, die nur noch eine einzelne Clustergröße enthalten. Bei den
experimentellen Methoden, die verwendet wurden um diese neue Technik
zu untersuchen handelt es sich um die Aufnahme des Strahlprofils in der
Gasphase mit einem Channeltrondetektor und der Untersuchung der deponierten Spots mit konventionellem und monochromtischem Imaging-XPS.
Dabei zeigte sich, dass “paralleldeponierte” Aun (n = 5, 6, 7 und 8) ein
gerade-ungerade-Verhalten gegenüber der Reaktion mit Sauerstoff aufweisen.
Dieses Resultat reproduziert ein Ergebnis, welches zuvor ebenso mit Einzeln
deponierten Goldclustern erhalten wurde. Dies zeigt den Erfolg des neuen
Ansatzes der “Paralleldeposition” und sein Potential für die Untersuchung der
größenabhängigen Eigenschaften von deponierten Clustern.
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1

Introduction

„

When matter is reduced to just a few layers

of atoms, very thin wires, or small clusters of
atoms, the properties of solid matter do not
remain quite the same, and there is room for
surprises. . .
— E. Tosatti and S. Prestipino [1]

When the size of particles approaches the nano-size regime (∼ few nm1 ),
their properties can no longer be related to size in a monotonous fashion. In
turn electric, magnetic and optical properties substantially differ from those
of the bulk and can be influenced by adding or removing an atom (“every
atom counts”). These effects have been extensively studied in many different
research fields over the past few decades [2–10]. In particular, the sizeselectivity of transition metal nanoparticles in regard to chemical properties
and heterogeneous catalysis has been of great interest due to its importance
in fundamental science as well as application in energy conversion and
environmental sciences [11–14].
Clusters are entities consisting of only up to several hundreds of atoms. In this
very small size regime, changes of various physical and chemical properties
can be a strong function of the number of atoms and can be non-scalable
[15–19]. I.e. the non-scalable size regime is reached where features might
vary considerably upon the addition or removal of a single atom. Pronounced
cluster size effects on the catalytic activity have been discovered for reactions
like CO oxidation2 under UHV3 conditions. This reaction presents the most
important reaction catalyzed by the three-way catalytic converter in internal
combustion engine driven vehicles [20]. However, beyond the “pressure
nm: abbreviation for nanometer, equal to 1 × 10−9 m
CO + 12 O2 → CO2
3
UHV: ultra-high vacuum, with a pressure lower than about 10−9 mbar
1
2

1

gap” small gold bilayer particles of about ten atoms have been identified as
“active sites” [21] for CO oxidation on FeOx ambient condition catalysts via
aberration-corrected scanning electron transmission studies [22], demonstrating the importance of subnanometric particles for enhanced catalytic
activities. In fact, real catalysts usually consist of ill-defined systems operating at elevated pressures and temperatures which prevent the application of
standard surface science analysis techniques. The different pressure regimes
under which model and real catalytic systems are investigated is termed
“pressure gap” [23].
In recent years the CO oxidation behavior of gold (Au), silver (Ag) and copper
(Cu) has been extensively surveyed in the gas-phase [24–26]. Experimental
methods include mass- and photoelectron spectroscopy on size-selected clusters. A critically acclaimed result was the confirmation that oxygen actually
binds molecularly to gold cluster anions. However, only even-numbered
anionic Au clusters consisting of less than 21 atoms in the gas phase react
with molecular oxygen whereas the odd-numbered neighbors are inert, representing only one of the many recent examples of non-scalable changes in
properties as a function of the number of atoms in a cluster [24]. It is worth
noting that mass-selection of clusters on the atomic scale should be achieved
for studying the size-selectivity of clusters, which can only be done with the
aid of mass spectrometry. After the generation of variously sized clusters in
the gas phase, the clusters are guided to pass through a mass spectrometer, in
which clusters are timely or spatially separated by their cluster masses. The
size-dependence of properties of free gas-phase clusters can be measured.
Nevertheless, there are examples where the even/odd alternation from the
gas phase is retained [27, 28]. The even/odd alternation of the reactivity
of metal clusters is directly linked to the number of valence electrons in the
clusters. In the neutral case, odd-numbered clusters possess a single unpaired
electron which is chemically reactive.
In addition, size-selected clusters can be deposited on the surface and these
species can be used for investigating not only the size-selectivity of various
properties, but also cluster-substrate interactions. Surfaces on the other hand
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are much more complicated. For example the smallest cluster on MgO to
show CO oxidation activity, which is closely related to the ability to bind
and dissociate dioxygen, is Au8 [29, 30]. However, this is only possible on
reduced MgO where electron transfers from the support to the cluster occurs
making it essentially an anion. Larger clusters are reactive on reduced and
oxidized magnesia surfaces [30]. Another example is TiO2 , here only Au6
and Au7 show catalytic activity towards CO oxidation [30–32]. However,
the even/odd alternation of deposited clusters was only found in a weak
cluster/support interaction system by Lim et al. [33]. In their studies, gold
clusters deposited on SiO2 /Si and reacted with activated oxygen shows only
oxidation related XPS4 shifts only for even-numbered clusters, while on
sputter-damaged HOPG5 the alternation vanishes [27, 28]. That might be
due to a strong cluster-substrate interaction which tends to deactivate the
unpaired electron. Therefore in most cases no odd-even alternation has been
observed for deposited clusters of simple metals. In the present study, SiO2 /Si
has been chosen as a substrate.

In most previous studies of mass-selected clusters on surfaces, only one
specific size could be deposited at a time [19, 27, 28, 31, 33, 34]. The
preparation of samples with different cluster sizes is time consuming and
conditions of each experiment must be strictly controlled to reproducibly
study the chemical and physical properties of deposited clusters. In the
present work, common one-at-a-time deposition techniques will be replaced
by a brand new “paralleldeposition” technique, utilizing a Wien filter, which
facilitates the deposition of clusters on a substrate with lateral separation
based on their sizes. According to previous experience, paralleldeposition,
a modification of the common deposition technique, is not only a timesaving method for the investigation of deposited mass-selected clusters,
but also helps reducing errors due to differences in sample preparation. (A
comparison of those two deposition techniques is shown in Figure 1.1). Using
this technique, clusters with a similar number of atoms can be landed in

4
5

XPS: X-ray photoelectron spectroscopy
HOPG: highly ordered pyrolytic graphite
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different spots on a substrate simultaneously, which allows faster screening of
size-dependent properties of deposited clusters under identical conditions.

Common deposition technique
Magnetic sector field filter
Cluster beam
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Fig. 1.1: Schematics of common deposition techniques (magnetic sector field, Wien,
and quadrupole mass filter) vs. the paralleldeposition approach.

The thesis is organized as follows:
In Chapter 2, basic concepts for the work presented here are briefly reviewed.
General information about the physics of clusters will be included. In particular, a basic description of clusters and their geometric, chemical and physical
properties will be presented. In addition, the principles of XPS, and especially
XPS of clusters will be introduced in Chapter 3.
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Chapter 4 will describe the essential experimental setup for generation
and analysis of size-selected molybdenum (Mo) and gold (Au) clusters.
The different constituents of the experimental apparatus will be described,
including sample preparation and data recording methods. Emphasis is put
on the newly designed parts facilitating “paralleldeposition”.
In Chapter 5, mass spectra collected via a Channeltron detector and XP
spectra of size-selected molybdenum and gold clusters will be discussed,
respectively. Moreover, oxidation and reduction behavior of Au cluster will
be presented.
Finally, the findings will be summarized in Chapter 6 before an outlook
(Chapter 7) towards future experiments will be given.

5

State of the art

2

At the beginning it is worth asking the question: “What is a cluster?”.
Wikipedia tells us, “a cluster is a small group or bunch of something”. This
refers to an accumulation of equal objects called monomers. Clusters are
described in various fields of science, i.e., cluster chemistry, star clusters,
cancer clusters, etc [35]. Cluster can mean different things to scientists.
For example, to most chemists, a metal cluster is a tangible staphylonuclear
compound (i.e., nuclei contain metal-metal bonds) with an intermediate size
between molecules and bulk solids. To physicists, a metal cluster can be an
unstable, ill-defined agglomerate of metal atoms that can be produced and
studied in both gaseous and solid state. Here, we are only interested in the
physical definition.
According to a rule of thumb, any particle between 3 and 105 atoms can
be considered as a cluster [36]. Sometimes, a structure of two atoms also
counts and a monomer can be regarded as a single atom cluster. They may
be categorized according to the number of entities, n, in the cluster; microclusters encompass n = 2 − 10, small clusters n = 10 − 100, and large
clusters n greater than 100. Clusters are formed by most of the elements in
the periodic table. For example coinage metal clusters, such as copper, silver,
and gold, are found in stained glass windows [37]. Water clusters are found
in the atmosphere [38]. Carbon nanoclusters are well known, especially the
soccer ball-shaped C60 and other fullerenes, they are found in solar cells,
electronic devices, etc. [39, 40]. Figure 2.1 gives some examples of different
cluster types.
Clusters lie somewhere in the unknown region between free atoms and bulk
solids or liquids. They consist of too many parts for the simple mathematical
description of the single atom, yet too few for the simplifying statistical
averaging so successful in describing bulk. Every atom counts, and adds its
contribution to the whole. If an arbitrary cluster property is plotted vs. n, we

7

Fig. 2.1: Some examples of cluster structures: The platelet W15 S42 [41], icosahedral
Al13 [42], pyramidal Au20 [43] (corresponding to the bulk fcc structure),
the most famous cluster C60 [39] and the cluster-assembled material
fullerite, consisting of C60 clusters [39, 40].

might expect as the number of atoms in the cluster increases, it approaches
the bulk value. But for small clusters, it might vary considerably and nonmonotonically as a function of n, because each atom lost or gained still makes
a significant impact. This is illustrated schematically in Figure 2.2.

Fig. 2.2: Schematic illustration of the dependence of an arbitrary cluster property
on the number of atoms in the cluster [44].

2.1 Metal clusters
Small metal clusters have been intensively studied in both experimental
and theoretical fields during the past decades [15, 36, 45, 46]. Small
metallic clusters can be much more reactive than respective bulk metals.
Moreover, their reactivity is sensitive to the precise number of atoms and
valence electrons in the cluster. A relatively unreactive cluster with a stable

8
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number of valence electrons (“electronically magic”) may be made much
more reactive by just adding or subtracting an atom.

The basic difference between atoms, clusters, and bulk is their electronic
structure. For atoms, the energy levels are discrete, whereas in bulk, many
energy levels are energetically similar, so that the density of states is very high
and the energy levels can be regarded as continuous and thus form a band
structure. Clusters constitute the transition from atom to bulk and hence
properties of both regimes might develop. Figure 2.3 displays schematically
how energy levels evolve from atom to bulk in case of aluminum.

Fig. 2.3: Simplified scheme of energy levels in aluminum from atom to bulk [47].
N is the number of atoms. For a single atom, energy levels are discrete.
With increasing N they split and for large N (bulk metal) energy bands are
formed.

Although metal clusters consist of metal atoms and bind by van der Waals
interaction, metallic bonding with delocalized electrons, i.e., the metallicity,
of particularly small clusters is difficult to define. The term metallicity is
of great importance in the micro-electronics industry. The size at which a
cluster acquires bulk metallic characteristics would define the minimum size
for electrical wires and contacts to behave in the normal way. On the other
hand, the semi-metallic properties of smaller clusters could be harnessed as
novel building-blocks in ultra-small electronic devices [48].

2.1
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2.2 Gas phase clusters
Since the advent of intense cluster sources, physical and chemical properties
of isolated metal clusters are an active field of cluster study. Especially, after
Haruta first demonstrated that the noble metal gold, an inert material in bulk,
can be turned into a highly efficient catalyst, when it forms particles smaller
than 3 to 4 nanometers, even below room temperature [49–51]. However,
even smaller particles were not resolved at that time. Ever since, nano-sized
gold clusters have attracted much attention due to their unique cluster size
effects on catalytic activity [11–13].
The experimental determination of metal cluster structures in the gas phase
is difficult, and only very recently have structures of gold and silver cluster
ions been deduced from experimental collision cross sections and comparison
to theory [52]. However, in particular, gas phase metal clusters represent
an ideal model system to gain molecular level insight into the energetics
(thermodynamics) and kinetics of metal-mediated catalytic reactions [23].
For the extensive study of catalytic mechanisms, CO oxidation has been
chosen as a model reaction. Many experimental and theoretical groups have
been devoted to unveiling the mechanisms of Pt-group metal1 catalysts as
well as gold catalysts [53].
An example of a catalytic cycle mediated by metal clusters in the gas phase
was reported by Shi and Ervin in 1998 [54]. They found two possible
reaction mechanisms that effectively catalyze CO oxidation with oxygen from
O2 or N2 O employing small platinum anions Pt−
n (n = 3 to 7, see Figure
2.4). Platinum clusters were exposed to O2 (or N2 O) first, which lead to the
creation of Ptn O− and Ptn O−
2 . Those species were mass-selected and reacted
−
with CO. Only Pt−
n was detected after the reaction between Ptn O cluster

anions and CO, which indicates that oxygen is lost during formation of one
molecule of CO2 (cycle I in Figure 2.4). Whereas Ptn O−
2 releases two product
1

10

The Pt-group metals are Ru, Rh, Pd, Os, Ir and Pt. They have similar and chemical
properties, with outstanding catalytic activities.
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molecules (cycle II in Figure 2.4).The regeneration of Pt−
n ions at low energies
demonstrates the reaction of small platinum clusters in a full catalytic cycle
near room temperature, however, only one full cycle was completed due to
separation of the oxygen addition and CO oxidation steps in space and time
[54].

Fig. 2.4: Proposed catalytic reaction cycles for the oxidation of carbon monoxide by
small anionic platinum clusters Pt−
n (n = 3 to 7) [54].

In addition, Stolcic et al. presented experimental results using gas-phase Au−
n
clusters to shed light on the adsorptive behavior of oxygen on gold catalysts
[24]. In their study, a PACIS2 and a TOF-MS3 including a reflectron are used
to generate and size-select Aun anions. O2 is added into the extender tube for
−
cooling to synthesize Aun O−
2 clusters. Mass spectra of Aun under oxygen-rich

conditions are presented in Figure 2.5. Even-numbered Au−
n show higher
reactivity towards dioxygen compared to odd-numbered ones. In fact, most
of them turn out to be inert. In addition, Au−
n with a cluster size bigger than
20 do not react with dioxygen at all. Similar results on the size-dependent
variation of oxygen adsorption and electron affinity of gold clusters with less
than 20 atoms were found in previous studies [55]. The presented results
can be explained via charge transfer from the gold clusters to the antibonding
π ∗ orbitals of O2 . A larger Au−
n -O2 bond free energy results in higher oxygen
adsorption reactivity and lower electron affinity results in a higher free energy
2
3

PACIS: pulsed arc cluster ion source
TOF-MS: time-of-flight mass-spectrometer
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−
of the Au−
n -O2 bond [55]. This charge transfer model also explains inert Aun

(n ≤ 20) clusters, because of their high electron affinities (see Figure 2.6)
[56]. It is indicated that the CO oxidation mechanism on small gold clusters
involves molecular rather than atomic oxygen. The stabilization of dioxygen
on gold clusters is most likely not only responsible for the high activity toward
CO oxidation but also other reactions such as partial oxidation of propylene
[57, 58].

Fig. 2.5: Mass spectra of Aun cluster anions for the lower mass regime (n = 3 to
9) after reaction with O2 . The grids indicate the masses of Aun clusters;
thus, the peaks deviating from the grids correspond to the reacted Aun O−
2
clusters [24].

It is important to note that free anionic gold clusters are similar to active
supported gold catalysts in terms of their electronic structure. CO oxidation
activities of free anionic Au clusters are comparable to those of gold catalysts,
strongly suggesting that gas-phase Aun clusters are ideal model systems.
Although geometric and electronic properties of gas-phase clusters have been
well established in both experiments and theory, the isolated cluster in the
gaseous state is hardly prone to application under real catalytic environments
and other industrially relevant fields. There are two ways bringing clusters
to application with one being cluster-assembled materials and the other one

12
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the deposition of size-selected cluster on surfaces. Both will be described
below.

Fig. 2.6: Electron affinities of Au1−79 . In particular,shell closings at Au8 , Au20 , Au34
and Au58 are observed. [56]

2.3 Clusters on surfaces
Free mass-selected clusters are studied in order to understand the evolution
of electronic and geometric structures of the undisturbed, non-interacting
particles, while much less is known about the properties of deposited massselected clusters. In addition, since most applications involve supported
clusters, it is of fundamental importance to understand how the support material affects the properties of deposited particles. Deposition of size-selected
clusters presents a new method for preparing functionalized nanostructured
surfaces, which are of great interest for practical applications in areas such
as electronics, medicine, catalysis and other fields of nanotechnology [46].
In the field of catalysis, size-selected cluster deposition is the key method
for the investigation of in general strongly size-dependent catalytic activities
[19, 59]. Thus, it is important to preserve the size-selection of clusters on
the surface achieved in the gas-phase also after landing on the surface, i.e.,

2.3
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soft-landing. In the following, a brief review will be given emphasizing
different aspects of the chemical activity of supported clusters.
There are two major issues that need to be considered. One is the possibility
of fragmentation as the cluster hits the surface or equally the penetration of
the cluster underneath the surface. The other difficulty is mobility and thus
diffusion and possible aggregation of clusters on the surface.
Some studies have shown that aggregation can occur forming larger clusters
while on the surface, although assuming to be monomeric in the gas phase.
For this reason, characterization of the size and morphology of the particles
after deposition is necessary. STM is the most widely used technique to
investigate structures of supported size-selected clusters. For example, Burato
et al. investigated the size distribution of deposited, mass-selected Agn (n
= 1, 2, 3) clusters on TiO2 at room temperature. It turned out that the
Agn clusters sintered to form three dimensional islands of approximately
30 atoms in size for dimers and 50 atoms for monomers, whereas silver
trimers have very limited mobility on the surface [60]. Similar experimental
work was performed by the same group with Aun (n = 1 to 8) clusters on
TiO2 . The STM images of supported size-selected gold clusters were obtained
(see Figure 2.7). Gold atoms trend to form bigger island and gold dimers,
trimers, and tetramers all lie flat on the surface, while Au5 , Au6 , Au7 and Au8
all exhibit two-layer, three dimensional structures. Surprisingly, the dimer
exhibits very limited mobility and does not sinter [61].
On the other hand, Cheng et al. have obtained an important theoretical simulation results, showing that clusters can be landed onto a suitable substrates
under certain conditions without damage, see Figure 2.8. This result holds a
great promise, namely that size-selection form the gas-phase can be retained
by closing the impact kinetic energy of clusters to be within a regime in which
clusters remain stable [62].
Deposition with sufficiently low energy (about 1 eV per cluster atom) can
prevent cluster fragmentation. This technique is widely used nowadays for
deposition of clusters. However, cluster diffusion and aggregation to form

14
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Fig. 2.7: STM images of titania supported size-selected Aun (n = 1 to 8, A to
H) clusters obtained at room temperature with size of 140 Å × 140 Å,
respectively. The bright spots are the clusters [61].

larger clusters or islands cannot easily be prevented. Thus, cluster size after
deposition is hard to control. Cluster deposition at low temperature can
alleviate those problems. However, most experimental studies of chemical reactivity and catalytic activity are carried out at room temperature or
elevated temperatures. Therefore, porous or rough surface materials, i.e.,
metal oxides etc., are often chosen as substrates for deposition to efficiently
prevent cluster diffusion of on the surfaces. In addition, Kaden et al. [63]
proposed deposition of clusters below 10% of a close-packed ML4 to avoid
cluster-cluster interactions.
Furthemore, the roughness of a substrate can be enhanced by either chemical
etching or sputtering to prevent aggregation and lower the mobility of clusters. In the work of R. E. Palmer et al. [64], Agn clusters (n = 2700) were
deposited on a previously sputtered HOPG surface. The sharpness of the
particle size distribution demonstrated that a stable and randomly dispersed
array of Ag2700 clusters on the surface was observed at room temperature,
i.e. sputtering prior to deposition successfully prevents cluster diffusion.
Nevertheless, they also claimed that deposition of clusters on surfaces is a
4

ML: abbreviation for monolayer, is a single, closely packed layer of atoms, molecules or
cells.
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Fig. 2.8: Cross-sectional view of the atomic configuration of a Cu147 cluster landed
on a Cu(111) surface with an initial kinetic energy upon impact of a) 1.8
× 10−4 eV/atom, b) 1.3 eV/atom and c) 5.3 eV/atom [62].

statistical process. Low cluster density is necessary to avoid the overlapping
of deposited clusters. (see Figure 2.9) [64].
A particularly instructive example for size-dependent catalytic activities of
clusters, was investigated by Haruta [12, 51] and Goodman et al. [13]. They
found that titania-supported gold clusters exhibit an extremely high efficiency
for CO oxidation. The authors prepared gold particles by evaporation of
single ions on crystalline TiO2 surfaces under UHV conditions. Figure 2.10
shows the structural sensitivity of the TOF5 for low-temperature oxidation
of CO on supported gold clusters. It is found that the maximum reaction
rate per surface Au site per second is reached when the diameter of the gold
cluster is approximately ∼ 3.0 nm in diameter. A further decrease in cluster
size below ∼ 3.0 nm leads to a decrease in the activity, also going to larger
clusters does not lead to increasing TOFs.
STM and STS6 results from the study presented above indeed show that
the structure sensitivity of this reaction on titania-supported gold clusters
is related to quantum size effects (Figure 2.11). However, the definition of
cluster in this study is particle islands which formed from the aggregation of
small nano-sized particles or clusters. The band gap responds to the thickness
of the supported gold clusters. Particles with a band gap of 0.3 eV are found
5

TOF: turnover frequency, is defined as the number of edict molecules of substrate that a
catalyst can convert to product molecules per catalytic site per unit of time (a turnover
rate).
6
STS: scanning tunneling spectroscopy
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(a)

high
coverage

(d)

Fig. 2.9: a) STM image of size-selected Ag2700 clusters deposited on an Ar-sputtered
HOPG surface. b) Diameter distribution of the particles in a) and c) corresponding height distribution of a). d) Aggregation in the high coverage
region of Ag2700 clusters [64].

to be the most effective catalysts for CO oxidation. It is important to state
that these experiments were carried out in a high pressure cell with reactant
exposure of 7 × 1010 L7 .
Under UHV conditions (0.1 − 1000 L), S. Anderson and co-worders [31,
32] found that Au6 and Au7 clusters show a significant catalytic activity
toward CO oxidation compared to clusters Aun (n = 1 to 5), see Figure
2.12. This means that strongly size-dependent activity of titania-supported
on gold clusters is found here as well. The catalyzed combustion of CO for
Aun (n ≤ 20) clusters deposited on MgO, using soft landing deposition, was
reported by Heiz et al. [19], and Landman et al. [29]. They found that Au8
7

abbreviation for Langmuir, equal to 1 × 106 torr · s
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Fig. 2.10: CO oxidation turnover frequency (TOF) at 300 K as a function of the
average size of titania-supported gold clusters [13].

and and Au18 were observed as the smallest and the most efficient catalyst
for CO oxidation on MgO, respectively, see the TPR8 spectra in Figure 2.13.
Moreover, size-dependent CO-oxidation activity for Agn clusters on titania
has been also reported by Palmer et al. [65].
U. Heiz and co-workers concluded that electron transfer from the surface to
the gold cluster due to F-center9 defects created by the vacancy of oxygen
atoms can play an important role for the activation of the cluster as a catalyst
[32]. On MgO, CO oxidation activity is not observed for gold clusters below
8 atoms and is associated with the presence of F-centers within the support
[29]. Au8 clusters seem to be active for the CO-oxidation only if the clusters
nucleate at oxygen vacancies. The nucleation of gold clusters at oxygen
vacancies suggests that surface defects may alter the electronic configuration
of the metal particle. This effect enables the activation (or dissociation) of
oxygen on the Au particles, which increases the rate of the CO-oxidation
reaction. Therefore, the role that defects (i.e. oxygen vacancies) play an
important role for the activation of the reaction is very important [32]. Large
8
9
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Fig. 2.11: a) STM image of as-prepared Au/TiO2 (110) - (1 × 1), i.e., before CO
oxidation, with an Au coverage of 0.2 ML. b) The reactivity for CO
oxidation at 350 K as a function of gold cluster size. c) Cluster band gap
measured by STS as a function of gold cluster size. d) Relative population
of clusters that exhibit a band gap of 0.2 to 0.6 V as measured by STS
[13].

differences in the activity between supported gold nanoparticles on titania
and zirconia (Au/TiO2 and Au/ZrO2 ) for identical particle sizes have been
attributed to the different nature of the substrates, which can be explained
due to different mechanisms, involving the adsorption of oxygen [67]. Moreover, it is important to mention that the electronic structure of supported
metal clusters can be changed by introducing impurity (dopant) atoms into a
cluster. Häkkinen and co-workers used the system Aun /MgO, replacing one
atom of an Au4 cluster by strontium. This exchange led to an enhancement
in CO oxidation activity for the system Au3 Sr/MgO [68].
Similar size effects are found from other experiments involving different
metal clusters deposited on various substrates. For example, size dependent

2.3

Clusters on surfaces

19

TiO2

Fig. 2.12: Size dependence of CO oxidation activity of titania-supported gold clusters [31].

CO dissociation studies of magnesia-supported nickel clusters from Heiz et al.
[69], and cyclotrimerisation of acetylene on mono-dispersed palladium [70]
and platinum [59] clusters supported on MgO. In addition, Frank et al. [71]
and Andersson et al. [72] reported particle-size dependent CO dissociation
on alumina-supported Rh clusters. Campbell and co-workers, for example,
demonstrated the importance of particle size by preparing gold particles with
controlled thicknesses from one to several monolayers on TiO2 (110) [73]. It
was claimed by Mills et al. [74] that the finite size of small clusters leads to
better binding because the HOMO10 is more localized, which is also called
“confinement effect”. This effect facilitates charge transfer into the π ∗ orbital
of O2 , which allows the molecule to bind to gold clusters. Furthermore, gold
nanoparticles supported on reducible oxides (TiO2 , Fe2 O3 ) are more active
towards CO oxidation than gold nanoparticles on irreducible oxides (SiO2 ,
Al2 O3 ) [12, 75–78].
This short overview shows that the chemistry of deposited clusters is very
different from respective free clusters. This in turn points towards the importance of metal-support interactions in addition to geometric and electronic
properties inherent to the clusters. Landman and co-workers mentioned that
10
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Fig. 2.13: TPR experiments for CO oxidation on selected Aun clusters on defectrich MgO (100) films. The model catalysts were saturated at 90 K with
13 16 18 was detected with a mass
C13 O and O18
2 , and the isotopomer C O O
spectrometer as a function of temperature [19, 66].

particles on surfaces have a high degree of un-coordinated atoms [79] and
also a special binding geometry to other gold atoms so that they become
more reactive [80]. Shape effects were observed by Haruta et al. showing a
better catalytic activity for hemispherical gold particles as opposed to spherical particles ones using TEM [81]. Moreover, the surrounding area of the
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nanoclusters can be especially active for the activation of oxygen. DFT11
calculations of O and O2 adsorption and CO oxidation on gold surfaces have
been carried out by Mavrikakis et al., demonstrating that these species prefer
to chemisorb on stepped surfaces, e.g., Au(211). Figure 2.14 shows the
calculated step density as a function of particle size. A maximum in step
density is found at a particle size of about 3 nm [82]. This is also correlated
with the onset in reactivity of small gold particles predicted by Haruta and
others [83]. Another theoretical study carried out by Norskov and coworkers
reported calculations focused on the catalytic CO-oxidation of Au10 clusters
depending on geometry. Au10 possesses low coordinated atoms which are
able to interact more strongly with adsorbates [84].

Fig. 2.14: Calculated percentage of edge (step) Au atoms in a particle as a function
of particle size [82].

The Hutchings and his co-workers [22] have used aberration-corrected
HAADF-STEM12 to analyze several iron oxide-supported gold nano clusters,
ranging from those with little or no activity to others with high activities.
High catalytic activity for carbon monoxide oxidation is correlated with the
11

Density Functional Theory (DFT) is a quantum mechanical method used to investigate the
electronic structure of many-body system in particular molecules.
12
HAADF-STEM: high-angle annular dark-field-scanning transmission electron microscopy

22

Chapter 2

State of the art

presence of bilayer clusters that are approximately 0.5 nanometer in diameter
and contain only up to 10 gold atoms. The activity of these bilayer clusters is
consistent with that demonstrated previously via the use of model catalyst
systems. Figure 2.15 shows high-magnification STEM-HAADF images for
both of inactive (A and B) and active (C and D) samples. Actual gold particle
size distribution and morphology in these samples are quite different. Both
samples contain larger (2 to 15 nm) gold particles and a considerable number
of individual gold atoms (indicated by white circles) dispersed on the iron
oxide surface. The observation of these individual atoms ensures that we are
now resolving all of the types of gold species present. However, in addition
a large population of subnanometer gold clusters was found in the active
sample (circled in black in Figure 2.15 C and D) that was not detected in the
inactive sample [22].

Fig. 2.15: High-magnification aberration-corrected STEM-HAADF images of (A and
B) the inactive (sample 1) and (C and D) the active (sample 2) Au/FeOx
catalysts. The white circles indicate the presence of individual Au atoms,
whereas the black circles indicate subnanometer Au clusters consisting
of only a few atoms. In (C) there are 0.5 nm higher-contrast clusters,
whereas in (D) 0.2- to 0.3-nm low-contrast clusters dominate. This
difference indicates that bilayer and monolayer subnanometer Au clusters
are present in the active catalyst [22].

2.3

Clusters on surfaces

23

2.4 Cluster-assembled materials
Recently, synthesis of highly functional tailor-made materials composed of
clusters has become an important topic within the field of cluster science. The
unique physical and chemical properties of cluster systems at the subnanoand nanoscale are often found to differ from their respective bulk materials,
and show strongly size-dependent properties adding a third dimension to
the periodic table [85]. Many groups in cluster science field approach the
subdivision of bulk to new materials construct via the “top down” approach,
but recently, A. W. Castleman et al. gave a review of many ways to forming
new materials of nanoscale dimensions using clusters via the “bottom up”
strategy, which are called “CAMs”13 [85].
The viability of such an approach is also supported by some earlier theoretical publications by Jena et al. [86]. They presented reasons why
cluster-assembled materials (materials from “quasi-atoms”) have properties
distinguishing them from corresponding atom-assembled materials, as shown
in Table 2.1. It is clear that changes in the interatomic distance, nature of
bonding, complexity of electron energy bands and phonon structure will
give rise to novel electrical, thermal, chemical, and optical properties. In
addition, these properties show great potential for applications, e.g., energy
conversion, spintronics and etc. [87]. Furthermore, these properties can be
tailored by changing size and composition of the cluster building blocks. It
is expected that novel materials could be synthesized from atomic clusters
instead of standard atoms from the periodic table as building blocks.
Cluster-assembled materials offer the attractive proposition of creating materials with tailored properties using building blocks outside the normal
range of atomic elements. Figure 2.16 shows building blocks used in clusterassembled materials [48]. As can be seen from Figure 2.16, the properties
of cluster-assembled materials can be precisely controlled by changing the
number of atoms in their building blocks. Whereas other building blocks,
13
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Fig. 2.16: Fullerenes, atomic clusters, and larger inorganic nanocrystals can be used
as assembly elements for creating materials with tailored properties [48].
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Tab. 2.1: Differences between two forms of matter
Atom-Assembled

Cluster-Assembled

one characteristic length scale:
lattice constant

two characteristic length scales:
intra-cluster and inter-cluster distance

well defined bonding:
van der Waals, ionic, covalent, metallic

intra-cluster bonding may be different form
the bonding between cluster

energy band due to overlap between
atomic orbitals

energy band due to overlap between
cluster- (molecular-) orbitals

lattice vibration:
acoustic and optical modes

two separated modes:
intra-cluster and inter-cluster vibrations

stable

metastable at best

like fullerences, etc. (“magic number” clusters), can be only used in a narrow
size range [85].
At the beginning of the 2000’s, the group around M. Broyer focused their
interest on studies of cluster-assembled materials [88]. From their results,
indium and platinum clusters were deposited under soft-landing conditions
on HOPG surface. The sample were examined by TEM14 to investigate cluster
aggregates. It confirmed that small clusters tend to agglomerate. In this
case, relatively large clusters and three dimensional structuring instead of
flat islands were observed (see Figure 2.17) [88].
Although the “bottom up” approach in creating cluster-assembled materials is
fascinating, there are still two major difficulties that need to be overcome: i)
It is difficult to produce clusters of well-defined size and composition in bulk
quantities. ii) Clusters have a tendency to coalesce. In addition, Table 2.1 by
Jena et al. shows that instability is the biggest problem for the realization
of cluster-assembled materials, however, Broyer et al. found that they are
able to prepare of such materials with stable structures under appropriate
conditions.
In conclusion, size-selected clusters have been successfully investigated in
UHV demonstrating unique electronic and geometric properties depending
on the exact number of atoms in the cluster. Therefore, size-selection is very
important in cluster science. Furthermore, size-selected clusters deposited
14
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Fig. 2.17: TEM micrographs of size-selected platinum clusters (mean diameter 2.3
nm) deposited on HOPG with a high coverage. a) large scale view; b)
zoom of the island marked in a); c) zoom of a part of island b) where
nontouching primary particles can be identified [88].

onto substrates were applied in various research fields [66, 87, 89–91].
Albeit clusters in gas phase have been successfully investigated and spare
researchers the investigation of tedious cluster substrate interactions, application requires clusters immobilized onto supports or as cluster-assembled
materials. Nonetheless, gas phase studies are an important tool in disclosing
size-dependencies which are also found for deposited clusters. However,
deposition adds substrates as new parameter which oftentimes change the
size-dependence, as described for gold clusters on titania and magnesia and
their respective CO oxidation activities (see above). I.e., if one is to find
the most efficient catalyst system for a certain reaction a lot of cluster sizes
on different substrates have to be “screened”. This in turn requires a highthroughput method which clearly is not found in “one at a time” deposition
this is why “paralleldeposition” is proposed here as the method of choice.
While several cluster sizes can be landed simultaneously in discrete spots,
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the approach also facilitates identical deposition conditions for all these
species.

28

Chapter 2

State of the art

Photoelectron spectroscopy

3

X-ray photoelectron spectroscopy is a non-destructive technique to probe the
electronic core-levels of atoms. Photoelectron energies due to X-ray irradiation are dependent on the chemical element which permits determination of
the composition of samples. However, the most important feature is that these
energies are also sensitive to the chemical surroundings of said element, i.e.,
oxidation states can be determined. This property makes XPS our method of
choice to probe the reactivity of gold clusters towards oxygen which serves as
a general “prove of principle” for the new concept of “paralleldeposition”.
XPS was developed in the mid-1960s by Siegbahn and his research group,
who was awarded the Nobel Prize for Physics in 1981 for his distinguished
work in XPS. XPS, also known as ESCA1 , is widely used to investigate the
chemical composition of surfaces. XPS is based on the photoelectric effect.
Electrons are emitted from a surface when the absorbed photon energy
is larger than their work function, as presented by Einstein in 1905 (also
awarded the Noble Prize). XPS experiments must be carried out under UHV
condition, at least 5 × 10−8 mbar in order to allow emitted electrons to be
analyzed by an energy analyzer and to avoid the creation of electrons from
residual gas which are not related to the surface at all [92, 93].
It was found experimentally that electrons with energies in the range of 0.1
to 1.5 keV have mean free path lengths (the distance covered by an electron
between two inelastic collisions is called mean free path, see Figure 3.1)
within the solid between 0.5 and 5 nm [92]. This means that electrons
emitted from a solid with an energy in this range suffering no inelastic
collisions must originate from the top few atomic layers. This essentially
makes XPS a surface sensitive technique. The binding energy of emitted
electrons is determined. This energy is dependent on the element and its
chemical surroundings (chemical shift). The basis for quantitative or semi1

ESCA: electron spectroscopy for chemical analysis
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Fig. 3.1: Mean free path of electrons in solids as a function of energy. From Seah
and Dench [94].

quantitative surface analysis by means of XPS is the fact that ionization
probability (cross section) of a core level is practically independent of the
valence state of the respective element, so that the intensity is related to the
number of atoms in the detected volume.
All in all, XPS is a powerful technique to characterize the elemental and
phase composition of solid surfaces in chemical analysis, materials science,
heterogeneous catalysis, polymer science, and etc.

3.1 Basic principles
Basically, XPS uses a soft X-ray source in which an electron beam with
kinetic electron energies of several keV strike an anode to accelerate other
electron, nuclei and ions within the anode material. About 1% of energy
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from the anode is emitted as X-rays perpendicular to the electron beam [92,
95]. Aluminum or magnesium coated anodes are the most common ones,
they produce X-ray of hν = 1486.6 eV (Al Kα) and hν = 1253.6 eV (Mg
Kα), respectively. The radiation interacts with atoms in the sample causing
electrons to be emitted by the photoelectric effect. However, only electrons
emitted from surface near atoms can escape the solid. The kinetic energies of
these electrons are analyzed by an energy analyzer. Emitted electrons have
kinetic energies (Ekin ) given by:

Ekin = hν − EB − eΦspec

(3.1)

where h is the Planck constant, ν is the frequency (Hz) of the radiation, in
addition, hν is the energy of the photon, EB is the binding energy required to
free electrons from their atomic orbital. The spectrometer possesses its own
work function, eΦspec , which is needed to account for when interpreting the
measured electron kinetic energies. The work function of the spectrometer
can be obtained by calibration with a bulk sample of known binding energy.
The XPS instrument consists of an X-ray source, an energy analyzer for the
photoelectrons, and an electron detector (shown in Figure 3.2). The analysis
and detection of photoelectrons requires that the sample is placed into a
UHV chamber. Since photoelectron energy depends on X-ray wavelength, the
excitation source should have a small energy window, e.g. monochromatic.
The energy of the photoelectrons is analyzed by an electrostatic analyzer,
such as a CHA2 , and photoelectrons are detected by an electron multiplier
tube or a multichannel detector such as a MCP3 .
In surface science, the zero point of the electron energy scale is taken at
the EF 4 of the solid (in contrast to gas phase studies where the vacuum
level is the zero point). The situation for metal surfaces is illustrated by the
2

CHA: concentric hemispherical analyzer
MCP: microchannel plate
4
EF : the Fermi level
3

3.1

Basic principles

31

Fig. 3.2: Schematic experimental arrangement for X-ray photoelectron spectroscopy
of solid surfaces.

energy level diagram in Figure 3.3. The sample is electrically connected to
the spectrometer so that their Fermi energies are equal.

The exact core-level binding energies of a certain element may be subject
to variations (typically by up to a few eV) depending on the chemical state
(i.e. oxidation state, lattice sites, chemical environment and etc.) of the
atom. Any change in the chemical environment of the element will involve a
spatial redistribution of the valence electrons of this atom and the creation of
a different potential seen by the core electrons.

The concept of “chemical shifts” is based on the idea that inner electrons feel
an alteration in energy due to a change in the valence shell contribution to
the potential based on the outer electron chemical binding. In the simplest
picture, valence electrons are drawn either from or toward the nucleus
depending on the type of bond. The greater the electronegativity of the
surrounding atoms, the more the displacement of electronic charge from the
atom and the higher the observed binding energies of the core electrons.
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Sample

Spectrometer

Fig. 3.3: Schematic energy diagram of an electron in the surface of a solid as used
in X-ray photoelectron spectroscopy. The measured kinetic energy of the
ejected electron is given by Ekin [96].

In an accurate description, the photoemission process is a transition from the
N −1
initial state EN
with N − 1 electrons
i having N electrons to the final state Ef

[93], which yields a binding energy for the photoelectron:

(N −1)

EB = Ef

(N )

− Ei

(3.2)

The single particle model and the simplified equation 3.2 are based on
Koopmans theorem [97], which neglects the effects of the emitted electron
on the final state and the influence on the remaining electrons. Hence, there
are features in the spectra, which cannot be explained within the single
particle picture, since they originate from processes which take place during
the detachment process. To obtain better results, the following final state
effects can be taken into account to amend this simple model [92, 98]:
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- Relaxation
The charge state of the particle increases due to the detachment of an electron, which yields an increase of the binding energy of all orbitals. This
relaxation energy is transferred to the outgoing electron and increases its
kinetic energy.
- Multiplet Splitting
In the final state, the remaining electrons can couple their spins and angular
momenta to different total spins and angular momenta. Depending on the
energy of the final state, the kinetic energy of the photoelectron can differ
by the energy differences of the possible final states, so that multiple peaks
might appear in the spectrum.
- Multi electron excitation
When a core electron is removed by an X-ray photon there is a sudden change
in effective charge due to the loss of a shielding electron. This sudden change
in effective charge gives rise to the possibility of formation of monopole
excited states or doubly ionized states.
If an electron is excited to higher lying bound states, the corresponding lines
in the spectrum are called “shake-up” satellites. If excitation occurs into free
continuum states, leaving a doubly ionized atom with holes in the core as
well as valence shell, this effect is called a “shake-off” process.
- Core-level satellites
When an interesting type of satellite structure appears in the core-level
spectra of certain molecular adsorbates, one explanation of these effects is
given by Schönhammer and Gunnarsson [99, 100]: the formation of the
core-hole “pulls” an empty level of the adsorbate several eV below the Fermi
level. As long as there is no occupancy of this level, this situation maybe
considered as representing the single electron transition final state which
gives rise to the peak with the highest binding energy. The lowest energy
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final state, however, would be reached by electron flow from the metal to
the newly formed electronic level, which could be termed a “shake-down”
process giving rise to a peak at lower binding energy [99, 100].

3.2 Photoelectron spectroscopy on gas phase
clusters
Investigation of clusters in the gas phase requires very intense light sources,
e.g., UV-sources, lasers and, soft x-ray etc., since the target density is extremely small as compared to a solid state specimen [36]. Since the PES
is the most direct method to investigate the electronic level structure, this
technique applied to clusters in gas phase can yield fundamental understanding of how the electronic structure develops when the number of atom n
changes [101]. In rare gas clusters, the electronic structure has been probed
with soft x-ray, revealing core excited excitons as well as surface and bulk
states. Shifts in core ionization energies have been assigned in terms of
polarization screening [102]. On the other hand, working on metal clusters
exhibits core-level and Auger signatures that served to determine the cluster
size [103]. However, these investigations suffer from the lack of any clear
size dependence, since only cluster size distribution that are formed in jet
expansions could be investigated [103].
Clusters with open electronic shells where even the valency might change
with the number of the atoms n have only been treated theoretically. However,
by using UV lasers, details of valence shells are accessible as well as threshold
energies [101, 103]. For example, the free-electron laser FLASH5 is a very
interesting light source to perform PES experiments on clusters. Its special
characteristics include highly intense photo pulses (up to 100 J/pulse), a
photon energy range of 30 eV to 1500 eV, transverse coherence as well as
pulse durations of some ten femtoseconds. In the FLASH experiment, a
metal cluster beam is usually created in a laser vaporization source and
5

FLASH: the free-electron laser in Hamburg
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size-selection is achieved via time-of-flight mass spectrometry. This beam is
crossed by the light of the VUV6 free-electron laser in the interaction region
of a magnetic bottle photoelectron spectrometer. Photoelectrons are guided
by the magnetic field to a channel-plate detector. Electron time-of-flight
spectra are finally converted into binding energy. Especially in terms of timeresolved PES (TRPES), the deeper lying core elves can be reached with photo
energies up to 1500 eV with acceptable intensity, therefore, element-specific,
time-resolved core-level PES (XPS) is feasible in FLASH [101].
One interesting example is lead, the valency of which is 2 or 4, with the
richly structured valence photoelectron spectra and the widely scattered
electron detachment energies prevent clear insights into a possible band gap
closure and the associated change in the bonding character [101]. Senz and
co-workers [101] investigated lead clusters using a vacuum ultraviolet light
from the free-electron laser FLASH to probe 5d electrons from mass-separated
negatively charged clusters, thus transiently leading to core-ionized neutral
system. Shielding of the core hole affects the electron binding energy. The
strong deviation from expected behavior predicted by the metallic droplet
and jellium models suggests reduced electronic shielding once the cluster
size falls below approximately 20 atoms.
A set of photoelectron spectra for different cluster sizes of lead is shown in
Figure 3.4. In this experiment, the photon energy is set to 38 eV (∼ 32 nm)
at a mean pulse energy of about µJ after beam skimming, corresponding
to 1.6 × 1012 photon per pulse. In spite of ultrahigh vacuum conditions
and cryogenic cooling, significant background signal remains beyond 11 eV
binding energy. Nevertheless, it is possible to resolve photoemission from the
Pb 5f core level at around 20 eV, as can be seen from the different spectra
on the right-hand side of Figure 3.4. The high-energy 5d3/2 component is
clearly discernible for small clusters, but merges with the strong helium
photoionization peak at n > 16 and cannot be resolved anymore (IE(He) =
24.587 eV [104]).
6
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Fig. 3.4: Photoelectron spectra of size-selected lead clusters Pb−
n (n = 12 - 49) with
and without cluster beam (left) and the corresponding difference spectra
(right) after excitation at 38 eV photo energy. A clear shift of the lead
5d core levels is observed, starting from 20 eV (vertical line) at n = 12
towards higher binding energies. (The binding energy is given with respect
to the vacuum level.) [101]

Core-level PES experiments on size-selected metal cluster anions turn out
to be a sensitive probe of core-hole screening and electron delocalization
in the valence band of the neutral system due to the FLASH. However, due
to the short lifetime of the core-hole and low resolution of the experiments,
experiments at FLASH they were not yet able to investigate more details of
the electron dynamics like the size-dependent electronic coordination and
the contribution of the cluster surface atoms.

Another interesting results is presented by Ganteför and co-workers [105].
Most single-photo excitation experiments have been limited to a maximum
photon energy of 7.9 eV so far. However, at photon energy below 7.9 eV, only
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the uppermost-occupied orbitals of the valence and conduction bands are
accessible. In addition, a helium discharge lamp with a photon energy of 21.2
has been used extensively in standard ultraviolet photoelectron spectroscopy
experiments on surface and molecules, limiting the experimental scope to
high-density samples. From their results, a new experimental setup for
photoelectron spectroscopy of size-selected cluster ions using synchrotron
VUV radiation as generated by the Swiss Light Source at PSI7 is presented.
The experimental setup consists of a magnetron sputter source, a magnetic
sector field mass selector, and a VMI8 electron spectrometer, which is the key
component of this setup. Synchrotron radiation is collimated by a toroidal
mirror, dispersed by a grazing incidence 600 lines per mm grating and focused
by a second mirror approx. 11 m downstream from the grating. The beam is
deflected into the cluster experiment by 75 degree using a plane aluminum
mirror, which can be moved in and out of the transfer line, and causes an
intensity loss of an order of magnitude at 24 eV. At this energy, the photon
flux in the ionization region is 8 × 1011 photons per second. In principle,
the VMI allows collecting photoelectron from the whole solid angle of 4π
and offers a high and constant collection efficiency over the electron kinetic
energy range from 0 up to the range of 14 eV, which is particularly useful in
experiments with a low count rates [105].
Figure 3.5 shows the two-dimensional VMI spectrum of (MoO3 )+
n , n = 69
± 2, cluster cations recorded at a photon energy of 24 eV and a cluster ion
current of 2 nA. This is the first experimental result capable of delivering
photoelectron spectra of size-selected transition metal cluster ions. With
this experimental setup, both UPS and XPS measurements are available for
size-selected cluster. Especially with photo energies up to 100 eV, shallow
core levels will be accessible. XP spectra can be recorded at photon energies
just 10 eV above the ionization threshold of the corresponding level since
there is almost no inelastic electron scattering in the case of clusters. In
turn, XP features will not be drowned in the background at such low kinetic
energies [105].
7
8
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Fig. 3.5: a Two-dimensional VMI photoelectron image of (MoO3 )+
69 clusters
recorded at a photon energy of 24 eV. The background from secondary
electrons created by the cluster ion beam has already been subtracted. b
Like (a), but with the cluster ion beam switched off. c Difference between a
and b corresponding to the true photoelectron signal of (MoO3 )+
69 clusters.
d Same as c, but recorded at a photon energy of 16 eV [105].
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3.3 X-ray photoelectron spectroscopy on
deposited clusters
XPS is generally used to investigate the inner shells. In fact, the photoelectric
cross section in the soft X-ray regime is larger for core electrons than for
valence electrons. As core level peaks are usually quite sharp and element
specific, they can be used to obtain information on the chemical state of
the clusters, especially when clusters are in contact with a support. Very
important information resides in the core binding energy shift, i.e., the ESCA
shift of the core orbital binding energy with respect to a reference material.
In most of the above studies the size-dependent energy shifts of the electron
energy levels have been investigated. In general, it has been found that the
electron binding energy is larger in the clusters with respect to the bulk metal
and that binding energy decreases with increasing cluster size [106].

This systematic energy shift can be explained by a final state effect according
to the size-dependent electrostatic interaction between the ionized cluster
and escaping photoelectron [107, 108]. According to the electrostatic drop
model the positive charge left on the cluster is confined by the radius (R)
and therefore interacts with the escaping photoelectron in contrast to the
metallic bulk phase (R → ∞) for which the charge is spread to an infinitely
large volume [109, 110]. Within this classical framework the ionization
energy of a spherical metal droplet increases linearly as function of inverse
cluster radius 1/R according to IP = IP(bulk) + αe2 /4πε0 R where IP is the
ionization potential, α represents a constant which amounts to 0.5 when
the classical electrostatic energy of a metal sphere is considered [109–111].
Experimentally, α has been determined to be smaller than the classical value
and to vary between 0.4 and 0.2, depending on the elements the clusters
are constituted [15, 112–114]. The deviation from the classical value mainly
results from quantum corrections and non simple-metal behavior concerning
electronic and geometric structure which is not considered in the liquid drop
model. [106].
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Mass-selected clusters deposited from a cluster beam have also been intensively investigated via XPS. Eberhardt et al. [115] present a study on platinum
clusters on silicon wafers covered by natural oxide. The position and width
(FWHM9 ) of the Pt 4f7/2 peaks of the deposited clusters as a function of
cluster size were investigated. The binding energy of the Pt 4f level changes
non-monotonically with cluster size with a general trend towards the bulk
shift. The binding energy of the Pt 4f7/2 line for the deposited atom is about 2
eV higher than for bulk metal [115]. Similar results can also be found in the
most recent investigation presented by Peters et al. [106] on high-resolution
XPS spectra of mass-selected Aun clusters supported on thin natural silica
layers in the range n = 1 to 35 atoms. The binding energy as well as peak
width is found to increase dramatically with decreasing cluster size (Figure
3.6).
In a previous study conducted by the Bowen group [116], metal and metal
oxide clusters of molybdenum behaved differently when they were softlanded on HOPG with the same incident kinetic energy. At low coverage,
metal clusters are highly mobile on the surface, while metal oxide clusters are
comparatively immobile, presumably as a consequence of stronger clustersubstrate interaction. Later results from the same group show the effect
of 4 keV Ar+ ion sputtering on size-selected metal oxide clusters (MoO3 )n
and (WO3 )n deposited on HOPG. With sputtering, the oxidation state of the
clusters is reduced to pure metal, which can be seen in XPS [90].
In addition, an interesting study showing that CO oxidation activity over
planar Pdn /TiO2 (110) is correlated to the electronic structure of supported
metal clusters was carried out by Kaden et al. (Figure 3.7) [63]. Changes
in electronic structure are determined by both inherent size effects and by
cluster-bonding to the oxide support. Moreover, Lim et al. presented several
studies of the oxidation behavior of mass-selected deposited gold clusters
analyzed by XPS [27, 28, 33, 117], which show a rather strongly size effect
on gold cluster size.
9

FWHM: full width of half maximum
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Fig. 3.6: X-ray photoelectron spectra of deposited gold clusters (on SiO2 /Si) in
comparison to the bulk peak of a thick gold film taken under the same
experimental conditions. The intensity-normalized surface peak of a macroscopic gold crystal is indicated by the dotted line and shifted by − 0.4 eV
with respect to the bulk peak [106].

Single size-selected Au clusters were investigated by D. C. Lim et al. [117].
In their study, 2 × 1012 Au clusters were deposited on a silica substrate.
Corresponding Au 4f XP spectra of as-deposited Aun (n = 2 - 13) on SiO2 /Si
are shown in Figure 3.8. Since the same number of clusters was deposited
for all samples, Au 4f peak intensity increases with growing cluster size.
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a)

b)

Fig. 3.7: a) Pd 3d XPS binding energies for as-deposited Pdn for n = 1, 2, 4, 7, 10,
16, 20, and 25 on TiO2 (110), b) CO oxidation activity observed during
TPR (left axis, solid squares) compared with shifts in the Pd 3d binding
energy, relative to expectations from smooth bulk scaling (right axis, open
circles) and as a function of cluster size [63].

From Figure 3.8 the intensity ratio of the Au 4f7/2 peak with respect to the Si
satellite peak at 89.7 eV as a function of cluster size can be deducted.
Figure 3.9 summarizes binding energies of Aun 4f7/2 peaks in Figure 3.8. A
small core level shift of the Au clusters with respect to bulk is found. As
cluster size increases from 2 to 13, binding energies of Au 4f7/2 peaks vary
between 84 eV and 84.5 eV. That happens because the Au 4f binding energy
for Au/silica systems generally shifts to the high binding energy regime with
decreasing particle size, mostly due to final state effects.
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Fig. 3.8: Au 4f states of as-deposited Aun (n = 2 - 13) clusters on chemically etched
SiO2 /Si [117].

Additionally, in the previous study by Lim et al. deposited mass-selected Aun
clusters (n = 2 to 13) were exposed to an oxygen atmosphere with a hot Pt
filament to shed light onto the size-dependent oxidation pattern. The filament
serves to produce atomic oxygen and/or thermally excited molecular oxygen
species. Most model catalyst studies with Au/TiO2 under UHV conditions
have used atomic oxygen, because O2 has a low sticking probability on TiO2
and Au/TiO2 , whereas atomic O was found to bind to nanometer sized Au
particles on Au/TiO2 [31, 32].
Changes of the Au 4f state of deposited Aun clusters on SiO2 /Si upon oxidation are displayed in Figure 3.10, where Si satellite peaks were subtracted
from the spectra. One can clearly observe the splitting of Au 4f levels (Au
4f7/2 and Au 4f5/2 ) and the additional peaks at the high binding energy
regime. Additional peaks appearing after oxygen exposure were characteris-
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Fig. 3.9: XP spectra of Au 4f7/2 core level shifts as a function of the number of Au
atoms in a gold clusters on silica substrates [117].

tic features of oxidized gold, suggesting the formation of Au-O bonds, i.e., Au
(+3) formation. Au (+3) peaks in the core level spectra can also be observed,
when bulk gold crystals or gold nanoparticles larger than approximately 1.5
nm in diameter are oxidized under similar conditions. In contrast to other
Au clusters already mentioned, Au5 , Au7 , and Au13 do not show any change
of the Au 4f state upon oxygen exposure [28, 33].
Here, XPS is the method of choice for investigating silica-supported sizeselected molybdenum and gold clusters prepared in the present investigation.
Elemental and spatial resolution of the XPS is used to give a prove of principle
for the newly developed “parallel-deposition” technique, which is explained
in detail in the next chapters.
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Fig. 3.10: XP spectra of subsequently deposited Aun clusters consisting of 2 - 13
atoms after exposure to atomic oxygen. Each spectrum is originally fitted
with 7 Gauss functions. Three of them corresponding to the Si satellite
features are removed, and only the Au peaks are shown [28].
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4

Nowadays, techniques of synthesizing clusters are well developed. In this
experiment, two different ultra-high vacuum systems, i.e., cluster beamline,
reaction and analysis chamber, are used for synthesis and analysis of the
supported size-selected clusters, respectively. In this chapter the experimental
setup and methods are briefly described. The overall setup is described in
the first section, followed by a detailed description of the methods in the
subsequent sections.

4.1 Cluster Beamline - Generation and
Deposition
The basic experimental setup for studying size-selected paralleldeposited
clusters is described in the following sections. A schematic of the experimental
apparatus is shown in Figure 4.1. It consists of the following components,
which are described in the corresponding sections:

- Cluster source
- Differential pumping stage
- Ion optics
- Quadrupole ion deflector
- Wien filter
- Channeltron detector
- Deposition unit
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Fig. 4.1: Schematic of the cluster beam line with paralleldeposition unit.
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All experiments have been performed under vacuum conditions, while the
necessary pressures are on the order of 1 mbar in the aggregation region,
high vacuum conditions with pressures of less than 10−5 mbar are needed
for the ion optics and mass deflection units. Nevertheless, ultra-high vacuum
conditions are necessary for the Channeltron detector and deposition unit
in order to avoid collisions of the cluster ions with residual gases and to
minimize the background signal caused by free electrons.

4.1.1 Cluster source
Clusters are mostly generated by condensation of atoms or molecules in the
gas phase via adiabatic expansion into vacuum. For non-gaseous substances
it is necessary to vaporize them first. Depending on the material, this can be
achieved by different methods. The most commonly used cluster sources are
as follows: 1) Seeded supersonic nozzle sources are used mostly to produce
intense cluster beams of low-boiling point metals. 2) Laser vaporization
sources are used for producing clusters in the size range from the atom to
typically several hundreds of atoms per cluster. 3) Gas-aggregation sources
are particularly efficient in the production of large clusters. 4) Pulsed-arc
cluster-ion sources are most commonly used in the gas-phase study for the
clusters. 5) Magnetron sputter source are used primarily to produce intense
continuous beams of small singly ionized clusters of most metals [118]. Here,
the magnetron sputter source is used.

In this experiment, metal clusters are generated by a magnetron sputter
source, originally designed by Haberland’s group at the University of Freiburg,
Germany [119, 120], which is described in this section. Sputtering is the
evaporation of atoms caused by bombardment of a solid or liquid target
with energetic particles, mostly ions. It results from collisions between the
incident particles and resultant recoil atoms, with surface atoms. Excellent
review articles on sputtering are available [121–127], therefore, exclusively
essential features are discussed here.
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aggregation tube

sputter head adjustable distance
0 to 25 cm

Fig. 4.2: Schematic of magnetron sputter source and aggregation tube [128].

The source, see the Figure 4.2, essentially consists of an aggregation tube
and a sputter head, which is located inside of the former. The aggregation
tube can be cooled by liquid nitrogen (LN2 ), which increases stability of the
cluster beam, however, for simplicity experiments in this study were operated
without liquid nitrogen cooling. The essential feature of the magnetron
sputter head design is that two magnets are placed behind the sputter target.
One of them is a cylinder and the other one is a ring, see Figure 4.3.
Within the sputter head, a conductive material, disk-shaped with a diameter
of 50.8 mm and thickness of 3 mm, is used as the sputter target. This
target is evaporated to form clusters. In this experiment, molybdenum and
gold targets were used. Molybdenum targets are supplied by PLANSEE with
a purity of 99.98 %, and 100 Euro gold coins (purity of 99.99 %) were
used as the gold targets, respectively. Since the gold coin is only 37 mm
in diameter, an adaptor piece made of molybdenum is used to make it fit
into the sputter head (see Figure 4.4). Here, sputter area is within the
diameter of the gold coin. However, the source can also evaporate other
conducting and semiconducting materials, e.g. silver, copper, silicon etc.,
whereas ferromagnetic targets may cause difficulties [118].
High purity argon (99.999 %) and helium (99.999 %) were used as sputter
gas and carrier gas, respectively. In addition, helium entrains the metal vapor,
cools it down, and facilitates cluster formation. Depending on the sputter
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a)

b)

Fig. 4.3: a) 3D schematic of the magnetron sputter head [128], b) Exploded view
of the sputter head, modified from [129].

material, a voltage of about 50 to 200 V is applied between the target and
anode, which is on ground potential, to sustain the gas discharge. The sputter
target surface is hit by accelerated argon atoms in order to remove metal
atoms from the surface. Up to 80 % of the beam can be ionized (depending
on cluster species) under ideal conditions, as described by H. Haberland et
al. [119, 130]. Every argon ion can release 10−2 molybdenum atoms and
10−1 gold atoms, i.e., on average 100 argon atoms are needed to release
a molybdenum atom and 10 per gold atom, respectively [131]. Therefore,
the cluster beam flux can reach 1012 cluster/(cm2 · s) [130]. The charge of
the cluster ions can be influenced by several experimental parameters, while
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Fig. 4.4: Molybdenum (left) and gold (right) targets used for magnetron sputtering.
Commercial molybdenum target and 100 Euro coin made of 999.9 gold.
Molybdenum adaptor is used for gold coin in order to fit into the sputter
head.

larger clusters are more likely to be negatively charged, smaller ones tend to
carry a positive charge [119, 120].
The principle of cluster formation by plasma sputtering and gas aggregation
is shown schematically in Figure 4.5. When an energetic particle (argon
ions) strikes a surface (the target), a variety of secondary particles, including
neutrals and cluster ions from the targets will be released [132].

Target

He

Aggregation

: Sputtered
target atoms
: He

Fig. 4.5: Principle of cluster formation by plasma sputtering and gas aggregation
[132].
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When rare gas atoms (Ar) are accelerated towards the target with a certain
kinetic energy, a plasma stabilized by a magnetic field can be ignited in the
vicinity of the target surface, see Figure 4.6 a). The two magnets described
above have opposite field directions creating a field line patter as presented in
Figure 4.6 a) and b). In addition to the Lorentz force, in a combined magnetic
and electric field, charged particles experience drift forces. Their movements
result from changes of the Larmor radius during gyration which originate
from variations in particle velocity or magnetic field. The drift velocity ~vD
follows the general equation ~vD =

~ B
~
E×
.
|q|·B 2

Therefore, it has a direction which

is directly related to the electric and magnetic field, solid line arrow in Figure
~ is perpendicular to B,
~ particles, especially electrons, due
4.6 b). In case E
to their low mass, are coerced on cyclic trajectories parallel to the target.
Along such a circular path they move in a helical fashion around the “guiding
center” [130, 133]. This condition is met roughly in the middle between
magnetic cylinder and ring, i.e., a region with high free electron density is
formed in this range. There, the ionization probability of argon atoms is
much higher and in turn the sputter rate is drastically increased. This effect
can nicely be observed by the groove which is formed on the target during
sputtering. A typical sputtered molybdenum target is shown in Figure 4.6 c),
where the eroded part indicates a high free electron density.

The clusters usually formed by growth from sputtered atoms vary in size
between only a few and motte than 106 atoms. Cluster size is a function
of the gas ratio (Ar : He). If the argon to helium ratio is decreased usually
cluster distribution is shifted towards smaller ones. This is explained by the
fact that less sputter gas produces fewer metal atoms and hence clusters
cannot grow as big. In this experiment small clusters were investigated and
therefore a gas ratio of 1 : 5 (Ar : He) was used. In addition, the distance
between sputter head and end of aggregation tube can also be considered
a crucial set screw for cluster size (see Figure 4.2). This can be explained
in terms of aggregation time, which is changed by varying tube length, i.e.,
the longer the distance, the larger the cluster. In a typical experiment with
small clusters a distance of 0 to 10 cm is used. At the end of the aggregation

4.1

Cluster Beamline - Generation and Deposition

53

a)

b)

c)

Fig. 4.6: a) and b) the principle of magnetron sputtering [106], c) typical eroded
molybdenum target used for cluster production.

tube, a conical-shaped copper iris, isolated from the magnetic head, is used
for focusing the ion beam.

4.1.2 Differential Pumping Stages
During the sputter process a huge amount of gas is injected into the source
chamber, up to pressures of more than 1 mbar. In order to extract the clusters
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from the residual gas and increase the mean free path of the clusters (to
prevent further aggregation), several differential pumping stages follow the
source chamber. They are separated from each other by “skimmers” (reversed
cones) to maintain high pressure on one side and low pressure on the other.
The aperture hole in subsequent skimmers is increased to account for the
widening of the cluster ion beam (Figure 4.7).
Magnetron Sputter Head

iris

Skimmer 1

Skimmer 2

ø 8 mm

ø 10 mm

Skimmer 3 Skimmer 4

ø 17 mm

ø 17 mm

1st ion optics chamber
10-7 mbar
aggregation tube
(1 mbar to 8 mbar)
Turbo Pump
2050 l/s

Diffusion Pump
8000 l/s

3 x Diffusion Pump
2200 l/s

Turbo Pump
520 l/s

Fig. 4.7: Arrangement of skimmers in the differential pumping stages for the extraction of cluster ions from the residual gas.

In order to remove residual gas, turbo and diffusion pumps are used. Here,
argon and helium gases are applied for cluster synthesis and since the turbo
pumps do not efficiently pump helium, three Varian VHS-6 and a Leybold
DIP 8000 diffusion pump are used to remove residual helium. The pressures
within the differential pumping stages, from the magnetron sputter source to
the last skimmer, are 10−2 mbar, 10−4 mbar, and 10−5 mbar, respectively. In
the first ion optics chamber a pressure of 10−7 mbar can be obtained.

4.1.3 Ion optics
After formation in the source chamber, clusters are extracted according
to charge, by acceleration with the corresponding voltage and guided to
the analysis and deposition unit. For this purpose, a variety of ion optical
components, such as electrostatic lenses, “steerers” (pairs of electrostatic
deflectors) and guiding tubes are used (Figure 4.8). In the following section,
each part is individually described.
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Steerer
Einzel Lens

Guiding Tube

Fig. 4.8: Example drawing of the ion optical components [128].

Guiding tube

Stainless steel (sometimes aluminum) tubing connects the essential parts of
the deposition apparatus (see Figure 4.1). This tubing contains holes for more
efficient pumping and is enclosed in a coarse nickel mesh to homogenize
electric fields. Typically, the guiding tube is supplied with a voltage of U0 (=
− 800 to −1500 V, for positively charged clusters). From the experiment
it was found that the best conditions for the intended size range were at a
guiding voltage of −1000 V.

Electrostatic Lenses

In order to form a well-defined beam, the created clusters are focused by
several electrostatic lenses, including einzel lenses and aperture lenses. An
electrostatic lens produces equipotential surfaces with shapes similar to
optical lenses. A charged particle passing these surfaces will be accelerated
or decelerated depending on distance from the center and particle velocity,
and its path will be changed to produce a focusing effect. Charged-particle
lenses are “thick” lenses, meaning that their axial dimensions are comparable
to their focal lengths [134].
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1500 V

Guiding Tube

5000 V

1500 V

Lens

Guiding Tube

Fig. 4.9: Simulation of the effect of an electrostatic einzel lens on Mo cluster with a
mass of 96u. The guiding voltage = 1500 V, Lens voltage = 5000 V.

For focusing charged particles with energies in the range of a few eV to
several keV, an einzel lens, consisting of three cylindrical coaxial electrodes
biased at voltages corresponding to the desired initial and final particle
energies, is used. A simulation processed by SIMION of the effect of an
electrostatic einzel lens on Mo clusters with a mass of 96u is shown in Figure
4.9. There are four einzel lenses (L1, L2, L5, and L6 in Figure 4.1) used in
the experimental setup.

In addition, two aperture lenses (L3 and L4 in Figure 4.1) are found inside the
quadrupole chamber, which are used to optimize beam properties before and
after deflection. They are placed at beam entrance and exit of the quadrupole
deflector. An aperture in a planar electrode separating two uniform-field
regions will have a focusing effect if the field on one side is different from
that on the other, as illustrated in Figure 4.10.

cluster
beam

Fig. 4.10: Simulation of the principle
of an aperture lens [134].
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“Steerer”

“Steerers” are two pair of electrostatic deflectors constructed each from two
planar electrodes, one pair is placed horizontally and the other one vertically
to facilitate deflection of the ion beam in x- and y-direction. To change the
electric field and the direction of the cluster beam, the voltage of the “steerer”
can be adjusted to achieve transverse acceleration of the cluster ions.
In the experimental setup two “steerer”-units are used (Figure 4.1). The
first unit is located behind ion extraction, between Lens 1 and 3, and the
quadrupole. The “steerer” corrects the direction of the ion beam to achieve
optimum entrance into the quadrupole deflector. The second unit is located
right after the quadrupole deflector, which helps guiding the beam directly
into the middle of the Wien filter.
Steerer
1520 V
Guiding tube
1500 V

Guiding tube
1500 V

α
Steerer
1520 V

Fig. 4.11: Simulation of the effect of an electrostatic deflector on a singly negatively
charged cluster (black) compared to a neutral cluster (blue).

4.1.4 Quadrupole ion deflector
The 90-degree quadrupole deflector is able to change the ion beam direction
by a right angle [135, 136]. The device used in the described setup, is based
on the first designs of an ion deflection quadrupole by Farley et al. [136] and
was further developed by the group of K. -H. Meiwes-Broer. The deflector
is ideally constructed from two pairs of hyperbolic electrodes, voltages of
opposite polarity are applied to each pair. However, for simplicity circular
electrodes were used here which work equally fine. To prevent the cluster
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ion beam from leaving the intended pathway, an aperture lens for connection
is used at the entrance and exit hole of the deflector. A simulation of the
effect of such an electrostatic field on an Au197 beam employing the SIMION
package is shown in Figure 4.12.

Fig. 4.12: a) Top-view of commercial Beam Imaging Solution 900 90-degree
quadrupole ion deflector, the hyperbolic field is produced by electrodes 1,
2, 3 and 4, the entrance and exit slit lenses consist of electrodes 5, 6, 7
and 8, b) SIMION 3D-simulation of a Au197 beam passing the geometry
of a) [137].

The quadrupole used in this study is designed based on the commercial
Beam Imaging Solution 900 90-degree quadrupole ion deflector. Figure 4.13,
presents a picture of the actual quadrupole used in this study.

Depending on the charge of the clusters, the deflection will be either 90
degree to the right or to the left, changing the polarity of the electrodes
will change the direction by 180 degree. Residual gas atoms and neutral
clusters are not affected by the quadrupole field and will pass the deflector in
a straight line. Therefore, the positively (negatively) charged clusters can be
extracted from neutral species. After passing the quadrupole ion deflector the
cluster beam is again refocused by another two einzel lenses and repositioned
by a second “steerer” unit.
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Fig. 4.13: Top-view of quadrupole ion deflector used in this study, which based on
the design of commercial one.

4.1.5 Wien filter
In the present work, mass separation and beam resolution of singly positively
charged cluster ion beams is done by a Wien filter. The filter itself is a charged
particle separator, based on velocity separation with perpendicular electric
~ = (0, 0, E)] and magnetic [B
~ = (0, B, 0)] fields (Figure 4.14) [138–140].
[E
Lorentz force on a charged particle (q/m) with velocity v inside Wien filter
can be expressed by:
d~v
d~p
~ + ~v × B)
~
F~ =
= m = q(E
dt
dt

(4.1)

~ and q~v × B
~ are forces exerted by the electric and the magnetic
where q E
fields inside the Wien filter, respectively. The velocity of an ion can be
expressed as a function of its mass, m,
s

ν=

2qU0
m

(4.2)

where q and U0 are the charge of the ion (Coulomb, C) and the guiding
voltage (Volts, V), respectively. Here, the initial velocity, v0 , of each ion
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before acceleration is neglected. More details on the theoretical description
of mass separation by a Wien filter can be found elsewhere [139, 140].

qυ !×
q
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"
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+
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X

X

Au+ clusters

X

Au(n-1)+

E < υ(n-1) × B

Au(n)+

E = υn × B

Au(n+1)+

E > υ(n+1) × B

X

Wien filter

Fig. 4.14: Resolution of a singly positively charged cluster beam by a Wien filter is
schematically described. Here, the incoming cluster beam is assumed to
be consisting of three different sized clusters (n+1, n, n-1).

At this point, the cluster ion beam is fanned out into beams containing only
the individual masses of the constituent singly charged cluster ions by a
homebuilt Wien filter (shown in Figure 4.15). The cluster ions with a velocity
of v0 pass the Wien filter straight only if that the Wien condition v0 = E/B is
satisfied. Otherwise, the species will be deflected. Spatial resolution of the
beam of positively charged clusters based on their masses in the Wien filter is
shown in Figure 4.14, assuming that the incident ion beam containing three
different clusters (Mn−1 , Mn , Mn+1 ) enters the Wien filter with zero velocity
along the Z and Y axis [~v = (vx , 0, 0)]. The Mn cluster beam was not deflected
~ + ~vn × B
~ = 0). On
by the Wien filter since its net Lorentz force is zero (E
the other hand, the net Lorentz forces on the Mn−1 and Mn+1 cluster beams
~ + ~v(n−1) × B
~ > 0, and E
~ + ~vn+1 × B
~ < 0,
inside the Wien filter are not zero (E
respectively), resulting in separation of the incoming cluster beam by the
cluster mass along the horizontal cross-section of the cluster beam (Z-axis).
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a

b

c
Fig. 4.15: a schematic of the Wien filter. a) 3D-CAD drawing of the homebuilt
Wien filter (with housing). b) 3D-CAD image of the electrodes inside the
housing. c) 2D schematic of Wien filter electrodes and the potentials that
are supplied in dependence of the geometry.

The Wien filter was housed inside a rectangular stainless steel tube (208 mm
× 26 mm × 24 mm), which was connected to the rest of the beamline by
two DN-50 CF flanges (Figure 4.15a). The total length of the Wien filter is
244 mm since it ends at the limit of the flanges and not the housing. This is
needed to compensate for magnetic fringe fields by the electric field of the
system.
The Wien filter consists of seven electrodes carved into special circuit boards
(a copper-plastic-copper sandwich layered structure), which do not contaminate vacuum conditions at room temperature. The right- and leftmost
electrodes are made from plain circuit board while the five electrodes in the
middle were carved into a circuit board on the top and on the bottom (see
Figure 4.15b). These electrodes were used as homogenizers for the electric
field from the left to the right electrode. They are 2 mm in width and are
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Tab. 4.1: Between two main electrodes, the Wien filter voltage UW (= 0 to ± 320 V)
can be applied. The ratios of the voltages of the individual electrode-pairs
of the Wien filter are described. U0 describes the guiding voltage.

Electrode
1
2
3
4
5
6
7

Voltage
U0 ± UW
U0 ± 2/3 UW
U0 ± 1/3 UW
U0
U0 ∓ 1/3 UW
U0 ∓ 2/3 UW
U0 ∓ UW

separated from each other by 1 mm grooves. These electrodes are supplied
with the corresponding potentials by a homebuilt power supply, which is able
to add a maximum voltage of 320 V (UW = Wien filter voltage) to the guiding
voltage U0 . The potentials were supplied in dependence of the geometry of
the Wien filter (see Figure 4.15c and for each electrode, the ratios of the
applied voltage are described in Table 4.1).
In addition, the housing of the Wien filter is placed between the pole pieces
of a water-cooled electromagnet that produces a maximum electric field and
magnetic field strength of 17 kV/m and 1200 mT, respectively. The Wien filter
is equipped with an electromagnet so that either the magnetic or electric field
can be varied for mass separation and also for cluster beam resolution.
The magnetic field was swept from 0 to 850 mT by a scanning current (A,
Ampere) from 0 to 75 A on the electromagnet. The relationship between
the applied current (A) on the electromagnet and magnet field (mT) was
experimentally determined, as shown in the Figure 4.16.

4.1.6 Deposition unit
For cluster deposition a sample holder can be placed in front of the Channeltron detector (Figure 4.17). As described above a horizontal cross-section
of the fan beam can be obtained before deposition is carried out. The end
of the guiding tube is covered with a nickel mesh (78 % transmission, 200
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Fig. 4.16: Magnetic field (mT) of the electromagnet as a function of the applied
voltage is displayed. Empty circle correspond to measured magnetic
field (mT) at each applied voltage on electromagnet (V). Note that the
magnetic field can be increased up to 1200 mT which is not shown here.

LPI1 ), in order to ensure a homogeneous electric field between Wien filter
and deposition unit. The distance between the mesh and sample holder is
about 1 cm.
Since clusters are accelerated with a high guiding voltage U0 , they are likely
to fragment or implant into the surface upon landing if not decelerated.
Therefore, clusters are deposited under soft-landing conditions [141, 142].
Definition of soft landing is given by K. -H. Müller in theory [143]. A
two-dimensional molecular dynamics simulation is used to investigate the
interaction process of clusters impinging on an initially perfect surface at
different kinetic energies where the cluster size corresponds to about 700
atoms. When the cluster energy exceeds E/N > 4ε(4eV ), one can expect the
cluster surface collision process to induce damage which lead to a reduced
film quality. Therefore, it is important to choose an optimum cluster kinetic
1
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Fig. 4.17: Channeltron detector and deposition unit.

energy, i.e., soft-landing. Further experimental data, theoretical simulations
and mechanisms of these phenomena have been explained in detail by Popok
et al. [118].
To avoid damage to cluster form and size as well as to the substrate surface,
the sample can be floated on a potential (via a battery pack) facilitating
soft-landing. This is important to conserve the size-selection from the gas
phase on the surface to be able to investigate size-dependent properties like
reactivity towards gases. Soft-landing requires deposition energies of less
than 1 eV/atom. [62, 144]. However, the specific conditions required for soft
landing are difficult to state since the process strongly depends on cluster
size and material, in addition to substrate properties [145]. In our setup, the
sample voltage is controlled by a battery pack providing potentials up to ±100
V. Deposition spot size was determined prior to deposition by the Channeltron
real space sweep (see below) and the number of atoms was calculated
accordingly. Deposition currents were followed with a picoammeter and thus
the deposited amount could be precisely controlled. Size-selected clusters
were soft-landed on the SiO2 /Si surface with a kinetic energy of less than 2 eV
per atom by applying a deceleration voltage on the substrate. Always 10 % of
a close-packed monolayer, the estimated coverage of clusters on the Si wafer
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was 1013 clusters/cm2 , is deposited on the substrate (Mo [111], Au [111]: 1.5
× 1015 atoms/cm2 for the full monolayer) to avoid cluster-cluster interactions
[63]. Clusters were deposited on the substrate with a typical cluster current
of 1.0 nA (Mo clusters), and 0.7 nA (Au clusters). The deposition spot size
was determined prior to deposition by the spatial Channeltron sweep and
the number of atoms was calculated accordingly. Deposition currents are
followed with a picoammeter and thus the deposited amount can be precisely
controlled.
The floating potential on the sample was chosen from the inflection point of
the cluster current vs. sample voltage plot (see Figure 5.1 and Figure 5.14).
If more than one cluster size was deposited the curve for the undeflected
mass was used to determine the sample voltage during deposition. As a
substrate, SiO2 /Si(100) was employed which is chemically etched with an
acidic solution containing H3 PO4 , HNO3 , CH3 COOH, and distilled water at
a volume ratio of 3 : 3 : 23 : 1 before deposition in order to immobilize as
deposited clusters [28, 33].
The highlight of this setup is that both paralleldeposition (up to three discrete
spots containing only one cluster mass) and deposition of only one spot with
a discrete cluster size can be performed.

4.1.7 Channeltron Detector
As a detector for the clusters, a Channeltron single channel electron multiplier (CEM, 4821G, Photonics) is used. A Channeltron is a durable and
efficient detector sensitive to positive and negative ions as well as electrons
and photons. Figure 4.18 shows the basic structure and operation of the
Channeltron. An ion, photon, or electron striking the input face of the device
typically produces 2 to 3 secondary electrons. These electrons are accelerated
down the channel by a positive bias. The electrons strike the channel walls,
producing a cascade of additional electrons until, at the output end a pulse
of 107 to 108 electrons emerges [146].
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Fig. 4.18: Channeltron single channel electron multiplier [146].

Conducted experiments aimed at reactivity differences of very small clusters
(less than 10 atoms), so it was chosen to pursue positively charged clusters
since their size distribution is generally shifted to smaller particles compared
to negatively charged ones. On the other hand, experimental difficulties
were encountered for negative clusters due to collection of electrons from an
unknown source. Therefore, it was chosen to investigate positively charge
ions. For positive ions, the input is generally at a negative potential and the
output is at ground. For detection of negative ions, the input is generally at
ground or some positive potential and the output is at a high positive voltage.
In the current experiments, positively charged clusters are investigated so
that the Channeltron is operated with a negative bias in pulse counting
mode. Figure 4.19 shows the Channeltron connection used in this study.
The voltages of the stages of the Channeltron are displayed as a (range of
−1850 to −2250 V), b (ground potential, 0V), where c is the connected to
the amplifier.

In the experimental setup, the Channeltron is located in the deposition and
detector chamber (Figure 4.1 and 4.17 ). It is located about 30 cm past the
Wien filter, so that the cross section of the cluster fan beam can be investigated.
In addition, the Channeltron is mounted to a linear feedthrough, which
moves the Channeltron perpendicular to the beam. In front of the detector
a pinhole of 0.1 mm in diameter is placed to facilitate spatial resolution.
The movement of the detector is controlled by a stepper motor which is
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Fig. 4.19: Channeltron connections for positive ion detection [146].

operated via a LabView program while the Channeltron signal is read out by
an amplifying discriminator (type 9302, ORTEC) and the resulting square
pulses are counted by a rate meter (type 9349, ORTEC). The movement
range that can be monitored by the Channeltron is 26 mm (limited by system
geometry, but still bigger than the diameter of the guiding tube, which is at
24 mm) (see Figure 4.17 in the previous subsection). Usually a speed of 0.1
mm/s is used.
The Channeltron can be operated in two different modes:
(i) Magnet space sweep: The Channeltron is kept at 0 position, which is the
center of the guiding tube, Mass spectra are collected in this mode with a
fixed Wien voltage while the magnetic field is swept. This mode produces
mass spectra like common size-selected clusters deposition setups, and is
used to optimize the beam profile and to choose the region for specific cluster
sizes to be investigated by the other possible Channeltron mode.
(ii) Real space sweep (position mode): The Channeltron is moved perpendicular to the cluster ion beam to achieve a horizontal cross-section of said
beam. It can be driven within a region from −13 mm to +13 mm symmetric
to the zero position. Wien voltage and magnetic field are set to constant
values according to the desired size of clusters. Spectra collected by this
mode are named PosSpec.
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4.2 Reaction and analysis chamber - oxidation
and characterization
Following cluster deposition, the sample with as-deposited clusters is transferred (ex-situ, under ambient conditions) from the deposition chamber into
the reaction chamber, which is also used as an antechamber in order to
approach UHV conditions. A UHV transfer system connects to reaction and
analysis chamber (see Figure 4.20), which will be described in the subsequent
subsections. Between each chamber, UHV gate valves are installed.

Concentric hemispherical analyzer (CHA)

X-ray source (Al Kα & Mg Kα )

QMA

CO

: Metal Atom
(Au, Mo…)

UHV transfer system
(5 x 10-8 mbar)

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Magnetic bar

Pt wire

SiO2/Si

Ion pump

Power
Supply

O2
Analysis chamber
(3 x 10-10 mbar)

: Valve

Reaction chamber
(5 x 10-10 mbar)

Fig. 4.20: In-situ XPS setup used to investigate cluster separation after paralleldeposition on Si wafer surfaces and gas exposure experiments is schematically
shown.

4.2.1 Analysis chamber - X-ray photoelectron
spectroscopy
In the photoelectron spectroscopic analysis chamber, the base pressure is
maintained at about 3 x 10−10 mbar. XPS is employed to evaluate lateral
cluster separation on the surface, chemical properties and the electronic
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structures of size selected clusters. All of the XPS spectra were processed by
CasaXPS2 .
XPS spectra are recorded in the main chamber (Figure 4.20) using a concentric hemispherical analyzer (CHA, EA 125 from Omicron). The corresponding
X-ray source is a dual anode Al/Mg Kα source, from VG Microtech, the Mg
Kα line (photon energy 1253.6 eV) is used for the measurements. A pass
energy of 50 eV is used for survey scans and 20 eV for region scans. The
binding energies are corrected via C 1s signal of adventitious carbon (284.8
eV) [147].
The spatial resolution of the XPS system was determined with a silica sample
containing a thin strip of gold foil (2 × 20 mm, figure 4.21). Here the Z-axis
of the manipulator coincides with the spatially resolved cluster beam. While
the sample was scanned laterally, XPS region scans of the Si 2p and Au 4f
were taken. The Si signal is completely absent when the gold foil is scanned
which translates into a spatial resolution of less than 3 mm.
Si 2p
Au 4f
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Intensity (arb. units)
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Fig. 4.21: Determination of spatial resolution by XPS, Z-axis position values in mm.
2
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CasaXPS is a processing software for XPS, AES, SIMS and more. It offers powerful analysis
techniques for both spectral and imaging data. The fitting processes of XPS spectra in the
current study are done by CasaXPS.
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In addition, the deposited cluster spots need to be located after sample
transfer so that XPS measurements can be taken precisely at the center of the
cluster spots. In Figure 4.22, silica supported paralleldeposited Aun (n = 6,
7, 8) is used as an example for briefly investigating the cluster spots. The
XPS region scans of Au 4f and Si satellite peaks are collected from different
the Z-axis positions of the XPS manipulator, i.e., from top to bottom, every 2
mm (Z-axis = 0 to 26 mm). Here, the peak intensities of Au 4f7/2 are plotted
as a function of Z-axis values. The blue, red and green lines represent the
different cluster spots, i.e., Au6 , Au7 and Au8 , respectively.

4.2.2 Reaction chamber
In order to prove the feasibility of the paralleldeposition concept a study of
the size-dependent oxidation and reduction behavior of molybdenum and
gold clusters was conducted using the reaction chamber, with a base pressure
of 5 × 10−10 mbar (see Figure 4.20). Oxygen (O2 ) and carbon monoxide
(CO) are injected into the chamber via two leak valves (Varian). Atomic
or excited oxygen is prepared by reaction with a heated platinum filament.
Generally, the uncoiled Pt wire is 5 cm long and 1 mm in diameter. During
the reaction, a current between 4 and 5 A was supplied to the filament.
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Fig. 4.22: Deposition cluster spots of Au6 (blue), Au7 (red) and Au8 (green) are
briefly confirmed by XPS in various positions of the Z-axis of the manipulator.
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Results and discussion

5

In this chapter, the first experimental results with the newly developed experimental setup are presented. As test system, silica supported size-selected
molybdenum and gold clusters are chosen to demonstrate a novel deposition
technique, named “paralleldeposition”. For the preliminary study, the molybdenum clusters are discussed first. Then, the synthesis and deposition method
of molybdenum clusters using the magnetron sputter source is described. In
addition, recorded mass spectra will be presented. The identification and
characterization of deposited clusters via X-ray photoelectron spectroscopy
are discussed in the end of the first section. Similarly, size-selected gold
clusters are applied for further improvement of “paralleldeposition” in the
second section. Subsequently, oxidation and reduction behavior of silica
supported size-selected Au clusters is presented in the end of this chapter. A
comparison of the experimental results to current literature on the even-odd
alternation confirms the viability of the “paralleldeposition” approach.

5.1 Molybdenum clusters
Transition metal oxide nanostructures have both technological and scientific
significance due to their applications in the semiconductor industry and catalysis [66, 87]. Nanosized clusters of transition metal oxides are especially
interesting since they often exhibit novel electronic and magnetic properties
compared to the corresponding bulk materials. Besides, the properties of
clusters are influenced by their size, shape and composition. With unique
mechanical and chemical properties, molybdenum is one of the outstanding
materials that can be applied in many different industries, e.g., lighting industry, electronics and coating solar cells and etc. Moreover, molybdenum
is a low cost material possesses a very high melting point, a low coefficient
of thermal expansion, and a high level of thermal conductivity. Therefore,
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molybdenum is chosen as the first sputter material for studying “paralleldeposition”.

5.1.1 Preparation of size-selected Mo clusters on
SiO2/Si
Small molybdenum clusters (Mon , n ≤ 20) used in this study were produced
by magnetron sputtering (described in section 4.1.1). Sputter targets are
commercially available with a purity of 99.98%, a diameter of 50.8 mm and
a thickness 3 mm. A mixture of high purity argon and helium with a total
pressure of about 5.8 mbar is used as sputter and carrier gas, respectively.
Clusters are formed in the aggregation tube at a discharge power of the
source of approximately 300 W at about 200 V. Depending on the desired
cluster size, the argon : helium ratio was adjusted, normally a ratio of 1 : 5
is used for cluster sizes described above. In addition, no distance between
target and iris (see Figure 4.2) for Mo clusters is used.

After cluster formation, the ion beam is extracted by an iris and four differential pumping stages. Subsequently, molybdenum clusters are accelerated to
U0 (= −1 kV as guiding voltage). Beam profile and position are optimized
by three einzel lenses and pair of electrostatic deflectors (“steerer”) before
the positively charged molybdenum cluster are separated from the neutral
beam by means of the quadrupole ion deflector. After passing the quadrupole
ion deflector the beam is again refocused by another three einzel lenses and
repositioned by another “steerer” unit.

At that point, the cluster ion beam is resolved into separate beams containing
only the individual masses of the constituent singly charged cluster ions
by the Wien filter. 30 mm past the Wien filter, the beam profile and the
cross section of the resolved cluster beam are investigated via a Channeltron
detector.
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Tab. 5.1: Operating conditions for molybdenum cluster (see Figure 4.1, in Experimental part).

He: 1 mbar Ar: 5 mbar
Distance: 0 cm
Source: 200V, 0.4 A
Guiding voltage: -1 kV
Sk1 : 0 V
L1 : -2736 V
ST1X : 0 V
Q1 : 0 V
Sk2 : -112 V L2 : -2076 V
ST1Y : 0 V
Q2 : -1615 V
Sk3 : -240 V
L3 : -846 V ST2X : -16.9 V
Sk4 : -1508 V L4 : -1753 V ST2Y : -17.7 V
L5 : -2429 V
L6 : -1621 V

A set of operating conditions for the creation of molybdenum clusters is
shown in Table 5.1, where Skn (n = 1 to 4) is the voltage applied on the
skimmers, lens voltages are labeled as Ln (n = 1 to 4), two “steerers” are
described as ST1 and ST2 , X and Y are the two pairs, respectively; Q1 and Q2
are the voltages of the quadrupole deflector.
1013 size-selected molybdenum clusters are soft-landed on chemically etched
SiO2 /Si (100) corresponding to a molybdenum coverage of about 10 % of a
close-packed monolayer. An example of how deposition conditions are found
is shown below for the paralleldeposition of Mo+
2,3,4 (Figure 5.1). The energy
spread of beam of the mass-selected ions is determined by measuring the
current as a function of applied voltage on the deposition unit placed in the
beam path following the Channeltron detector. The inflection point of the
cluster current vs. sample potential curve in Figure 5.1a is at about − 8 V,
which is used as deposition potential. The red curve is a Boltzmann fit of
experimental data (black dots). Figure 5.1b shows the Gaussian fit of the
derivative of the cluster current vs. sample potential curve with respect to
potential which yield the energy spread of the cluster beam. In this case a
FWHM of about 6 eV is obtained.
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Fig. 5.1: Determination of the deposition conditions for paralleldeposition of Mo+
2,3,4 .
a) Cluster current vs sample potential curve. b) Gaussian fit of the derivative of a) with respect to sample voltage.
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5.1.2 Mass spectra of Mo clusters
An example of a mass spectrum of Mn+
n was shown in figure 5.2. The
spectrum was obtained via the magnet space sweep under ultra-high vacuum
conditions. The Wien voltage for the spectrum was set to 5 V, the magnetic
field was scanned over a wide region (from 0 to 650 mT). The intensity of
the cluster beam is shown as a function of B2 (squared magnetic field). No
obvious peak for single sized clusters is found. Here, the source is operated
under conditions optimized for large molybdenum clusters in the size range
of 50 to 500 atoms. The theoretical resolution of the Wien filter with an
incoming beam of 1 mm in diameter is m /∆m = 175, i.e., such large clusters
cannot be resolved in terms of atoms per particle.

I n te n s ity (a r b . u n it)
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Fig. 5.2: Mass spectrum of Mo+
n cluster: Wien filter voltage is at 5 V, magnetic field
is swept from 0 to 650 mT. The source is operated under condition to
produce large clusters.

A real space sweep of the unseparated cluster beam (n = 5 to 20), i.e, with
the Wien filter on guiding voltage, shows a diameter of approx. 4 mm, which
drastically decreases resolution (Figure 5.3). Here, a preliminary test for
the Wien filter is presented. The Wien filter is operated with only one of
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the cross-field, i.e., electric and magnetic field, respectively. The Gaussian
distribution of cluster ions shifts to more negative values along the direction
of the cluster beam while increasing the Wien voltage, where the magnetic
field is set to 0 mT. On the other hand, when the Wien voltage is set to 0 volt,
a positive shift is found while increasing the magnetic field.

B-field = 0

E-field = 0

Fig. 5.3: Spectra obtained by Channeltron with real space sweep mode from unseparated beam (n = 5 to 10). The electric and magnetic fields are set to
different value for those spectra. Left, no magnetic field, the Wien voltage
is set to 0 to 3 V. Right, no Wien voltage, the magnetic field is set to 0 to 1
mT, respectively.

To find the optimum operation conditions for the generation of small molybdenum clusters, source conditions are changed via the gas ratio, and the
distance between target and iris (see experimental part) to shift the size
distribution towards smaller clusters. Via a linear optimization procedure
of source conditions and ion optics the most intense cluster signal at the
Channeltron detector (Wien filter on guiding voltage) is found. These conditions are then used to record mass spectra of the cluster beam with different
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Wien filter voltages: 20, 30, 40, 50, 100, and 150 V (shown in Figure 5.4),
respectively.
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Fig. 5.4: Mass spectra of Mo+
n clusters. Wien filter voltage = 20, 30, 40, 50, 100
and 150 Volts, respectively. The magnetic field is swept from 0 to 650 mT.

In the spectrum with an applied Wien voltage of 20 V, no peak resolution
is found like in the case presented in Figure 5.2, but the distribution is
shifted to smaller cluster (n = 1 to 15). As the voltage of the Wien filter is
increased to 30 V several peaks become vaguely perceptible. Comparison of
this spectrum with theoretical results obtained by application of the equations
governing a particle’s motion through a Wien filter presented in reference
[139], unequivocally shows that these peaks present individual positively
charged Mon clusters starting from n = 1. By increasing the voltage the
resolution of the spectra is enhanced. However, when going to ever increasing
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voltages the spectra become worse after an optimum between 50 and 100V at
the Wien filter. This effect is probably related to voltage dependent shorting
of the Wien filter electrodes (due to dust particles or deposited clusters).
Another possibility are interfering voltage dependent electric fields caused by
an unshielded wire from the high-voltage supply of the Wien filter.
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Fig. 5.5: Mass spectra of Mo+
n clusters. Wien filter voltage = 100 V, magnetic field
= 0 - 650 mT, the intensity is given in terms of B2 .

After optimization of source and ion optics conditions, a typical mass spectrum of positively charged Mon clusters obtained at a Wien voltage of 100 V
is presented in Figure 5.5. The mass resolution of this particular spectrum
is about 20 (m /∆m). However, the molybdenum monomer could not be
observed in the spectrum. Such a spectrum is needed to determine the
magnet field for a specific cluster in the real space sweep and in turn the
paralleldeposition, e.g., when Mo+
3 is to be deposited as undeflected mass a
magnetic field of 55 mT has to be used (see Figure 5.6).
To further understand the two Channeltron sweep modes and to find the right
condition for deposition of size-selected clusters, a comparison of magnet
space and real space mode are shown in Figure 5.7. Figure 5.7a shows a
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Fig. 5.6: The cross-section of the resolved cluster beam of Mo+
n (n = 2, 3, 4) is
collected by Channeltron real space sweep. The dotted line is the raw data,
while the red line displays the respective fit.

mass spectrum obtained via the magnet space sweep, the peak positions for
+
Mo+
1 to Mo5 are 33 mT, 45 mT, 55 mT, 63 mT and 69 mT, respectively. In

addition, the peaks for residual gas Ar+ located at a magnetic field of ∼ 18
mT is seen as well, with a very low intensity though. All of the spectra are
obtained in the same Wien filter condition.
If a real space sweep is carried out at these magnetic field strengths the
corresponding cluster will define the undeflected mass and appear in the
middle of the spatial cross-section of the resolved beam. This is shown for
+
Mo+
1 to Mo5 in Figure 5.7b. By increasing the magnetic field, the peaks of

each cluster size show a positive shift. There are additional peaks beside the
undeflected mass in the real space sweep which unequivocally proves that
paralleldeposition of more than one cluster size is indeed possible.
Schematic deposition spots for cluster sizes n = 2, 3 and the corresponding
+
real space sweep are presented in Figure 5.8. Mo+
2 and Mo3 clusters are

well separated, and corresponding spots can easily be deposited on our usual
silica samples with dimensions of 20 mm × 15 mm.
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Fig. 5.7: a) Mass spectra of Mo+
n clusters. Wien filter voltage = 30 V, magnetic field
= 0 - 75 mT, the intensity as a function of magnetic field. b) Channeltron
sweeps, magnetic field scanned from 29 mT to 65 mT (bottom to top).
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Fig. 5.8: Schematic of paralleldeposited of Mo2 and Mo3 clusters.
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5.1.3 X-ray Photoelectron spectroscopy of Mo clusters
After deposition, the sample is transferred from the deposition chamber to
the XPS analysis chamber in order to investigate cluster spot separation and
electronic properties. In the XPS survey scan of deposited molybdenum
clusters on silica, there was no any kind of contamination apart from carbon
and oxygen which is already present on a pristine silica surface prior to

Intensity (arb. unit)

deposition (Figure 5.9).
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Fig. 5.9: XPS-survey scan of pristine silica substrate. The amount of molybdenum
clusters after deposition is too small to be visible in the survey scan.

In a first deposition experiment single cluster sizes were deposited for Mon
(n = 1 to 6) and the corresponding Mo 3d region scans are shown in Figure
5.10. For each sample, molybdenum clusters were deposited on Si wafer
surfaces corresponding to a coverage of about 10% of a close-packed Mo
(111) monolayer. Since the same number of atoms were deposited for all
samples, Mo 3d intensity should roughly be constant. Compared to Mo foil
which is only partly oxidized, the small size Mo clusters show higher binding
energy than bulk metal. The observed binding energy of roughly 231.5 eV
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(Mo 3d5/2 ) and 234.5 eV (Mo 3d3/2 ) match the MoO3 state so that oxidation
of the clusters is strongly suggested (Figure 5.10). The ambient pressure
sample transfer from the deposition chamber to the XPS chamber might be
reason for this behavior.
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Fig. 5.10: Core level XP spectra of Mo 3d signals, Mon (n = 1 to 6) clusters and
molybdenum foil.

Furthermore, a mixture of several molybdenum spin-orbit components is
found after a fitting process, see Figure 5.11, which is the core level XP
spectra of Mo 3d of silica supported size-selected Mo30 clusters. The Mo
(0) state is characterized by the Mo 3d5/2 and 3d3/2 at 227.7 and 231 eV,
corresponding to metallic molybdenum state. The presence of Mo (+4), i.e.,
MoO2 , phase shows the binding energy of 229.5 and 233 eV, in addition to
231.5 and 234.5 eV for the Mo (+6) (MoO3 ) state, respectively.
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Fig. 5.11: Mo 3d core-level XP spectra of an as-prepared Mo30 /silica sample is fitted
to 6 different components, corresponding to Mo (0), Mo (+4) and Mo
(+6) states, respectively.

As mentioned above the setup is not only capable of depositing a single
cluster size, but also several sizes simultaneously. In Figure 5.12, the Mo 3d
region scans of paralleldeposited of Mo and Mo2 clusters are shown. The
spectra are collected in different Z-axis values of the manipulator of the XPS.
The intensity of Mo2 clusters was almost twice that of the monomer as found
also by the real space Channeltron sweep. In the area between deposition
spots, no molybdenum clusters were found, which indicates that monomer
and dimer of Mo clusters are soft-landed simultaneously in well separated
individual spots.

In addition, XP spectra of paralleldeposited Mo2 , Mo3 and Mo4 are shown in
Figure 5.13. From top to bottom, Z-axis values of the manipulator are 2, 7,
12, 17 and 22 mm, respectively. Considerable XPS intensity is found in the
deposition spot of the different molybdenum species, whereas in between
spots reduced intensities are found indicating good separation. The distance
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Fig. 5.12: Mo 3d region scans at different positions of the sample.

between each cluster spot is about 10 mm, which is also confirmed by the
real space Channeltron sweep in Figure 5.6.
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Fig. 5.13: Mo 3d region scans at different position of SiO2 /Si supported Mo2,3,4
sample.

Summarizing, on the basis of these results, size-selected molybdenum clusters are well separated and paralleldeposited on the silica substrate. The
validity of the concept of “paralleldeposition” is vaguely confirmed. However,
no size-dependent properties of molybdenum clusters are found. Deposited
molybdenum clusters could not be reduced by CO and atomic or exited hydro-
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gen (generated via resistive heating of a tungsten wire; uncoiled 5 cm with
0.5 mm diameter, approx. 5 A heating current). The reason might be that
the interaction between molybdenum and oxygen atoms in the cluster is very
strong. Other groups (e.g., K. H. Bowen et al.) found that deposited molybdenum oxide clusters could be reduced by Ar+ sputtering, but considerable
acceleration voltages are required for reduction (up to 4keV) [90]. As mentioned before, a unique odd-even alternation towards CO oxidation behavior
of silica supported size-selected gold clusters was found in previous studies.
Therefore, gold clusters are used to further prove the “paralleldeposition”
technique, which is described in the next section.

88

Chapter 5

Results and discussion

5.2 Gold clusters
5.2.1 Preparation of size-selected Au clusters on
SiO2/Si
Gold clusters were soft-landed on chemically etched SiO2 /Si(100) substrate
corresponding to an Au coverage of about 10 % of a close-packed Au(111)
monolayer with a kinetic energy of less than 0.4 eV per atom by applying a
voltage on the substrate. After deposition, samples were transferred from the
deposition chamber to the reaction and analysis chamber (see Figure 4.20) in
order to evaluate the lateral separation of deposited clusters on the surface,
characterize their electronic structure and chemical properties.
In addition, the imaging XPS measurement of deposited size-selected gold
clusters is obtained by Omicron using an ESCA+ equipment with a Al Ka
monochromator source. Shirley background subtraction and Scofield sensitivity factors are used for quantification. Data corrected for the transmission
function of the analyzer and angle between the X-ray source and the analyzer.
The inelastic mean free path of the photoelectrons was assumed to scale with
their kinetic energy E as E0.71 .
Tab. 5.2: An example of operation conditions for generation of gold clusters.

He: 1 mbar Ar: 5 mbar
Distance: 20 cm
Source: 290V, 0.05 A
Guiding voltage: -1 kV
Sk1 : 0 V
L1 : -2273 V
ST1X : 0 V
Q1 : 0 V
Sk2 : -139 V L2 : -2067 V
ST1Y : 0 V
Q2 : -1640 V
Sk3 : -355 V
L3 : -868 V ST2X : -34.7 V
Sk4 : -1080 V L4 : -1697 V ST2Y : -30.2 V
L5 : -2567 V
L6 : -1656 V

An example of operation conditions for the generation of gold clusters is
shown in table 5.2, where Skn (n = 1 to 4) is the applied voltage for the
Skimmers, Lens voltages were labeled as Ln (n = 1 to 4), two steerers were
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described as ST1 and ST2 , X and Y are the two pairs of the steerers, respectively, Q1 and Q2 are the applied voltages for the quadrupole deflector.
Figure 5.14 shows the determination of soft-landing conditions for positively
charged Au4 , Au5 and Au6 clusters. Gold clusters exhibit a much narrower
energy distribution than molybdenum clusters (see next section), where the
FWHM of distribution is only 2.8 V. Again the inflection point of the cluster
current vs. sample voltage curve has been chosen as floating potential of the
substrate. This means gold clusters were soft-landed with a kinetic energy of
less than 0.4 eV per atom.
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Fig. 5.14: Determination of the deposition conditions for paralleldeposition of
Au+
4,5,6 . a) Cluster current vs. sample potential curve. b) Gaussian
fit of the derivative of the cluster current vs. sample potential curve with
respect to the voltage (energy spread).
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5.2.2 Mass spectrum of Au clusters
A typical mass spectrum of positively charged Aun is shown in Figure 5.15.
The mass spectrum of Au+
n shows much better resolution than the one of
Mo+
n clusters (Figure 5.2), about m/∆m = 30. Cluster sizes of less than 20
atoms are well separated. This might be due to the following reasons:

n = 1

I n te n s ity (a r b . u n it)

A u

0 .0 0

0 .0 5

B

0 .1 0
2

+
n

0 .1 5

0 .2 0

2

(T )

Fig. 5.15: Mass spectrum of Au+
n clusters. Wien filter voltage = 100 V, magnetic
field = 0-650 mT.

(i) Gold is a mononuclidic element, but molybdenum has 7 stable isotopes.
(ii) In the aggregation tube atoms and fragments of the sputtered metal will
deposit on the metal wall. In case of gold this is not tragic since gold does
not oxidize and leaves the tube conductive. However, molybdenum is easily
oxidized making parts of tube insulating and in turn giving rise to undefined
electric fields. Due to not well-defined source conditions in the molybdenum
case the beam is harder to optimize, has a higher energy spread, and a larger
diameter, which all influence resolution in disadvantageous ways.
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In Figure 5.16, the Channeltron real space sweep is shown, it presents a
cross-section of the Au+ ion beam, which is resolved into Au+
n (n = 4,5,6,7),
and Au5 is set as undeflected mass. The Wien filter voltage is set to 40 V,
with a magnetic field strength of 140 mT. The different sized clusters are
well-separated and the FWHM of each cluster peak is about 3 mm, which is
smaller compared to molybdenum clusters (∼ 4 mm).
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Fig. 5.16: Channeltron real space sweep yielding the cross-section of the resolved
cluster beam containing Au+
n (n = 4 to 7). The red line is just a guide to
the eye. The dip at 7 mm is due to shadowing of the mesh, and the peak
at −12 mm is the onset of Au+
8.

Also the cross-section of the Au+
n (n = 6, 7, 8) was investigated by the
Channeltron real space mode with fixed electric and magnetic fields across
the Wien filter of 80 V and 200 mT, respectively (see Figure 5.17 bottom.
These values correspond to the peak of the Au+
7 cluster in Figure 5.17 top
frame which represents the mass spectrum obtained by the magnet space
sweep with a fixed Wien voltage of 100 V. The magnetic field is swept from 0
to 850 mT. A sudden drop in signal intensity on the Channeltron detector is
observed when it is moved beyond the diameter of the guiding tube (below
-12 mm and above +12mm). The cross-section (Figure 5.17 bottom) shows
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+
+
+
that each cluster (Au+
6 , Au7 and Au8 ) is spatially well separated. The Au7

cluster beam is chosen to be the undeflected mass and the intensity ratios
match the ones found from the magnet space sweep (mass spectrum, Figure
5.17 top).
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Fig. 5.17: Top: Magnet space sweep with a fixed Wien voltage of 80 V (mass
spectrum). Bottom: Cross-section of the Au+
n cluster beam (n = 6, 7, and
8) obtained by the Channeltron real space sweep.
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5.2.3 X-ray Photoelectron spectroscopy of Au clusters
In a previous study by D. C. Lim et al. [117], single silica supported sizeselected gold clusters were investigated. In their study, Au 4f peak intensity
increases with growing cluster size because of the same number of clusters
were deposited for all samples. In addition, a small core level shift in binding
energy of the gold clusters with respect to bulk is found. In the present study,
binding energies of deposited gold clusters were reproducible compared to
work conducted by Lim et al. [33, 148] within the error of measurement.
However, as already shown in previous study, Au 4f5/2 does not show a
clearly resolved peak in the presented XP spectra, this is due to an overlap
with Si satellite peaks. To circumvent this problem Si satellite peak intensity
is subtracted from the raw spectra of Au 4f by fitting Gaussian-Lorentzian
functions. As an example, Figure 5.18 shows the fitting of XP spectra of the
Au7 cluster on silica, including 2 Gaussian-Lorentzian functions for Au(0),
2 for Au(+3) and 2 for Si satellites. The peak position of 4f7/2 was set to
84.0 eV in the Au(0) state (red curves, see Figure 5.18 ), Au peaks in Au(+3)
state (blue curves) evaluated with 1.5 eV positive core level shift, in addition,
Si satellite peaks (green curves) were set to 8.4 and 10.1 eV lower than the
Si 2p peak in SiO2 , which is located at 99.0 eV according to the value in
the Handbook of XPS [95]. Intensity ratios between the two satellites were
varied from spectrum to spectrum.
In the paralleldeposition case, Au 4f core-level XP spectra of 5 different
positions along the Z-axis of the XPS manipulator were recorded for each
sample. Two set of spectra of two different samples, i.e. paralled deposited
Au5,6,7 and Au6,7,8 are shown in Figure 5.19. Each gold 4f7/2 peak is centered
at 84 eV, corresponding to Au(0). With increasing cluster size, the intensity
of Au 4f7/2 peaks grew except at positions in-between cluster spots, which
indicates a good separation of gold cluster deposition spots.
The exact positions of each spot of the Aun clusters (n = 5, 6, 7 and n =
6, 7, 8) along the Z-axis probed by XPS after deposition shown in Figure
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Fig. 5.18: Raw XP spectra of Au7 on silica fitted by Gaussian-Lorentzian functions.

5.19 are not exactly the same as those determined by Channeltron scanning
presented in Figure 5.17. This discrepancy is probably due to differences in
experimental conditions. First, the drift distance of the clusters along the
X-axis from the end of the guiding tube to the substrate was shorter than
that to the detector (Figure 4.17, from Experimental part, deposition unit).
Also, an additional de-acceleration voltage was applied to the substrate only
during deposition for soft-landing, i.e., landing conditions were not simulated
during Channeltron real space sweep.

In addition, the snapshot images obtained by Omicron using a imaging XPS
setup also show well-defined cluster beam spots and good separation of
the cluster size above, see Figure 5.20. Unfortunately, only one-spot-a-time
images are collected thus all three deposition spots in one image are not
available. Here, the dark (red) area is the substrate, the brighter areas
indicate substrate covered by gold clusters. All images are obtained after the
oxidation and reduction experiments, which will be described in the next
subsection. In Figure 5.20, a), b) and c) are collected from two different
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Fig. 5.19: a) Au 4f7/2 core-level spectra at different Z-axis positions are displayed.
b) Intensity ratio of Au 4f7/2 with respect to Si 2p core-level XP spectra
at each Z-axis position is shown.

samples. Figure 5.20 a) and b) show the deposition spots of Au8 and Au7
from the first sample, respectively. Figure 5.20 c) is obtained from another
sample, which belongs to Au7 . All the snapshot images show a nonuniform
distribution of gold deposition, where a high intensity of gold is found in
the central part of each cluster spot, while a surrounding area with low Au
content is observed.
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a)

b)

c)

Fig. 5.20: XPS snapshot images of three different deposition spots are displayed,
with a size of 10 × 10 mm and 55 × 55 pixels. The constant analyzer
energy (CAE) is 190 eV.

To estimate the deposition spot size, the Au 4f7/2 peak area is used to process
the linescans of XPS snapshots. As an example, Figure 5.21 b) and c) show
the linescans for the XPS snapshot (Au8 ) along the green lines in Figure 5.21
a), respectively. Both linescans show a narrow distribution and a sharp peak
of clusters, which indicate that the cluster spots are of an average size of 3
mm in diameter. In addition, the survey scans (from 80 eV to 300 eV) of two
different positions in Figure 5.21 a) are shown in Figure 5.21 d). Relatively
high intensity of Au 4f is found in position a, however, no intensity is found
in position b, see Figure 5.21 d). Furthermore, the surface composition of Au
4f (at. %) determined from the survey spectra is 0.6 for the position a and 0
for the position b, respectively.
The spatial separation of adjacent spots is investigated after cluster deposition
and more importantly, size-dependent behavior of paralleldeposited Aun (n
= 5, 6, 7, and 6, 7, 8) is found, which will be demonstrated in the following
section.
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Fig. 5.21: a) XPS snapshot image of Au8 . XPS snapshot linescans along the green
lines in a) are displayed in b) and c), respectively. d) Two different survey
scans of position a and b in a).

98

Chapter 5

Results and discussion

5.2.4 Oxidation and reduction behavior of Au clusters
To further prove the concept of paralleldeposition, the oxidation and reduction behavior of deposited gold clusters was investigated. Since singly
deposited gold clusters show a strong size-dependence towards oxidation,
i.e., an odd-even effect was found, this is again investigated to unequivocally
show that clusters of different size are deposited by the new approach. This
is necessary because the Au 4f7/2 shift does not serve as valuable probe for
the identity of the clusters (see Figure 3.9), in turn reactivity patterns seemed
much more fit. It is assumed that paralleldeposited gold clusters exhibit the
same behavior as subsequently deposited ones. The general experimental
steps are shown in Figure 5.22. Following deposition, both samples of paralleldeposited Aun clusters (n = 5, 6, 7 and 6, 7, 8, respectively) were exposed
to oxygen (2.88 × 105 L) activated by a hot Pt filament (4.5 A) for 1 hr in
the reaction chamber. Then, the sample was exposed to a CO atmosphere
(6000 L) in the same chamber at room temperature. After exposure to each
gas, XP spectra were recorded in the analysis chamber at different Z positions
of the manipulator corresponding to each cluster spot. No changes of the
lateral separation on the SiO2 /Si surface were observed even after 6 hr of O2
exposure.

Aun+1 Aun

ex-situ transfer
to XPS chamber

Aun-1

Aun+1 Aun

Si wafer

Aun-1

Si wafer

1st

Parallel deposition
Oxidation and Reduction of Au clusters
Aun+1 Aun

Aun+1 Aun

Aun-1

Si wafer

3rd XPS measurement

XPS measurement

O2 exposure
2.88 x105 L
Pt-filament 4.5 A

CO exposure
6000 L

Aun-1

Si wafer

2nd XPS measurement

Fig. 5.22: Experimental procedure for probing the reactivity of deposited gold
clusters.

5.2

Gold clusters

99

To create atomic oxygen or activated O2 , deposited gold clusters are exposed
to oxygen activated with a resistively heated Pt wire. In order to find the best
heating conditions for the Pt filament, deposited Aun (n = 5, 6, and 7) on
silica are exposed to activated O2 twice, both times with a gas pressure of
8.0 × 10−5 torr for 30 min (1.44 × 105 L). For the first O2 exposure, the Pt
filament was supplied with a current of 4.0 A, however, no obvious change
was found from the bare XP spectra of all clusters, only the Au (0) states
were present (black curves in Figure 5.23). The second O2 exposure was
carried out with a current of 4.5 A for the Pt filament (red curves in Figure
5.23). A high binding energy shoulder appeared in the spectrum of Au6 ,
assigned to be the Au(+3) state. In addition, the Au 4f peak intensity of
the Au(0) state is reduced, which indicates that the even-numbered cluster
(Au6 ) is oxidized by activated O2 , whereas the odd-numbered Au clusters
(Au5 and Au7 ) are not. I.e. oxidation of Au6 clusters was observed after the
2nd oxygen exposure, whereas Au5 and Au7 did not show any peak change
due to exposure under same conditions.
Figure 5.24 shows the corresponding XP spectra for the Au6 cluster after
each reaction step (see Figure 5.22). Additionally, the samples are exposed
to 6000 L CO after second O2 exposure. The high binding energy shoulder
disappeared and the Au (0) states can be completely recovered. It goes
without saying that all of the spectra are reproducible.
In Figure 5.25, Au 4f core-level spectra before gas exposure, after O2 exposure,
and after CO exposure at each Z position for the two different samples, i.e.,
silica-supported Au5,6,7 and Au6,7,8 , after Si satellite subtraction are displayed.
Each Au 4f peak was deconvoluted using 4 different linearly-mixed GaussianLorentzian functions, two representing Au (0) states (Au 4f7/2 and Au 4f5/2 ,
blue lines) and two for Au(+3) states (Au 4f7/2 and Au 4f5/2 , red lines),
respectively. Binding energy and full width of half maximum for each peak
are fixed and only the intensity ratio of the Au (+3) to Au (0) states was
varied during the fitting process. Intensity ratio and binding energy difference
between the Au 4f7/2 and Au 4f5/2 peaks were fixed at 4 : 3 and 3.67 eV
corresponding to the value suggested in the Handbook of XPS, respectively
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Fig. 5.23: Unprocessed XP spectra of deposited Aun (n = 5, 6, and 7) on silica after
two oxygen exposure-sessions are shown, a) Au5 , b) Au6 , c) Au7 . After
1st O2 exposure with a Pt filament at a current of 4.0 A (black curves).
Red curves represent spectra which are collected after 2nd O2 exposure,
with a current of 4.5 A running through the Pt filament.

5.2

Gold clusters

101

After air and 1st O2 exposure
2nd O2 exposure

Intensity (arb. units)

CO exposure (6000 L)

Au(+3)

Au(0)

92

90

88

86

84

82

80

Binding Energy (eV)
Fig. 5.24: XPS of the Au6 cluster after two times O2 and one time CO exposure.

[95]. Oxidized gold states, i.e., Au (+3), appear in the Au 4f XP spectra of
the even-numbered Aun clusters (n = 6 and 8) upon O2 exposure, whereas
odd-numbered Au5 and Au7 do not show any discernable change under the
same conditions. Oxidized states of the Au6 and Au8 clusters were reduced
by subsequent CO exposure (6000 L) at room temperature. The previously
reported even-odd oxidation pattern of Aun (n = 5 to 8) on silica [28, 33,
117] could be reproduced by the experimental procedure, where unique
properties of Au6 , Au7 , and Au8 can be found on different locations in one
sample. It is also worth noticing that the even-odd oxidation behavior of Aun
clusters (n = 5, 6, 7, and 8) simultaneously deposited on a silica surface
were seen even with Pt contamination during oxygen exposure. The Pt
contamination is also found from the imaging XPS data, which claims the
surface composition (at. %) of Pt in both sample is about 0.1.

In fact, both sample are separately investigated with their oxidation and
reduction behavior. Figure 5.25 is only an example of each deposited cluster
size. The summary of the oxidation and reduction behavior of those two
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Fig. 5.25: a) Au 4f core-level XP spectra of an as-prepared sample recorded at
different Z-axis positions, corresponding to Au6 , Au7 , and Au8 clusters,
respectively, are shown. b) Au 4f core-level XP spectra of sample after
O2 exposure (2.88 × 105 L, with a hot Pt filament). c) Au 4f core-level
XP spectra of the same sample after subsequent CO (6000 L) exposure at
room temperature. Every spectrum was normalized by the intensity of
each Au(0) state.

samples are displayed in Table 5.3. All deposited clusters are not oxidized
right after the ex-situ transfer (step 1 in Table 5.3) and in relative weak
oxidation condition (1.44 × 105 L, step 2). However, the even numbered
clusters, i.e., Au6 and Au8 are oxidized under a higher oxygen atmosphere
(2.88 × 105 L, step 3), whereas no change is found fro the odd numbered
clusters, i.e. Au5 and Au7 . Moreover, the oxidized clusters Au6 and Au8
are reduced by subsequent CO exposure, while Au5 and Au7 never changed
during the whole process (step 4).
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Tab. 5.3: The summary of oxidation and reduction behavior of deposited Au5,6,7,8
on SiO2 /Si substrates.
step
1

treatment

condition

Sample preparation
ex-situ transfer + air exposure

Au5
Non-oxidized

2

1st O2 exposure

1.44 × 105 L
thermal activation
with a Pt wire (4.0 A)

Not changed

3

2nd O2 exposure

2.88 × 105 L
thermal activation
with a Pt wire (4.5 A)

Not changed

4

CO exposure

6000 Langmuir
Room temperature

Not changed

Au6

Au7

Non-oxidized

Non-oxidized

(both samples)

(both samples)

Not changed

Not changed

(both samples)

(both samples)

Oxidized

Not changed

(both samples)

(both samples)

Reduced

Not changed

(both samples)

(both samples)

Au8
Non-oxidized
Not changed
Oxidized
Reduced

In summary, size-dependent effects of odd-even numbered clusters are demonstrated, addressing the importance of the ability to control the cluster size on
an atom-by-atom basis to fine tune catalytic activity. Different oxidation and
reduction behavior of different cluster sizes on one sample also confirms that
our unique “paralleldeposition“ technique performed as planned.
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Standard deposition techniques for size-selected clusters are well-developed.
These methods facilitate deposition of a single cluster size on a freshly prepared substrate. The goal of this work is to simplify the time-consuming
and elaborate investigation of deposited mass-selected clusters "one at a
time". Therefore, a novel technique, i.e., "paralleldeposition" was developed.
It permits simultaneous deposition of several ion beams containing exclusively one cluster size in spatially well-resolved spots on the substrate. The
experimental setup is similar to the well-established ones from labs at the
University of Konstanz. I.e., clusters are generated by a magnetron sputter
source, whereupon single sizes are selected from the cluster beam via deflection in a magnetic sector field. Subsequently the single cluster masses
are steered to a substrate decelerated, and deposited under "soft-landing"
conditions. Here, the sector magnet for mass separation is replaced by a
Wien filter capable of resolving a beam containing different cluster sizes
into individual beams composed of exclusively one size. It is valid to say
that a "fan" of ion beams is generated. The Wien filter itself is a home-built
version by the machine shop of the University of Konstanz in combination
with an abandoned electromagnet from old mass-spectrometry equipment.
The parameters of Wien filter (electric and magnetic filed) were optimized to
allow deposition of as many well-separated cluster spots as possible within a
small sample area. The great advantage of this approach is near-complete
exclusion of errors due to difference in sample preparation.
Since the investigations were carried out with as much as three cluster sizes
on one sample, changes in chemical behavior of these three masses can be
accredited to their differences in size. Prior to deposition cluster ion beams
can be characterized in terms of their masses by a magnet space sweep
which in turn can be used to determine the masses of the spatially resolved
individual beams containing only one cluster size. This second Channeltron
mode is termed real sweep and yields the cross-section of the "fan" beam.
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Size-selected Mo clusters on SiO2 /Si
Mass spectra of Mo clusters show a resolution of m/∆m = 20. The cluster
beam diameter was found to be ∼ 4 mm. This indicates that the desired Mo
clusters sizes are well separated. Furthermore, a comparison of the mass
spectrum to the real space sweep presentes a possibility of paralleldeposition
of 2 and even 3 different cluster sizes at once. Single-sized Mon (n = 1 to
6) clusters were subsequently deposited on the SiO2 /Si(100) substrate in
order to briefly test the whole experimental setup without paralleldeposition.
No chemical shift was found in the XP spectra of Mo 3d core-level peaks.
However, a mixture of metallic Mo and oxidic Mo states were found in
corresponding XP spectra. This shows that the Mo clusters were oxidized
during the ex-situ transfer from the deposition chamber to the analysis
chamber.
Two sets of clusters, the monomer and the dimer of Mo clusters as well as
Mon (n = 2, 3, 4), have been deposited in order to prove the feasibility of
paralleldeposition. The intensity of Mo 3d signals as a function of Z-axis
values of the manipulator has been found to vary in both samples. Almost no
intensity was found in-between cluster spots. Therefore, it can be concluded
that Mo clusters were "paralleldeposited" on silica substrates.
Size-selected Au clusters on SiO2 /Si
Since no strongly size-dependent properties were found in Mo clusters, in
a next step gold clusters were used to further improve viability of the paralleldeposition technique. Mass spectra of Aun+ clusters showed a better
mass resolution of ∼ m/∆m = 30, due to their mononuclidic properties. In
addition, a smaller diameter of the cluster beam than in the Mo case was
observed. The spot sizes are also clearly confirmed by imaging XPS data by
courtesy of Omicron.
XPS data of deposited Aun (n = 5, 6 and 7) and Aun (n = 6, 7 and 8)
clusters also indicate a good spatial spot separation on the substrate. In
order to reproduce previously observed size-dependent behavior of small

106

Chapter 6

Conclusion

gold cluster towards the reaction with activated oxygen, the samples were
exposed to activated oxygen and subsequently reduced by carbon monoxide.
The expected even-odd alternation of Aun (n = 5, 6, 7, and 8) clusters on the
silica surface was observed, proving again the suitability of this new technique
for the study of size-dependent properties of small metal clusters.
In conclusion, the unprecedented method of "paralleldeposition" might become an invaluable tool for the investigation of size-selected clusters, especially as an excellent high-throughput technique for the study of cluster-gas
interactions by non-invasive techniques, like photoelectron spectroscopy, in
addition to elaborate catalytic measurements by first investigating their behavior in the rate-determining step of the reaction. It provides the ability
to deposit several cluster sizes at once while at the same time keeping the
experimental conditions completely reproducible for each individual cluster
size.
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In the presented investigation, the small size-selected Mon and Aun clusters were soft-landed on SiO2 /Si(100) substrates. Geometric and electronic
properties of these clusters are strongly dependent on their cluster size and
cluster-support interactions. Moreover, clusters of simple monovalent metals
such as alkali (Li, Na, K, Rb, Cs) and coinage metals (Cu, Ag, Au) exhibit
pronounced even-odd alternations of many of their properties. Therefore, it
is ever so rewarding to investigate those clusters using our novel "paralleldeposition" technique.
The present work has been carried out with separated cluster beam line and
analysis chamber. The employed ex-situ transfer between both complicates
investigations via the interaction of the cluster with ambient conditions.
As a future step, the cluster beamline needs be connected directly to the
analysis and reaction chamber in order to study the cluster properties in an
in-situ system. This facilitates the precise study of as-deposited, unoxidized
clusters.
In addition, the analysis chamber is equipped with a high sensitivity quadrupole
mass analyzer (QMA), which can be positioned above a selected cluster spot.
With the XPS, the chemical reactions can easily be detected such as the oxidation and reduction of the clusters. The QMA can be used for the measurement
of reaction products. This allows for the determination of the catalytic activity of each individual cluster spot by temperature programmed desorption
(TPD). These types of measurements can be performed in combination with
XPS investigations, which will help gather information about the structural
integrity of the clusters before and after catalysis.
At present, roughly 1,000 billion dollars in products worldwide are generated
by catalytic processes. Accordingly, many efforts are undertaken to improve
and control the performance of catalysts. In the field of environmental
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catalysis, noble metal particles have emerged as the catalysts of choice. The
experimental setup presented here in this thesis can be used to produce and
to investigate the clusters, with a high potential to be used in environmental
catalysis, such as gold clusters of CO oxidation or platinum clusters for the
oxygen reduction reaction in acidic solution.
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