
Appl. Phys. A 73, 547–554 (2001) / Digital Object Identifier (DOI) 10.1007/s003390100947 Applied Physics A
Materials
Science & Processing

Deposition of mass-selected cluster ions using a pulsed arc
cluster-ion source
B. Klipp, M. Grass, J. Müller, D. Stolcic, U. Lutz, G. Ganteför∗, T. Schlenker, J. Boneberg, P. Leiderer

Fachbereich Physik, Universität Konstanz, 78457 Konstanz, Germany

Received: 30 May 2001/Accepted: 14 June 2001/Published online: 2 October 2001 –  Springer-Verlag 2001

Abstract. A PACIS (pulsed arc cluster-ion source) developed
for high average cluster-ion currents is presented. The per-
formance of the PACIS at different operational modes is de-
scribed, and the suitability for cluster-deposition experiments
is discussed in comparison with other cluster-ion sources.
Maximum currents of mass-selected cluster ions of 3–6 nA of
small Si−n (n = 4–10) clusters and 0.3–0.5 nA of large Al+/−

n
(n = 20–70) clusters are achieved. The mass-selected cluster
ions are soft-landed on a substrate at residual kinetic ener-
gies lower than 1 eV/atom, and the samples are characterized
by X-ray photoelectron spectroscopy and scanning tunneling
microscopy. First results on the soft landing of “magic” Si−4
clusters on graphite are presented.

PACS: 36.40.-c; 61.46.+w; 81.07.Nb

The preparation of nanostructures on surfaces is one of the
major tasks in technology and basic research. Applications
of nanostructured surfaces are abundant and cover a wide
range from heterogeneous catalysis to high-density computer
memories. From the point of view of basic research, many
of the properties of small three-dimensional nanostructures
and two-dimensional islands on surfaces are not well under-
stood yet. For example, there is no systematic study of the
size-dependence of the electronic structure of clusters of sim-
ple metals on surfaces, although free clusters of such metals
show strong variations depending on the number of delocal-
ized electrons [1]. Concerning the chemical properties, there
are first results on the size-dependence of the catalytic proper-
ties of small clusters on inert substrates [2], but there are only
very few systematic studies yet (see below). The kind of re-
search focussing on the electronic and chemical properties of
monodispersed small clusters on surfaces is only at its begin-
ning. The reason is that it is difficult to deposit clusters with
a perfectly monodispersed size distribution on a surface.

Another driving force for the study of clusters on sur-
faces is the search for new materials. Once it was possible
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to generate sufficient amounts of C60, it turned out that these
stable carbon clusters could be used as building blocks for
new solids [3]. Stable clusters exist for many other materi-
als than just carbon, and it might be possible to build new
solids from them, too. However, in many cases these clusters
are highly reactive with respect to oxygen or water and cannot
be extracted and separated by the chemical methods used for
fullerenes. Therefore, more general methods for generation
of sufficient amounts of clusters of various materials and for
mass separation and deposition are needed.

The deposition of mass-selected cluster ions which
have been preformed in the gas phase is such a general
method to prepare nanostructures of various materials on
surfaces [4–25]. It has certain advantages compared to other
techniques like electron beam lithography and the growth of
islands from single atoms evaporated on a surface:

(i) the deposited clusters are mass-selected in a mass spec-
trometer prior to the deposition and the size distribution
is truly monodispersed, corresponding to a well-defined
number of atoms in the clusters.

(ii) the clusters generated in the gas phase presumably re-
lax into their most stable geometric structure. Such clus-
ters have geometric structures different from those of
islands grown from deposited atoms or prepared using
lithographic techniques. For example, C60 fullerenes will
not be formed by lithographic structuring of graphite
or by carbon-vapor deposition. The relaxed clusters are
probably more suitable as building blocks for new clus-
ter materials and have a more uniform geometric struc-
ture, i.e. they have more uniform chemical and electronic
properties.

The mass separation prior to the deposition is usually
achieved by electric or magnetic fields. Therefore, the clus-
ters need to be charged, which limits this method to very
small amounts of material and as a consequence this ap-
proach is thought of as a method just to identify clusters with
promising properties. Once a cluster of a certain material and
size is found, a different method for the generation of larger
quantities must be developed (probably based on chemical
techniques). As a rule of thumb, a cluster-ion source should
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generate more than 1 nA of a selected cluster size for small
clusters (n < 10) and more than 0.1 nA for larger clusters
(10 < n < 100) to conduct such types of experiments within
a reasonable time.

The bottleneck of the method is the generation of suf-
ficient intensities of cluster-ion beams. Here, one goal is to
test a pulsed arc cluster-ion source (PACIS) [26–28] for its
suitability for deposition experiments. This source has previ-
ously been used for such experiments [29], but no quantitative
values for the obtained intensities have been given yet.

For the generation of cluster ions, a few different types
of cluster sources are used. In early cluster-deposition ex-
periments a liquid-metal ion source [4], a laser vaporization
source [5] or sputter sources [6, 7] have been used. More re-
cently, in most experiments a sputter source is used for the
generation of positively or negatively charged Agn, Aun , Pdn
and Ptn clusters. For example, the deposition of Agn clus-
ters on Pd [8] and Pt [9, 10] single-crystal surfaces has been
studied at different deposition energies (Edep = 1–20 eV per
cluster atom). Using a similar experimental setup the evolu-
tion of the electronic structure of Ptn and Pdn clusters on Ag
(110) has been studied by photoemission [11, 12]. In the last
two years an improved version of the sputter source has been
used to study the impact and the deposition of metal clusters
on highly ordered pyrolytic graphite (HOPG) [13–19]; for
the deposition of larger Agn clusters (n = 50–400) on HOPG
a gas aggregation source is used [20–22]. Heiz et al. recently
developed an improved laser vaporization source for the de-
position of transition-metal clusters (Nin [23, 24], Ptn [25]) on
metal oxide surfaces with the goal to study systematically the
size dependence of the catalytic properties of these clusters.

The different sources have certain advantages and disad-
vantages. In the gas aggregation source [30–32] the material
is heated and a vapor pressure sufficient for the condensa-
tion of clusters must be achieved. Applications of this source
are limited to materials with relatively low boiling points, ex-
cluding many interesting elements like carbon and silicon.
Sputtering of solids by high-energy ions yields high inten-
sities of small cluster ions for Ag, Al, Au, Pt and C (for
the most recent description see [33]: C−

4 : 46 nA, Al−4 : 23 nA,
Al−4 : 2 nA). However, for clusters larger than n = 10 the in-
tensities drop dramatically ([33]: C−

10: 400 pA, Al−10: 40 pA,
Al−10: 100 pA). The most common source in gas phase cluster
research is the laser vaporization source [34, 35], in which the
material is vaporized using a high-energy laser pulse. Previ-
ously, the achieved cluster-ion currents using this source [5]
were very small (< 50 pA). Recently however Heiz et al. have
developed an improved laser vaporization source [36], which
produces cluster-ion currents of about 1 nA for Nbn clusters
with n = 10–20 atoms.

The PACIS [26–28] is basically similar to the laser vapor-
ization source, but the material is vaporized by a pulsed elec-
tric arc. It was first developed as a pulsed cluster-ion source
for laser spectroscopy experiments on free clusters [26]. In
principle, the amount of material vaporized in each pulse
depends solely on the power of the pulsed arc. The cluster
intensity can be optimized by increasing the repetition rate
and the pulse power and is limited by the maximum ther-
mal load in the source and the gas load of the vacuum sys-
tem. At low repetition rates (10–50 Hz) cluster-ion intensities
comparable or higher than the ones obtained using a laser
vaporization source have been achieved [34]. The applica-

tion of the source is limited to conducting materials (e.g.
Ag [37], C [38], Si [39], Pb [40]). However, it can also be
used to generate clusters of non-conducting materials with
low melting points (Sn [41], Pn [42]). A PACIS has already
been used for cluster deposition [29]. However, the cluster-
ion currents which can be achieved using a PACIS are not
known yet.

Here, we describe a PACIS optimized for the generation
of high cluster-ion currents. The source is operated at high
repetition rates (300–1000 Hz), and the amount of material
vaporized in each single shot is optimized. With our ex-
perimental setup, currents of monodispersed cluster ions of
3–6 nA for small Si−n (n = 4–10) clusters and of 0.3–0.5 nA
for large Al+n (n = 20–70) clusters can be achieved. The clus-
ter ions are mass-selected in a 45◦-sector magnet and guided
into an ultra high vacuum (UHV) chamber. There, the ions are
soft-landed on a sample with residual kinetic energies lower
than 1 eV/atom. The samples are characterized in situ using
X-ray photoelectron spectroscopy (XPS) and can be trans-
ferred to a scanning tunneling microscope (STM) operated
under UHV.

First results on the deposition of Si4 clusters are pre-
sented. ‘Magic’ silicon clusters like Si4, Si7 and Si10 might
be suitable as building blocks for new cluster materials, if
they do not merge forming larger particles. Therefore, we
deposited Si−4 clusters on an inert surface (HOPG) at room
temperature. The clusters diffuse on the surface and might
form larger aggregates of bulk silicon or islands consisting
of weakly interacting Si4 clusters. We studied the surfaces
using XPS and scanning tunneling microscopy and found
some indications that the clusters do not merge but behave
like weakly bound molecules adsorbed on the surface.

1 Experimental setup

A sketch of the experimental setup is shown in Fig. 1. It can
be separated into six parts (1.1 cluster source, 1.2 ion extrac-
tion, 1.3 mass separation, 1.4 soft landing, 1.5 photoelectron
spectroscopy and 1.6 scanning tunneling microscopy), which
will be discussed in the following.

1.1 Cluster source

Figure 2 displays a schematic of the cluster-ion source. A for-
mer version of this source suitable for operation at low rep-
etition rates (< 50 Hz) is described in [28]. In the source
a pulsed electric arc burns within the center of a small cube
(∼ 4×4×4 cm3) manufactured from boron nitride. The cube
has two channels perpendicularly intersecting each other in
the center. The electrodes are inserted from opposite sides
into the larger bore (cathode: diameter 13 mm, anode: diam-
eter 5 mm) and face each other at the center of the cube
leaving a gap of about 1 mm. A carrier gas pulse (usually
helium) produced by pulsed valves (solenoid valve (General
Valve)) flows through the second channel and the gap be-
tween the electrodes. The carrier gas leaves the ceramic cube
on the opposite side, streaming into the extender. Simultan-
eously with the gas pulse the dc electric arc is ignited, leading
to the vaporization of material from the cathode. The metal
vapor and the helium mix within the discharge and the result-
ing plasma is flushed into the extender. Depending on the kind
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Fig. 1. Experimental setup. The clusters are
generated with a pulsed arc cluster-ion source
(PACIS), extracted from the supersonic jet
after passing three differential pumping stages
and accelerated up to a kinetic energy of
500–1500 eV. The ions are mass-separated in
a 45◦-sector magnet, guided into an ultra-high
vacuum (UHV) chamber and soft-landed on
a substrate. The sample can be characterized in
situ using XPS. In addition, it can be transferred
to a STM operated under UHV (not shown)

Fig. 2. Sketch of the pulsed arc cluster-ion source. The cathode is eroded by
a pulsed electric arc burning in the ∼ 1 mm gap between the two electrodes.
The gap can be adjusted by moving the anode, which is manufactured from
molybdenum. All metal parts are water-cooled. The three pulsed valves are
operated alternatingly to achieve a maximum frequency of 1000 Hz. The
length and the diameter of the extender can be changed to optimize the
source for the generation of larger or smaller clusters

of clusters to be produced, a different design of the extender
has to be chosen. For small Si−n clusters (n = 4–10) a short
(50 mm) extender with a diameter of 5 mm is used. For larger
Al−n clusters (n = 10–70) the extender is 200 mm long with
a diameter of 3 mm. Finally, the clusters embedded in the car-
rier gas leave the source through a conical nozzle, forming
a supersonic expansion. The conical nozzle has an opening
angle of 30◦ and a length of 30 mm.

The source produces both positive and negative ions. For
an optimum yield of ions both the ion intensity per cycle and
the repetition rate have to be optimized. We found an opti-
mum ion intensity per cycle for the following conditions:

– A “burning” voltage of the pulsed electric arc of about
80–120 V. At significantly higher voltages the ion yield
decreases. Since the arc does not ignite at low voltage,
in each cycle an additional high voltage (680 V)/low
current (3 A) electric pulse is superimposed on the low
voltage/high current (max. 2500 A) “burning” pulse.
A simplified sketch of the power supply is shown in
Fig. 3. The high-current burning pulse is produced by 100

transistors, and the “ignition” pulse generated using two
high-voltage transistors is superimposed on the burning
pulse.

– An intense He-gas pulse is crucial. To minimize the He-gas
load in the vacuum system the gas pulse should be as short
as possible. On the other hand, a strong flow is necessary
for a high ion yield, probably because of neutralization
dominating at low gas flow. We found an optimum ion
intensity using an electromagnetic valve (General Valve).
Such a valve can be operated up to a frequency of 350 Hz.

To achieve a repetition rate of up to 1000 Hz the following
improvements have been made:

– The source body and the extender are water-cooled and the
center cube is mounted in a water-cooled copper housing.

– Three pulsed valves work in an alternating mode, so that
each valve operates at 333 Hz, resulting in a repetition
rate of 1000 Hz (Fig. 2). The three valves are mounted as
close as possible to the center cube to minimize the vol-
ume which has to be flooded with the carrier gas in each

Fig. 3. The main electrical circuits of the pulsed power supply of the PACIS.
The burning pulse is delivered from a capacitor charged to an adjustable
voltage of 0–150 V and switched by 100 power-MOSFETs (metal oxide
semiconductor field-effect transistors), each switching a current of about
25 A. The ignition pulse of 680 V and 3 A is added to the “burning” pulse.
As soon as the arc ignites, the voltage between the two electrodes of the
PACIS decreases to approximately the voltage of the main capacitor
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pulse. Otherwise the gas flow through the gap between the
electrodes decreases, reducing the ion intensity. The three
outlets of the valves meet at the entrance channel of the
cube.

1.2 Ion extraction

The source and the sample are set to ground potential. The
ions are accelerated to a kinetic energy of 500–1500 eV, and
the ion beam is guided through a metal shield kept at the cor-
responding potential (±500–1500 V for negatively/positively
charged clusters). The advantage of this design is that the
source is operated at ground potential and problems with dis-
charges due to the low gas pressure in the source chamber are
avoided.

One major problem at high repetition rates is the He-gas
load. The pressure in the ion-extraction chamber has to be
kept below 3 ×10−5 mbar. Otherwise the ion signal decreases
due to inelastic scattering processes of the cluster ions with
atoms of the residual gas. However, the openings of the skim-
mers of the three differential pumping stages (Fig. 1) cannot
be too small and the distances between the three skimmers
cannot be too large. Otherwise the ion signal decreases.

The third skimmer is set to an attractive potential of
roughly 200 V. The preaccelerated ions enter the main ac-
celeration chamber and are accelerated up to the maximum
kinetic energy of 500–1500 V. An Einzel lens forms a well-
defined cluster-ion beam, which is subsequently focussed by
a second Einzel lens onto the entrance aperture of a 45◦-sector
magnet.

1.3 Mass separation

Mass separation is achieved by deflection in a magnetic field.
The maximum field strength of the deflection magnet is 1 T,
corresponding to a maximum mass of 1900 amu of the de-
flected ions at a kinetic energy of 1000 eV. Therefore, singly
charged Al clusters up to a cluster size of 70 atoms can be
deflected. For the experiments described here, the entrance
aperture of the sector magnet is set to diameters of 15 mm
and 8 mm, resulting in a mass resolution of m/∆m = 10 and
20, respectively. An example of a mass spectrum of small Si−n
clusters with n = 3–8 is displayed in Fig. 4.

So far, we have determined cluster-ion intensities for two
different sorts of clusters, aluminum and silicon clusters. The
currents obtained at different operational conditions of the
source are given in Table 1. For small clusters with n < 10 the
PACIS gives smaller intensities than the sputter source [33].
However, for larger clusters with n > 10 the intensities are
higher by an order of magnitude. Compared to the laser va-
porization source described by Heiz et al. [36] the intensities
are similar or slightly lower.

1.4 Soft-landing ion optics

After passing the magnet the ion beam is focussed by a third
Einzel lens into the UHV chamber. In a small gap between the
sample surface and the guiding tube of the ion beam the ions
are decelerated in a homogenous electrostatic field. The po-
tential of the sample can be varied by ±100 V with respect
to ground potential. The amount of deposited cluster ions is

Fig. 4. Mass spectrum of Si−n cluster anions recorded at a repetition rate
of 300 Hz using a short extender (length 50 mm, diameter 5 mm) and with
a mass resolution of m/∆m = 20. The source is optimized for a maximum
current of the “magic” cluster Si−4 , and an intensity of about 2.4 nA is
achieved at this resolution and at a residual kinetic energy of 0.75 eV/atom.
For n = 3, 4, reactions with boron nitride yield small additional mass peaks

Table 1. Maximum cluster-ion currents obtained for various cluster sizes,
extender geometries and repetition rates. All values are given for low mass
resolution (m/∆m = 10)

Ion Current Extender Repetition rate

Si+1 40 nA Short 500 Hz

Si−4 6.5 nA Short 300 Hz

Si−7 3 nA Short 300 Hz

Si−10 1.5 nA Short 300 Hz

Si−20 0.4 nA Long 300 Hz

Si−30 0.3 nA Long 300 Hz

Al+1 300 nA Long 1000 Hz

Al−13 4 nA Long 800 Hz

Al−20 3.5 nA Long 800 Hz

Al−40 1 nA Long 600 Hz

Al−70 0.5 nA Long 600 Hz

determined by measuring the ion current using the sample as
a Faraday cup.

To avoid fragmentation, the cluster ions should be deceler-
ated to a minimum kinetic energy (Edep). However, the kinetic
energy of the cluster ions exhibits a certain width, and the de-
celeration to values lower than this causes a considerable loss
of intensity: ions with slightly lower kinetic energy do not hit
the sample surface any more, but turn around before reaching
it. Therefore, the distribution of kinetic energies of the clus-
ter ions should be as narrow as possible and it depends on the
design of the ion extraction.

The width of the kinetic energy distribution can be meas-
ured by monitoring the ion intensity at the sample while
scanning the sample potential. The derivative of the ion inten-
sity gives the energy distribution. Figure 5 displays the widths
(full width at half maximum: FWHM) obtained for three dif-
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Fig. 5. Widths (full width at half maximum: FWHM) of the kinetic en-
ergy distributions of Al+1 ions corresponding to the derivative of the ion
intensity measured at the sample while changing the sample potential. The
widths depend on the kinetic energy of the ions (Ekin = 500 eV, 1000 eV
and 1500 eV) and correspond to the minimum residual kinetic energy (Edep)
for soft landing of the ions

ferent kinetic energies (500 eV, 1000 eV, 1500 eV) for Al+1
ions. The widths range from 1.3 eV to 2.4 eV and are com-
parable to the corresponding values for experimental setups
using a sputter source ([8–10]: 20 eV for Ag+

7 clusters, [13]:
0.92 eV for Ag+

4 clusters) or a laser vaporization source ([36]:
0.5 eV for Nb+

1 ions). Therefore, for clusters larger than the
trimer the residual kinetic energy is less than 1 eV/atom as
required.

1.5 Photoelectron spectroscopy

The UHV chamber is equipped with an X-ray gun (Vac-
uum Generators XR3E2) and a hemispherical electron-energy
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Fig. 6. Comparison of XPS spectra of a clean HOPG surface (lower curve)
with a HOPG surface covered with 2% of an atomic monolayer of Aln clus-
ters with n = 70±3 (upper curve). The clusters have been deposited with
a kinetic energy of 0.5 eV/atom

analyzer (Omicron EA125 U5). With X-ray photoelectron
spectroscopy the chemical composition of the sample sur-
face can be monitored. The deposition of clusters takes about
1 h, and during this time not only cluster ions but also some
neutral molecules may adsorb on the sample surface. With
XPS, contamination such as oxygen or a hydrocarbon is de-
tected and the amount of clusters deposited on the sample is
measured. In addition, from the chemical shift of the XPS fea-
tures it can be determined whether the clusters are pure or
contaminated. For very small clusters (n < 10) there is a size-
dependent line shift of the XPS peaks, which can be used
to detect fragmentation or agglomeration of the deposited
clusters [14, 15].

As a first example, Fig. 6 displays a comparison of XPS
spectra of a clean HOPG surface with a HOPG surface cov-
ered with 2% of an atomic monolayer of Aln clusters with
n = 70 ±3. This corresponds to a charge of 0.025 nA h/cm2.
The clusters have been deposited with a residual kinetic en-
ergy of Edep = 0.5 eV/atom. After deposition, the Al 2p fea-
ture (see inset) appears, indicating the successful deposition
of Al.

1.6 Scanning tunneling microscopy

Within a small, transportable UHV chamber the sample
can be transferred to another UHV chamber equipped with
a STM. Magnetic transfer rods allow us to transport the sam-
ple towards the STM-part of the chamber, where a wobble
stick is used to insert the sample into the STM. The STM
is built up as a compact and mechanically stable construc-
tion [43]. For this purpose the coarse approach is formed by
an inertial slider: the tip is mounted in a tiny tip holder, which
is forced onto parallel tracks by a magnet. These tracks are
glued to the front end of the piezo-tube, which is used for both
driving the inertial slider and scanning the sample. In this way
the mass of the moveable part is minimized, which leads to
optimum mechanical stability.

As an example, Fig. 7 displays a comparison of two
scanning tunneling microscope pictures: graphite surfaces

Fig. 7. a STM picture of Al+ ions deposited on a HOPG surface with a ki-
netic energy of 10 eV. A considerable fraction of the ions created defects,
which serve as nucleation sites for the deposited Al. Many relatively small
Al particles pinned to such defect sites are observed at room temperature.
The coverage is 4% of an atomic monolayer. b STM picture of a HOPG sur-
face with Al70 clusters deposited at a kinetic energy of 10 eV corresponding
to 0.14 eV/atom. The clusters are highly mobile on the surface and difficult
to image with the STM. Therefore, the sample was moderately heated and
the clusters condense at step edges. No surface defects are generated by the
deposition process, indicating ‘soft’ landing. The coverage corresponds to
2% of an atomic monolayer. The scale is the same as in a
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(HOPG) with (a) Al+ ions and (b) Al+70 cluster ions deposited
onto them with a kinetic energy of 10 eV. In Fig. 7a, some
of the ions have created defects on the surface, which serve
as nucleation sites and a relatively high density of small Al
islands is observed. In contrast, Al+70 cluster ions deposited
at the same kinetic energy are soft-landed and no defects are
created in the HOPG surface. These clusters are highly mo-
bile and difficult to observe using the STM, because the tip
of the STM moves the clusters. Therefore, the sample has
been heated slightly and the clusters nucleate at step edges as
shown in Fig. 7b. Thus, the number of defects at the surface is
low and the clusters are indeed soft-landed.

2 Deposition of ‘magic’ silicon clusters

If C60 clusters are deposited on an inert substrate like graphite
(HOPG), the clusters are highly mobile at room temperature.
Although clusters will ‘collide’ during their diffusion on the
surface and although the total energy of a C120 cluster is larger
than that of two C60 fullerenes, the C60 do not fuse to larger
carbon particles. There is an activation barrier of this reaction,
which is large compared to the thermal energy (at room tem-
perature). This barrier enables C60 to be a building block for
a cluster material.

We focus on the question of whether certain “magic”
silicon clusters might posses similar properties. Recently,
size-selected Si+30 and Si+39 cluster ions have been soft-landed
on a Ag(111) surface, and at room temperature these clus-
ters have been found to be mobile and they condense at
step edges [44]. However, from this study it is not clear
whether the clusters have merged to larger silicon particles
or not. With the STM condensed material is detected at the
edges with no further information about the detailed struc-
ture. Si+30 and Si+39 are not magic clusters, because they have
relatively small HOMO-LUMO gaps (highest occupied mo-
lecular orbital, lowest unoccupied molecular orbital) [45].
A large gap (about 1 eV) indicates a magic cluster [46, 47].
Therefore, for our studies we selected Si4 as a possible
candidate as a building block for cluster material and de-
posited Si−4 cluster anions on HOPG at a kinetic energy of
2 eV corresponding to 0.5 eV/atom. This cluster is known
to be magic with a HOMO-LUMO gap comparable to
C60 [45, 46].

Figure 8 displays a comparison of XPS spectra of the sil-
icon 2p peak of Si4 clusters (a) deposited on HOPG with
that of bulk silicon (b). The coverage corresponds to 1% of
a monolayer of Si atoms. The XPS spectrum of the clusters
shows a certain contribution (10%) from Si–C. The appear-
ance of reacted Si atoms can be explained by Si4 clusters
trapped at defect sites and step edges. Compared to bulk sil-
icon, the main Si–Si peak exhibits a shift of 0.4 eV. Such
a shift is typical for clusters with a lower average coordination
number and is to be expected for individual clusters deposited
on an inert surface. It is a (weak) hint that the tetramers might
not have merged to larger islands. However, there are other
possible explanations, like an interaction (e.g. charge trans-
fer) with the surface.

Figure 9a displays a high-resolution STM picture of a sin-
gle Si particle on the HOPG surface. This particle could be
detected with the STM, because it did not move during the
imaging process. It is pinned to a surface defect. To prove

Fig. 8a,b. Comparison of XPS spectra of the silicon 2p peak for a Si4 clus-
ters deposited on HOPG and b bulk silicon. For the clusters, the coverage
corresponds to 1% of a monolayer of Si atoms. The main peak at 100 eV
corresponds to Si–Si bonds and the two peaks at higher binding energies
are assigned to Si–C (101 eV) and Si–O (102.5 eV). For the upper curve,
the appearance of the Si–C peak can be explained by Si4 clusters trapped
at surface defects (about 50% of the clusters). The Si–O peak is probably
due to reactions with residual gas

this, the particle has been removed with the STM-tip and the
same spot has been imaged again (Fig. 9b). Indeed, a surface
defect (hole) is observed. The Si particle displayed in Fig. 9a
has a size corresponding to roughly four Si4 clusters.

It was not possible to observe mobile clusters, which are
certainly there, because the coverage observed in the STM
is lower than that detected with XPS. In Fig. 9c, a larger
area of the sample is displayed and several agglomerations
of Si trapped at defects are visible. In addition, some ma-
terial is condensed at the step edge. However, where is the
missing silicon? There is a feature in Fig. 9c, which hints
to the existence of highly mobile material on the surface:
the ‘thread’ in the left upper corner. Such threads indicate
that the tip sweeps material during the scan and this ma-
terial is highly mobile. However, using the STM we can-
not gain any further information about these “free” clus-
ters. Most likely, they form either a larger island consist-
ing of amorphous silicon or an island consisting of weakly
bound individual Si4 clusters. In future studies, we will an-
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Fig. 9. a High-resolution STM image of a single Si particle trapped at a sur-
face defect of graphite. The size of the particle corresponds to roughly four
Si4 clusters. b STM picture of the same spot as shown in a but with the sil-
icon removed from the surface. The surface defect is visible as a dark spot.
c STM picture of a larger area of the graphite surface decorated with ‘soft-
landed’ Si4 clusters. Most of the visible material (bright spots) are large Si
islands trapped at surface defects and the step edge. In the left upper cor-
ner a “thread” is observed. Such a feature indicates the existence of highly
mobile Si not visible using the STM

swer this question using HREELS (high-resolution electron
energy loss spectroscopy) and UPS (ultraviolet photoelec-
tron spectroscopy) to gain more information about the in-
ner structure of the ‘free’ silicon islands and clusters on the
surface.

3 Conclusion

We tested the suitability of a PACIS for cluster-deposition
experiments and achieved cluster-ion currents of 3–6 nA
for clusters with n < 10 atoms and of 0.5–1 nA for clus-
ters with n = 10–100 atoms. The cluster ions are deceler-
ated to kinetic energies far below the internal binding en-
ergy per atom in the clusters and the clusters are soft-landed
on the substrate. The PACIS is suitable for the generation
of clusters of various materials like Si, C, Ag, Cu, Pt, Au,
Ti, S and P. In addition, clusters of compound materials
like endohedral fullerenes and metallocarbohedrenes (met-
cars) can be effectively generated. The samples are studied
using X-ray photoelectron spectroscopy and scanning tunnel-
ing microscopy.

First results on the deposition of magic Si4 clusters on
graphite at room temperature are discussed. Although there
are some indications in the XPS and the scanning tunnel-
ing microscopy data supporting the assumption of individual
clusters “surviving” at the surface, the formation of larger
islands of bulk silicon by the fusion of clusters cannot be
excluded. If these magic clusters do form islands of weakly
interacting clusters analogous to C60, new silicon-based clus-

ter material could be synthesized. To answer this question the
application of additional techniques like HREELS and UPS
will be necessary.
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