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History, Some Basics, and an Outlook
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Anyone who has never made a mistake has never tried anything new.
A. Einstein

1.1 Introduction

A smoking fire or the formation of clouds is a naturally occurring phenomenon,
which is due to gas aggregation of molecules. A special type of cloud will be
discussed here, as it illuminates two of the concepts necessary to understand
the gas aggregation sources discussed in this book. Figure 1.1 shows the
mechanism of how a cloud of the type altocumulus lenticularis1,2 is formed.
A wind– containing some moisture – blows over a high mountain. The air rises,
expands, and thus cools. Poisson’s law2,3 for an adiabatic expansion shows that
a decrease in pressure (P) leads also to a decrease in gas temperature (T):

T𝜅∕P𝜅−1 = const. (1.1)

where 𝜅 = 5/3 or 7/5 for an atom or a diatomic molecule such as N2 or O2,
respectively. Cloud formation sets in once the temperature falls below the
dew point.2 When the air has passed the mountain peak, it drops into the
valley. Air pressure and temperature increase, and the water droplets evapo-
rate. One thus has a cloud “hanging” stationary on the top a high mountain.
This observation has been known since ancient times to people living near
high mountains. Several studies have shown that condensation starts around
“condensation germs,” which – in this case – can be dust or other impurity

1 Altocumulus lenticularis is Latin and means a high cloud of lens-like shape. In Europe, the wind
that goes with these clouds is called foehn, from the German word Föhn. The simplified description
given in the text is valid only if the wind is not too strong and thus no turbulences occur.
2 A good introduction into several of the problems discussed here can be found on the internet.
3 See any textbook on Elementary Thermodynamics.
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Mountain

Figure 1.1 Gas aggregation is a well-known natural process: air, containing somemoisture,
flows over a high mountain. As the gas moves to higher altitudes, the air pressure decreases.
This leads to a decrease in gas temperature; see Eq. (1.1). If the temperature is low enough,
water will condense, forming a cloud. Often, a vertical oscillation of the air stream is induced
by the mountain, leading to a series of stationary clouds that are produced by a moving wind.1

particles carried along with the wind. Two points are shown by this example:
that gas aggregation

1) needs a low temperature, and
2) condensation germs are necessary to start the condensation process.

Amore detailed analysis shows that the ratio of temperature to binding energy is
amore relevant parameter than temperature alone; also, supersaturation controls
whether the cluster grows or shrinks (see Chapter 2).
A second instructive example is the cloud chamber,2,4 which was very impor-

tant in the early days of Nuclear Physics. A mixture of air and some alcohols
is exposed to a radioactive emitter, say, some 𝛼-rays. The energetic 𝛼-particles
ionize the gas molecules along their path by collisions. The gas mixture is
adiabatically expanded and thus cooled.The paths of the 𝛼-particles will become
visible, because of the many tiny droplets condensing around the ions formed
along their trajectories. The important message here is that

3) ions are very effective condensation germs.

These three points will be important for understanding the operation of many
of the cluster sources discussed in this book. It is easy to understand why ions are
so much more effective in starting a condensation than neutral atoms. The long
range part of the weak interaction potential (van der Waals forces) between two
neutral particles varies as R−6, where R is the distance between the two particles.
The interaction between an ion and a neutral atom/molecule is much stronger
and of a larger range, varying as R−4.

4 See any textbook on Nuclear Physics.
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1.2 Three Types of Gas Aggregation Sources

Three basic prototypes of gas aggregation sources will be discussed here. Many
other variants will be dealt with in the later chapters.
The supersonic source (Figure 1.2) has been used in many experiments for clus-

ter studies [1–4].5 Here, a gas, say, argon, is expanded through a small nozzle
into vacuum.There are no condensation germs– if the gas is really clean –which
therefore have to be produced by the expansion itself. If the expansion is strong
enough, three body collisions6 can lead to dimer formation, which will grow by
subsequent collisions.

Ar + Ar + Ar → Ar2 + Ar
Ar2 + Ar + Ar → Ar3 + Ar
Ar3 + Ar + Ar → Ar4 + · · · (1.2)

For pure argon gas, the condensation germ is thus Ar2, a weakly bound
diatomic molecule, or dimer. The supersonic expansion can thus be considered
as an “auto-gas-aggregation” source. Supersonic beams have intensively been
used for atomic beam scattering [1–4]. Clusters of all gaseous or liquid materials
can be made; even large clusters of helium have been produced.The temperature
in a supersonic beam– as observed by a comoving observer with a thermome-
ter – can become extremely small, as indicated in Figure 1.2. This is the case only
if no clusters are formed. Otherwise, the heat of condensation will warm up the
beam. In this case, the distribution of the internal energy of the clusters will be
given by an “evaporative ensemble” [2].
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Figure 1.2 Principle of a supersonic source. Gas expands from a high pressure (say, helium at
106 Pa) through a small hole of diameter D into vacuum. The velocities of the He atoms are
indicated by arrows. They are random in size and direction prior to the expansion. Afterward,
they equalize rapidly. Temperature and pressure on the center of the beam line are given. Note
the extreme cooling already close to the nozzle. A large variety of clusters have been produced
using this type of “auto-gas-aggregation” source.

5 For up-to-date references, the Proceedings of the ISSPIC conferences can be consulted, for
example, https://en.wikipedia.org/wiki/ISSPIC.
6 The formation of a dimer is not possible by a two-body collision, owing to energy and momentum
constraints [1–4].
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Figure 1.3 Two types of gas aggregation sources are used by the Freiburg group. Either atoms
or molecules are evaporated (a) into a stream of gas; a glow discharge (indicated by the arrow)
is used to produce charged clusters of both polarities. (b) The evaporator is exchanged for a
magnetron sputter discharge, which does not need additional ionization.

The typical gas aggregation source is not fundamentally different. It obtains
the low temperature necessary for particle formation by externally cooling the
gas, into which some other material is evaporated or sputtered. As shown in
Figure 1.3, a small stainless steel cup contains the material to be evaporated,
say, sodium. The cup can be heated; Na atoms evaporate and will form neu-
tral clusters. These could be ionized by electron or photon impact. It is simpler,
more effective, and less expensive to use a glow discharge for ionization. Stable
beams of neutral, positively, or negatively charged clusters could be produced and
used for cluster spectroscopy. Figure 1.3b shows schematically amagnetron head,
where some material is not evaporated but sputtered into the cold gas stream.
Both sources have been used intensively by the Freiburg group,7 both for cluster
spectroscopy – not to be discussed here – and for thin film formation, as outlined
subsequently.
Gas aggregation is a rather old technique. It was first used in 1930 to produce

a film of bismuth particles used as an optical filter [5]. Broida and coworkers
used it in 1971 to study the plasmon absorption of large sodium clusters [6].
Granqvist and Buhrman [7] were the first to make an analysis of the aggregation
process. This author had profited a lot from discussions with Schulze in Berlin
[8]. Other interesting developments were pursued in the laboratories of Sattler in
Konstanz [9], Bréchignac in Paris [10], Bowen in Baltimore [11], andmany others
(see Chapter 3). All these groups evaporated somematerial into a continuous gas
beam. The Smalley group [12] used instead a pulsed laser to inject laser-ablated
material into a pulsed gas stream, producing a pulsed cluster beam. Reviews of
cluster sources can be found in [1–4, 13].

1.3 Development of the Magnetron Cluster Source

The group of Tagaki and Yamada of the University of Kyoto had earlier published
the idea to use energetic clusters for thin film formation [13, 14]. Beautiful thin
films have been produced by this group, which had called theirmethod ICB, short
for Ionized Cluster Beam deposition. Unluckily, it turned out that they had no or
only very few clusters in their beams. It is not known why good films were some-
times produced [14]. The experiments have been discontinued [14], and the ICB

7 For a list of publications of the Freiburg groups on (i) cluster spectroscopy and (ii) deposition
studies see here: http://cluster.physik.uni-freiburg.de/issendorff_e.html.
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sources are no longer available commercially. But their initial idea was correct,
namely, that unusual and good thin films can be obtained by depositing energetic
cluster ions.
Themagnetron sputter discharge has also been known since a long time andhas

been routinely used in thin film formation [15, 16].2 Magnetron sputter sources
have been commercially available for many years, and for a large range of appli-
cations, for example, from small units for ultrahigh vacuum (UHV) experiments
to several meter broad units used for plating of glass windows.
The author gave a series of lectures at theUniversity ofKaiserslautern/Germany

in the winter of 1986/1987. There, two groups were using standard magnetron
discharges for thin film formation,8,9 and he is thankful for the introduction into
this technology. The broad range of materials that can be sputtered and the ease
of operation made it tempting to use a magnetron discharge for cluster beam
production. The commercially available magnetron sources in the years before
2000 could not be operated at the high argon pressure needed for efficient cluster
formation.Thedischarge became unstable, and contaminated nanoparticles were
produced.
Help came from the Paschen law [17],2 which had been published in 1889

(yes, 1800 ..!). It states that – among other things – if the distance between two
electrodes becomes very small, no discharge between them will occur. In effect,
conditions are more critical than indicated by the Paschen law, owing to the
presence of a magnetic field, photons, electrons, and ions. The typical distance
between the sputter target at ∼−300V and the nearest grounded metal part is
only about 0.3–0.5mm in a standard magnetron sputter source. Today mag-
netron sources that can be operated over a large pressure range of 10−4–1Torr
are commercially available.
It is not obvious by looking at Figure 1.4 (i) that the electric field is per-

pendicular to the sputter target and (ii) why sputtering is observed in these
sources at all. If a voltage is applied to two parallel metallic plates in vac-
uum, the electrostatic potential will vary linearly between the cathode (−)
and the anode (+). This changes as soon as a glow discharge is ignited; the
many charged particles generated by the discharge change the linear potential
dramatically. They induce a weak electric field nearly everywhere, safe very
near to the cathode, where a sharp drop is observed, which is colloquially
called cathode fall [17].2 It is alternatively known as cathode dark space;
the first name will be used in this chapter. Here, positively charged ions are
accelerated onto the cathode. An energetic ion will first liberate secondary
electrons from the cathode –which then fuel the discharge – and second,
eject or sputter some of the surface material. Again, this effect was observed
already in the nineteenth century. Experiment and theory show that the
width 𝛿 of the cathode-fall region scales as ∼6 Pa× 𝛿 cm [17, 18]. At a typi-
cal operating pressure of 100 Pa, one obtains the surprisingly small value of
𝛿 = 0.6 mm.

8 Profs. Hans Oechsner and Michael Kopnarski, https://www.ifos.unikl.de/doku.php?id=home.
9 Note, that the name magnetron is also used for microwave emitters, applied earlier for RADAR,
and is still in use in most microwave ovens.
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Themagnetron discharge2 [18–25] uses a special type of cylindrical magnet to
enhance the sputtering rate, as shown in Figure 1.4.Themagnetic field lines enter
and leave the sputter target. Electrons are confined to a region where the mag-
netic field lines are roughly parallel to the sputter target.This gives a ring-shaped
glow, accompanied by a circular region of erosion of the target [16].8 Owing to
their low velocity, the argon ions are not confined by themagnetic field.Once they
diffuse near the cathode, they are accelerated onto it. There they eject electrons
with a probability of ∼5% and also atoms from the cathode material (∼50%). The
electrons are accelerated by the cathode fall and fuel the discharge. The sput-
tered neutral atoms are used to form clusters by gas aggregation. The sputtered
positively charged atoms are returned to the cathode by the electric field in the
cathode fall. A thorough analysis shows that a large percentage of the sputtered
atoms is redeposited onto the sputter target [20, 21].This can be verified by visual
inspection of used targets, where redeposits can be seen by the naked eye.
For a total discharge current of, say, 200mA, one has thus an electron cur-

rent of about 10mA leaving the cathode and a 190mA current of mainly argon
ions hitting it. From this last number one can estimate [20, 21] that the ratio of
charged to neutral atoms in the discharge is about 10−5. The thermal load of the
discharge onto the cathode is about 50W; it must therefore be water-cooled.The
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Figure 1.4 The magnetron sputter head in more detail. A cylindrical magnetic field is used.
Charge production and surface erosion are maximal in the region where the magnetic field is
parallel to the surface, as indicated by the two inserts. Note that the argon gas is introduced in
two different regions, (i) around the source and (ii) it is blown directly into the region where
sputtering is maximal. The intensity and mass distribution of clusters can be optimized, by
playing with these two gas flows. The sputter head has to be water-cooled.
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aggregation tube is typically cooled by liquid nitrogen, but water cooling has also
been used successfully. The gas temperature just in front of the cathode has been
estimated [20, 21] to be about 1000K, with amuch lower value in the downstream
part of the plasma.
The first results of the Freiburgmagnetron cluster source were presented at the

MRS fall meeting [19] in 1990, and the source has enjoyed a growing popularity
ever since. Several articles in the book show this. Two other groups had indepen-
dently developed magnetron discharge sources around the same time [24]; their
emphasis was on small particle formation, while the Freiburg group developed
the method independently for cluster beam formation.
The plasma produced by a magnetron cluster source contains many clusters;

this is – in other fields – known as dusty plasma. It plays an important role in
interstellar space and many technologically important processes [26, 27].2

1.4 Deposition Machine andMass Spectra

Figure 1.5 shows an outline of the deposition machine [19, 25] used for thin
film formation by Energetic Cluster Impact (ECI). It consists of six differentially
pumped chambers: a chamber containing the cluster source, a deposition cham-
ber, a load lock for rapid substrate change, an X-ray photoelectron spectrometer
(XPS) for elemental analysis linked to the main chamber by a stage of differential
pumping. The clusters are generated by a magnetron source (K ); charged (c)
and neutral (n) clusters are separated, and the charged clusters can be deposited
with variable kinetic energy onto a substrate. The chemical composition of the
deposited films can be studied by inner shell photoelectron spectroscopy (XPS).
A time-of-flight (TOF) mass spectrometer allowsmeasuring the size distribution
of the clusters, which is relatively narrow, as can be seen in Figure 1.6. Therefore,
the clusters are used as generated and not further mass selected, thus reducing
the deposition time considerably. For large clusters, one observes that the
positive, negative, and neutral components of the cluster beam have roughly
the same intensity. Note the large fraction of charged particles, which is very
much higher than that obtainable by photon or electron impact. A typical
intensity – summed over all cluster sizes of one charge – is about 1Å/s; higher
intensities can be obtained, but at the cost of an inferior size distribution.
Figure 1.6 shows mass spectra of large copper clusters as a function of mass

and cluster diameter. The data are well fitted by a lognormal distribution

fLN = exp{−ln2(x∕x0)∕2 ln(2𝜎)} (1.3)

This distribution seems to be quite general, as it fits many experimental
distributions. Interestingly, it can be derived in two seemingly different ways,
either as a result of addition of one atom after the other [28] or by coalescence
of already existing clusters [29]. Magnetron sources can produce a large variety
of size distributions. Distributions with two or three maxima can be observed
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Figure 1.5 Sketch of the experimental setup. A magnetron sputter head (K) is sitting in the
aggregation tube (1). Clusters are formed (2) in the flowing afterglow of the discharge and
traverse two small holes. The beam is electrically separated into its neutral (n) and charged
(c) components. Charged clusters of one polarity can be accelerated up to 20 keV and impinge
in the main chamber 8 on the substrate holder (3), which can be moved horizontally by a small
motor. The cluster ion beam can be swept perpendicularly to the motion of the substrate
holder. A TOF-MS (time-of-flight mass spectrometer, not shown) is used for the analysis of the
cluster size distribution. A load-lock chamber (4) allows rapid sample exchange. Differential
pumping (5) is necessary to reach the good vacuum of the X-ray photoelectron spectrometer
(XPS) chamber (6) used for in situ elemental analysis by an electron energy analyzer (7). Note
the large pumps necessary to cope with the gas flow necessary for a gas aggregation source.

(Freiburg Cluster Group, unpublished results). But the patient experimentalist
will finally arrive at a distribution as narrow as that shown in Figure 1.6, which
shows a ΔD/D of only 0.2, which is not easy to obtain with other methods.
The intensity quoted (∼1Å/s) could be increased considerably by using other
magnetron geometries. Using a multiring cathode, for example, the intensities
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Figure 1.6 Mass spectra of large copper clusters are plotted as a function of mass (a) or as a
function of diameter (b). The relative widths at FWHM (full width at half maximum) are 0.5 and
0.2, respectively. The resolving power of the mass spectrometer is not sufficient to resolve
single masses for these large cluster sizes.

could be increased up to 45Å/s, but at the expense of a much inferior mass
distribution (Freiburg Cluster Group, unpublished results).
The detection of large cluster ions still presents a problem, as the probability for

electron ejection from a surface scales with the velocity of the impacting particle.
It rises linearlywith a threshold velocity of about 50 km/s, so that very high kinetic
energies are necessary for efficient single-particle detection [1–3].2 Alternatively,
one can use electric energy analyzers or even optical detection.

1.5 Some Experimental Questions

1.5.1 HowDo the Clusters Start Growing?

There seems to be no intensity at low masses shown in Figure 1.6, but a more
detailed study shows a lot of lines there, as shown in Figure 1.7 for cobalt clus-
ters.The atomic and dimer ions of argon and cobalt are seen, as well as a variety of
mixed clusters. It has earlier been assumed [20, 21, 30, 31] that they grow essen-
tially by the addition of neutral metal (M) atoms:

M +M + Ar → M2 + Ar (1.4)

The three-body rate constant for this process is

d[M2]∕dt = kn [M]2[Ar]

where [M] is the density of the sputteredmetal. It is argued here that amuchmore
effective scenario is the initial formation of the molecular ion Ar2+. This ion has
a much larger binding energy [32]10 than the neutral Ar2 and plays an important
role is gas discharges [33]. As the density of argon atoms is much higher than that
of the sputtered metal atoms, the condensation process probably starts by

Ar+ + Ar + Ar → Ar+2 + Ar (1.5)

10 An antibonding electron has been removed in Ar2+, which together with the gerade–ungerade
splitting of the potential curve leads to the large increase in the binding energy by a factor of ∼125.
The dissociation energy of neutral Ar2 is 0.012 eV, which jumps for Ar2+ to 1.5 eV.
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Figure 1.7 Mass spectra of small cobalt clusters taken with similar source condition used
for Figure 1.6. A lot of small clusters – even atomic ions of Ar and Co – are seen, although
Figure 1.6 suggests that there are no small clusters present.

The rate constant for this ionic process is similarly

d[Ar+2 ]∕dt = ki [Ar]2[Ar+] (1.6)

and ki/kn ∼ 100, which makes the process according to Eq. (1.5) much
faster than that given by Eq. (1.4). The rate constant in Eq. (1.6) is about
ki ∼ 2× 10−31 cm6/s [20, 21], and for a pressure of 100 Pa in the aggregation tube
one has [Ar]= 2.6× 1016 cm−3. This gives for ki [Ar]2 ∼ 100/s. Using this one can
rewrite Eq. (1.6) as

d[Ar+2 ]∕dt = −d[Ar+]∕dt ∼ [Ar+]∕100

the right-hand side ofwhich can be easily integrated.This gives a typical time con-
stant of about 0.01 s for the ionic process of Eq. (1.5).This ismuch shorter than the
dwell time in the aggregation tube of about 10 s. The rate constant [20, 21] of the
process according to Eq. (1.4) is kn ∼ 10−33 to 10−34 cm6/s, and the number density
of the sputtered metal atoms is [M]∼ 1013–1014 cm−3. This gives a time constant
that significantly exceeds the dwell time in the aggregation tube, indicating that
the process according to Eq. (1.4) is negligible under realistic experimental con-
ditions.
Figure 1.7 shows mass peaks of small clusters with up to four argon atoms

attached, so that the stable Ar2+ moleculemust grow by attachment of bothmetal
and argon atoms. A detailed analysis of this process is not available.
When the source is optimized for larger clusters, the metal cluster intensity

becomes very small at about 50 atoms, only to rise for much larger sizes as shown
in Figure 1.6. The particles grow and will be charged and discharged for a long
time in the afterglow of the magnetron plasma, and it is envisioned that their size
and charge will be influenced by the plasma properties. An analysis of these pro-
cesses has been given [20, 21]. A complete treatment of the aggregation, charging,
and discharging effects in the plasma of the aggregation zone is not available but
has partially been discussed for dusty plasmas [26, 27].
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A caveat arises from the discussion around Eqs. (1.4) and (1.5) and Figure 1.6.
Even if the mass spectrum shows only very large clusters, there might be some
small ones as well. These go undetected if resolution and sensitivity of the mass
spectrometer are not sufficient.
It follows from the discussion around Eqs. (1.4) and (1.5) that diatomic

molecules are very helpful to start the clustering process. Moreover, it is
observed experimentally that a tiny flow of N2, O2, CO2, and so on, introduced
into the aggregation tube will lead to much larger clusters. One must therefore
be extremely careful with the gas inlet system so as not to introduce impurities
there. It has been found necessary for a clean system to use only stainless steel
tubing in the gas inlet system; these tubes should be specially cleaned and
polished on the inside. In addition, UHV-compatible flow meters, and an Argon
gas purity of N6.0, that is, 99.9999% purity, should be used. Stated otherwise,
the impurity level should be at most 1 ppm. Not all commercially available units
comply with this strict level of cleanliness. If plastic or Teflon tubing is used in
the gas inlet system, this should be regarded with extreme suspicion.

1.5.2 The Role of Sputtered Dimers

A single sputtering event will also produce some diatomic molecules and small
clusters [34, 35], which could be welcome condensation germs. Typically 1% of
the sputtered material is present as dimers at the low kinetic energies employed
here (see the following discussion). The dimers have a broad range of internal
energies, which are due to their formation process [34, 35]; this makes their
destruction in the intense discharge region plausible. If they would survive
the discharge, they would act as effective condensation germs. A possible
exception is a very strongly bound metal, for example, niobium. It is observed
experimentally that the refractory metal niobium behaves differently thanmetals
having a lower cohesive energy, such as Al or Cu. The discharge power for an
efficient cluster formation is lower by a factor of 10, and a Nb sputter target thus
lives longer by a factor of 10. A possible explanation is that the sputtered dimers
are not completely destroyed by the discharge. The binding energies of Nb2 and
Nb2+ are 5.11 and 6.15 eV, respectively [36], and thus higher by a factor of about
three than those of Al2 or Cu2, which makes this scenario plausible.

1.5.3 Reduction of the Energy of the Impacting Ar+ Ions owing
to Charge Exchange

The target is sputtered by the impacting Ar+ ions. These move in a background
gas of about 100 Pa of neutral argon gas.The cross section of the resonant charge
transfer process

Ar + Ar+ → Ar+ + Ar

is in the range of 32–45Å2 for energies between 10 and 300 eV [37]. This gives a
mean free path of ∼0.1mm, implying that all Ar+ ions have made on the average
six charge exchange collisions, while they are accelerated across the cathode-fall
region of width 0.6mm. For an applied discharge voltage of ∼300V, they will
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impinge on the target with an average energy of only ∼300/6= 50 eV. There is
very little data available on sputtering for these low impact energies.
There will also be some metal ions in the cathode-fall region. They have

(nearly) no partners for a resonant charge exchange, so they will have a much
higher energy. The gas around the cathode is quite hot [21], so that the density
of the Ar2+ will not be high there. It grows only in the colder parts of the flowing
afterglow [21]. Thus, only very few Ar2+ ions will contribute to the sputtering
process.

1.5.4 Formation and Shape of the Racetrack

As stated earlier, the electric current density is the highest where the magnetic
field lines are parallel to the surface. The sputtered material leaves a circular
groove there, also called a racetrack. The width of the racetrack scales as the
square root of the energetic electron cyclotron radius and therefore also as the
inverse square root of the applied magnetic field [16, 18].8 When the sputter
target is new, the magnetic field is relatively low, and the cyclotron radius and
thus the width of the racetrack are large. For prolonged operation, the depth
of the racetrack and thus also the magnetic field become larger and larger, and
the cyclotron radius consequently becomes smaller and smaller.This leads to the
typical V-shaped groove observed experimentally for racetracks after prolonged
operation (see Figure 2 of Ref. [38]).

1.5.5 Loss of Intensity

Only a very low fraction of the sputtered metal atoms will finally be found in
the beam leaving the aggregation tube [20, 21]. This loss is due to a variety of
processes:

1) About half of the sputtered metal is redeposited on the cathode [20, 21, 38].
No idea is available on how to prevent this.

2) A very large loss is due to the diffusion of the metal atoms to the wall of the
aggregation chamber [20, 21], which is coatedwith an amorphous layer. Again,
no idea is available on how to prevent this diffusive loss. (If one happens to
sputter titanium, one has an additional effective pump there.)

3) Another loss happens after the exit hole of the aggregation chamber. For large
clusters, this can be partially recuperated by an aerodynamic lens, as discussed
subsequently (Figure 1.9).

1.6 Deposition of Clusters with Variable Kinetic Energy

Thus, an intense, continuous beam of metal clusters and cluster ions can be
produced by combining a magnetron sputter discharge with a gas aggregation
source. In an early experiment, molybdenum cluster ions, Mon

+, with n around
1200 were separated from the neutral clusters, accelerated, and deposited on a
polished Cu substrate [19, 25]. Above a kinetic energy of 6 keV, highly reflecting,
strongly adhering thin films are formed on room-temperature substrates. The
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films can be mechanically polished, which increases the reflectivity from 95%
to 97% at 10.6 μm. Rutherford backscattering spectroscopy data reveal that less
than 0.5% argon is incorporated into the films. It will be discussed subsequently
that the impact of an energetic cluster leads locally to a sudden increase in
pressure and temperature. This tiny, high-temperature spot is formed at each
impact. The high local temperature – present for several picoseconds – leads to
the observed film properties. The main advantage of the method is that excellent
thin films can be produced on room-temperature substrates. A large variety
of thin films have been produced and analyzed with the machine shown in
Figure 1.5. The following observations have been made:

1) With no acceleration, one produces porous structures, which can easily be
wiped off. The kinetic energy is given by the velocity acquired on leaving the
aggregation chamber [20, 21],11 so that the kinetic energy is much lower than
the cohesive energy of the cluster.

2) For increasing energy, the clusters are deformed upon impact, giving a non-
compact and rather rough film.

3) If the kinetic energy is about twice the cohesive energy, compact, smooth, and
well-adhering films are obtained.

Molecular dynamics simulations [39, 40] were started to understand these
results; see Figure 1.8. Some caution is always appropriate when numerically
simulating such large systems. The timescales of the simulation are rather short,
and the interaction potential is known only approximately. Nevertheless, the
simulations give a good physical insight into the process studied and are in
satisfactory agreement with experiment.
The typical deposition rate is about 1Å/s; this corresponds to a flux of about

1012 clusters/cm2 s. Thus, each spot or its near surrounding is hit about every
second. If the kinetic energy is high enough, the impact zone will be strongly
heated and compressed. A nano shockwave is sent into the substrate. The next
impact occurs only 1 s later, when this strong disturbance has died out. Thus,
each deposition act is accompanied by its own local annealing. This has several
positive effects: (i) very smooth and mirror-like layers are obtained, which
adhere well with the substrate; and (ii) the short and very high local temperature
makes unusual combination of materials possible, for example, silver layers
on glass or structured Plexiglas or a shiny tungsten layer on a sheet of Teflon
(Freiburg Cluster Group, unpublished results) [19, 25, 41–43]. All these films can
be produced at room temperature, as each deposition step is accompanied with
its own local and high-temperature annealing process. Cryogenically cooled
substrates should also be possible. (iii) If a cluster arrives at a slanted surface,
it will induce a downward motion of material, which leads to a self-smoothing
effect [40]. (iv) Most argon atoms arriving with the cluster will evaporate owing
to the high temperature after the impact, in agreement with the near-vanishing
argon density in the films.

11 A numerical solution of the Navier–Stokes equation indicates that the velocity of the expanding
argon stream has a Mach number below 1 (Freiburg Cluster Group, unpublished results) in
agreement with the data of [20, 21].
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Figure 1.8 Molecular dynamics simulations of
structures obtained by impact of clusters,
containing 1043 molybdenum atoms each, with
three different kinetic energies onto a Mo(001)
substrate. At low kinetic energy, the clusters stay
more or less intact after landing and form porous
structures. At the highest energy, a very smooth
and compact film is obtained. These results are in
excellent agreement with the experimental ones.

The main properties of the magnetron cluster source can be summarized as
follows:

1) The deposition rate is of about 1Å/s, higher for very large clusters or when
broad mass distributions are tolerable. Also, the addition of a tiny amount
of a molecular gas (O2, N2, CO2, etc.) to the sputter gas can lead to a large
intensity increase.

2) The obtainable current of a cluster ion beam is a more interesting parameter
for spectroscopy or scattering experiments. For very small clusters, beams of
up to 1 nA have been obtained, and up to 0.1 nA for Ag55+.

3) For large clusters, typically one-third of the beams are positively or negatively
charged, the rest are neutral.

4) For not too small clusters, the mass-to-charge ratio is quite low, allowing
intense beams without space charge problems.

5) The cluster size can be varied over a very large range, and diatomic
molecules – say, Nb2+ or Nb2− – can be produced, as well as clusters
containing more than 106 atoms.

6) Clusters of all conductive solid materials can be made by DC sputtering.
Using radio frequency (RF), nonconducting targets can be sputtered [22].
One has to be careful in this case as not to coat the ion optics with isolating
material, which would lead to undesirable charging effects with ensuing ion
beam instabilities.

7) Films made by clusters of high kinetic energy are very smooth and well
adhering.
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8) For deposition on electric isolators or of nonconducting material, intermit-
tent neutralization of the substrate by electrons was successful (Freiburg
Cluster Group, unpublished results).

9) The beam is very directed, so small holes can be filled – a problem important
in the electronics industry [43].

10) A combination of points 8 and 9 allows coating highly structured PMMA
(poly(methyl methacrylate)) (Plexiglas) substrates [41, 42].

11) It is easy to produce clusters from a ferromagnetic target [46] such as Fe, Co,
or Ni and embed them into a nonmagnetic substrate such as Cu or SiO2 in
order to study magnetic properties of small particles.

12) The source is generally very stable with time. Instabilities are observed only
for a high flux of reactive gases. In addition, the depth of the racetrack has
an influence on the mass spectrum [38].

13) The source can be quickly turned on and off and does not have the long time
constant of its thermal counterpart.

1.7 Outlook and Future Development

All cluster sources are presently not intense enough for most industrial thin film
applications; therefore, the deposition experiments have been discontinued in
Freiburg. A scale-up of the standard 2′′ magnetron should be possible but leads
to prohibitively large gas consumption. Future developments could proceed along
the following lines:

1) Larger sputter targets, possibly with unusual geometries, and recycling of
the gas.

2) Pulsed power and pulsed gas pressure have already shown some increase in
the intensity.

3) Aerodynamic lenses could be used to collect much material into the beam,
which otherwise would have been deposited on a wall outside the aggregation
tube.

Several sputter geometries were tried (Freiburg Cluster Group, unpublished
results) [19], such as two opposingmagnetron heads and a cylindrical magnetron
with three sets of cylindrical magnets. Higher intensities have been obtained, but
at the cost of broader size distributions (Freiburg Cluster Group, unpublished
results). An aerodynamic lens2 was recently tested in Freiburg [44]; see Figure 1.9.
The work is still preliminary, but intensities of up to 100Å/s have been obtained,
gaining a factor of 100 compared to the standard source.
Several problems remain unsolved:

1) The intensity has to be increased for an industrial application.
2) Only a small portion of the sputter target can be used, owing to the formation

of the deep trench by the circularly confined plasma.The electronics industry
has countered this problem bymoving themagnets [45]. But this will probably
lead to a time-dependent mass distribution [38], changing with the moving
magnets.
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Figure 1.9 Magnetron cluster source with three stages of aerodynamic focusing. A large
increase in intensity is measured for large particle sizes. The loss of intensity after the exit
hole can thus be partially compensated for.

3) The majority of the sputtered atoms do not end up in the beam leaving the
aggregation tube [20, 21], and no idea is presently available on how to prevent
this, at least partially.

4) Although several interesting articles have appeared [20, 21, 30, 31, 38], a com-
plete and thorough study of the aggregation and plasma processes is still miss-
ing. Moreover, it would be interesting to explore how much can be learned
from the wealth of information available for dusty plasmas [26, 27].

5) The ideas and conjectures outlined in Sections 1.5.1 and 1.5.2 should be
checked experimentally.
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