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Abstract Many research works have demonstrated that
the combination of atomically precise cluster deposition
and theoretical calculations is able to address fundamental
aspects of size-effects, cluster-support interactions, and
reaction mechanisms of cluster materials. Although the wet
chemistry method has been widely used to synthesize
nanoparticles, the gas-phase synthesis and size-selected
strategy was the only method to prepare supported metal
clusters with precise numbers of atoms for a long time.
However, the low throughput of the physical synthesis
method has severely constrained its wider adoption for
catalysis applications. In this review, we introduce the
latest progress on three types of cluster source which have
the most promising potential for scale-up, including
sputtering gas aggregation source, pulsed microplasma
cluster source, and matrix assembly cluster source. While
the sputtering gas aggregation source is leading ahead with
a production rate of ~20 mg-h™', the pulsed microplasma
source has the smallest physical dimensions which
makes it possible to compact multiple such devices into
a small volume for multiplied production rate. The matrix
assembly source has the shortest development history, but
already show an impressive deposition rate of ~10 mg-h™".
At the end of the review, the possible routes for further
throughput scale-up are envisaged.

Keywords nanoparticle, cluster, cluster beam deposition,
magnetron sputtering, heterogeneous catalysis

1 Introduction

Since the 1980s when Haruta et al. first reported that the
usually inert noble metal gold exhibits good catalytic
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activity in nanoparticle form for carbon monoxide
oxidation reaction at a temperature as low as —70 °C [1],
the field of nanocatalysis has emerged and then flourished
in the past few decades, and became an important branch
of nanoscience and technology. In the scale of a few
nanometres or below, each atom has a substantial impact
on the electronic and catalytic properties of metal clusters.
Hence, precise atomic control over the size and composi-
tion of clusters is critical for tuning the activity and
selectivity of the clusters involved in various catalytic
processes [2,3].

Over the years many approaches and techniques have
been advanced to produce monodispersed small clusters or
well-defined clusters with very narrow size distributions.
These techniques, broadly speaking, fall into two cate-
gories: physical synthesis method and wet chemistry
method. The wet chemistry approach, e.g., impregnation
or precipitation, is much more widely adopted and used at
industrial level to prepare the commercially available
catalysts, mainly because of its ease of fabrication involved
and higher nanoparticle throughput. However, wet chemi-
cal routes result in a poor control over the particle size
because of the nature of their heterogeneous nucleation on
the support surface [4]. The use of ligands is necessary to
overcome such limitations and avoid the agglomeration of
nanoparticles, but the presence of ligands on the surface of
nanoparticles can block the catalytic active sites [5,6].
There are quite a few reviews published summarizing the
latest progress on various aspects of this approach, for
example [7], and [8].

On the contrary, the physical synthesis method can
produce clusters with precise atomic control without
introducing any ligands. However, it involves sophisti-
cated vacuum equipment, which in most cases has to be
operated by highly trained specialists. In addition, the
throughput of the physical gas phase production is low
(~1 pg-h™), especially after size-selection by quadrupole
mass filter or time-of-flight mass filter. Although these two
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factors have limited its wider adoption in the research
community, the gas-phase synthesis and size-selected
strategy was the only method to prepare supported metal
clusters with precise numbers of atoms for a long time [8].

In addition to the precise atom control, the physical
synthesis method, or cluster beam deposition technique,
has several other potential advantages [2,9]: 1) the direct
interaction between the metal cluster and the support can
sometimes be tuned by the energy of the impacting
particle; 2) immobilised clusters can show robust behavior
against sintering at elevated temperatures and pressures,
minimising the cluster agglomeration issues commonly
observed during catalytic reactions; 3) the “metal-to-
metal” processing produces clean and ligand-free
nanoclusters; 4) mixed clusters can exhibit synergistic
enhancement in catalytic activity beyond the correspond-
ing pure clusters.

The vast majority of catalytic research of supported
atomic clusters, produced by cluster beam technique, have
focused on reactions under UHV (ultra-high vacuum)
conditions, and more recently some endeavors have been
made to investigate their catalytic properties in carefully-
selected close to realistic applications, for example in
electrochemistry [10—-12]. Although many of these impor-
tant research works have revealed the catalytic mechanism
and the significant influence from cluster size and support
effect on catalytic performance, the reaction conditions are
still far away from realistic and industrial applications. For
a model catalyst study under realistic reaction conditions,
clusters should be deposited onto industrial catalyst
powders and not just planar support. However, the surface
area of 1 g powder (assuming a modest 10 m?-g™') is 5
orders of magnitude higher than that of a typical 1 cm x
1 cm square planar substrate used for UHV or electro-
chemistry study. To achieve the same cluster coverage on
the surfaces, the deposition time required on powder for a
single sample, prepared on a state-of-the-art cluster beam
deposition system, would run into months if not in years,
which is not realistic or feasible [13]. The nanocluster

Table 1 Comparison of different types of cluster sources ®

1361

production rate of cluster beam deposition technique must
be increased by several orders of magnitude to reduce the
deposition time to an acceptable level (about a few hours),
which is a grand challenge.

In the past two/three decades, multiple types of cluster
source have been developed in the family of cluster beam
deposition technology. De Toro [14] has compared
different types of cluster sources and summarized the key
information in a table, as shown in Table 1, in which we
added matrix assembly cluster source (MACS) in the last
row to reflect the latest progress. Out of the seven type of
cluster sources, the cluster production rate of thermal gas
aggregation source (TGAS), laser ablation source (LAS),
and pulsed-arc cluster ion source (PACIS) are significantly
lower than that of the other four sources. In the case of
seeded supersonic nozzle source (SSNS), although it
produces a reasonably high cluster flux in excess of 10'®
atom-s™', the complex design needed to isolate the hot
furnace from the rest of the source has restricted its usage to
low-boiling point metals. Therefore, in this review, we will
focus the discussions on magnetron sputtering gas
aggregation source (SGAS), pulsed microplasma cluster
source (PMCS), and MACS, all of which have a potential to
be scaled up and produce enough amount of well-defined
clusters for heterogeneous catalysis research.

Both SGAS and PMCS work in a similar way, in which
the single atoms are knocked out of bulk material (called
target in both techniques) via plasma sputtering process,
then these single atoms would aggregate to form clusters
under right conditions in gas phase. In the case of MACS,
the single atoms are generated by thermal evaporation,
then embedded in a cold solid argon matrix; the clusters are
formed in a collision process when a beam of high energy
argon ions is used to knock these atoms out of the matrix.
This review paper is composed of three main sections, with
each section dedicated to one particular type of cluster
source. At the beginning of each section, a schematic
drawing is given to show the working principle of the type
of cluster source going to be discussed in that section.

Type of Reported Materials Typical cluster Typical vacuum Proportion of
source flux/(nm-s ") usable size regime ionized particles
SSNS ~20 Low-boiling point metals ~10°-10° atoms UHV 0
TGAS ~0.05 Any material that attains ~10° atoms UHV 0
1 mbar vapor pressure at 2000 K

SGAS ~100 Virtually any solid (using RF 1-60 nm HV Up to 50%

(~1) or HiPIMS for insulators)
LAS ~0.1 Virtually any solid ~10°-10% atoms UHV ~10%
PACIS ~1 Virtually any solid 1-10 nm HV =10%
PMCS 1-30 Conductive solids ~10'-10" atoms UHV =10%
MACS 10 mg-h! Any metal can be vaporised ~10°-10% atoms HV 0

a) Reprinted with permission from ref. [14], copyright 2017, John Wiley and Sons. RF: radio frequency; HiPIMS: high-power impulse magnetron sputtering.
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2 Sputtering gas aggregation source
2.1 Magnetron sputtering process

The sputtering process is induced by the energetic ion
bombardment onto the cathode surface (the target), which
is made of the material desired to form the atomic vapor,
via multiple momentum transfers in a cascade process
which results in knocking-off the target atoms from the
surface to the gas phase. The ratio between the number of
ions bombarding the target surface and the target atoms
ejected is referred to as the sputtering yield. The sputtering
yield depends on the energy of the impinging ions, target
material and ion species as well as geometrical factors such
as angle of incidence [15-22].

Figure 1 shows the working principle of the magnetron
sputtering process. With the employment of a magnetic
field underneath the target, the electrons in the plasma
are confined in a small region close to the target surface
(Fig. 1(a)), enhancing the gas ionization and therefore
increasing the plasma density, and extending the range of
pressure under which the sputtering process can be
sustained [23-25]. When magnets are involved, the
process is more commonly referred to as magnetron
sputtering [26], and the target and magnets assembly is
called magnetron. As the plasma is more localized in the
region of electron confinement, the sputtering process will
also be confined in a smaller portion of the target surface
accordingly [27,28]. As erosion goes on, a racetrack
becomes more and more visible where the target has been
eroded (Fig. 1(b)).

Magnetron sputtering has become a widely spread
technique, both industrially and academically, to deposit
thin films. Because of the nature of the process involving
an electrical potential applied to a target and gas at low
pressure, it has a huge versatility in terms of materials that
can be ablated. Although only electrically conductive
materials can be sputtered when using direct current (DC)

@
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power supply, it is possible to run a sputtering process even
in the case of insulators and dielectric materials by using a
RF power supply [29]. Furthermore, with the introduction
of reactive gas in the process, the gas species can combine
with the sputtered species to form compounds, allowing
deposition of oxides, nitrides, carbides, and even more
complex materials. The composition can be tuned by
changing the reactive gas flow rate, power applied to the
magnetron or gas pressure used during the process [14,30].

2.2 Magnetron sputtering cluster source

Magnetron sputtering is characterized by a high degree of
ionization of the sputtered material [14], which, together
with the afore-mentioned advantages, makes the technique
highly versatile for cluster synthesis in the gas phase. It
was in the early 1990s that Haberland and coworkers
employed the magnetron sputtering as a vaporization
technique for a cluster source [31,32]. Figure 2 shows a
schematic cross section of the magnetron sputtering cluster
source, as developed by Haberland et al. The sputtering
chamber (also called condensation chamber, as the
sputtered atoms also condense to form clusters within the
same chamber), where the sputtering process occurs, is
contained in a bigger chamber, which has the pumping
system attached to. The gas is injected inside the sputtering
chamber, and its flow rate controlled by mass flow meters.
The sputtering chamber is linked to the bigger chamber via
a small orifice, i.e., the nozzle (typically with a size in the
range of ~1-10 mm), which works as a leaking gas barrier
to separate two pressure zones. A higher pressure builds up
inside the sputtering chamber typically in the range of
~10-100 Pa, while the pressure outside is much lower at
0.01-0.1 Pa, where a long mean free path is required to
have a collision-less cluster beam. A higher pressure inside
the sputtering chamber helps the sputtered atomic vapor to
condense and form clusters. For this reason, the sputtering
chamber is often referred to as condensation or aggregation
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Fig. 1 (a) Cross section schematics of a planar magnetron. Reprinted with permission from ref. [27], copyright 2020, Elsevier. (b) A
racetrack developed on a 2-inch circular aluminum target, showing the target erosion in a magnetron sputtering process.
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chamber or even cluster source section. Because of the
pressure difference between the two chambers, the gas
(and the transported clusters) experiences a supersonic
expansion. A skimmer placed downstream helps remove
the excess carrier gas and only the central part of the beam,
rich in clusters, travels in the form of a collision-less cluster
beam into the next chamber for deposition. If needed,
another chamber can be added in-between when, for
example, mass filtering or ion optics is necessary.
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cooling Nozzle Skimmer Cluster beam 1
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Fig. 2 Schematic drawing of the cross section of a magnetron
sputtering cluster source. Reprinted with permission from ref. [33],
copyright 2020, Elsevier.

There are several parameters that influence the cluster
size, flux, and ionization rate. The following is a list of the
easy-to-access parameters affecting cluster growth,
throughput, and charge state: 1) Aggregation length, i.e.,
the distance between the sputtering target and the nozzle.
The greater this distance, the longer the cluster residence
time inside the aggregation chamber. This means they have
more chances to collide with the surrounding sputtered
material, therefore growing larger [34,35]. 2) Sputtering
power, it affects the amount of sputtered atoms, the
temperature and the ionization of the gas, which in turn
influences the cluster growth and charging state [33,34,36—
38]. 3) Reactive gas, enhancing the formation of dimers,
which act as seeds in the cluster growth process [37,39,40].
4) Inert gas composition and flow rate, they influence not
only the pressure but also the ejected target atom
thermalization efficiency as well as plasma properties
which eventually affects the particle charge state [36].
5) Temperature of the chamber wall, a lower temperature
increases the thermalization efficiency thus promoting the
cluster nucleation and growth rates [41,42]. If working at a
lower temperature is required, the aggregation chamber
wall can be equipped with a double skin structure to allow
circulation of water or another coolant (e.g., liquid
nitrogen).

2.3 Scaling up of magnetron sputtering cluster source

Owing to the flexibility, reliability and reproducibility
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offered by a magnetron sputtering cluster source, it has
become the most used type of cluster source, and the only
type of cluster source that is available on the market
offered by a few instrument companies. Many research
groups also built different variations of the magnetron
sputtering cluster source for their own research interest
and purpose. However, the cluster throughput has
been largely unchanged since its invention in the early
1990s. The typical beam current, a measure of the
cluster flux, is around 100 pA, which can be roughly
translated into a deposition rate of ~1 ug-h™' (assuming
cluster Aujggy being deposited) as all the metallic
clusters are singly charged. This flux is more than adequate
for fundamental surface science study or catalysis
mechanism study under UHV conditions. However, the
throughput must be improved by several order of
magnitude to meet the requirement of catalysis research
under realistic condition, which has been identified as one
of the most important applications of well-defined
nanoclusters.

To scale up the magnetron sputtering cluster source,
several approaches have been taken by different
research groups, with an aim to further extend its
capabilities and performance. Here we select three key
approaches and describe them in detail: 1) multiple ion
cluster source (MICS), where different cathodes are
employed at the same time, but independently controlled;
2) HiPIMS, which provides high power density in short
power pulses to the target; 3) gas dynamics modification,
through which to optimise the cluster transport for a higher
cluster throughput.

2.3.1 Multiple ion cluster source
The MICS is a patented design [43], in which the single
magnetron in an ordinary magnetron sputtering cluster
source has been replaced with three independent magne-
trons. Each magnetron is independently provided with
cooling water, gas inlet, power supply, and linear drive.
The linear drive on each magnetron is used to adjust its
relative distance with the other two and with the nozzle. As
the position, the gas flow rate and the power applied to the
target are all controlled individually for each magnetron,
the multi-magnetron approach offers new possibilities for
cluster synthesis. In particular, it has been demonstrated
that it is possible to control over the cluster shape similar to
ordinary magnetron sputter cluster sources [44—47]. By
tuning the relative distance of the magnetrons with each
other and with the nozzle, it is possible to prepare alloy
clusters [48], with different elements mixed uniformly in
the cluster, or core-shell clusters [49], where a core of a
pure element is coated by a pure shell of another element,
or even core-shell-shell structures [49] (Fig. 3).

If all the three magnetrons are in-plane, i.e., with the
same aggregation length, the atoms ejected by the three
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Fig. 3 (a) High resolution transmission electron microscope image of a Ag-Au alloy nanoparticle (NP) and energy dispersive
spectrometer (EDS) line scan performed at the Ag and Au along the line depicted. Reprinted with permission from ref. [48], copyright
2012, American Chemical Society. (b), (c) and (d) Cs-corrected scanning transmission electron microscope (STEM) representative image
of, respectively, a Ag-Au core-shell NP, Co-Au core-shell NP and a Co-Ag-Au core-shell-shell NP and EDS line scan performed at the Co,
Ag, and Au, along the lines depicted. Reprinted with permission from ref. [49], copyright 2014, the Royal Society of Chemistry.

targets will nucleate and grow intermixing with each other,
forming alloy clusters as they occupy the same spatial
region. The composition can be tuned by changing the
power and/or gas flow rate differently for the three
magnetrons. If a magnetron is placed at a longer
aggregation length with respect to the other two, the
atoms ejected by its target will start forming clusters not
contaminated by the other two elements, which are
further away downstream in the aggregation chamber. As
these clusters are transported to the region where the
other two magnetron sputtering processes occur, they will
be surrounded by the atomic vapor of the other two
elements, which will attach to the surface of the preformed
clusters, coating them and eventually forming a film.
Analogously, if the three magnetrons have all different
aggregation lengths, core-shell-shell structures might be
obtainable.

Despite showing many advantages, one limitation is the
introduction of new complexities, such as the relative
position of the magnetrons, and new parameters which
need to be considered when running a process, such as the
total gas flow rate, which is the sum of the three gas flow
rate contributions coming from the three magnetrons.

The reported cluster flux of MICS is 20 NP-um2-s ' ata
sputtering power of 8 W [50], which is equivalent to
~300 pg-h™'. This seems to be a dramatic increase,
comparing to a typical value of 1 ug-h™'; but this flux was
measured before mass selection, so the actual improvement
might be moderate. The advantage of MICS is the
capability to produce bi-metallic or tri-metallic nanoclus-
ters, which are hugely interesting for catalysis research.

2.3.2 High-power impulse magnetron sputtering

Carrying an electric charge is important for a cluster
especially when the manipulation of the cluster beam, such
as focusing and bending or mass filtering, is needed. The
most straightforward way to increase the amount of
charged particles, or more in general the overall amount
of clusters, is to increase the power applied to the
magnetron. However, this comes with the physical
limitations imposed by the application of a high DC
power, as the risks of overheating and eventually melting
the target increase.

An alternative solution is to modulate the power applied
from a continuous to a pulsed regime. A pulse is
characterized by a high peak power density, providing a
much higher ionization rate of the sputtered species while
not exceeding the time-averaged power limit. The para-
meters to consider in a pulsed power operation mode are
the peak power intensity, pulse duration and frequency of
the pulses. As a general guideline, the time-integrated
power density should not exceed 0.05 kW-cm™ to avoid
any target damage [51].

The HiPIMS is established when the peak power is
greater than ~0.5 kW-cm ™, however this is not a well-
defined limit. The technique is characterized by a
sputtering process where a large fraction of the sputtered
atoms is ionized [51-53].

Pulsed DC has been employed in Haberland-type
magnetron sputtering cluster sources by several research
groups. Polonskyi et al. [54] demonstrated how the
deposition rate of TiO, clusters can be increased by a
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factor of 20 if DC magnetron sputtering is replaced by
pulsed DC (Fig. 4). Zhang et al. [55] studied the growth
mechanisms of Ag clusters generated by HiPIMS. They
showed how Ag cluster size can increase with the peak
power and the pulse frequency. In the latter case, cluster
bunches generated by each pulse can overlap, leading to an
overall higher ion current, up to ~250 nA (Fig. 5). Stranak
et al. [56] synthesized Cu clusters using HiPIMS, showing
control over the cluster size for pressure under 30 Pa and
highlighting one of the issues faced with this technique:
cluster flux is suppressed at higher pressure.
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Fig. 4 TiO, cluster deposition rate generated by continuous DC
(solid fill) and pulsed DC (textured fill) under two different power
applied (50 and 100 W). Reprinted with permission from ref. [54],
copyright 2013, AIP Publishing.
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Fig. 5 Time-resolved ion current measurements for different
pulse frequencies: (a) 7, (b) 10, (c) 20, and (d) 100 Hz (The dashed
lines in (d) show the deconvolution in five traces as shown in (a)).
Reprinted with permission from ref. [55], copyright 2013,
American Chemical Society.
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To overcome the limitation of operating at a low
pressure, Pilch and coworkers implemented HiPIMS in a
hollow cathode sputtering device [57,58], which shows not
only a more stable sputtering at higher pressures but also
an increase of the amount of ionized sputtered atoms [59].
By implementing such modifications, they raised the
deposition rate for Cu clusters from 3 to 470 nm-s™'.

The authors also proposed a model to explain such
increment in the deposition rate, as shown in Fig. 6. The
initial growth of a cluster by nucleation, cluster formation,
and aggregation, up to a size of about 10 nm in diameter, is
shown in Fig. 6(a), and further growth under conditions,
such that electric attraction toward the cluster has a large
effect on the ion collection rate, is illustrated in Fig. 6(b).
The advantage of increasing the amount of ionized
sputtered atoms in the gas phase is to promote cluster
growth processes. In early growth stages, due to the
unbalanced current of ions and electrons to clusters,
particles can be found in a charged state, mainly negative
for particles with a diameter ~10 nm. This results in cluster
repulsion, hindering their growth by cluster agglomeration
(zone I in Fig. 6(c)), and cluster growth would further
proceed only by attachment of atoms or ions (zone II in
Fig. 6(c)). The collision cross section is larger for opposite
charged particles. Therefore, charged clusters will have a
higher ion collection rate, establishing the so-called orbit
motion limited (OML) collection of ions (Fig. 6(b)). This
means a higher growth rate, and since the concentration of
ions is much higher than in standard magnetron sputtering,
the result is an overall increment of the cluster mass flux.
An anode ring is also placed at a variable distance from the
hollow cathode. The space between the anode and the
cathode has a high electron temperature 7., which
enhances the OML collection of ions (Fig. 6(d)). Figure
7 shows deposition of clusters for three different distances
between the anode ring and the cathode. In general, the
larger the distance, the longer the clusters grow by OML
collection of ions and the bigger they become.

2.3.3 Gas dynamics influence

After a cluster is formed inside the condensation chamber,
it either diffuses to the chamber wall and lands there, or
may diffuse to the center of the chamber, follow the
drifting carrier gas, and leave the chamber through the exit
nozzle. A better understanding of how a cluster behaves
aerodynamically, would guide the design of a more
efficient cluster source which should minimise the
possibility of clusters landing at chamber wall hence
increase the portion of clusters forming a beam and being
deposited on a substrate. Assisted by aerodynamic
simulation, Sanzone et al. investigated how gas inlet
position and chamber shape configuration influence the
cluster flux, and disclosed some of the mechanisms related
to the cluster transportation in a confined condensation
chamber [35].
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Fig. 6 (a) Sketch of the early-stage cluster growth, occurring in Zone I in (c); (b) sketch of the OML collection of ions process, showing
a much larger cross section compared to the neutral case; (c) schematic drawing of the regions corresponding to different stages of cluster
growth. A movable anode ring is installed to tune the size of the second cluster growth region; (d) cluster growth rate for OML collection
ofions as a function of the electron temperature 7. The neutral collection rate (blue dashed line) is 2.8 nm-s ', while for the experimental
observed growth rate by OML collection of 470 nm-s™", 7, needs to be 1.7 eV. Reprinted with permission from ref. [58], copyright 2013,

AIP Publishing.
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Fig. 7 Scanning electron microscopy images and calculated size distribution for anode ring position at 30, 45, and 60 mm from the

hollow cathode. Reprinted with permission from ref. [58], copyright 2013, AIP Publishing.

It was found experimentally that the cluster flux is more
than 20 times higher when the carrier gas inlet is located
inside the magnetron sputtering source, comparing to when
it’s located at the rear of the chamber, even though almost 4
times higher sputtering power was used for the latter case
(31 Ws. 8 W). Overall, the former case is almost 80 times
more efficient in terms of cluster production. To investigate
the potential causes of this significant difference in cluster
flux, gas flow dynamics simulations were carried out.

The simulation results (Fig. 8) have shown that if the gas
is provided through the magnetron source itself, the

sputtered single atoms are distributed within a much
narrower space along the central axis of the condensation
chamber, which results in a local high number density of
single atoms, hence enhancing the cluster formation and
growth. For the other inlet configuration, where the gas is
introduced from the rear of the chamber, the sputtered
atoms are distributed more broadly in the chamber, which
can be translated into lower probability for the three-body
collisions to happen (Fig. 8(c)) due to lower number
density of single atoms. The three-body collision is the
critical step for cluster nucleation process. To design a
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Fig. 8 (a) Au single atom number density profile inside the condensation chamber in the case where the gas is provided from the rear of
the chamber (top) and from within the magnetron source (bottom). A logarithmic scale is used to show the number density distribution.
(b) Au single atom number density profile in a region close to the target surface, in the case where the gas is provided from the rear of the
chamber (top) and from within the magnetron source (bottom). A linear scale is used to show the number density distribution. (c) The
probability of Au atom—atom collision in front of the sputtering target, if the gas inlet is within the magnetron source (red cross symbol)
and at the rear of the chamber (gray dash symbol). Reprinted with permission from ref. [35], copyright 2021, AIP Publishing.

high-rate cluster production instrument, the carrier gas
should be injected into the condensation chamber at a place
as close to the sputtering target surface as possible to
reduce redeposition of sputtered atoms onto the sputtering
target and to increase atom-atom collision probability.
Four different geometries of condensation chambers
have been simulated (Fig. 9): two “standard” cylindrical
shapes with a cross-sectional diameter of 200 and 100 mm
and two conical shapes, both with a diameter of 100 mm,
one with an apex angle of 90° and the other one with an
apex angle of 60°. These simulations indicated, theoreti-
cally, that the conical design with a smaller apex angle is

the most efficient. By reducing the chamber diameter and
reducing the apex angle for the conical chamber, the gas
velocity profile was optimized in such a way that the gas
velocity close to the walls was increased. As a result, the
probability of attachment of clusters to the walls (and
hence lost from the cluster generation process) was
reduced. It was also experimentally proved that the new
design performs more than 5 times better than the standard
cylindrical design.

In addition, it was found that the measured cluster flux
increases monotonically with the sputtering power applied
and the Ar gas flow rate supplied, until the experiment was
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of different sizes are shown here: (a) 10 atoms per cluster, (b) 100
atoms per cluster, and (c) 1000 atoms per cluster. Reprinted with
permission from ref. [35], copyright 2021, AIP Publishing.

terminated at a sputtering power of 50 W and an Ar flow
rate of 150 mL-min"' [35]. Although it is almost
impossible to raise the Ar flow rate further as the plasma

Front. Chem. Sci. Eng. 2021, 15(6): 1360-1379

sputtering would breakdown, there is still a scope to
increase the sputtering power to 250 W. It is speculated that
the cluster throughput might increase exponentially when
the sputtering power is beyond 100 W, as the resulted high
number density of vaporised atoms would speed up the
formation of clusters. Further experiments are needed to
verify this hypothesis.

3 Pulsed microplasma cluster source

A PMCS (Fig. 10) was first introduced by Milani et al. [60]
and consists of a ceramic cell with two rods (the electrodes)
mounted on one axis of the cell, one being anode and the
other cathode. The cathode is the material that needs to be
vaporized to form clusters. Perpendicularly to the electro-
des, a solenoid pulsed valve provides inert gas, Ar or He, to
the cavity at a pressure of ~10 bar with pulses of a few
hundreds of microseconds [61] (Fig. 10(a)) and frequency
of ~5 Hz. When the valve is closed, the pressure inside the
PMCS is ~107 torr.

A PMCS is very similar to a PACIS [62-70]. From a
technical point of view, it differs from the latter in the
geometry of the nozzle, which is cylindrical only for the
PMCS, and in the space surrounding the cathode and
anode being much bigger, typically in the order of a few
cubic centimeters [71]. Like a PACIS, the PMCS has a
pulsed valve providing inert gas in a series burst of high-
pressure gas pulses. In a PMCS, however, the gap between
the cathode and anode does not face the pulsed gas valve,
which instead eject the gas directly toward the cathode
surface. When the gas pulse is in proximity of the cathode,
an electrical discharge is provided, typically with a
duration of ~50 ps. In this case, because of the gas
confinement on the cathode surface and of a much larger
volume available around the cathode, it produces a
localized plasma erosion on the cathode and sputters out
mainly neutral species [60,72]. Due to the non-uniformity
of the gas density around the cathode, different areas of the
target will have different sputtering yields [73]. To have an
even target erosion in the process, the cathode is attached
to a motor which makes it continuously rotating through-
out the process, always providing a fresh surface for the
next erosion pulse (Fig. 10(a)). The PMCS may be
equipped with a system of aerodynamic lenses, which, as
explained below, helps to focus the clusters into a
cluster beam and to even have a control on the cluster
size (Fig. 10(b)). Typically, a PMCS is installed in a
sequential pumping system to provide HV or UHV in the
deposition chamber (Fig. 10(c)). This provides sufficient
pressure difference between the cluster source and the
deposition regions, thus establishing a supersonic expan-
sion of the cluster-gas carrier mixture giving rise to a
supersonic collision-less cluster beam [74].

In a PMCS, cluster condensation occurs in a way similar
to a magnetron sputtering cluster source. The atoms
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Fig. 10 (a) Cross section of a PMCS, featuring the main constituents. Reprinted with permission from ref. [71], copyright 1999, IOP
Publishing. (b) 3-D sketch of a PMCS with a system of aerodynamic lenses mounted on the nozzle exit. The rod (cathode) in specifically
designed for the experiment in ref. [75]. Here a MoS, target needed to be eroded but, because of its mechanical fragility and electrical
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(c) Schematics of a PMCS (left) mounted on a typical supersonic cluster beam deposition system, showing the different sections in the
sequential pumping. Reprinted with permission from ref. [75], copyright 2015, IOP Publishing.

ablated from the cathode surface after the electrical
discharge thermalise in the high-pressure inert gas
surrounding the cathode. Because of the nature of the
process, which involves the sputtered atoms to be in a
high-pressure environment, there is a small percentage of
clusters produced being positively or negatively charged,
respectively around 10% and 2% of the total amount.
Clusters generated by a PMCS generally follow a log-
normal size distribution [60].

With the aim to focus and to size-control the clusters
deposited, Piseri and coworkers [76] implemented the
source chamber by adding a simple device, called focuser.
This element is a circular disk with eight holes drilled at the
circumference edge, designed to be mounted inside the
PMCS just before the nozzle. Only a small variable gap, in
the range of 0.2—0.5 mm, is left between the focuser and
the nozzle. With the employment of the focuser, the gas
and the clusters transported are forced to go through two
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sudden turns. The light particles, having a smaller inertia,
easily follow the gas streamlines. The heavy particles, on
the other hand, have bigger inertia and will follow paths
with radii of curvature much larger than the carrier gas
streamlines and thus they collide and deposit on the nozzle
walls. Clusters of intermediate size, behaving somewhere
in the middle of the two extreme cases stated above, focus
effectively on the nozzle axis. The influence of the focuser
on the cluster deposition is shown in Fig. 11, in which
Fig. 11(a) shows the photographs of carbon clusters
deposited using the PMCS with and without a focuser. Both
depositions have been performed under the same source
operating conditions. It is evident that the focuser increases
the intensity of the beam at the axis. With a quartz
microbalance at a distance of 300 mm from the nozzle,
cluster mass flux has been measured at 1.5-2 nm-s
and 3-5 nm-min™' respectively for the configuration with
and without the focuser. Atomic force microscopy (AFM)
measurements (Fig. 11(b)) also show a shift in cluster
diameter toward smaller value by ~30% if the focuser is
employed.
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Fig. 11 (a) Photographs of a cluster film deposited at 300 mm
from the source with (left) and without (right) the use of a focuser;
(b) histogram of the high magnification AFM results showing the
two size distributions for the focused and unfocused cluster
deposition, respectively in black and gray color. Reprinted with
permission from ref. [76], copyright 2001 AIP, Publishing.
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The results obtained are strongly dependent on the
pressure and on the gap between the focuser and the
nozzle, which also affects the pressure at the nozzle [61]. In
the case the pressure is lower, the cluster trajectory may in
fact diverge from the nozzle axis after crossing it, while for
higher pressures clusters will uniformly follow the
streamlines, resulting a poor focus. It has been proven
with simulations that the pressure at the entrance of the
nozzle depends on the gap between the focuser and the
nozzle. In particular, the smaller the gap, the lower the
pressure at the entrance of the nozzle. Therefore, by tuning
the gap it is possible to select the cluster size to be focused
(critical size). Figure 12 shows the dependence of the
critical size on the focuser-nozzle gap at different Reynolds
number, i.e. at different initial gas pressure in the PMCS,
prior to the focuser [77]. Decreasing the gap, which results
in decreasing the pressure at the entrance of the nozzle,
causes the clusters to experience less drag force from the
carrier gas. Bigger particles, with higher inertia, will then
diverge and the critical size decreases. Nevertheless, at
higher values of Reynolds number, the carrier gas becomes
“more viscous” (in real experiments it means higher initial
pressure), so the critical size increases as the gas can exert
the amount of drag force needed to keep bigger particles
close to the streamlines. To quantify the performance of the
focuser, simulations on the divergence of clusters with
different size and different starting position were carried
out by Vahedi Tafreshi et al. and results show that even if
the Brownian motion of clusters is taken into account, it
cannot suppress the focusing effect of the focuser [78]
(Fig. 13).

Following the same principle, a set of aerodynamic
lenses made up of several cylindrical sections with an

Critical diameter/nm

O — N W A L ® O

Fig. 12 Critical diameter as a function of the gap distance for
different values of the Reynolds number Re,. Reprinted with
permission from ref. [61], copyright 2002, Taylor & Francis.
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opening in the axis can be mounted after the nozzle
(Fig. 10(b)), with the scope of size-controlling the ejected
neutral clusters and of focusing them into a cluster beam.
Figure 14 shows a schematic of its working principle.
Analogously of the above-mentioned focuser, by tuning
the apertures of the lenses (the gap in the case of the
focuser) it is possible to “select” the size of the outgoing
clusters. Big particles, with a large Stokes number (St> 1),
have high inertia and are more resilient at following the
carrier gas streamlines. On the other hand, small particles,
with a small Stokes number (S¢< 1), follow very precisely
the gas streamlines, diverging whenever they diverge.
Only the particles with the desired size, i.e., St~ 1, will be
focused toward the beam axis and will exit in the form of a
collimated cluster beam [79-81].

Generally, a PMCS has great advantages such as high
particle flux, stability and high reproducibility [72]. Also,
the flux and size distribution of the produced clusters can
be controlled by changing process parameters such as
voltage applied to the cathode and pulse duration, the
pulsed gas valve opening time or frequency, or by
modifying the aerodynamic lens sequence or geometry,
the nozzle diameter or even the type of gas carrier
employed. It has been proven to be also versatile in the
production of different cluster material, such as C, Ti, Ni,
Fe, Si, W, Mo, MoS,, WS,, Au, Ag, Pt, Pd, Zr, and V. Due
to the sputtering process being catalyzed by a DC
discharge, the PMCS is less efficient in sputtering material
with poor electrical conductivity such as semiconductors
or insulators. Furthermore, another limitation is the low
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pulse frequency used to run the source, which seems
unhelpful to increase the cluster flux. However, if a higher
repetition rate is used, it would in fact result in the
overlapping of the gas pulses, and a much more efficient
pumping system would be required to retain an HV or
UHYV and the cluster beam supersonic expansion regime.

4 Matrix assembly cluster source

The MACS, based on a new principle of operation, was
first reported in 2016 [82]. Commonly in most cluster
beam deposition technologies, clusters are formed from the
atomic vapor condensation with the aid of a cold bath gas,
which allows the formation of dimers from three-body
collision processes. However, in a MACS (schematic

drawing shown in Fig. 15), clusters are formed in a cold
solid argon matrix. As reported in their first attempt to
scale up the cluster production with a MACS, a metal grid
is cryogenically cooled using liquid helium to temperatures
below 15 K (Fig. 15(a)). The grid is then exposed to an
overpressure of inert gas (Ar), along with metal atom
vapor, which is generated by thermal evaporation. The rare
gas and the metal vapor are condensed on the grid and form
a matrix, which is then eroded by an energetic Art ion
beam (energy ~1 keV) generated by an ion gun. This is
known as “transmission mode”, as the ion beam is applied
perpendicularly to the grid surface and clusters are ejected
from the opposite side of the grid (Fig. 15(b)). In this
operation mode, the cluster ejection efficiency is limited by
the grid transmittance, commonly ~37% [82].

To overcome this efficiency limitation, a cryogenically
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Publishing. (c) Schematics of a MACS in the “reflection mode™; (d) graphic representation of the Ar" ion beam impacting on the metal
and gas condensed matrix and eroded in the “reflection mode”. Reprinted with permission from ref. [9], copyright 2016, the Royal Society

of Chemistry.

cooled metal plate can be used in the place of the grid [9]
(Fig. 15(c)). The inert gas and the metal vapor are
condensed into a matrix on top of the metal plate. Once the
matrix is formed, an Art ion beam is emitted from an ion
gun and impacts the matrix from a tilted angle (Fig. 15(d)),
sputtering out the formed clusters which are then deposited
directly onto the substrate nearby. This is known as the
“reflection mode”. Both operational modes show a
relatively high fraction of clusters produced per incident
Ar* ion, of the order of ~1%. The clusters extracted in both
operational modes are mainly neutral, which hinders the
use of the technique if a finer cluster size selection is
required. Nevertheless, the reported cluster size distribu-
tions are relatively narrow, the typical FWHM of the
cluster diameter distribution being ~10% of the average
diameter.

The MACS also shows a high tunability of the ejected
cluster size. By increasing the relative amount of metal
loading inside the condensed gas matrix, a higher mean
cluster size is observed. Figure 16 shows the cluster mean
size, as extrapolated from high angle annular dark field
(HAADF)-STEM, depending on the metal concentration in
the condensed gas matrix in the case of Au [83]. By
increasing the metal content, it is possible to tune the mean
cluster size from a few atoms to ~1000 atoms per cluster.

Although the process has similarities to the more widely
used and better understood sputtering process, there are
several factors which would differentiate the two pro-
cesses, such as the bonding energy of the metal and the
solid gas as well as their mutual interaction, the relative
amount of the metal and the solid gas and the low
temperature of the matrix [84]. A major difference between
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the two processes is the presence in a MACS of another
physical mechanism, the heat spike sputtering. As a
consequence of the high energy exchange between the
impinging Ar" ion (energy 1 keV) and the metal doped
condensed Ar matrix (temperature 10 K), the temperature
may increase up to 10000 K, far above the boiling point of
Ar. These heat spikes would increase the sputtering yield
by several orders of magnitude [85]. The metal-metal
energy bond is, on the other hand, much higher than that of
Ar-Ar or metal-Ar. For this reason, the metal atoms
colliding with each other in the region of the heat spike,
induced by the high-energy impacting Ar* ions, are likely
to form a bond and stay attached, while the condensed Ar
boils and evaporates.

With the help of molecular dynamics (MD) simulations,
Zhao et al. proposed a model on the physical mechanism
behind cluster formation and ejection using a MACS [84].
According to this model, clusters do not form during the
condensation of metal vapor and inert gas on the
cryogenically cooled support (either flat surface or grid,
respectively for reflection or transmission mode), as the
atomic Kkinetic energy would be too low to provide
sufficient mobility for the metal atoms to collide and
form a bigger particle. Instead, it is during the Ar* ion
bombardment that the clusters form. The high energy
transfer and nonlinear cascade provided by the ion impact
would induce a heat spike which instantly evaporates the

surface Ar atoms present in the condensed matrix as well
as supplies the metal atoms with the kinetic energy
necessary to increase their mobility and, therefore, to
increase their probability to collide one another and form
bigger particles. These metal clusters are then eroded away
along with the evaporating Ar. In principle, a higher Ar*
ion current should lead to higher mobility of the metal
atoms, which means more metal-metal collisions and
therefore larger particles as well as higher cluster flux
(Fig. 17).

As the metal concentration in the condensed matrix
increases, the metal agglomerates also become bigger as
more metal atoms are involved in metal-metal collision
processes. Bigger clusters are more difficult to be knocked
off from the matrix, as they need a higher momentum
transfer in order to be sputtered away. Nevertheless, as the
metal particle is bombarded by the Ar* ion flux, its
temperature sharply increases and the cluster melts down.
During this process, it separates from the Ar matrix as it
boils the Ar atoms at the interface. It then rapidly cools
down to temperature below ~1000 K in approximately
1 ps, while it receives a momentum transfer from the
impinging Ar* ions. The metal cluster is therefore pushed
toward the matrix, which initially compresses and then
releases the accumulated elastic potential energy to the
metal cluster as it is knocked out from the condensed
matrix.



Giuseppe Sanzone et al.

Average size of Ag clusters/atoms

0 L 1 I 1 I 1
0 50 100 150 200

Number of Air ions

Fig. 17 MD simulation results on the average size of Ag clusters
varying the number of Ar' ions impacting the condensed matrix
for three different concentration of Ag: 5%, 10% and 20%.
Reprinted with permission from ref. [84], copyright 2017,
American Physical Society.

Other parameters which should be considered, espe-
cially if a MACS is operated in “reflection mode”, are the
angles of Ar" ion incidence and of cluster collection. It has
been reported [86] that decreasing the incident angle of the
ion beam (more grazing incidence) would not only shift the
cluster collection angle with the highest cluster yield
toward the normal to the surface (which could be
expected), but also increase the overall cluster flux
(Fig. 18). These results have been supported by MD
simulations, which show that the direct impact of Ar" ion
on the cluster lead to an energy transfer which sublimates
the Ar atoms surrounding the cluster, and then the cluster is
knocked out almost normal to the surface. In the case of Ar
sublimation from one side of the cluster (due to an ion
impact), the cluster is ejected at a preferential tilted angle.
On average, if all the possible random impacts at a fixed
ion beam incident angle are considered, MD simulation
results agree to a good measure to experiments.

Overall, the MACS looks very promising as a new
technology to scale-up cluster deposition. Since the cluster
mass flux is proportional to the Ar* ion beam current
applied and the ion sources available on the market is
capable of running with currents up to ~10 A, the cluster
beam mass flux in a MACS can potentially be as high as
10 g-h™' [9]. Cai et al. recently achieved a deposition rate
of Ag clusters at 10 mg-h' [87] using an Ar" ion beam of
~1 mA. To further prove the viability of a MACS, they
deposited Ag and Au clusters onto TiO, and Al,O5; powder
supports, effectively preparing catalysts at the gram-scale.
Two reactions have been studied: propylene combustion
on Ag/TiO, and Ag/Al,O; [87] and ozonation of
nitrophenol in aqueous solution on Ag/TiO, and
AWTiO, [88]. Although results of propylene combustion
are still poor compared to commercially available catalysts
prepared via chemical methods, the ozonation of nitro-
phenol catalytic activity of Ag/TiO, and Au/TiO, is shown
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to be at least on the same level of traditional catalysis on
the market, and no deactivation of the catalyst has been
observed even after five consecutive repeated experiment
with used samples.

However, the current MACS in fact works in a repeating
two sequential steps, first the gas condensed matrix
formation and secondly the ion bombardment-assisted
cluster deposition. The reported deposition rate is
measured when the matrix is bombarded by the ion
beam, not taking account of the much longer time needed
to form the matrix during which no cluster is emitted.
Another technical issue that hinders the further scale-up of
the MACS, is the contradictory requirement on tempera-
tures from the evaporation source (the higher the better)
and from the liquid helium cooled matrix (the colder the
better). As these two components sit inside the same
vacuum chamber, the thermal isolation has to be carefully
designed to minimise the heat radiation from the evapora-
tion source to reach the cold matrix. One solution could be
to replace the evaporation source with another type of
metal vapor source which does not involve high
temperature processes, but at the same time provides
sufficient metal atom flux. In this sense, the implementa-
tion of a magnetron sputtering device in the MACS could
resolve this issue, as the magnetron sputtering is classified
as cold plasma in which the sputtered ions and atoms have
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a temperature close to the ambient. This would signifi-
cantly reduce the thermal load in the system. The adoption
of magnetron device could also potentially make the
MACS to run in a continuous mode, which would pave the
way for the further scaling up of the MACS technique.

5 Conclusions and outlook

Cluster beam deposition technique has the advantage of
being solvent- and ligand-free, as clusters are prepared in
HV or UHV. They also boast high control over cluster
purity, size, and composition when compared with
chemical methods. However, the low deposition rate they
can currently achieve hinders the utilization of the physical
methods more widely for a model catalyst study on powder
substrate. Scaling up of cluster production is needed even
for laboratory scale heterogenous catalysis study, and there
is a much longer way to go to increase the throughput to
the entry level of industrial scale.

There are many technical approaches for the cluster
beam deposition technology. In this review, we selected
three variation of the cluster source techniques that are the
most promising for scaling up, and have given them an in-
depth introduction. Briefly, the MACS has the shortest
development history, but has demonstrated a convincing
cluster flux of ~10 mg-h™. Next, it needs to develop a
strategy to finely control the composition of alloy clusters
with the thermal evaporation device. For PMCS, the
cluster generation section (the cell) has the smallest
physical size among the three, which makes it very
appealing to integrate multiple cells together in parallel to
immediately multiply the production rate. Although
bimetallic clusters could be made using alloyed cathode
in a PMCS, the challenge is to find ways to improve the
composition control method. Another challenge needs to
be addressed is the low sputtering yield for materials with
poor electrical conductivity. In the case of SGAS, it has
been developed for nearly 30 years, and has demonstrated
a cluster flux as high as ~20 mg-h™" very recently. Using
individually controlled multiple magnetrons (MICS), it is
convenient to adjust the composition of alloy cluster by
tuning the sputtering power on each sputtering target. DC,
pulsed DC or RF power supply can be chosen to sputter
any material that is solid at ambient temperature, which
makes this technique very versatile. However, the cluster
formation process, from nucleation, growth to transporta-
tion within the condensation chamber, is still not well
understood, which makes it very challenging to system-
atically improve the cluster throughput.

Nevertheless, in the past decade, the production rate of a
cluster source has been increased by a factor of 20000,
from ~1 pg-h™ to the level of ~20 mg-h™', which enabled
the deposition of clusters on powders for model catalyst
study demonstrated by several heterogeneous catalysis
reactions. To further scale up the production rate of the
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cluster beam technology, two possible routes have been
envisaged. 1) Implementing a magnetron sputtering device
in the MACS would transform it and make it possible to
operate in continuous mode. Together with a more
powerful ion source, it’s not impossible to achieve a
production rate on the level of ~10 g-h™'. 2) For the
magnetron sputtering cluster source, it is estimated that a
pure conical geometry for the condensation chamber could
increase the cluster flux by up to 5 times when compared to
the current best-performing geometry. If a HiIPIMS power
supply is adopted for the pure conical geometry, it might
also achieve a production rate of a few gram per hour,
approaching the requirements of a potential industrial
application of nanoclusters, for example, as a high-
performance catalyst for a niche high added-value catalysis
chemical market.
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