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Abstract. Metal clusters and nanoparticles (NPs) have been studied intensively due to their unique chem-
ical, physical, electrical, and optical properties, resulting from their dimensions, which provided host of
applications in nanoscience and nanotechnology. Formation of new materials by embedding NPs into vari-
ous matrices (i.e. formation of nanocomposites) further expands the horizon of possible application of such
nanomaterials. In the last few decades, the focus was put on the formation of metallic and metal oxide
NPs via a so-called gas aggregation nanoparticle source employing magnetron sputtering (i.e. Haberland
concept). In this paper, an overview is given of the recent progress in formation and deposition of NPs
by the gas aggregation method. Examples range from noble metals (Ag, Au) through reactive metals (Al,
Ti) to Si and the respective oxides. Emphasis is placed on the mechanism of nanoparticle growth and
the resulting properties. Moreover, kinetic Monte Carlo simulations were developed to explain the growth
mechanism and dynamics of nanoparticle formation depending on the experimental conditions. In addition,
the role of trace amounts of reactive gases and of pulsed operation of the plasma on the nucleation process is
addressed. Finally, the treatment of the NPs in the plasma environment resulting in nanoparticle charging,

morphological and chemical modifications is discussed.

1 Introduction

Nanoparticles (NPs) have been the subject of intense
investigation in the last few decades due to their unique
size-dependent chemical, physical, electrical and optical
properties as compared to large micrometer-size parti-
cles or bulk material [1,2]. There are many ways of NP
generation, from “top-down” approaches, through wet
chemical methods, to plasma-based techniques [3]. Here
we consider only the latter ones, as they are considered
feasible for synthesis of NPs with tunable size distribu-
tion, morphology and chemical structure. Close attention
was paid in the literature to dusty plasmas, including
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e.g. hydrocarbon or fluorocarbon plasmas, dealing mainly
with larger NPs [4-7]. Moreover, gas aggregation sources
(GAS) have recently been utilized to obtain independent
control of the size distribution and flux of the metallic
NPs, being very efficient, in particular, for synthesis of
small NPs [8]. Various metallic and metal oxide NPs were
deposited using GAS [9-24]. There are also a number
of reports devoted to theoretical approaches to explain
the NP formation mechanism in GAS [25-29]. The GAS
approach can also be utilized for nanocomposite thin film
deposition by embedding NPs into growing polymeric or
oxide matrices, permitting easy and independent control
of filling factor and size of inclusions [22,30,31].

Despite intensive research over the years, the processes
inside the GAS leading to generation of metal and oxide
NPs with certain properties are not fully understood yet
and still require further investigations.

In the following paper, we report on the recent progress
in formation and deposition of NPs by the gas aggrega-
tion method. Examples range from noble metals (Ag, Au)
through reactive metals (Al, Ti) to Si. Emphasis is placed
on the mechanism of nanoparticle formation and their
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Fig. 1. Schematic drawing of the gas aggregation nanoparticle
source.

properties. Moreover, kinetic Monte Carlo (KMC) sim-
ulations were developed to explain the growth mechanism
and dynamics of cluster formation depending on experi-
mental parameters. Moreover, the role of trace amounts of
reactive gases and of pulsed operation of magnetron sput-
tering on the nucleation and growth process is addressed.
Finally, the “in-flight” plasma treatment of the NPs
resulting in nanoparticle charging, morphological and
chemical modifications is discussed.

This paper is organized as follows. First, in Section 2,
the details of a GAS source are given. Section 3 is devoted
to KMC simulations of the growth of NPs in a GAS.
Sections 4 and 5 are focused on the experimental find-
ing with noble and reactive NPs, respectively. Finally,
“in-flight” plasma treatment of Ag NPs is discussed in
Section 6, followed by a summary.

2 Gas aggregation nanoparticle source

The very original design of a GAS involved thermal evap-
oration, which served as a source of atomic metal vapors,
following subsequent condensation induced by a buffer
gas (typically Ar) [10,17,32]. Later, Haberland suggested
replacing the thermal evaporator by magnetron sputter-
ing to generate ionized metallic NPs [12]. A typical GAS
(also commercially available) consists of a tubular cham-
ber equipped with a direct current (DC) planar magnetron
which serves as a source of material (Fig. 1).

Usually, magnetron sputtering in a GAS is done at a
relatively high gas pressure (up to ~200Pa) needed for
efficient cluster formation. The process of NP formation
in a gas aggregation volume has several steps. First, atoms
are sputtered, thermalized by argon or an other inert
working gas, and dimer formation starts as a result of
three body collisions. In the second step, clusters grow
by atom attachment. When the clusters are big enough,
coagulation can contribute to NP growth [26]. Following
a co-axial gas flow towards the conical shape at the end
of the GAS, NPs are transported from the plasma zone
through a small orifice into the low pressure (typically
0.5-2Pa) deposition chamber. Here, the beam of NPs is
focused with almost no interactions among them. The
divergence of the beam is typically small (~5°-10°) and
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depends on both pressures in the GAS and in the depo-
sition chamber, as well as on the gas flow and dimensions
of the orifice [33,34]. In the deposition chamber, the
GAS-synthesized NPs can be collected on solid supports
or embedded into a host matrix using a co-deposition
technique and, thus, form nanocomposite thin films.

To tailor NP generation and deposition, the following
physical parameters of the GAS can be modified: dimen-
sions of the magnetron, aggregation length, orifice diame-
ter, shape, and length. Experimental parameters to be var-
ied are typically the following: magnetron power, gas pres-
sure/flow, target material and reactive gas admixtures.

3 Kinetic Monte Carlo simulations of the
growth nano-sized clusters in a GAS

The cluster growth in a GAS takes place on length and
time scales which are far out of scope of typical ab ini-
tio simulation methods. As has been discussed in a paper
by Abraham et al. in the same issue of this journal [35],
the most accurate simulations of nanocluster growth are
usually provided by atomistic molecular dynamics (MD)
in cases where elaborate MD acceleration techniques can
be applied [36]. However, we currently assume that only
statistical methods can handle the very complex dynam-
ics and large system sizes involved in the formation of
metal clusters in a GAS. Therefore, we developed a KMC
simulation model that is capable of expressing the evo-
lution of metal cluster growth in terms of fundamental
processes and corresponding rate constants [37]. Instead
of calculating complete trajectories of the particles, only
transitions between pre-defined system states are consid-
ered in KMC. If all relevant processes p; are Markovian,
the waiting times 7 between subsequent occurrences of p;
can be sampled from the exponential distribution

Fi, 1) = Miexp(—N\7), (1)

where )\; is the rate constant.

In the following, we give a brief explanation of the
implemented simulation model. For a complete descrip-
tion including all missing details and a proposition of a
KMC algorithm to account for time-dependent process
rates, we refer to reference [37]. A more general overview
of KMC is given in reference [38]. In Section 3.2, we dis-
cuss the simulated size distributions of emitted clusters
as a function of selected model parameters and compare
then with experimental results.

3.1 KMC simulation model

Making use of the radial symmetry of the aggregation
chamber, one central idea of the model is to perform the
simulations in a one-dimensional space, which effectively
represents the actual three-dimensional physical system.
The space is divided into slices with equal lengths and
radii (see Fig. 2 for illustration of the slicing and the
modeled processes) and is representative of a simple cylin-
drical geometry for the aggregation chamber. In principle,
more complex geometries may be modeled by varying the
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dimensions of slices in the space. Each slice is assigned
a locally uniform density n, for each particle species a.
The buffer gas is assumed to merely provide background
conditions which enter in the rate constants of the mod-
eled cluster processes. It has a constant density, n,, that
remains unaffected during the course of a simulation. The
sputtered free metal atoms are not modeled explicitly
either. Instead, a balance between the source (sputtering)
and drain (diffusion to walls, cluster formation) of free
atoms is assumed leading to a static density profile ny (2).

3.1.1 Description of clusters

As has been shown in previous KMC studies of metal
cluster growth, an appropriate way to reduce the compu-
tational effort is to dispense with an atomistic description
and employ a continuous description of clusters instead
[39-42]. We follow this approach and treat all clusters as
perfect spheres with a uniform density of atoms. Accord-
ing to the liquid-drop model, a cluster containing /N atoms
with the Wigner—Seitz radius g is assigned the volume

4
V= Ngrgvs. (2)

3.1.2 Nucleation

The nucleation of clusters is modeled by inserting dimers
into the simulation box. As a time-independent monomer-
density is assumed, dimers are the smallest clusters that
are explicitly modeled. This process is considered to
be memoryless. Its waiting times are sampled from an
exponential distribution, equation (1), with the rate

AN = Kn?nngva (3)

where K is a three-body collision constant and V is the
volume that is associated with a slice.

3.1.3 Transport

The motion of clusters is represented by subsequent hop-
ping events between adjacent slices, according to the
lattice Monte Carlo method presented in reference [43].
For that purpose, each cluster is assigned a size-dependent
time (t) to attempt a transition to another slice. A ran-
dom process is used to decide whether the cluster moves
forwards, backwards, or stays at its current position, with
the buffer gas drift velocity imparting a bias to move for-
ward towards the chamber’s orifice. Another transport
process has been implemented to account for clusters
which move diffusively and stick to the chamber walls.
This is a size-dependent process which occurs more often
for small clusters. Each cluster that reaches the chamber
wall is excluded from further simulation.

3.1.4 Growth

Two processes have been implemented to model the
growth of the clusters. All growth events lead to instan-
taneous updates of the cluster volumes according to
equation (2). The first process describes the attachment
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Fig. 2. Schematic of the 1D cluster growth model used in
our KMC simulations. The curves indicate the background
densities of gas atoms (ng) and free metal atoms [nm(z)].
The enlarged slice highlights the included processes and rates
(from top): cluster nucleation, atom attachment, coagulation,
movement, and wall diffusion.

of a free metal atom to a cluster when they collide. Due
to the strong metallic bonds, it is assumed that the stick-
ing probability is always one. The waiting times of the
collisions can be sampled from an exponential distribu-
tion. However, instead of incrementing the cluster sizes by
the addition of single atoms, larger jumps between cluster
sizes are simulated via the introduction of a size index,
where the number of atoms in a cluster is proportional to
the index raised to a power, N; o i¥. The waiting times for
the summarized atom attachment events are sampled from
an Erlang distribution [37]. Since fewer simulation steps
are needed to achieve large clusters the simulation time
for growth can be significantly reduced while maintaining
nearly full accuracy. For example, a cluster of 10° atoms
may be simulated in 103 steps with p = 2. In practice
however, the movement of clusters through the simula-
tion represents a bottleneck that reduces the improved
computation time to a net factor of 10.

The other process represents the coalescence of two clus-
ters after a collision. The corresponding rate for a collision
of a cluster with size N and another cluster of size M is
given by

ANM = NMKENM, (4)

where njs is the number density of clusters with size M,
and ks is a coagulation kernel. Estimating that the ratio
of the mean free path of clusters with respect to the buffer
gas and the mean distance between two clusters is less
than one, Ky can be expressed by a diffusion kernel
according to references [44,45]. As it is unlikely that a
collision of two clusters always leads to coalescence, the
algorithm contains a limitation of the sticking efficiency.
This is realized by claiming that coalescence only takes
place after a collision event if the radii of the colliding
clusters are below the value R which is sampled from the
log-normal distribution

f(R;p,0) = 557

1 (In(R) — w)*
Rovor exp l—} (5)
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Fig. 3. Influence of buffer gas pressure (a), flow rate (b) and temperature (c) on cluster size distributions as predicted by KMC
simulations [37]. Unless the figures indicate a variation of the parameters, the corresponding simulations have been carried out
at temperature 300 K, the buffer gas pressure 19 Pa and the Ar flow rate 15sccm.

with g = In(re/+/1 + 02/72) and 0% = /In(1+02/r2).
The mean r. and the variance a must be fitted to match
experimental conditions. Typlcally, the values of r. are on
the order of the critical cluster radius for which a cluster
undergoes a phase transition from liquid to solid.

3.2 KMC simulation results

In reference [37], comprehensive parameter studies have
been performed to test the KMC model and compare
with experimental results. Here, we concentrate on the
simulated size distribution of emitted clusters. The model
parameters were chosen such that they correspond to Cu
cluster growth in an Ar buffer gas with experimental con-
ditions similar to those presented in references [46,47]. If
we do not explicitly mention variations of the parameters,
all of the presented results have been obtained for the mag-
netron chamber length 12 cm, the temperature 7" = 300 K,
the buffer gas pressure 19 Pa and the Ar flow rate 15 sccm.

3.2.1 Buffer gas properties

In Figure 3 we show how the buffer gas properties affect
the size distribution. As clusters with less than 100 atoms
usually cannot be detected in experiments, we will not
discuss the peaks that occur for very small cluster radii
below 0.5 nm.

In Figure 3a, we find that an increase of the gas
pressure shifts the mean cluster size to larger values. This
primarily happens because of the following two reasons:
first, an increase of the pressure slows down the diffusion
and drift velocity of the clusters. Hence, the residence
time of the clusters in the chamber is extended, which
allows for more growth events to take place. Second, the
increased pressure also creates higher densities of free
metal atoms, which leads to higher nucleation and atom
attachment rates.

In Figure 3b, we demonstrate the influence of the buffer
gas flow rate. An increase of the flow rate results in larger
drift velocities and lower densities of free metal atoms. The
effects are, hence, opposite to the effects of increasing the
pressure. As the data show, the occurrence of a local peak
cluster radius can be completely suppressed by doubling
the flow rate from 15sccm to 30 scem.

In Figure 3c, we show that doubling the temperature
from 300 K to 600 K has a similar, but even stronger effect.
As the ideal gas law applies to the buffer gas, an increase
of pressure (holding temperature constant) drives up the
buffer gas density, effecting the processes mentioned above
with respect to Figure 3a. Conversely, increasing the tem-
perature with a fixed pressure means a decrease in the
buffer gas density and hence we expect the opposite effect
as that of increasing pressure (Fig. 3a). But temperature
also enters in other process rates that do not explicitly
depend on the buffer gas pressure as well. An increase in
the temperature leads to reduced movement times, nucle-
ation rates, atom attachment rates, and coagulation rates.
The effect on the nucleation rate is particularly strong as
it scales with T3.

3.2.2 Critical radius

Finally, in Figure 4, we show a set of results for different
values of the critical radius . and make a comparison with
experimental data from reference [46]. The melting point
depression of small clusters serves as the physical moti-
vation for a critical radius. Heuristically, we would not
expect two solid macroscopic clusters to coalesce upon col-
lision. We could, however, expect coalescence to be aided if
the clusters’ volumes or surfaces are molten upon collision.
The melting point depression model presented in reference
[48] permits clusters with radii <0.6 nm to be fully molten
and thus are ideal candidates for coalescence. With r., we
allow for larger clusters to coalesce as well. These clusters
are thought to have surfaces which are already in a liquid
state or which may gain enough energy in a collision event
to locally liquify, thus allowing coalescence.

According to equation (5), an increase of r. makes
it more likely that large clusters undergo coagulation.
Therefore, an increase of r. shifts the peak in the size
distribution to larger radii. At the same time, it becomes
noticeable for r. = 1.5nm and r. = 2nm that this also
leads to a minimum in the size distribution, due to a
depletion of clusters with intermediate sizes.

The best agreement with the experimental data is
achieved for r, = 2nm. Both the width of the peak
displaying the most probable cluster size and its posi-
tion are reflected by the simulation results. However, the
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Fig. 4. Dependence of the cluster size distribution on the crit-
ical cluster radius r. (see Eq. (5)) in KMC simulations and
comparison with experimental data from reference [46].

simulations predict too large probabilities for clusters with
radii below 2nm and the second peak of the experimen-
tal curve between 1 nm and 1.5nm cannot be reproduced
either. The reasons for these deviations remain to be found
in future investigations.

3.3 Concluding remarks on the simulations

For the choice of a specific computational method, one
always has to make a compromise between accuracy
and computation time. KMC is based on a strongly
coarse-grained description, but it allows for comprehen-
sive qualitative explorations of macroscopic phenomena.
Although the present model requires the introduction of
free parameters such as the critical radius, the relatively
short computation times allow one to find appropri-
ate values with the help of extensive parameter scans.
Another advantage of KMC is that it allows for systematic
improvements by implementing new processes or refining
the rate constants. As we showed above, the simulation
model in its current state already confirms experimental
observations to a large extent. Nevertheless, we expect
that better agreement can be achieved in the future by
implementing a mechanism for partial coalescence of clus-
ters and by finding more accurate expressions for the
sticking efficiency of clusters.

4 Deposition of noble metal (Au, Ag) NPs
and their nanocomposite thin films using a
GAS

An example of Ag NPs produced by GAS is demonstrated
in Figure 5 where a TEM image of sub-monolayer cov-
erage of NPs is shown together with the corresponding
size distribution [49]. To obtain low coverage and prevent
agglomeration of NPs on the substrate the deposition time
needs to be short (~1s in this case). Most GAS-deposited
NPs are nearly spherical in shape since they do not grow
in a diffusion-limited aggregation regime. Exceptions are
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NPs formed via agglomerations due to cluster—cluster col-
lisions in flight or on the substrate, if NP coverage is at
least one monolayer. Due to depression of the melting
point, clusters are in a liquid state in the GAS close to
the target surface. Bigger clusters are solidified, but ther-
mal energy, due to atom attachment and cluster—cluster
collision, is still sufficient to allow relaxation to a spherical
shape. However, complete re-crystallization is not always
possible and resultant NPs stay in a poly-crystalline form,
containing 2—4 nm sized domains corresponding well to the
expected solidification at room temperature.

Longer deposition times lead to the formation of
agglomerated porous films (Fig. 6). Such films are grown
by agglomeration of individual NPs that form linked net-
works with metallic bonds. Due to their high porosity,
such films, absorb light and, thus are black in color. GAS
deposition on solid supports results in a dark “spot” with
a round shape. The thickness of such a deposit has a
maximum in the center and gradually decreases toward
the edge. In our case, the profile of the deposit follows a
Lorenz shape with varying full width at half maximum
(FWHM) depending on the GAS pressure and orifice-
substrate distance (Fig. 6¢). However, the size and shape
of the deposited “spot” strongly depends on the experi-
mental parameters and the geometry of the GAS nozzle
[50]. NPs from a GAS are deposited in a soft landing
regime and have very low adhesion to the substrate surface
[51]. To improve surface adhesion, one can use electro-
static acceleration of charged NPs or embed them into
the matrix [20,31,52].

Generally, the size of NPs produced by a GAS can be
varied in the range up to ~100nm. The main parame-
ters influencing NP size are magnetron power (density of
sputtered atoms), gas flow (residence time in a GAS vol-
ume) and aggregation pressure (mean free path, number
of collisions). Figure 7 shows SEM images of Ag NPs hav-
ing different sizes. They were deposited using the same
GAS system operating at different Ar flow rates and pres-
sures, which dramatically influence the size of NPs. As
one can see, nearly monodispersed NPs were generated
(Figs. 7a, 7b) and the size of NPs can be varied in a broad
range by proper tuning of Ar flow and/or aggregation
pressure (Fig. 7c) as also predicted by computer simula-
tions (see Sect. 3). However, one should take into account
that in Figure 7c the aggregation pressure was varied by
varying a gas flow; thus, the influence of both parame-
ters (i.e. pressure and flow) on NP growth is important.
According to KMC simulations, gas flow and pressure
have opposite effects on the size of NPs (e.g. high flow
rate leads to small NP generation). Therefore, Figure 7c
demonstrates that Ar flow has a stronger effect on NP size
than the resulting aggregation pressure. So, GAS is a very
attractive tool for generation of NPs with a desired size
distribution and properties. Even without size filtering,
e.g. with a quadrupole mass filter [53,54], which drasti-
cally reduces the deposition rate, narrow size distributions
can be obtained together with high deposition rates.

Although the examples discussed above were based
on Ag NP formation and deposition, a GAS has sim-
ilar performance with other noble metals (e.g. Au, Cu
or Pt) [24,55-58]. Nevertheless, a certain “window” of
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Fig. 5. Deposited Ag clusters: (a) TEM image of single clusters from a very short deposition time (1s) at 50 W and 200 Pa,
(b) histogram with corresponding size distribution by numbers of clusters (adapted with permission from [49]).
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with permission from [49]).
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parameters (i.e. magnetron power, gas flow and pressure),
needs to be experimentally determined in order to get the
desired size or size distribution of the respective NPs. In
this case, the results of computer simulations (discussed
above) become particularly useful, giving hints on how the
parameters should be selected for desired NP properties.
The reason for differences in the required experimental
conditions for different metals relates to material specific
properties (e.g. melting point, sputtering yield, etc.) which
influence cluster nucleation and growth [26]. An example
of GAS-deposited Au NPs given in Figure 8 shows a UV-
vis spectrum together with SEM topography. Here, Au
NPs with a mean diameter of around 35nm show local-
ized surface plasmon resonance (LSPR) at around 525 nm,
which is in a good agreement with results reported in the
literature [59].

A combination of a GAS NP beam and a growing poly-
mer or ceramic matrix (e.g. metal oxide reactively or
radio frequency (RF) sputtered) provides an opportunity
for nanocomposite thin film formation. The advantage of
independent NP size variation and control over the deposi-
tion rate of the matrix allows one to create nanocompos-
ites with different filling factors and variable inclusions,
and therefore different properties [22,49,60-62]. However,
a few issues related to synthesis of nanocomposites using
co-deposition have to be mentioned here. First, if the
secondary source (source of a matrix) utilizes a plasma
discharge, like magnetron or RF plasma source, deflection
of the NP beam by electrostatic forces may occur, since
most of GAS generated NPs are charged [63]. In order to
overcome this problem, pulsing the matrix deposition can
be considered [22,31]. Second, nanocomposite thin films
formed via co-deposition in combination with a GAS typ-
ically have high surface roughness. The reason for this
is a strong size discrepancy of the single components of
deposited nanocomposite film (e.g. if GAS deposition is
combined with magnetron deposition, the size of a single
NP is much larger than the size of one atom) [64].

5 Reactive processes in a GAS and their
influence on generation of Ti-, Al- and
Si-based NPs

Although a GAS is a very efficient tool for NP synthesis
with tunable size distribution, reproducibility of NP
deposition is very often somewhat problematic. Mainly,
irreproducible behavior of GAS was observed for reactive
materials, like Al, Co or Ti. Very little attention has been
devoted to this aspect in the literature and only a few
reports addressed the stability of NP generation by GAS
[18,47,65]. We found that for Al and Ti NPs the deposition
rate is usually highly unstable and very often it completely
vanishes after longer operation of the GAS. Nevertheless,
restarting the cluster formation was possible by venting
the vacuum system, causing oxidation of the target sur-
face. Detailed investigation of this problem brought us to
the conclusion that generation of Ti NPs can be initiated
and controlled by admixing a very small amount of oxygen
[66]. Figure 9 shows the influence of an oxygen admixture
on the deposition rate of Ti NPs. Oxygen gas is needed to
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onto quartz substrate. Inset shows SEM image of GAS
deposited Au NPs. Deposition parameters: DC power 100 W,
Ar pressure 200 Pa, Ar flow 100sccm. UV—vis measurement
was done in the vacuum.
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Fig. 9. Influence of reactive gas (oxygen) admixture on Ti NP
deposition. Ar pressure is 150 Pa, Ar flow 80sccm (reprinted
with permission from [66]).

stabilize (chemically) small cluster seeds by formation of
TiO, compounds and thus sustain NP growth. However,
the amount of admixed reactive gas must be very small
to prevent target poisoning and a consequent decrease in
sputter rate and efficiency of NP growth. For the chosen
experimental conditions (i.e. Ar pressure, magnetron
power) there is an optimal amount of oxygen that is
needed for the highest deposition rate. A very small
deviation in oxygen flow can significantly influence the
rate and stability of NP generation, as shown in Figure 10
[67]. The problem of stability of NP generation relates
to the complicated reactive processes occurring in a GAS
volume during reactive sputtering. Those involve target
oxidation, oxygen consumption by growing NPs, oxygen
gettering by the Ti coated inner walls of the GAS, etc. [68].
All these factors may spontaneously change the balance
between the amount of reactive gas and the density of
sputtered atoms, leading to a drop in NP deposition rate.

In order to get better stability and reproducibility of
Ti NP deposition, pulsed DC (pDC) magnetron sputter-
ing can be utilized. pDC operation provides better control
over the hysteresis of reactive sputtering and, hence, sta-
bility of NP synthesis (see Ref. [69] for more details). It
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Fig. 10. Time evolution of Ti NP deposition rate with different
oxygen admixtures (reprinted with permission from [67]).
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Fig. 11. Huge increase in deposition rate of Ti-based NPs
using pulsed magnetron sputtering and HiPIMS. Optimum
oxygen concentration was always admixed.

was also found that pDC magnetron operation, in com-
bination with reactive gas admixtures, provides a huge
increase in the generation of Ti-based NPs compared to
continuous DC (¢DC) mode (Fig. 11) [70]. Such enhance-
ment is due to a large amount of Ti oxide compounds
formed on the target surface during “time-off” and subse-
quently sputtered at the power pulse at “time-on” when
applying pDC operation, the idea is to keep an equilibrium
between target surface oxidation and subsequent sputter-
ing of an oxide layer in the form of TiO, compounds which
serve as building material for NPs [70]. Utilization of high
power impulse magnetron sputtering (HiPIMS) provides
an even more enhanced deposition rate of Ti-based NPs,
reaching around 2.4 pym/min (more than 40 times higher
than ¢DC mode) (Fig. 11).

Obviously, one cannot expect pure metallic Ti NPs if
oxygen is involved in the growth process. However, XPS
characterization of TiO, NPs deposited by ¢cDC and pDC
modes shows that NPs contain around 50% and 20% of
elemental Ti, respectively [69,70].

At some point, using HiPIMS, we were able to synthe-
size Ti NPs without any oxygen admixture [71]. However,
the “window” of parameters permitting such deposition

Eur. Phys. J. D (2018) 72: 93

—— Ti NPs after deposition ("in-situ")

—— Ti NPs after oxidation

TiO,

Intensity (a.u.)
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Fig. 12. XPS measurements of Ti NPs deposited using
HiPIMS magnetron operation. No oxygen was added dur-
ing sputtering. Measurements were done in situ just after
deposition and ex situ after oxidation in the air.

was relatively narrow and the overall deposition rate was
relatively low, being comparable to continuous magnetron
operation. Detailed XPS investigation of such Ti NPs,
transferred under vacuum conditions to XPS, showed,
however, the presence of a small amount of Ti oxides,
which could be due to impurities in Ar gas used for
sputtering (Fig. 12). Exposure of NPs to the air leads, typ-
ically, to their complete oxidation and formation of TiOs.

The observed stability and enhancement of Ti NP
generation by admixed reactive gas can be attributed
to diatomic binding energies. In the case of Ti-Ti, the
binding energy is 1.2eV, while for Ti-O dimers it is
6.9eV, which ensures the survival of Ti-O compounds in
the plasma environment of a GAS that serve as cluster
seeds [66].

Figure 13 shows an example of Al NPs deposited using a
GAS. Here, in analogy with the behavior discussed above
for Ti, extra oxygen admixture was required to launch Al
NP growth. However, keeping oxygen flow at the lowest
possible level necessary for the stability of cluster seeds, we
were able to deposit highly metallic NPs showing intense
LSPR localized in the UV range (below 300 nm). The inset
SEM image (Fig. 13) shows nearly monodisperse, highly
crystalline Al NPs with an average diameter of 80 nm. By
tuning experimental parameters, the size of the NPs can
be easily varied and leads also to a shift of the plasmon
resonance peak position [62]. The LSPR of Al NP and its
tuning can be used for applications in plasmon-enhanced
UV photocatalysis [72].

Deposition of Si/SiO, NPs was realized using a GAS
with magnetron sputtering from a Si target and addi-
tional oxygen admixture needed to promote NP growth
[73]. To enhance the deposition rate of Si-based NPs, pDC
sputtering was utilized. Figure 14 shows a comparison
of deposition rates for cDC and pDC magnetron opera-
tion as a function of the oxygen admixture flow rate. As
one can see, pDC provides much higher efficiency of SiO,
NP generation due to sputtering for SiO, compounds
directly from the target surface (same as for Ti, dis-
cussed above). Moreover, cDC magnetron operation shows
stronger hysteresis of the deposition rate of NPs.
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Fig. 13. Transmittance UV—vis spectrum of Al NPs deposited
onto quartz substrate. Inset shows SEM image of GAS
deposited Al NPs with average diameter 80nm. Deposition
parameters: cDC power 100 W, Ar pressure 30 Pa, Ar flow
5scem.
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Fig. 15. SEM images of SiO, NPs deposited by a pDC GAS
with different oxygen flow rates: (a) 0.05sccm, (b) 0.1sccm.
Power 50 W, discharge frequency 40 kHz, duty cycle 50%, Ar
115 scem (200 Pa).

SEM images of SiO, NPs deposited at different Os
admixtures are shown in Figure 15. As one can see, higher
oxygen admixture results in more numerous and smaller
NPs compared to NPs obtained when using lower admix-
ture. The reason for that can be explained as follows. Os
flow rate (or amount of Og) determines how many sta-
ble nuclei for NP growth can form (same idea as for Ti
or Al). When the Os flow rate is higher, there should be
more stable nuclei forming and, thus, the growth of the
NP will be limited by the amount of sputtered material
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available per growing nucleus. As a result, small NPs of
relatively narrow size distribution will be formed. On the
other hand, when the Oy flow rate is lower, fewer nuclei
form and, thus, the growth of clusters is not limited by the
amount of material available for growth. Thus one expects
that NPs will be less numerous, relatively large, and of a
relatively wide size distribution.

A similar effect on NP size distribution was observed
also for the applied magnetron power (namely, higher
power led to generation of smaller NPs) because of the
misbalance between available nuclei and the amount of
sputtered material.

The influence of Oy admixture on Si-based NP chemical
composition was investigated by means of XPS. Quanti-
tative analysis of the surface composition of a NP film
revealed that in the case of 0.05sccm oxygen flow, the
fraction of elemental Si was around 19.5%, while 0.1 sccm
of Oy flow led to higher oxidation of NPs with elemen-
tal Si of only ~4.5%. However, XPS is a surface sensitive
technique and yields information about the topmost lay-
ers of the sample, and, since measurements were made ex
situ, the oxidation of NPs could have taken place outside
the deposition chamber. Therefore, the investigated NPs
might have obtained a core-shell structure with a greater
amount of elemental Si in the core and with an oxide shell.
In any case, the more pronounced Si peak at lower Os
admixture suggests that the chemical composition can be
controlled by the extent of Oy admixture.

6 “In-flight” plasma treatment of Ag NPs

Fabrication of advanced nanomaterials with desired prop-
erties is always of high interest. One approach to get
such materials is plasma treatment or the modification
of existing ones. We investigated plasma treatment of Ag
NPs in an RF hollow cathode (HC) plasma, as shown in
Figure 16. Here, Ag NPs synthesized by a GAS (same
as shown in Sect. 4) passed through an RF plasma dis-
charge, thus being treated “in-flight”. More experimental
details can be found in [74,75]. Very interesting results of
NP interaction with Ar plasma were obtained, especially
concerning NP charging and surface treatment. We found
that at low RF power, most of the NPs passing through an
RF argon plasma are negatively charged, and only a very
small fraction are positively charged or neutral. However,
increasing RF power leads to an increase in the fraction of
positively charged NPs due to a higher total energy flux
to the NP surface and, as a result, a higher probability for
the thermoemission of electrons [75].

The charging of Ag NPs in the plasma region influ-
ences their deposition. It was shown that a NP beam
is disturbed due to electrostatic forces and, as a result,
the deposition profile can be varied by varying the RF
power (e.g. the beam of NPs can be deflected completely
or well-focused onto the substrate) [75].

A Langmuir probe was utilized to characterize the influ-
ence of the NPs on the RF discharge. Figure 17 illustrates
that with increasing magnetron power, i.e. with increas-
ing number of NPs in the plasma (see above), the electron
density decreases while the electron temperature increases
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Fig. 16. Scheme of the experimental setup used for “in-flight” NP treatment by an RF hollow cathode. A retarding system
was installed for the characterization of the charge distribution of NPs (reprinted with permission from [75]).
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Fig. 17. Plasma parameters obtained by Langmuir probe mea-
surements in the presence of different concentrations of Ag
NPs. The dotted blue line indicates the deposition rate. The
power of the RF discharge was fixed at 7W (reprinted with
permission from [75]).

slightly. The drop of the plasma density with an increasing
number of NPs is explained in terms of electron capturing
by NPs, which are further transferred out of the discharge
zone.

Similar experiments on “in-flight” plasma treatment of
Ag NPs showed that the chemical composition of silver
NPs can be modified or they can even be completely
oxidized in a reactive oxygen plasma. Figure 18 shows
the optical properties of Ag NPs that passed through an
argon plasma (solid curve) and an oxygen plasma (dashed
curve). The shift in plasmon resonance indicates oxidation
of Ag NPs because of oxygen plasma treatment. (One can
speculate that, in the example shown in Figure 18, a very
small core of the NP still remains metallic because the
LSPR is still present in the UV region; however, stronger

100 T T T T T
—— Ag metal NPs
oo Agoxide NPsl
90+ e
80+

70+

60 4

Transmittance (%)

50" 4

300 400 500 600 700 800
Wavelength (nm)

Fig. 18. Transmittance UV-vis spectra of Ag clusters that
passed through a hollow cathode discharge with Ar plasma
(solid) and oxygen (O2 to Ar ration is 1:15) plasma (dashed).
The blue shift in the plasmon resonance is due to NP oxidation.

oxidation can be obtained by tuning of the plasma param-
eters.) Additional information provided by XPS analysis
confirmed that Ag NPs are heavily oxidized after oxy-
gen plasma treatment. First, results of silver ion release
showed an enhanced rate of ion release from plasma oxi-
dized Ag NPs during the first couple of hours, compared to
similar metallic NPs. The observed effect of enhanced ion
release could be beneficial for medical applications requir-
ing, e.g. very fast and intensive treatments of wounds.

The combination of a GAS and a secondary plasma
source like the HC, discussed above, is not restricted
to “in-flight” plasma treatment of Ag NPs and opens
prospects for synthesis of new nanostructures with unique
properties. For instance, admixture of organic vapor into
Ar HC plasma will promote plasma polymerization and,
as a result, formation of core-shell NPs with a metallic
core coated by a polymeric shell.
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Fig. 19. TEM image of Ag/HMDSO multi core-shell NPs pre-
pared by GAS source by controlled addition of HMDSO to the
Ar gas during magnetron sputtering of Ag in a GAS. Depo-
sition parameters: total working pressure 200Pa, HMDSO
concentration 0.45%, RF power 50 W.

A vparticularly striking example of the plasma-based
formation of core-shell NPs is the fabrication of multi-
ple core-shell particles shown in Figure 19. Here several
Ag NPs were incorporated into a hexamethyldisiloxane
(HMDSO) plasma polymer layer by controlled addition of
HMDSO to the Ar gas during magnetron sputtering of Ag
in a GAS. Details are reported elsewhere [76].

7 Conclusions

This paper gives an overview of the recent achievements
in metal and metal oxide NP generation by a GAS based
on magnetron sputtering. It was shown that GAS has the
ability to synthesize of various types of NPs with desired
properties. In particular, tailoring NP size and size dis-
tribution in a very broad range makes it attractive for
deposition of nanocomposite thin films. Although a GAS
is a very efficient tool for synthesis of noble metal NPs,
reactive materials are very often problematic with respect
to generation efficiency and reproducibility of deposition.
Thus, a number of questions related to the reactive pro-
cesses in GAS leading to NP formation, stability of their
deposition and, in particular, huge efficiency of NP gen-
eration using pulsed sputtering have been clarified here.
Moreover, fabrication of advanced nanomaterials with
desired properties by using an external plasma source in
combination with NP beam deposition (e.g. “in-flight”
plasma treatment of NPs) was discussed.

Presented here are selected results gathered over the last few
years within the framework of the collaborative research center
(CRC) Transregio (TRR) 24 dealing with plasma-based growth
and deposition of NPs and nanocomposite thin films by means
of a GAS. The work was supported by the DFG through the
projects B13 and A5 of the SFB TRR 24.
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