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Abstract

In this study, in situ UV–Vis spectroscopy is used to investigate the growth and

transport of nanoparticles inside a gas aggregation source (GAS) dependent on

the Ar gas flow and operating pressure. It was found that the nanoparticles

were becoming trapped at different positions inside the GAS dependent on the

gas flow. Moreover, in situ UV–Vis spectroscopy suggested the presence of

large nanoparticles inside the GAS, which were not observed outside. Com-

putational fluid dynamic si-

mulations were performed to

study the velocity distribution

inside the GAS. Three distinct

areas were identified, where

nanoparticles can become

trapped or lost. The gas flow

velocity distribution was

found to strongly impact the

transport of nanoparticles.
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1 | INTRODUCTION

Metal nanoparticles (NPs) have received considerable
attention over the last decades due to their unique
properties in comparison to the properties of bulk metals,

resulting in high application potential in many fields like
catalysis,[1] photocatalysis,[2–6] optics,[7] resistive switch-
ing,[8–15] and sensors.[16–20] In particular, the optical
properties of noble‐metal NPs are highly interesting due
to the presence of localized surface plasmons,[21] and
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various applications are possible including molecular
fluorescence,[22] solar cells,[23] and surface‐enhanced
Raman spectroscopy.[24] Furthermore, molecularly la-
beled NPs that bond specifically to cancer cells were used
for selective hyperthermia therapy of cancer cells without
harming healthy cells.[25] Another field of application for
noble‐metal NPs and especially silver NPs is antibacterial
coatings for medicine, construction industry, clothing,
and also food packaging.[26] Here, their high surface‐to‐
volume ratio enables fast ion release, which leads to
tailored antibacterial properties.

There are several ways to produce metal NPs using
either chemical, biological, or physical approaches.
Chemical methods commonly use surfactants, which has
the major disadvantage that the NPs created are con-
taminated by surfactant molecules.[27] A physical vapor
deposition approach to produce NPs is gas‐phase synth-
esis in a “gas aggregation cluster source” (GAS). Many
different kinds of GAS have been developed from the
early 1970s based on for example, erosion techniques,
effusive method, and supersonic jet expansion.[28–30] In
1992, another physical vapor deposition method for the
synthesis of NPs was proposed by Haberland et al.[31] In
this approach, a DC magnetron is used in a GAS, where
the sputtered atoms condensate in the gas phase in the
presence of inert gas. Henceforth, the abbreviation GAS
always stands for a Haberland‐type GAS.

In the GAS, the particle size can be tuned by various
parameters, including the ratio of sputtering and cooling
gases, the addition of molecular gases, the gas flow, the
operating pressure in the aggregation volume, magnetron
power, and the overall source geometry. All of these
parameters influence the underlying processes of cluster
formation from the nucleation up to the transport of
NPs.[32] Furthermore, it is commonly reported that the
sizes of NPs synthesized with GAS can also be tuned by
varying the aggregation length.[33–36] This supports the
common textbook understanding of the NP synthesis
inside such GAS. It is known that after a stable nucleus is
formed, it can grow while being transported toward the
orifice by condensation of sputtered atoms or by coales-
cence with other nuclei or NPs.[31,32,37] Regarding the
transport of NPs inside the gas, it has been reported
many times that the movement of NPs inside a GAS is
caused by the drag force from the inert gas.[31,35,38,39]

Nevertheless, recent publications reported the trapping
of NPs inside a GAS, indicating that a fraction of NPs is
not able to leave the GAS.[40–42]

To understand the NP growth and transport men-
tioned above, in situ investigations are necessary.
Small‐angle X‐ray scattering[40,41] and in situ UV–Vis
observations were used to analyze the growth and
transport inside the GAS.[42] These studies reported that

NPs become trapped in the close vicinity of the
magnetron due to a complicated interplay between
different forces (Figure S1). However, this contradicts the
simple theory of NPs linearly growing alongside their
paths through the GAS.

In this study, the ongoing processes inside the GAS
and the origin of the trapping of NPs inside the GAS are
studied in more detail. Therefore, the influence of dif-
ferent Ar flows on the transport and growth of NPs are
investigated in situ using UV–Vis spectroscopy. While in
recent works the main attention was focused on in-
vestigations of trapping at a specific gas flow and pres-
sure,[40–42] in this study, the impact of different
geometrical parameters and gas flows on the trapping
behavior inside the GAS is investigated. In particular,
this study focuses on the aspects of NP growth and
transport in relation to aggregation length and gas flow
dynamics.

To determine how the trapping of NPs inside the GAS
is influenced by the gas flow, in situ UV–Vis measure-
ments combined with quartz crystal microbalance
(QCM) measurements at different magnetron‐to‐beam
distances (M‐B distances) are performed (Figure 1).
These results are complemented by scanning electron
microscopy (SEM) measurements of the synthesized NPs
and target surface, profilometer measurements of the
target surface, and computational fluid dynamic (CFD)
simulations inside the GAS. From these results, we de-
veloped a hypothesis on the trapping behavior of NPs in a
Haberland‐type GAS.

FIGURE 1 Schematic of the experimental setup. The GAS is
equipped with a magnetron for adjustable aggregation length.
Using this, the M‐B distance can be adjusted because the UV–Vis
optics is at a fixed position, but the aggregation length of the
magnetron can be varied. The light beam of the UV–Vis is 1.4 cm in
diameter. The Ar gas inlet is located between the magnetron main
body and the ground shield. Hence, the ground shield projects over
the magnetron main body, and the Ar gas streams directly over the
target surface. GAS, gas aggregation source
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2 | EXPERIMENTAL DETAILS

The experiments are performed using a custom‐built gas
aggregation source equipped with a 2‐in. magnetron for
adjustable aggregation length (Thin Films Consulting;
Ionix) with a 2‐in. Ag target (99.99% purity, Kurt
J. Lesker). The main vacuum chamber is pumped by a
turbo molecular pump (TMU 261, 210 L/s; Pfeiffer) to-
gether with a dry scroll vacuum pump (SH‐110; Agilent
Technologies), and the GAS is connected to the main
chamber via an exit orifice (3‐mm diameter). The argon
gas is injected into the GAS through the magnetron
ground shield, allowing for gas delivery directly to the
target surface (Figure 1). The flow is controlled using a
gas flow controller (1179BX22CM1BV with 200 sccm
range; MKS Instruments Deutschland GmbH) and ad-
justed to 24, 60, 96, and 120 sccm with the corresponding
pressures of 49, 113, 177, and 220 Pa inside the GAS. The
power supply (MDX 500; Advanced Energy) of the
magnetron was operated at 100W for all experiments.
The GAS is equipped with two quartz windows and a
UV–Vis spectroscopy setup (Light source: Deuterium/
Halogen lamp DH‐2000BAL; Detector: Ocean Optics, HR
4000CG‐UV‐Nir; Ocean Optics). The light beam diameter
of the UV–Vis spectroscope is 1.4 cm. To measure the
transmission at different M‐B distances, the aggregation
length was adjusted with the magnetron. The M‐B dis-
tance of 0 cm corresponds to the closest possible distance
between the magnetron and the light beam without
cutting the light beam with the ground cap of the mag-
netron. Since the direct optical emission lines do not
contain additional information, these lines were removed
to increase the visibility of the plasmonic absorption. As
substrates, P‐doped, (100)‐oriented Si wafer pieces with
native oxide (cut to 1 × 1 cm²; SiMat) were used. SEM
analysis was performed using a Zeiss Ultra Plus
microscope.

The flow simulations were conducted using the
commercially available software Siemens STAR CCM+
15.04.010 R8. Further details about the CFD simulations
can be found in the Supporting Information.

3 | RESULTS AND DISCUSSION

In the first part of the work, the time evolution of the
localized surface plasmon resonance (LSPR) of Ag NPs
inside the GAS for an Ar flow of 24 sccm and an M‐B
distance of 3 cm to the target will be exemplarily dis-
cussed. In Figure 2a,b, transmittance UV–Vis spectra are
shown and presented in two different ways. Figure 2a
shows the spectra from 0 to 30 s in 5 s steps as a con-
ventional two‐dimensional (2D) plot, where the different

spectra are offset by 5% to increase the visibility of the
evolution of the LSPR. The same spectra are also con-
tributing in Figure 2b, where the transmittance is re-
presented by a color bar; on the X‐axis, the wavelength is
shown, and on the Y‐axis, the time is shown. This makes
it possible to include all spectra between 0 and 30 s in one
plot. With time, the LSPR of the Ag NPs undergoes a
strong red shift from ∼360 to ∼380 nm, the absorption
increases from ∼1% to ∼9%, and also the peak broadens.
A red shift together with peak broadening of the LSPR
indicates that the NPs are growing over time.[43,44] In this
case, the red shift of the LSPR and the peak broadening
are related to the depolarization phenomenon.[45,46] This
observation indicates that the nucleation and growth at
the beginning of the NP formation have not reached a
stable equilibrium, which is in good agreement with the
theory of NP growth inside a GAS.[32,40–42] After a stable
nucleus is formed, it can grow further by condensation of
sputtered atoms on the NP surface,[32] which provides a
possible explanation for the observed time evolution in
the spectrum.

To estimate the diameter of NPs, extinction cross‐
sectional area estimations based on the dissertation of
Steven J. Oldenburg[47] are performed. Here, the full
vectorial solution to Maxwell's equations is solved with-
out approximation for the problem of light scattering at a
homogeneous sphere. The resulting extinction cross‐
sectional area is a superposition of the absorption cross‐
sectional area and the scattering cross‐sectional area. In
this case, only the extinction cross‐sectional area is of
interest because the UV–Vis measurements only show
reduced transmission without differentiation between
light scattering and absorption. From these estimations,
it turned out that Ag NPs with a diameter of 40 nm have
the maximum extinction cross‐sectional area at 360 nm,
and NPs with a diameter of 70 nm have the maximum
extinction cross‐sectional area at 380 nm under vacuum
conditions and a broader peak (Figure 2c).[47] The com-
parison with the UV–Vis data indicates that the NPs in
our experiment should have a size of ∼40 nm in the early
growth phase and increase up to ∼70 nm after ∼25 s of
continuous magnetron operation in GAS. Nevertheless,
such large NPs were never observed on the substrate
located outside the GAS in front of the orifice. Although
the comparison of the UV–Vis data with the estimations
in Figure 2c indicates the presence of large NPs up to
70 nm, this does not exclude the presence of smaller NPs
because the UV–Vis signal is a superposition of the in-
teraction of the incoming light with several NPs, which
may have different sizes. SEM micrographs indicate that
the mean diameter of the extracted and deposited NPs is
∼15 nm and the largest NPs were ∼35 nm (Figures 2d
and S3). This implies that the NPs with diameters larger
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than 35 nm, whose presence inside the GAS is predicted
based on UV–Vis, can, for some reason, not leave the
GAS. Thus, they are either deposited on the inside walls
of the GAS apparatus or redeposited onto the target.
Considering that the UV–Vis data indicate that large NPs
are present in close vicinity to the magnetron, there must
be some forces that prevent the NPs from leaving the
GAS. Since the UV–Vis light beam passes through the
center of the GAS, the NPs would be expected to be
transported perfectly by the drag force from the Ar gas
outside the GAS. Nevertheless, the phenomenon of large
NPs inside GAS that were not able to leave the GAS is
known and is referred to as the trapping of NPs.[40–42]

The observation of an evolving LSPR in the vicinity of
the target surface implies that NPs of considerable sizes
are formed already close to the target. This is consistent
with earlier observations by Kousal et al.[41] and
Shelemin et al.,[40] who applied synchrotron radiation to
perform small‐angle X‐ray scattering experiments. They
found that the NPs grow over time and that large NPs
become trapped due to electrostatic force interactions
with the charged NPs in close vicinity to the target.

In the second part of this study, NP trapping will be
discussed in more detail. To gain an understanding of the
location at which the majority of NPs are trapped (i.e.,
trapping position), the following experiment was

FIGURE 2 UV–Vis spectra showing the time evolution of the LSPR of Ag NPs with a flow of 24 sccm and an M‐B distance of 3 cm. The
spectra are offset by 5% to increase the visibility of the LSPR. (a) The color map shows the data of (a) together with all other spectra recorded
between 0 and 30 s. It can be seen that the LSPR undergoes a red shift over time and the absorption increases, which is related to the growth
of NPs and the density of NPs. (b) Estimated extinction cross‐sectional areas for NPs with sizes of 40 and 70 nm dependent on the
wavelength are shown for comparison with the results of the UV–Vis measurements. (c) The histogram shows the size distribution of NPs
deposited on a Si substrate outside the GAS at 24 sccm and an M‐B distance of 3 cm. The inset shows an image section of an exemplary SEM
image that was considered for the histogram (d). GAS, gas aggregation source; LSPR, localized surface plasmon resonance; NP, nanoparticle;
SEM, scanning electron microscopy
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performed: The M‐B distance was varied by adjusting the
position of the magnetron. In addition, the argon gas
flow was varied, which in turn impacted the operating
pressure inside the GAS.

Figure 3 shows the UV–Vis spectra for flows of 24 (a)
and 60 sccm (b) at different M‐B distances at 30 s of
magnetron operation. For 24 sccm, it can be clearly seen
that the maximum absorption is at an M‐B distance of
1 cm. On the other hand, the maximum absorption for a
flow of 60 sccm was found at 3 cm. In particular, the
observation of a maximum in LSPR in the close vicinity
to the target surface is deviating from the common theory
of NP growth and transport, which assumes continuous
growth of NPs along their transport path.[32]

Considering that considerable NP growth is already
finished in the close vicinity of the target and that the
particles do not get lost, the UV–Vis signal must not
change when the M‐B distance is changed. Assuming
that the particles are growing over their whole transport
path from the magnetron to the exit orifice, the trans-
mittance in the UV‐Vis signal must decrease and the
wavelength has to increase. This has to be the case, be-
cause with growing size of NPs, the LSPR is red‐shifted
and broadened, and the extinction cross‐sectional area is
also increasing (Figure 2c).

This is not the case, and indicates that particles are
becoming trapped at different positions, depending on the
gas flow and pressure. Accordingly, the common theory of
steady nucleation, growth, coalescence, and transport
needs to be extended by including the possibility that
particles become trapped inside the GAS. In fact, the ob-
servations of a maximum in LSPR in the vicinity to the
target surface imply that trapping is a highly important
component of the overall NP formation process and hence
has to be considered in an updated theory.

The data in Figure 3 show that a higher gas flow
directly affects the trapping behavior of the NPs in the
GAS. The maximum absorption for 24 sccm at an M‐B
distance of 1 cm is ∼24% and that for 60 sccm at an M‐B
distance of 3 cm is ∼6%. Since the transmittance is de-
creased in the same wavelength range, one can assume
that the size distributions are also close to each other.
This allows the assumption that the absorption is related
to the amount of NPs; this means that a significantly
smaller amount of NPs becomes trapped with higher gas
flows. When the flow is increased to 96 sccm or even up
to 120 sccm, almost no absorption due to the LSPR of the
Ag NPs can be found (Figure S2). This implies that the
higher drag force, which originates from the higher gas
flow in combination with higher pressure, can release
more of the trapped particles out of the trapping region.
This was also proven by QCM measurements (Figure 3c),
which have shown an increased deposition rate for in-
creasing flows. The plot shows that for a constant power
of 100W, the deposition rate increases with gas flow
from 24 to 120 sccm and is 34 times higher for 120 sccm
than for 24 sccm. This indicates that more NPs are re-
leased from the GAS, even when the same power was
applied to the target.

In a conventional GAS deposition experiment with a
fixed exit orifice diameter and pumping rate, any in-
crease in gas flow results in an increase in pressure inside
the GAS. This can also change the growth of the NPs.
However, the NPs outside the GAS are still in the same
diameter range for 60 sccm as for 24 sccm (Figure S3).
The fact that the NPs' size distributions for 24 and
60 sccm are close to each other even when the deposition
rate for 60 sccm is already reasonably higher than for
24 sccm implies that the increase in drag force is only
able to release the smaller NPs out of the “trapping”

FIGURE 3 UV–Vis spectra at 24 (a) and 60 sccm (b) at different M‐B distances after discharge was switched on for 30 s. The spectra
have an offset of 20% for 24 sccm and 5% for 60 sccm. It turned out that for 24 sccm, the highest absorption was found 1 cm away from the
magnetron, which is referred to as the trapping region. In contrast, the trapping region for 60 sccm was found at 3 cm. Dependence of the
deposition rate of Ag NPs on the Ar flow measured with a QCM can be found in (c). Depositions were performed at a constant magnetron
power of 100W. The values are given together with standard deviation error bars. NP, nanoparticle; QCM, quartz crystal microbalance
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region because, otherwise, one would expect that also
NPs of up to 70 nm or at least 40 nm would be found on
the substrate, whose presence was indicated by UV–Vis
spectroscopy in the gas phase. To furtherinvestigate the
"trapping" of NPs and to figure out how big the earlier
mentioned forces acting on the NPs are, further research
with novel methods has to be conducted. Especially the
question why big NPs of up to 70 nm can not escape the
GAS but were found with the UV‐Vis investigations can
only be answered, when the force equilibrium of the NPs
is further investigated.

To identify the potential trapping locations inside the
GAS, in the third part of the work, CFD simulations were
performed using the commercially available software
“Siemens STAR CCM+15.04.010 R8.” Before discussion
of the CFD results, the conditions for trapping or loss of
particles have to be defined. In the context of this study, a
loss region is indicated by a velocity magnitude of 0 m/s
or close to 0m/s (<0.02m/s). If an NP is entering a re-
gion with a gas velocity close to 0m/s, the drag force that
is forcing the NPs to leave the GAS through the orifice is
missing and the NPs will potentially collide with the
chamber wall. Therefore, the regions with a gas velocity
close to 0m/s are termed loss regions.

A trapping region is defined as a region with a non-
zero velocity and the presence of an additional driving
force, which counteracts the drag force and directs the
NPs to a stationary trajectory. The NPs in a GAS source
can be charged due to the plasma environment and be
trapped by a complicated interplay of drag forces from
the Ar gas, electromagnetic force, thermophoretic force,
gravity, and ion drag force.[40–42] The forces acting on the
NPs are schematically shown in Figure S1.

In Figure 4, the CFD simulation results for 24 sccm at
an M‐B distance of 0 cm are shown. For all CFD simu-
lations in this study, a linear scale of the velocity was
chosen and the range was set from 0 to 0.5 m/s. This was
necessary because velocities of up to 100m/s can be
found close to the exit orifice and at the gas inlets. If the
linear scale is set to such high values, the visibility of
changes in the velocity distribution in the region of in-
terest would be decreased to an unacceptable level. In the
Supporting Information, CFD simulations for all flows
with a logarithmic scale can be found (Figure S4).
Therefore, blue regions are not exactly 0 m/s, but close to
0m/s, and red regions are 0.5 m/s or higher, which can
be seen in Figure S4. Using UV–Vis spectroscopy as a
diagnostic approach to determine the NP trapping re-
gion, the area under investigation is limited to the beam
trajectory of the UV–Vis light source. For a better com-
parison, the region corresponding to the UV–Vis light
beam is also indicated as a yellow bar in the visualization
of the CFD simulation. In Figure 4, three different

positions in the gas stream are shown. Position 1 and
Position 2 are loss regions where the velocity magnitude
equals nearly 0 m/s (blue regions). To distinguish Posi-
tion 1 and Position 2 more easily, they are termed the
“proximal loss region” (PLR), which is close to the target,
and the “distal loss region” (DLR), which is further away
from the target. Position 3 indicates the possible trapping
region. In the next section, first, the possible PLR and
DLR, where the gas velocity is close to 0m/s, will be
discussed.

The PLR is directly in front of the target in the center
position and the DLR is left and right from the main-
stream of the gas when we depict the GAS in a 2D re-
presentation. In a 3D representation, the DLR can be
described by a torus with its rotational symmetry axis
aligned to the rotational symmetry axis of the target. It is
expected that NPs can get lost at both loss regions. The
loss of NPs from the PLR region is indicated by the
Profilometer and SEM measurements. The profile and
the SEM images at the center of the target, which is close
to the PLR region, show clearly that material was red-
posited there (Figure 5). A profile of 0 μm corresponds to
the original target surface height before any deposition
was carried out. It is clear that, everywhere, material is
redeposited onto the target surface, except at the erosion

FIGURE 4 An exemplary CFD velocity distribution is shown.
Here, the yellow region corresponds to the position of the UV–Vis
light beam at an M‐B distance 0 cm. Three different positions (Pos.)
are shown. Positions 1 and 2 correspond to loss regions and
Position 3 corresponds to the trapping region. The flow direction of
the gas is indicated by white stream lines. The gas inlet is shown
and located between the ground cap and the magnetron. CFD,
computational fluid dynamic
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zone. The phenomenon of redeposition in GAS sources
has been reported many times and is much more pro-
nounced in comparison to conventional thin‐film sputter
deposition with magnetrons.[40,42,48] The profile shows
that much more material is redeposited onto the center
(max. height: ∼100 nm) of the target than onto the sides
of the target (max. height: ∼67 nm).

The SEM images at the redeposition regions show
that the redeposited material consists of NPs but also
single atoms can contribute to the redeposition. On the
contrary, the SEM micrographs from the erosion zone
show a smooth surface, as expected for a sputtered sur-
face. In particular, the increase in the redeposition from
the outer edge of the target toward the onset of the ero-
sion zone indicates a strong effect of the gas flow on the
redeposition behavior. The CFD simulations have shown
that the gas velocity is high at the sides of the target
because the gas inlet is located there. On the other hand,
the velocity in front of the center of the target is 0 m/s.
The profilometer measurements together with the CFD
simulations indicate that NPs that are formed in the close
vicinity of the target sides are guided into the main Ar
gas flow, which prevents redeposition. If the NPs are
close to the middle of the target, a considerably higher
amount of NPs becomes redeposited in comparison to the
sides of the target. The low‐velocity area close to the
target, despite being mostly shadowed by the ground cap
of the magnetron, can still contribute to the UV–Vis
spectra of the PLR in the visible region.

The PLR would be visible in the UV–Vis spectra at an
M‐B distance of 0 cm even when a part of the PLR is

shadowed by the ground cap. This means that for
60 sccm, definitely no particles were found in the visible
region for this possible trapping because at an M‐B dis-
tance of 0 cm, no absorption is visible (Figure 3). On the
other hand, for 24 sccm at an M‐B distance of 0 cm, ab-
sorption was present, which means that NPs are present
at that M‐B distance. Since the UV–Vis measurement
technique obtains data from the cylindrical volume at a
specific M‐B distance, one obtains information only from
the volume and not from specific positions in space. In
case of a gas flow of 24 sccm at an M‐B distance of 0 cm,
the UV–Vis measurement includes the PLR, DLR, and
trapping region. The observation of absorption in the
corresponding UV–Vis measurement indicates the pre-
sence of NPs in either of the PLR, DLR, or trapping
regions.

At the DLR, no samples could be placed; therefore, no
SEM or profilometer measurements were possible.
Nevertheless, after the deposition experiments, the en-
tirety of the inside walls of the GAS showed NP deposits,
which proves that NPs are sometimes deposited on walls
in loss regions (Figure S5). However, according to the
theory of the working principle of a GAS, particles are
transported out of the GAS only because of the gas flow.
From this point of view, particles can get lost potentially
at the PLR and also at the DLR.

In the following section, the influence of changes in
the gas flow and the M‐B distance on the Ar gas velocity
is discussed. Therefore, CFD simulations for 24 and
60 sccm and M‐B distances of 0, 1, and 3 cm were con-
ducted, and these are shown in Figure 6. In this figure,

FIGURE 5 Profilometer measurements after target usage and corresponding SEM pictures at different places of the target. CFD velocity
distribution above the target is inserted into the profilometer measurement plot. The CFD section shows ∼7mm of the velocity distribution
above the target. The color bar is identical to Figures 4 and 6 and ranges from 0 (blue) to 0.5 m/s (red). The profile shows less redeposition at
the low‐velocity region (blue) than at the high‐velocity region (red). CFD, computational fluid dynamic; SEM, scanning electron microscopy
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the color code shows the velocity magnitude of the Ar gas
atoms inside the GAS, which is restricted to the range
0–0.5m/s. The borders of the colored regions correspond
to the inside walls of the GAS. In total, six different si-
mulations are shown. Each row corresponds to one Ar
flow (24 sccm on top and 60 sccm at the bottom) and the
resulting pressure (49 and 113 Pa), and each column
corresponds to an M‐B distance, which is shown in white
color. In each GAS simulation, the magnetron is located

on the top and the exit orifice is located on the bottom.
The schematic depiction of the UV–Vis light beam in-
dicates the approximate volume from which the UV–Vis
spectra are originating. These simulations showed three
different behaviors depending on the changed para-
meters and the regions of interest, which will be de-
scribed and discussed in the following section
(Figures 4 and 6):

1) The velocity distributions in the PLR and DLR are not
much affected by the change in the gas flow or the
changes in the aggregation length. The UV–Vis
spectra show that the M‐B distance where the parti-
cles are trapped changes depending on the gas flow
(Figure 3). This indicates that the NPs most probably
do not get lost only in the 0m/s velocity regions (PLR
and DLR) inside the GAS because these regions are
almost not affected by the change of gas flow. From
this point of view, it follows that there must exist a
trapping region in the higher velocity regions in the
mainstream of the Ar gas inside the GAS as described
earlier.

2) The trapping region, which is located inside the
mainstream of the Ar gas stream, has shown more
differences. With an increase in gas flow, the velocity
in the center of the GAS is also increasing. This in-
crease, together with the increase of the pressure,
increases the drag force on the NPs drastically. Ex-
perimentally, this is related to the increased NP de-
position rate from Figure 3c found already and is also
reflected by the change of the trapping position from
1 cm for 24 sccm to 3 cm for 60 sccm (Figure 3a,b).

3) A change in the aggregation length affects the velocity
distribution in the trapping region. It turned out that
the region close to the magnetron, the cylindrical
region, and the cone region (Figure 6) in the GAS
remained nearly unaffected. However, the region be-
tween the magnetron and the cylindrical region of the
GAS with lower velocities is increasing. On this basis,
on the one hand, the NPs are transported better at
higher gas flows and pressures because they are gui-
ded better into the mainstream of Ar by the increased
drag force. On the other hand, for lower flows, the
drag force is too low to overcome the other forces that
are trapping the NPs. However, the UV–Vis results
indicated that large NPs are present inside the GAS,
but it is unclear why they cannot be deposited onto
the substrate. Most probably, the forces related to the
plasma, which are trapping the NPs, are higher for
larger NPs and cannot be overcome by higher gas
flows or they cannot follow the gas stream as good as
the small ones, due to their higher mass. More in-
vestigations on this topic are needed in the future.

FIGURE 6 CFD flow simulation for 24 (top) and 60 sccm
(bottom) and for different M‐B distances of 0, 1, and 3 cm from left
to right. The black dotted line indicates the mirror axis. The violet
beam locates the position and the size of the UV–Vis light beam.
The loss regions (blue) are not much affected by changes in gas
flow or the M‐B distance. An increase in the M‐B distance leads to
an increase in the low‐velocity region in the center of the GAS. On
the other hand, an increase in gas flow leads to an increase in the
gas velocity everywhere but does not affect the shape of the flow.
CFD, computational fluid dynamic; GAS, gas aggregation cluster
source
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Here, in situ UV–Vis spectroscopy can be an im-
portant analytical tool to expand the understanding of
trapping and transport.

With the increase in the M‐B distance, the aggrega-
tion length was also increased, which also slightly in-
creased the size of the resulting NPs (Figure S3). The
mean NP size increases with the M‐B distance from ∼12
to ∼17 nm for 24 sccm and from ∼12 to ~16 nm for
60 sccm. The CFD simulations showed that with an in-
crease in the aggregation length, not only was the ag-
gregation region increased but also the gas flow was
affected. Accordingly, the residence time of the NPs was
not only increased because the aggregation zone was
increased but also because the gas velocity and therefore
the velocity of NP that were not trapped were decreased,
which in turn increased the time for the growth of the
NPs. The size distributions also showed that a bimodal
distribution is much more pronounced with higher gas
flow, pressure, and aggregation length. The simulations
showed that the diversity in the velocity distribution in
the GAS increases with an increase in aggregation length
and increase in the gas flow. This may be the reason for
the resulting bimodal distributions because the NPs, de-
pending on their path through the GAS, can have very
different conditions for growth and transport. The bigger
population in the size distribution, which is the group of
NPs around the second maximum in the size distribu-
tion, can also be a result of coalescence between several
NPs of the smaller population. This may be much more
probable for the higher gas flows because the deposition
rate was much higher and so the probability for coales-
cence is higher. On the other hand, it has to be pointed
out that the actual geometry of the GAS, as well as the
magnetron, is of crucial importance. While some mag-
netrons have a gas inlet between the ground shield and
the target, as shown here, others have a gas inlet at a
certain place behind the magnetron. Although these in-
strumental details have not received much attention yet,
we want to point out that even small differences in dif-
ferent GAS setups can cause huge differences in the
gas flow.

On combining the UV–Vis results, profilometer
measurements, and CFD simulation, it was found that
forces other than the drag force influence the NPs during
their growth and transport because otherwise, no particle
trapping would be observed in the trapping region. In
addition, the CFD simulations showed that the velocity
in the aggregation zone decreased with increasing ag-
gregation length, which increased the residence time of
NPs in the GAS in addition to the longer path.

The results indicate that an updated theory for the
growth and transport of NPs is urgently required. With a

better understanding of NP growth and transport pro-
cesses, especially taking the trapping mechanism into
account, it would be possible to tailor the sizes of NPs
more efficiently. We were able to show that the gas flow
and its velocity distribution have a huge impact on the
transport of NPs, which should be considered as a more
important parameter in the design of future GAS sources.
Already during the construction process, CFD simula-
tions can be performed and special attention should be
paid to the appearance of low‐velocity regions. These
regions can be, in some circumstances, useful to tune the
size of NPs, if a means for the release of these NPs can
also be found. Also, the gas inlet location should be
considered as a critical construction part to reduce re-
deposition onto the target.

4 | CONCLUSION

In this study, gas flow‐related transport phenomena in
GAS have been studied and two indications for trapping
of NPs are observed. On the one hand, in situ UV–Vis
spectroscopy found evidence of a time‐dependent red
shift and broadening of the LSPR peak, which can be
seen as an indication of NP growth. Comparing UV–Vis
data to estimated extinction cross sections for differently
sized NPs, larger particles are expected to be trapped
inside the GAS than those observed in the deposit. By
means of UV–Vis measurements and the magnetron for
adjustable aggregation length, it has been found that the
position of the trapping region inside the GAS can be
significantly influenced by different gas flows and
pressures.

On the other hand, CFD simulations were conducted
to determine the working gas flow pattern. The CFD si-
mulations have shown that the gas flow in the loss re-
gions does not differ much. Therefore, their position is
always nearly the same with varying gas flows and
pressures. However, the velocity distribution of the gas
inside the possible trapping region changed considerably
with different aggregation lengths and gas flows. In ad-
dition, the velocity distribution close to the target re-
vealed that a loss region (PLR) is present there. This has
been confirmed by profilometer measurements (more NP
material is redeposited in the center of the target in
comparison to the outer side of the target).

Finally, in conclusion, the gas velocity pattern de-
termines, to a huge extent, the transport of NPs inside the
GAS and therefore it should be treated as a crucial
parameter in the designing process of future gas ag-
gregation cluster sources. This may lead to considerably
increased production rates of NPs and thus constitute an
important milestone for industrial applications.
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