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Gas phase synthesis of nanoparticles (NPs) via magnetron sputtering in a gas
aggregation source (GAS) has become a well-established method since its
conceptualization three decades ago. NP formation is commonly described in
terms of nucleation, growth, and transport alongside the gas stream. However,
the NP formation and transport involve complex non-equilibrium processes,
which are still the subject of investigation. The development of in situ
investigation techniques such as UV-Vis spectroscopy and small angle X-ray
scattering enabled further insights into the dynamic processes inside the GAS
and have recently revealed NP trapping at different distances from the mag-
netron source. The main drawback of these techniques is their limited spatial
resolution. To understand the spatio-temporal behavior of NP trapping, an in
situ laser light scattering technique is applied in this study. By this approach,
silver NPs are made visible inside the GAS with good spatial and temporal
resolution. It is found that the argon gas pressure, as well as different gas inlet
configurations, have a strong impact on the trapping behavior of NPs inside
the GAS. The different gas inlet configurations not only affect the trapping of
NPs, but also the size distribution and deposition rate of NPs.

1. Introduction

Noble metal nanoparticles (NPs) are
used in many applications, ranging from
catalysis,! photocatalysis,* optics,! and
resistive switchingl®l to sensors.2-1¢
Especially the optical properties are well
tunable because they depend strongly on
the shape, size, size distribution, and the
surrounding medium.”18]

A lot of synthesis methods for NPs are
available and range from biological over
chemical to physical processes.'>2 The
most often used strategy is the solution-
based chemical synthesis. This approach
has the drawback that the synthesized
NPs are contaminated with, for example,
surfactants.”! Physical vapor deposition
(PVD) techniques stand out with their
extremely high purity of the synthesized
NPs. Moreover, it is much easier to pro-
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duce alloy particles and compound parti-

cles with tailored composition.!l The PVD
strategies range from surface energy-related self-organization
of NPs on solid substrates?>?% and in liquids/?*?®lto gas phase
synthesis.[®?% The gas phase synthesis relies often on so-called
gas aggregation sources (GASs). They encompass laser abla-
tion,1?! pulsed microplasma cluster source,®! and magnetron
sputtering.’% The GAS equipped with a magnetron was firstly
developed by Haberland et. al. in 1992. Here a magnetron is
operated at comparatively high pressures (typically between
some 10 Pa and few 100 Pa) in contrast to normal magnetron
sputtering for the preparation of thin films. Due to the higher
pressure, the mean free path of the sputtered atoms is shorter,
which enables three-body collisions (two sputtered atoms are
colliding with one gas atom) and leads to the formation of
dimers.Y This enables further attachment of sputtered atoms,
and the dimers can grow further to clusters and NPs. These
NPs are guided by the drag force due to the gas flow outside the
GAS into the deposition chamber, where they can be deposited
onto various substrates.[*)

Although the fundamental three-body collision process and
consecutive nucleation, growth, coalescence, and transport are well
discussed in literature, still not all ongoing processes inside such
sources are completely understood. For example, the impact of the
gas flow pattern inside a GAS was for a long time only superfi-
cially investigated. Nevertheless, previous studies have shown that
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the gas flow pattern inside a GAS plays a crucial role.}2-3¢ For
example if low-velocity regions are present inside a GAS, NPs can
get lost in the chamber walls or the target.*®l This effect strongly
impacts the material conversion efficiency of a GAS.

To improve the performance of GAS sources, in the last
decade several in situ techniques were utilized already to ana-
lyze the growth and transport of NPs inside the GAS. Examples
are in situ small angle X-ray scattering (SAX)P”3# and in situ
UV-Vis.1333% Both techniques provided further insights into the
dynamic processes inside the GAS and have revealed NP trap-
ping at different distances from the magnetron source. Even
though these techniques can provide information about the NP
size, the techniques suffer from their low spatial resolution.

Therefore, a technique with good spatial and temporal reso-
lution to investigate the processes inside the GAS is urgently
needed. Different laser light scattering (LLS) techniques have
been successfully used to investigate NP growth and transport
in situ in plasmas but not inside a GAS. Some methods rely on
Mie scattering***! and others on Rayleigh scattering.**| Mie
scattering techniques are Mie ellipsometry, angular-resolved
Mie scattering, and 2D imaging Mie ellipsometry. By these
methods, NPs of radii between 80-200 nm can be detected, for
example, inside a dusty plasma. By evaluation of the polariza-
tion also the size distribution of the NPs can be evaluated in
situ inside the plasma.}**! The limit for the NP diameter
between Mie scattering and Rayleigh scattering is about 1/10 of
the wavelength. Because the usual size of NPs which are pre-
pared with a GAS is typically below 50 nm and the wavelength
of the applied laser is 532 nm, Mie scattering techniques are
not applicable to the GAS.

Therefore, in this study LLS based on Rayleigh scattering
has been used. A laser plane through the GAS is created and
in a 90° configuration a camera with color filter is mounted to
the GAS. The scattered light by the NPs can be detected and
so the location of NPs inside the GAS can be observed. In this
way the LLS technique was often used in conventional RF dusty
plasmas but not in a GAS.**%] Here no information about the
size distributions can be found, but other techniques like in
situ SAX or in situ UV-Vis can provide this information. How-
ever, they cannot provide precise information about the location
of NPs. For that reason, LLS can be seen as a complementary
tool to understand the ongoing processes inside a GAS.

Here, LLS of Ag NPs will be utilized to extract better spa-
tial information about the trapping positions of NPs inside
a custom-built GAS based on a typical design. To study the
impact of the Ar gas flow pattern on the NP formation and
transport process, three different types of gas inlets are inves-
tigated. The results from the LLS for different gas inlets will be
complemented by size distributions obtained by scanning elec-
tron microscopy (SEM) measurements of the deposited NPs
and the measured deposition rates.

2. Experimental Section

2.1. Setup of the Experiment

In typical gas aggregation deposition experiments, the GAS
sources have commonly only 4 flanges. In this common
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4-flange-setup, one flange was used to attach the magnetron
and one flange (on the opposite side) was used for the orifice.
Additionally, two ports perpendicular to the main axis of the
GAS were used for analytical purposes.*3337:3346 Computa-
tional fluid dynamic simulations (CFD) have shown that addi-
tional ports, which do not taper the cross-section of the GAS,
do not significantly influence the gas velocity distribution.*¢l
Therefore, additional analytical ports were considered uncritical
for the growth and transport of NPs. For this study more than
two analytical ports were needed, which motivated the choice
to build a GAS based on a CF 63 cross with 6 ports (Figure 1).
On the back-left port, a 2-inch custom-made magnetron was
mounted. The design of the magnetron was based on the
“Ionix” magnetron series from the company Thin Films Con-
sulting. On one of the ports (front right in Figure 1a) a cone
with a 3 mm orifice was installed and connected to the deposi-
tion chamber. Two other ports of the GAS, which were located
directly next to each other, were equipped with glass windows
for the optical scattering system. On the remaining ports, the
pressure gauge and a blind flange were installed. The deposi-
tion chamber was equipped with a QCM (Quartz Crystal Micro-
balance) and load-lock, which enables fast sample transfer
without breaking the vacuum.

The GAS was mounted to the deposition chamber. The
orifice connects the GAS and the deposition chamber. The
deposition chamber was evacuated by a turbo pump (Pfeiffer,
HiPace 60 P) with a scroll fore pump (Edwards, nXDS 6i). The
base pressure is in the range of 107 mbar. The loadlock was
equipped with a turbo pump (Pfeiffer, TMU 071 P) with a scroll
fore pump (Edwards, nXDS 6i). The gas flow was controlled
via mass flow controller (MKS Instruments, 1179BX22CM1BYV,
200 sccm range of N,). The used Ar gas flows are 109.6, 1370,
164.4, 191.8, and 219.2 sccm with the corresponding pressures
in the GAS of 118, 141, 163, 183, and 204 Pa, respectively.

The custom-made magnetron enables three different gas
inlet configurations. Therefore, the original design of thin
Films consulting was professionally overhauled. The three dif-
ferent inlet configurations are shown in Figure 1b. The first
configuration was termed normal inlet based on the default
design of thin Films Consulting. In the normal inlet configura-
tion, the gas was injected into the chamber between the mag-
netron and the ground cap. The custom-made magnetron used
here enables the gas to be injected through the middle of the
target. This is called middle inlet. Here the difficulty was to
guide the Ar gas between the ground cap and the magnetron
and finally under the target through the central bore (5 mm
diameter) inside the target. It was important to prevent large
stagnation pressures between the magnetron and the ground
cap, because this can cause plasma ignition at this undesired
point. The bore was closed with a stainless-steel mesh on the
same electrical level as the target surface. Otherwise, plasma
ignition can take place inside the bore. The third inlet configu-
ration was the behind inlet configuration, which can be often
found in literature.>>%”38] Here the gas inlet was located some-
where behind the magnetron. Ag was always used as a target
material (99.99% purity, Kurt J. Lesker, 2 inch)).

An MDX 500 from Advanced Energy supplies the DC power
to the magnetron. It was used in the power regulation mode,
which is always set to 300 W.
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Figure 1. a) Measurement setup for the in situ laser scattering experiments in the GAS. The GAS is based on a CF63 cross with 6 flanges. On the back
left flange, the magnetron is mounted. On two side flanges, two windows are mounted. On one window the camera with a color filter for green light is
mounted and on the other window the laser. The laser beam is split by a grid so, that the plane from the center of the magnetron to the orifice is illumi-
nated. b) The three different types of gas inlets are shown. For the normal gas inlet, the gas is inserted between the magnetron and the ground cap so
that the gas is directed onto the target surface. The middle gas inlet means that the gas is injected through the middle of the target. The third gas inlet
configuration is termed behind inlet, which means that the gas is injected somewhere behind the magnetron and the gas flows around the ground cap.

The scattering system consists of a laser with a wavelength
of 532 nm with a power of 450 mW (Roitner Laser Technik,
RITMGL-532 1450 mW) and a CMOS camera (XIMEA,
MQO042CG-CM), with a color filter, which transmits light with
a wavelength of 532 nm but blocks most of the light with dif-
ferent wavelength, which was generated by the plasma. The
framerate of the camera was fixed at 25 frames per s. In front
of the laser, a grid was installed which created out of the single
beam a laser plane under an opening angle of 30°. The laser
and the camera were installed under a 90° angle, and the laser
plane includes the center line from the target to the orifice and
lies normal to the camera (Figure 1).

For SEM investigations, NPs were deposited inside the
vacuum chamber at a distance of 16 cm from the GAS exit
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orifice. Here, as substrate material, p-doped, (100) oriented Si
wafer pieces with native oxide (cut to 1x 1 cm?, SiMat) were used.
The SEM analysis was done with a Zeiss Ultra Plus microscope.

2.2. Image Formation

First, the image formation and the image processing will be
described. In general, three different effects were contributing
to the recorded raw image of the camera: The reflections of the
incident laser light from the chamber walls, the plasma emis-
sion, and the scattered light from the NPs. The latter one con-
tains the information about the location of NPs, which was of
interest for this study.
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Figure 2. Schematic of image formation and image processing by the Matlab script. In the top row, the three light contributions inside the chamber
are shown: Reflection from chamber walls, plasma emission, and the scattered light from NPs. In the bottom row, the video processing by the Matlab
script is illustrated. The arrows from the top to the bottom row are visualizing the contributions from the different light sources into the raw frame

and the background frame.

Information about the locations of NPs can be obtained due
to the Rayleigh scattering phenomenon. The Rayleigh scat-
tering equation tells us that the scattering Intensity (I) depends
on the particle size (a), the refractive index of the medium
(Mmeaq), the intensity of the incident light (Iy), the distance from
the scattering object to the detector (d), the wavelength of laser
light in vacuum (A), the particle relative refractive index (m),
and the test angle (6):1¥]

I 87 atnealo |m’ — 1|2
A |m?+1

(1+cos’6) (1)

For the LLS method, the two most important varying param-
eters were the particle size and particle density. The scattering
equation shows that the scattering intensity depends on particle
size to the sixth power. Since this equation gives the scattering
intensity for one particle, the scattering intensity depends only
linearly on the particle density. The dependence on the size of
the NPs and the particle density was important for the interpre-
tation of the LLS images.

The different contributions to the raw image are schemati-
cally shown in Figure 2. The plasma emission and the reflec-
tions from the chamber walls do not contain the desired spatial
information about the NPs. Therefore, the videos have to be
processed after the experiments before further analysis. The
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color filter used in front of the camera already filters out the
main portion of the plasma emission but still, a small por-
tion contributes to the image. Since the chamber walls were
curved, always some reflected laser light can enter the camera.
In the end, the remaining plasma emission and the reflected
light from the chamber walls have to be subtracted to obtain
the information about the location of the NPs. This was done
with a Matlab script and will be described in detail in the next
chapter.

2.3. Image Recording and Processing

To extract only the signal of NPs out of the video, a MatLab
script was used to subtract the emission and the scattered
light from the chamber walls. The procedure was as follows:
The camera recording was started prior to the experiment. The
program detects the start of the plasma discharge and synchro-
nizes the recording of the camera with the plasma ignition.
Half a second after the plasma was ignited a background frame
was taken. This frame contains the plasma emission and the
reflected light from the chamber walls but no signal from NPs.
A previous study has shown that it takes some seconds until
NPs were detected inside a GAS.2%38] For that reason, half a
second was chosen for the background frame. This background
frame was subtracted afterwards from the whole video. Then
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the program transfers the video into a color plot to increase the
visibility in comparison to a mono-colored picture (Figure 2). In
addition, the program sums up all pixel values for each frame
after the background subtraction. These summed-up values
are called cumulative intensity and can be plotted over time to
analyze the temporal development of the intensity within one
experiment. Furthermore, one can integrate over the whole
experimental time to obtain the total intensity of one experi-
ment to compare experiments with each other.

3. Results and Discussion

This study is structured in four different sections. In the first
section, the temporal changes in the spatial distribution of
NPs inside the GAS will be discussed for one gas inlet con-
figuration with a specific flow. By this example, the dynamic
processes inside the GAS will be visualized and discussed. In
the second part, the spatial NP distribution inside the GAS

b)

cumulative Intensity

exit orifice

and symmetry

Y
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for three different gas inlets and five different gas flows and
pressures will be evaluated. The aim is to study the influence
of GAS geometries and different gas flow patterns on the trap-
ping behavior of NPs inside the GAS. In the third section, the
change in the size distribution of the deposited NPs will be
discussed to understand the dependence between the growth
processes of NPs and the gas flow pattern. In the last section,
the impact of different gas inlets and pressures on the deposi-
tion rate will be analyzed to understand the impact of different
gas inlets and flows on the efficiency of the NP synthesis.

3.1. Dynamic Processes of NP Formation and Transport

In the first part of this study, an exemplary typical LLS image
time series for the middle inlet configuration will be discussed.
Figure 3a shows schematically how the magnetron, the laser,
and the exit orifice are located in relation to the field of view of
the camera. Within this field of view, different features can be

g10” . . . ‘
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© @)
70 © %! 4
= £
6 & 2l
5. O o
41 J
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Figure 3. a) Left the position of the magnetron and the orifice are schematically drawn into an exemplary LLS image to clarify where the NPs are in
comparison to the magnetron and the orifice. Moreover, three different regions are labeled inside the LLS image. The edge regions (marked as 2) are
located left and right and the center region (marked as 1) in the middle of the LLS image. b) The plot shows on the x-axis the time and on the y-axis
the cumulative intensity. The cumulative light intensity is the sum of all pixel values from the whole picture. It first increases until =7 s before it reaches
a local maximum and shortly decreases until =10 s. Then it increases further until =15 s and then decreases until the plasma is switched OFF. c) LLS
images for the middle inlet configuration with a pressure of 183 Pa for 0, 1, 2, 3, 4, 5,10, 12, 15, 20, 25, and 30 s after the plasma is switched on. It is
visible, that the intensity is increasing over time, indicating growth of NPs or increasing NP density. The NPs are trapped only in the edge regions of the
GAS and it appears to have a vortex-like shape. Additionally, the dotted arrows are indicating the gas flow direction and the symmetry axis of the GAS.
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observed. These include the center region in the middle of the
picture (marked as 1) and the edge regions left and right in the
image (marked as 2). Directly after starting the magnetron dis-
charge, the NP formation process is far away from equilibrium,
as at 0 s there are no nuclei or preformed particles in the source.
Therefore, the early stages of the gas phase synthesis are par-
ticularly interesting to study. For this reason, the time period
between 0 and 5 s is depicted in detail in Figure 3c. The time
0 s corresponds to the moment where the plasma is switched
on. After 2 s scattered light from the NPs becomes visible and
the intensity is increasing up to 15 s. Not only the intensity is
increasing over time but also the shape and the dimensions
of the trapped NPs in the edge regions are changing. The
NP cloud looks like vortexes are present. The vortex behavior
is much more visible in the processed videos. Therefore, one
video for each inlet configuration can be found in the sup-
porting information. In Figure 3c only at the edge regions,
NPs are visible and not in the center regions. Additionally, the
image series shows that the growth and transport of NPs inside
the gas is a highly dynamic process. Finally, Figure 3b shows
the cumulative intensity of the whole LLS image over time.
This means that all pixel values of the images are summed up
for each frame. This plot indicates also that the processes of NP
formation and transport inside the GAS are time-dependent. In
the beginning, the cumulative intensity is increasing until =5 s
before it reaches a local maximum and shortly decreases until
~10 s. Then it increases further until =15 s and then decreases
until the plasma is switched off. That the intensity increases, in
the beginning, is due to the NP formation and further growth
of these NPs, which can be also seen in the LLS images from
0 to 5 s. The decrease is caused by fewer NPs or smaller NPs,
respectively. Since the Rayleigh scattering depends strongly on
the size of the NPs (to the power of 6) but also on the number
of particles, this method cannot distinguish between the impact
of size and number of NPs (discussed in detail in Section 2.3).
One other reason could be that the NPs are simply moving in
and out of the inspected region which is related to the small
width of the laser plane. By the example of the time series of
LLS images, it is presented how complex the NPs’ growth and
transport behavior in GAS is. Since prior to the deposition no
metal atoms and no NPs are present in the gas phase it will
take a certain time until it is possible, that nucleation, cluster
growth, and transport of NPs out of the growing region are in a
steady state. Perhaps a stable steady state can never be reached,
because of the fast kinetics and also increasing temperature of
the chamber walls. Nevertheless, the fundamental features of
the LLS image stay relatively constant over the whole deposition
time, which indicates that the NPs are trapped by an interplay
out of drag forces and electromagnetic forces. This is in line
with earlier reports on trapping of NPs inside the GAS.[33,3436-38]

In these earlier studies, techniques like in situ UV-Vis or in
situ SAX were used to analyze the growth and transport of NPs.
These techniques average data out of the whole interaction
volume of the light beam or X-ray beam. In comparison to these
studies, LLS has the distinct advantage, that the signal origi-
nates from one two-dimensional plane out of the GAS. This
enables the exact localization of NPs inside the GAS although
the size and the number of NPs cannot be evaluated. Also, the
fact that the cumulative intensity drops down extremely fast
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after the switch-off, shows that the NP trapping must be related
to electromagnetic forces which are missing when the plasma
is switched off. Assuming the NPs are trapped only because of
turbulences inside the gas flow, the NPs would still stay in the
turbulences when the plasma is switched off because the gas
flow is not much affected by the plasma. The fact that the NPs
are immediately vanishing when the plasma is switched off
indicates trapping due to the interplay of electromagnetic forces
and drag force.33!

3.2. Impact of Gas Inlet and Gas Flow/Pressure on the NP
Trapping Behavior

After having discussed the fundamental features of the
dynamic phenomena after starting the gas phase synthesis of
NPs, in the following section it will be shown how different gas
inlet configurations and different Ar gas flows and pressures
will change the trapping behavior of the NPs inside the GAS.
Figure 4 shows 15 LLS images taken after 30 s of operation and
all with the same discharge power. 30 s were chosen because
the gas phase synthesis process approaches an equilibrium,
where the relative intensity distribution between the different
trapping locations does not change significantly over time.
Each row corresponds to one pressure and gas flow, which is
increasing from left to right. Each line corresponds to one inlet
configuration: first the middle configuration, then the normal
inlet configuration, and in the last row the behind configura-
tion. The first point to make is that the intensities for all inlet
configurations are increasing with an increase in gas flow/
pressure. This can be caused by more efficient NP nucleation at
higher pressures which produce more NPs.*¥l One can also dis-
tinguish between two different trapping regions. One is located
at the edge region and one is located in the center region like
it was shown in Figure 3a. For the behind configuration, the
NPs are only trapped in the center region, and trapping was
only observed for high pressures of 183 and 204 Pa. In contrast
to that, the middle configuration shows only trapping at the
edge regions, and trapping was observed from 141 to 204 Pa.
The normal inlet configuration shows a transition from vortex-
like trapping at the edge regions (at lower pressures) towards
a superposition of both trapping regions (at higher pressures).
From 118 to 163 Pa the NPs are only trapped at the edge regions.
For 183 and 204 Pa the normal inlet configuration shows trap-
ping at both locations.

For better visualization of the exact positions of the NP trap-
ping regions, the field of view of the camera is divided into
9 quadrants (Figure 5a). Then the intensities of the quadrants
I and III (representative for edge regions) are summed up and
divided by the sum of quadrants V and VIII (representative for
center region) for each frame (Figure 5b). This is done because
the edge trapping regions are always located in the quadrants
I and III. The trapping of NPs in the central region is always
located in the quadrants V and VIII. Therefore, for the calcula-
tion of the ratio of intensities only the quadrants I, III, V, and
VIII are considered. In every time bin, 25 sequential frames
are taken to calculate the mean intensity values for regions I,
II1, V, and VII. One bin contains 1 s of time and the bin 1 s,
ranges from 0 to 1 s. For each bin, the ratio of intensities is
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Figure 4. 15 LLS images for different gas inlet configurations and pressures after 30 s of magnetron operation are shown. The pressure is increasing
from the left side to the right side. Each row corresponds to one inlet configuration: the first row to the middle inlet, the second to the normal inlet,
and the third to the behind inlet. It is visible that for normal configuration NPs are found at the edge regions and also in the center region of the GAS.
The middle configuration shows only NP trapping at the edge region. The behind configuration shows NPs only in the center region.

calculated from these mean intensity values. The color scale for
the time bins goes from black over red to yellow and represents
increasing deposition time. By this method the time depend-
ence of the ratio of intensities becomes visible. If the calculated
ratio is clearly smaller than 1, the center regions are domi-
nating. If the ratio is clearly above one, the edge regions are
dominating. Assuming that the size distribution of NPs in all
quadrants is similar, the ratio gives the information at which
position the majority of NPs are located.

Figure 5b shows for the normal configuration, that for a
low pressure no clear trend of the location of trapped NPs is
present. This is related to the low LLS signal in this experi-
ment. For pressures of 141 and 163 Pa the majority of NPs
are clearly located at the edge regions. With increasing time
the ratio of intensities increases which shows that more and
more NPs are located in the edge regions over time in com-
parison to the center regions. At higher pressures the trend is
different. Here the majority of NPs are trapped at the center
region, which is most probably caused by the increasing pres-
sure and flow, which leads to higher drag forces and finally
changes the trapping position from the edge regions to the
center region.

The behind configuration shows no clear tendency for pres-
sure from 118 to 163 Pa, which is related to the low signal,
which can be also seen in Figure 4. For pressures of 183 and
204 Pa the majority of NPs are trapped in the center regions.
That no trapping is observed in the behind configuration in the
edge regions in contrast to the normal configuration is most
probably caused by different gas velocity distribution inside the
GAS. CFD simulations have shown, that the velocity is always
highest at the inlet and the outlet orifice.’?%%l In regions, which
are not in the direct path between inlet and outlet the velocity is
small. For the normal configuration, a low velocity at the edge
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regions can be assumed. In contrast to that, the velocity for
the behind configuration will be higher. Therefore, less or no
trapping is expected for the behind configuration at the edge
regions, which the experiments also proved.

For the middle configuration for pressures higher than
141 Pa, the majority of NPs were always at the edge regions.
For the lowest pressure of 118 Pa again no clear trend is vis-
ible, which is also related to the low LLS signal. The reason for
the trapping at the edge regions for this inlet configuration is
also explained by the gas velocity distribution. The highest gas
velocity is expected in the center of the gas since the gas inlet
and outlet are located in the central axis of the GAS. Therefore,
trapping in the center is unexpected, as the LLS results have
successfully shown.

3.3. Influence of Gas Inlet and Gas Flow/Pressure on the NP
Size Distribution

In this part of the study, the influence of gas flow, pressure,
and inlet configuration on the size distribution of the deposited
NPs will be discussed. It will be shown that the mean diameter
of the deposited NPs does not exhibit the same trend for all
inlet configurations in dependence on the gas flow/pressure.
Figure 6 shows six size distributions with corresponding SEM
images as insets. The left column corresponds to a pressure
of 118 Pa and the right column to 204 Pa. The first row cor-
responds to the middle inlet configuration, the second row to
the normal configuration, and the last row to the behind inlet
configuration It is important to note that for the middle inlet
row, for the normal inlet for a pressure of 204 Pa and for the
behind inlet for a pressure of 204 Pa the largest NPs are not vis-
ible in the distribution. Their size is shown directly in the SEM
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Figure 5. a) Exemplary LLS image for the middle configuration with a pressure of 183 Pa after 30 s of operation. The picture is divided into 9 quadrants.
The labeling of the quadrants is important for following calculations. b) The plot shows the ratio of intensities vs. pressure for the three different types
of gas inlets. The intensities of the quadrants | and Il are summed up and divided by the sum of quadrants V and VIII for each bin. For each bin, the
intensities of 25 sequential frames are considered, which corresponds to 1's. The color scale goes from black (first time bin) over red to yellow and
represents an increasing bin number, which is proportional to increasing deposition time (b).
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Figure 6. Size distributions and SEM micrographs as insets for two different flows for each type of gas inlet configuration. The left column corresponds
to pressure of 118 Pa and the right to 204 Pa. The first row corresponds to the middle gas inlet, the second to the normal gas inlet, and the last one to
the behind gas inlet. Additionally, the mean diameter of the size distribution is depicted in the histograms.

pictures because the visibility of the size distributions would be ~ ration, which shows a bimodal log normal distribution for
worsened when these particles would be included. a pressure of 204 Pa. All fitting parameters, the mean value,

In general, for all gas configurations and pressures log  and the fitting function for all size distributions are presented
normal distributions are obtained except the behind configu- in Table S1 and Equation S1, Supporting Information. When
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comparing the mean values of the distributions, the normal
configuration shows an increase from 9.9 to 13.6 nm. In con-
trast to that, the mean for the middle configuration and the
behind configuration is decreasing from lower to higher pres-
sure. The mean for the middle configuration decreases from
119 to 8.7 nm and for the behind configuration from 9.3 to
8.7 nm.

This behavior of the NPs size is counter-intuitive because
one would expect the same trend of the size distribution with
increasing flow/pressure for all inlet configurations. This
shows once more how important the influence of the gas inlet
configuration is. The literature explanation for the flow/ pres-
sure dependence on the NPs size is, that for an increase in
Ar flow/pressure the mean NP size and broadness of the dis-
tribution is firstly increasing and after a maximum at higher
flow decreasing again. This is related to the more effective
nucleation with higher pressures in the beginning. At higher
flows, the reduced residence time stops the growth of NPs at
earlier stages and reduces the probability for coalescence of
NPs, which leads to smaller NP sizes.**-5! From this explana-
tion one would expect the same trend for all gas inlets, but the
results indicate different behaviors for different gas inlets.

Although most of the NPs have a size of around 11.9 nm,
the middle inlet configuration additionally shows a pressure of
118 Pa, an NP with a diameter of =490 nm and for a pressure
of 204 Pa, an NP of =205 nm in the examined region (20 umz).
The shape suggests that these NPs are monocrystalline due
to crystalline facets. A diameter of =490 nm was never pro-
duced before in our experiments with normal gas inlets inside
a Haberland-type GAS. In the Supporting Information, SEM
pictures with lower magnifications are shown (Figure S1, Sup-
porting Information). They show that in the observed region for
the middle inlet configuration for a pressure of 118 Pa, indeed,
only one NP with a diameter of =490 nm was found. On the
other hand, for a pressure of 204 Pa more NPs with diameters
larger than 100 nm were found in the analyzed area.

The different trends in the flow/pressure dependence on
the gas inlet position and also the observation of large NPs
(greater than 200 nm) for the middle inlet configuration can
be explained perhaps with different gas velocity distributions
inside the GAS for different gas inlets. CFD simulations in
other publications have shown that a broad velocity distribu-
tion is present inside the GAS and that also vortex regions can
be present. The simulations have also shown that the highest
velocity was always found at the inlet and outlet of the gas.[32-3¢
Since the gas inlet position was varied, a different gas velocity
distribution is expected for all gas inlet configurations. This can
cause different release probabilities for the trapped NPs in the
GAS.

In the middle configuration, for example, the trapping
regions are in the edge regions. Here it is most probably more
difficult for NPs to escape and get deposited onto the substrate.
It is possible that the larger NPs with diameters above 200 nm
are originating from these regions. For the normal and behind
configuration one trapping region is in the center. These NPs
may escape more often than NPs in the edge regions. Since the
residence time of trapped NPs is higher, they have more time to
grow. This is perhaps the reason why the size distributions are
also showing different trends depending on the gas inlet and
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pressure. This potentially also explains the bimodal distribution
for the behind inlet at a pressure of 204 Pa. This shows once
more how important the gas inlet and fluid dynamics are inside
a GAS.

3.4. Impact of Gas Inlet and Gas Flow/Pressure on the
Deposition Rate

After the effect of different gas inlets and pressures on the
location of trapped NP and their size distributions were dis-
cussed in the last section, we will show how the deposition
rate is influenced by the different gas inlet geometries and gas
flows and pressures. To determine the deposition rate, a QCM
is used. The change in the resonance frequency of the QCM
crystal is directly proportional to the deposited mass and, there-
fore, to the mass of deposited NPs. Figure 7 shows the abso-
lute difference in frequency of the QCM for a deposition of 60 s
for all inlet configurations in dependence on the pressure. It
is obvious that for all inlet configurations the deposited mass
for increasing from 118 to 183 Pa. Up to a pressure of 183 Pa,
the behind configuration has a higher deposited mass in com-
parison to the other configurations. The middle inlet configura-
tion shows the lowest deposited mass in this pressure interval.
For 204 Pa all configurations are showing a drastic increase in
the deposited mass. The configuration with the highest depos-
ited mass is the middle configuration with 521 Hz, followed by
the normal inlet with 212 Hz, followed by the behind inlet with
128 Hz. The general increase of deposition rate with increasing
flow and pressure for all configurations can be explained by
better NP growth conditions and better NP transport.’? But
this does not explain why the behind configuration up to a
pressure of 183 Pa always shows higher deposition rates than
the other configurations. This must be related to less NP trap-
ping for the behind configuration in comparison to the other

= middle n
® normal
A behind
°
N A
Z.100
=
(@)
(e A
S
© A A °
© A
® ° L4
-
10 ] L] ™ n
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Figure 7. The left plot shows the delta QCM value (absolute difference
in frequency after 60 s deposition time) vs. the pressure for all types of
inlet configurations. The absolute difference in frequency is directly pro-
portional to the deposited mass. It is obvious that for all inlet configura-
tions the deposited mass is increasing from 118 to 183 Pa. For 204 Pa
all configurations are showing a drastic increase in the deposited mass.
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configurations, which is in line with the results from the LLS
measurements (Section 3.2).

The reason for this behavior can be explained by the gas
flow. In the middle configuration, the highest gas velocity can
be assumed to be in the center region of the GAS from the inlet
to the orifice. On the other hand, the gas velocity at the sides
will be much lower. This means that the drag force which can
release the particles from the GAS is in the center much higher
in comparison to the edge regions. NPs which are located at the
edge regions are not efficiently dragged to the orifice in com-
parison to the NPs in the center. Figure 4 shows clearly that in
the middle configuration particles are only trapped at the edge
regions and not in the center region.

Comparing this behavior with the behind configuration, the
strongest difference is that no NP trapping at the edge regions
of the GAS occurs, because in the edge regions the gas velocity,
and so the drag force, is higher in relation to the middle inlet
(Figure 4). Also, the deposited mass is higher up to 183 Pa for
the behind configuration than for the middle configuration
(Figure 7). This indicates that trapping is less pronounced in
this configuration in comparison to the middle configuration.

The position of the trapping regions for the normal inlet
configuration is of interest, too. Up to a pressure of 163 Pa, the
NP are predominantly trapped at the sides. For higher pres-
sures, the signal in this trapping region is reduced and a new
trapping zone in the bottom center appears. It is clear that due
to different GAS inlet configuration, the gas velocity is low at
the edges in comparison to the behind configuration. But in the
center, the velocity is most probably still lower in comparison to
the middle configuration.

At 204 Pa the order of the gas inlets with the maximum
deposition rate is changing. Here, the middle inlet shows the
highest deposition rate, followed by the normal inlet and then
the behind inlet. The middle inlet shows the highest deposition
rate, which may be caused by stronger turbulences inside the
GAS. This may affect NPs from the edge regions leaving the
trapping by too high centrifugal forces, which push them into
the central regions where the gas flow guides them to the ori-
fice. This is perhaps also the explanation for the higher deposi-
tion rate of the normal inlet in comparison to the behind inlet
configuration for a pressure of 204 Pa. Because also for the
normal inlet configuration still NP trapping was observed in the
edge regions. Interestingly the finding, that the behind configu-
ration showed up to a pressure of 183 Pa always a higher depo-
sition rate in comparison to the normal inlet, is contrary to the
findings by Sanzone et. al.3?l They observed that the deposition
rate of Au NPs for a normal configuration was 20 times higher
compared to behind inlet even though the sputtering power
was roughly 4 times higher for the behind configuration (31 W
vs. 8 W). The observed different outcomes can be potentially
traced back to differences in the source geometry as well as the
applied DC power (300 W in this study compared to 31 or 8 W
in the work by Sanzone et. al.). On the one hand, a change in
power strongly affects the plasma parameters, which can lead
finally to a variation of the trapping forces acting on the NPs.
On the other hand, Sanzone et. al. observed a strong increase
from 8 to 31 W in the deposition rate for the normal configura-
tion. This indicates that the nucleation process was most prob-
ably not extremely efficient at the lower power settings. The
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reason could be, that for low power fewer sputtered atoms are
present in the aggregation volume, which reduces the prob-
ability for three-body collisions. These aspects are expected to
severely impact the trapping forces and the nucleation pro-
cess, which may explain the observed different results. Taken
all together, the middle inlet seems to produce more efficient
trapping in comparison to the behind and normal inlet. This
is caused by different gas velocity distributions inside the
GAS. To reduce the amount of trapping it would be beneficial
to design an inlet configuration where the gas enters the GAS
at the middle inlet and also from behind the magnetron. This
would reduce the trapping regions and can increase the overall
deposited mass and material conversion efficiency. Addition-
ally, the general source dimension and geometry can potentially
be improved with the help of CFD simulations, which aid the
prediction of low-velocity regions inside the source during the
design process. One option for future improvements could be
to decrease the diameter of the source to nearly the diameter of
the ground cap of the magnetron. In this case, the development
of trapping regions, which were observed in the edge regions
would be impeded by the constrained GAS dimensions. This
may prevent trapping in these regions, but simultaneously may
cause more sputtered atoms to be deposited onto the chamber
walls, which in turn would reduce the efficiency of the GAS.
Here, CFD simulations combined with experimental tests
should allow to find the optimum geometry.

4, Conclusion and Outlook

NP formation and transport inside a GAS are highly dynamic
processes. A deeper understanding of the gas phase synthesis
in a magnetron-based GAS requires elaborate in situ diagnostic
methods. This study demonstrates how LLS can be applied to
obtain in situ time-resolved information on the location of NP
trapping. In the future, the LLS technique could be improved
by light sources with different and smaller wavelengths to esti-
mate the sizes of the trapped NPs. Additionally, more powerful
light sources and a better camera, with a high frame rate and a
low exposure time, could be used to learn more about the forces
acting on the NPs, if the release could be monitored when the
plasma is switched off.

Nevertheless, the LLS results have shown that NPs are
trapped in different regions inside a GAS. The trapping posi-
tion and LLS intensity of NPs inside the gas depend strongly
on the gas flow and pressure. Additionally, three different gas
inlet configurations and their impact on the NP trapping were
studied. It turned out, that the location of the gas inlet is the
most important parameter, which affects the confinement
and the size distribution of NPs. The middle inlet showed the
strongest trapping of NPs with a vortex-like behavior. How-
ever, the position of the trapping was only at the edge regions,
which was also expectable because of the high gas velocity in
the center of the source. This indicates that this configuration
is perhaps not the most efficient gas inlet configuration for a
GAS. Nevertheless, it has also shown how efficiently the gas
inlet position can change the trapping behavior and the size
distribution of the resulting NPs. Even when only three types of
gas inlet locations were investigated in this work, many options
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are possible to improve the transport of NPs inside the GAS.
Different kinds of inlet configurations can be used to prevent
NP trapping or even make use of the trapping to tailor the
properties of the resulting NPs. A combination of the LLS tech-
nique, together with in situ UV-Vis or in situ SAX and CFD
simulations may enable the development of a novel and highly
efficient GAS.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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