Growth, Transport and Functionalization of Noble Metal Nanoparticles
Inside and Outside a Gas Aggregation Cluster Source:
Uncovered by in-situ Diagnostics

Dissertation
by
Jonas Drewes

born in Walsrode

Submitted to obtain the degree of
Doctor of Engineering (Dr.-Ing.)
at the
Faculty of Engineering, Kiel University
Institute of Materials Science

First Supervisor: Prof. Dr. Franz Faupel

Chair for Multicomponent Materials

Faculty of Engineering, Kiel University
Second Supervisor: Prof. Dr. Jan Benedikt

Chair for Experimental Plasma Physics

Faculty of Mathematics and Natural Sciences, Kiel University
Third Supervisor: Prof. Ing. Andrey Shukurov

Department for Macromolecular Physics

Faculty of Mathematics and Physics, Charles University

Date of Disputation

April 27t 2023



Danksagung

Danksagung

Diese Seite mochte ich allen widmen, die durch ihr Wirken und ihre Unterstiitzung auf unterschiedliche
Weise zum Gelingen dieser Arbeit beigetragen haben.

Beginnen mochte ich mit meinem Doktorvater Franz Faupel, der mir die Chance gegeben hat diese
Dissertation in seiner Arbeitsgruppe anzufertigen. Ich bedanke mich flr sein Vertrauen, die
Moglichkeit der eigenen Entfaltung und all die Dinge die ich von ihm lernen durfte. AuRerdem danke
ich ihm dafir, dass er mir die Vereinbarung von Beruf und Familie in vielerlei Hinsicht erleichtert hat.

An zweiter Stelle mochte ich mich bei Alexander Vahl bedanken. Er hatte stets ein offenes Ohr fiir die
Diskussion von Ergebnissen und der Planung und Durchfiihrung von neuen Experimenten. AuRerdem
hat er mich vielfdltig beim Schreiben der Veroffentlichungen unterstiitzt und mir die Mdéglichkeit
gegeben vieles von ihm zu lernen. Auch Uber die wissenschaftliche Arbeit hinaus bin ich dankbar ihn
einen Freund nennen zu konnen, der mir den Arbeitsalltag stets angenehm gemacht hat.

Oleksandr Polonskyi bin ich dankbar, da er mich in das Thema eingearbeitet hat und mich auch fir das
Thema begeistern konnte. lhn in Richtung USA zu verabschieden, war nicht einfach. Aber es freut mich,
dass wir trotz der Distanz den Kontakt halten konnten.

Ein besonderer Dank geht auch an das ganze Department for Macromolecular Physics an der Charles
University in Prague. Wahrend meines Aufenthalts konnte ich viel lernen und habe viele neue
Freundschaften geknilpft. Ein besonderer Dank gilt Hynek Biederman, Andrei Choukourov, Daniil
Nikitin, Suren Ali-Ogly und Artem Shelemin fir die erfolgreichen Kollaborationen auf vielen
verschiedenen Ebenen.

Auch bei Jan Benedikt und Oguz Han Asnaz mochte ich mich herzlich fir die Zusammenarbeit im
gemeinsamen Projekt und die warme und herzliche Arbeitsatmosphare wahrend meiner Zeit an der
Physik bedanken. Auch Holger Kersten bin ich fir die Kooperation und die Leihgabe von
Forschungsgeraten fiir meine Arbeit zu Dank verpflichtet.

Ganz besonders mochte ich mich auch bei unserem Laboringenieur Stefan Rehders fiir all seine Hilfe
und Geduld bedanken. Auch fiir unsere Freundschaft Gber die Arbeit hinaus bin ich zutiefst dankbar.
Ohne ihn ware diese Arbeit nicht moglich gewesen.

Auch bei dem gesamten Lehrstuhl fiir Materialverbunde mochte ich mich fir die wunderbare
Atmosphare, den freundschaftlichen Umgang und die Hilfsbereitschaft bedanken. Besonders méchte
ich mich auch bei meinen Birokollegen Alex, Stefan, Niko und Thomas fiir die stets von Humor
gepragte Atmosphiare und die offenen Ohren flir meine wissenschaftlichen und nicht
wissenschaftlichen Probleme bedanken.

Des Weiteren mochte ich mich bei Klaus, Thomas, Kristian und Alex fir die Durchsicht und die Hilfe bei
der Strukturierung dieser Dissertation bedanken.

Zu guter Letzt danke ich meiner gesamten Familie. Meinen Eltern méchte ich dafiir danken, dass sie
immer an mich geglaubt haben und mir das Studium ermoglicht haben. Ihr Vertrauen, ihre Zuneigung
und ihre Unterstitzung haben mich durch das Studium und die Promotion getragen. AulRerdem
modchte ich mich bei meiner Frau Anna bedanken, dafiir dass sie mir zwei wundervolle Kinder
geschenkt hat und mich wahrend der Promotionszeit, trotz all der damit verbundenen Anstrengungen,
stets mit ihrer Liebe und Zuneigung unterstitzt hat.




Abstract

Abstract

Over the last decades nanoparticles (NPs) attracted the interest of many researchers, because they
show properties which differ from their bulk counterparts. This work is focused on the synthesis of Ag
NPs, AgAu alloy NPs and Ag@SiO; core-shell NPs. The properties of such NPs can be influenced by
tuning their size, composition, the filling factor and the surrounding medium in case of core-shell NPs.
Therefore, a synthesis process which enables precise control over such properties of NPs is in high
demand. The Haberland type gas aggregation cluster source (HGAS), which was invented in 1992 by
Haberland et al., provides the opportunity to synthesize different types of NPs and tailor their
properties by adjusting the operating parameters of the HGAS. Although nowadays the HGAS is used
by many groups for the synthesis of NPs, the processes inside the HGAS are not fully understood until
today. Therefore, the aim of this dissertation is to increase the understanding of the ongoing processes
inside the HGAS, because this opens the way for new fields of applications. In order to gain a better
understanding of the HGAS, in-situ diagnostics with a good spatial and temporal resolution are
essential. Five different in-situ methods were used, which together contribute to a better
understanding of growth, transport and functionalization of NPs inside a HGAS.

In-situ small angle X-ray scattering (SAXS) measurements at a synchrotron have shown that Ag NPs are
trapped in the close vicinity of the target. Additionally, the size and density of NPs in the trapping zone
were oscillating. That could be caused by periodic expelling from the trapping zone, when a critical size
is reached, or a rotation of the NP cloud around the magnetron axis. Both explanations could not be
verified because of the low spatial resolution of the method. To further investigate the trapping of NPs,
UV-Vis spectroscopy was used, because it is better accessible than a synchrotron. Due to the localized
surface plasmon resonance (LSPR) of Ag NPs, they absorb light in the visible spectrum. This can be
exploited to relate the absorption strength to the relative density of NPs and the wavelength of the
LSPR peak to the size of the NPs. Thereby the trapping of NPs in the HGAS as a function of different
gas flows and pressures can be studied. However, the SAXS and UV-Vis measurements have only a 1-
dimensional resolution, which made it impossible to find the exact position of the trapped NPs inside
the HGAS. Therefore, laser light scattering (LLS) was utilized, which provides 2-dimensional resolution.
Due to Rayleigh scattering the NPs scatter light, which could be imaged by a camera and finally enables
NP imaging. The LLS results have shown that different gas inlets strongly influence the regions in which
NPs can be trapped.

Furthermore, the variety of possible applications of a synthesis method also plays a crucial role, e.g.
the synthesis of alloy NPs or core-shell NPs. Therefore, an interesting option of the HGAS is the ability
to tailor the composition of alloy NPs in-situ, when the multicomponent target approach is used, which
was reported by Vahl et al. in 2017. In this dissertation it turned out that the target lifetime has a strong
influence on the resulting composition of the NPs. By applying optical emission spectroscopy (OES) as
an in-situ diagnostic, it was possible to predict the composition of the NPs. Furthermore, in this thesis
a novel combined method for the production of core-shell NPs was invented, which combines a HGAS
with a second RF discharge. The confinement and coating of the NPs was confirmed by in-situ UV-Vis
spectroscopy and in-situ Fourier-transform infrared spectroscopy (FTIR) measurements.

By combining different in-situ methods it was possible to investigate dynamic processes in a HGAS and
thereby gain new insights into growth, transport and trapping of NPs. Furthermore, the reliability of
the multicomponent target approach could be enhanced, which makes it an excellent tool for the
fabrication of alloy NPs with tailored composition. Finally, a new approach for the production of core-
shell NPs in the gas phase was developed, which is expected to open up new applications for core-shell
NPs because of its outstanding flexibility in terms of material combinations and reliability.
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Kurzfassung

In den letzten Jahrzehnten haben Ag-Nanopartikel (NP), NP aus AgAu-Legierungen und Ag@SiO2-Kern-
Schale-NP das Interesse vieler Forscher auf sich gezogen, da sie Eigenschaften aufweisen, die sich von
ihren groRen Gegenstilicken unterscheiden. Die Eigenschaften solcher NP kénnen durch Anpassung
ihrer GréRe, Zusammensetzung, des Fillfaktors und des umgebenden Mediums im Falle von Kern-
Schale-NP beeinflusst werden. Daher ist ein Syntheseverfahren, das eine genaue Kontrolle Giber diese
Eigenschaften der NP ermoglicht, sehr gefragt. Die Gasaggregationsclusterquelle (HGAS) vom Typ
Haberland, die 1992 von Haberland et al. erfunden wurde, bietet die Moglichkeit, verschiedene Arten
von NP zu synthetisieren und ihre Eigenschaften durch Variation der Prozessparameter der HGAS
anzupassen. Obwohl die HGAS heute von vielen Gruppen fiir die Synthese von NP verwendet wird,
sind die Prozesse im Inneren der HGAS bis heute nicht vollstandig verstanden. Ziel dieser Dissertation
ist es daher, das Verstandnis fur die ablaufenden Prozesse innerhalb der HGAS zu verbessern, da dies
den Weg fiur neue Anwendungsfelder ertéffnet. Um die HGAS besser zu verstehen, sind in-situ
Diagnostiken mit einer guten rdaumlichen und zeitlichen Auflésung unerlasslich. Es wurden finf
verschiedene in-situ Methoden verwendet, die zusammen zu einem besseren Verstandnis des
Wachstums, des Transports und der Funktionalisierung von NP in einer HGAS beitragen.

In-situ Messungen mit Kleinwinkel-Rontgenstreuung (SAXS) an einem Synchrotron haben gezeigt, dass
die Ag-NP in unmittelbarer Nahe des Targets gefangen sind. AuRerdem schwankten die GroRe und
Dichte der NP in der Einfangzone. Dies konnte durch ein periodisches AusstofRen aus der Einfangzone,
wenn eine kritische GroRe erreicht wird, oder durch eine Rotation der NP-Wolke um die
Magnetronachse verursacht werden. Beide Erklarungen konnten aufgrund der geringen raumlichen
Auflosung der Methode nicht verifiziert werden. Um das Einfangen der NP weiter zu untersuchen,
wurde die UV-Vis-Spektroskopie verwendet, da sie besser zuganglich ist als ein Synchrotron. Aufgrund
der lokalisierten Oberflachenplasmonenresonanz (LSPR) von Ag-NP absorbieren sie Licht im sichtbaren
Spektrum. Dies kann ausgenutzt werden, um die Absorptionsstarke mit der relativen Dichte der NP
und die Wellenlange des LSPR-Maximums mit der GréBe der NP in Beziehung zu setzen. Auf diese
Weise kann das Einfangen von NP in der HGAS in Abhangigkeit von verschiedenen Gasflissen und
Dricken untersucht werden. Die SAXS- und UV-Vis-Messungen haben jedoch nur eine eindimensionale
Auflosung, was es unmoglich macht die genaue Position der gefangenen NP in der HGAS zu bestimmen.
Daher wurde die Laserlichtstreuung (LLS) eingesetzt, die eine zweidimensionale Auflosung bietet.
Aufgrund der Rayleigh-Streuung streuen die NP Licht, das von einer Kamera abgebildet werden kann
und schlielich die Darstellung der NP ermoglicht. Die LLS-Ergebnisse haben gezeigt, dass
unterschiedliche Gaseinlasse einen starken Einfluss auf die Regionen haben, in denen NP eingefangen
werden kdnnen.

Darliber hinaus spielt auch die Vielfalt der moglichen Anwendungen einer Synthesemethode eine
entscheidende Rolle. Beispiele sind die Synthese von Legierungs-NP oder Kern-Schale-NP. Eine
interessante Option des HGAS ist daher die Moglichkeit, die Zusammensetzung von Legierungs-NP in-
situ zu andern, wenn der Multikomponenten-Target-Ansatz verwendet wird, wie Vahl et al. 2017
berichteten. In dieser Dissertation stellte sich heraus, dass die Lebensdauer des Targets einen starken
Einfluss auf die resultierende Zusammensetzung der NP hat. Durch die Anwendung der optischen
Emissionsspektroskopie (OES) als in-situ-Diagnose war es moglich die Zusammensetzung der NP
vorherzusagen. Darliber hinaus wurde in dieser Arbeit eine neuartige, kombinierte Methode zur
Herstellung von Kern-Schale-NP entwickelt, die eine HGAS mit einer zweiten HF-Entladung kombiniert.
Das Einfangen und die Beschichtung der NP wurde durch in-situ-UV-Vis-Spektroskopie und in-situ-
Fourier-Transformations-Infrarotspektroskopie (FTIR)-Messungen bestatigt.




Kurzfassung

Durch die Kombination verschiedener in-situ-Methoden war es moglich dynamische Prozesse in einer
HGAS zu untersuchen und dadurch neue Erkenntnisse (iber das Wachstum, den Transport und das
Einfangen von NP zu gewinnen. Darliber hinaus konnte die Zuverlassigkeit des Multikomponenten-
Target-Ansatzes verbessert werden, was ihn zu einem hervorragenden Werkzeug fiir die Herstellung
von Legierungs-NP mit maRgeschneiderter Zusammensetzung macht. Schliefllich wurde ein neuer
Ansatz fur die Herstellung von Kern-Schale-NP in der Gasphase entwickelt, von dem erwartet wird,
dass er neue Anwendungen flr Kern-Schale-NP ertffnet, da er sehr zuverladssig ist und in Bezug auf
Materialkombinationen dulRerst flexibel ist.
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Introduction

1 Introduction

In the last decades, metal nanoparticles (NPs) gained huge attention in many research areas, because
they show properties which differ from their bulk counterparts. These properties of NPs open up their
application in many areas such as catalysis [1], photocatalysis [2—6], resistive switching [7-12], optics
[13] and sensors [14-18]. Recently we used Cu NPs to fabricate a thin-film broadband absorber, which
shows once more how manifold the applications for noble metal NPs are in general [19]. For many of
these applications it is important to control properties of NPs such as size, size distribution, purity,
alloy composition and surrounding medium. For the thin-film broad band absorber we showed that,
e.g. the size distribution and the inter-particle distance strongly impacts the position and the width of
the absorption in the electromagnetic spectrum [19]. Therefore, a good control over the synthesis of
NPs is essential for a variety of possible applications. Thus, the focus of this thesis is the synthesis and
the understanding of the formation of NPs.

An interesting technique for the synthesis of NPs with high purity in the gas phase is a so-called gas
aggregation cluster source (GAS) which is compatible to a broad range of vacuum-based deposition
techniques and typically allows a good control over the size of the NPs. Different kinds of cluster
sources were developed from the early 1970s on. The different types of GAS rely on, e.g. erosion
techniques, effusive methods and supersonic jet expansion [20-22]. In 1992, Haberland et al. invented
another PVD based gas phase synthesis method based on high pressure sputtering, which is called a
Haberland type gas aggregation source (HGAS) [23]. In the HGAS, direct current (DC) magnetron
sputtering is used to vaporize a target material, which creates a supersaturated vapor in which NPs are
formed by condensation in the presence of an inert gas. This is a highly dynamic process in which
growth and transport of NPs are coupled to each other. Since its initial description by Haberland in
1992, a theoretical framework has been developed that qualitatively describes the nanoparticle
formation in a HGAS:

e Formation of nuclei: For the nucleation, a three-body collision of two sputtered atoms and one
gas atom is needed. Therefore, a high concentration of sputtered atoms and gas molecules is
needed [24].

e Growth of particles: The nuclei formation enables further attachment of sputtered atoms
while the heat of condensation is transferred by collisions to the inert gas, which stabilizes the
particles.

e Transport and nanoparticle beam formation: The gas flow also guides the NPs by the drag force
into the direction of the orifice. Along this way from the target to the orifice (aggregation
length) the NPs can grow further by attachment of sputtered atoms or coalescence [25] with
other NPs. After they exit the orifice a NP beam is formed. Then the NPs can be deposited onto
various substrates [23].

In such a HGAS, the particle size and deposition rate can be tuned by various parameters like ratio of
sputter and buffer gas, gas flow, the operating pressure, the magnetron power and aggregation length.
A detailed qualitative description on how different parameters affect the size and deposition rate
theoretically can be found in Chapter 2.1.5.2.

However, mechanisms of growth and transport are interlinked and not completely understood yet.
This is expressed by the fact that in experimental studies even contradictory trends for parameter
studies have been observed. To illustrate this, in the following part literature examples for the power
dependency and the aggregation length dependency of the NP size distribution will be presented:
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On the one hand, Liu et al. [26] found that the NP size decreases with increasing sputter power. On the
other hand, Stranak et al. [27] observed a decrease of the NP diameter for high powers (larger than
130 W). But Polonskyi et al. [28] found out that the NP size is increasing with increasing power. An
additional parameter, which is not completely understood so far, is the aggregation length. It was
reported several times and consistently in the literature that a longer aggregation length increases the
NP size simply because the time for growth by sputtered atom attachment increases [29-32].
Nevertheless, Kousal et al. [33] found by in-situ small angle X-ray scattering (SAXS) measurements that
a high density of big NPs (diameter larger than 70 nm) is found close to the target. It was also observed
that the diameter and the density of NPs decreases with increasing distance to the target. This is
contradictory to the simple description of the influence of the aggregation length. Therefore, the
current description of the working principle of the HGAS has to be extended.

Furthermore, the HGAS approach has another issue despite the not fully understood influence of
different parameters on the size of the NPs. Sanzone et al. [34] reported that the typical nanoparticle
throughput is in the order of 1 pg/h which is not adequate to fulfill the requirements for industrial
usage. This originates partially from redeposition of atoms and NPs onto the target as well as
deposition of NPs onto the walls of the HGAS. Most probably also the trapping of NPs inside the HGAS
reduces the efficiency. Therefore, increasing the deposition rate is in high demand. To optimize the
nanoparticle throughput and to tailor the size distribution of NPs, a deeper understanding of
fundamental processes inside the HGAS has to be accomplished.

However, for the application of any NP source not only the efficiency is important. Another important
question is, which NP properties can be achieved with the synthesis method. If special properties can
be obtained by functionalization of NPs only with the HGAS, a non-ideal efficiency of the source may
be tolerated. Therefore, new methods must be developed to produce functional NPs with unique and
tailored properties with the HGAS to increase the scope of applications of this approach. Because of
the above-mentioned issues and the high demand for functional NPs, the main research question of
this cumulative dissertation is the following:

How can the fundamental understanding of the HGAS be increased to extend the scope of
applications of the HGAS?

The main research question can be divided into three sub-questions:

1) Which in-situ diagnostic techniques can be utilized to investigate the growth, transport and
functionalization of Ag NPs inside and outside the HGAS to increase the understanding of the
method?

2) Which known and unknown parameters can be used to increase the efficiency of the NP
synthesis inside the HGAS?

3) How is it possible to functionalize NPs inside and outside the HGAS to extend the scope of
applications of the HGAS?

To answer these questions, different in-situ diagnostics were utilized. However, none of the in-situ
techniques is able to answer all the questions alone. For that reason, a combination of different in-situ
diagnostics was used to investigate the growth, transport and functionalization of NPs. All techniques
have used electromagnetic radiation which has the big advantage that these methods are not invasive
for the synthesis process of NPs inside the HGAS. One approach to study the growth and transport of
NPs inside the GAS is in-situ small angle X-ray scattering (SAXS) [35]. In the framework of this thesis,
with this method it was possible to observe that the growth of NPs inside the HGAS is highly dynamic
and that especially big NPs are trapped in the close vicinity of the target. Details can be found in
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Chapter 3.2. Another approach to study the growth and transport of NPs for fixed or different Ar gas
flows and pressures is in-situ UV-Vis spectroscopy [36,37]. In this thesis this method provided
information about the trapping of NPs and that the trapping location and deposition rate highly
depends on the gas flow and pressure inside the HGAS. To increase the understanding of the trapping
mechanism and of the drag force, which is acting on the NPs, computational fluid dynamic simulation
(CFD) were conducted. Here it turned out that the velocity distribution inside the HGAS is extremely
inhomogeneous and that also regions are existing, where the velocity is close to 0 m/s. The velocity
distribution is highly dependent on the HGAS geometry, which was only rarely investigated so far.
Details of these studies can be found in Chapter 3.3 and 3.4. It turned out that in-situ small angle X-ray
scattering (SAXS) [35] and in-situ UV-Vis spectroscopy [36,37] give good insights into the growth and
transport of Ag NPs inside the HGAS and the trapping of NPs. However, they only provide 1-
dimensional resolution which is not adequate to fully describe the dynamics in the processes.
Therefore, in-situ laser light scattering (LLS) [38] measurements were conducted providing 2-
dimensional resolution. Motivated by the CFD simulations, different gas inlet designs were developed
and measured with the LLS technique. Although all parameters are kept constant except the gas inlet
design, a strong impact on the deposition rate and the NP size distribution could be observed. This has
shown once more how important the HGAS geometry is and it also indicates that new designs can help
significantly to increase the deposition rate of the HGAS. The details are presented in Chapter 3.5.

Photon-based in-situ diagnostics can not only be used to investigate growth, transport and trapping.
Photon-based methods can also be used to study the properties of functional NPs, e.g. the composition
of alloy nanoparticles or to study the shell growth of core-shell NPs. Furthermore, the in-situ
diagnostics can be used to develop or optimize new or known methods for the synthesis of functional
NPs which extends the scope of applications of the HGAS. Here optical emission spectroscopy
measurements (OES) were used to study the impact of redeposition on the alloy composition in the
multicomponent target approach. Vahl et al. [39] showed in 2017 that the alloy composition of NPs
produced with the HGAS can be tuned in-situ with the usage of only one target with a special geometry.
However, at that time the high dynamics inside the HGAS and the high amount of redeposition onto
the target were unknown. Therefore, no long-term experiments and in-situ diagnostics were applied
during the synthesis of functional NPs in their study. In the framework of this thesis, it turned out that
especially the redeposition effect brings its own challenge for the multicomponent target approach,
which is a target lifetime dependent composition. However, it was possible to enhance the
composition control of alloy NPs from the HGAS by applying in-situ OES [40]. This showed once more
how helpful in-situ diagnostics are not only for the fundamental understanding of a method but also
to increase the reliability of a method. The details on this study can be found in Chapter 3.6.

In addition, a novel method for the production of functional core-shell NPs was developed as part of
this thesis using photon-based in-situ diagnostics. This study is a perfect example on how in-situ
diagnostics can enhance the development of new synthesis approaches. In this study a HGAS was
mounted to a vacuum chamber in which the Ag NPs can be confined by an RF plasma for an extended
time period [41]. To proof that NPs can be hold in the RF plasma, UV-Vis measurements were used.
There it was shown that the NPs can be hold for 1 h without losing NPs. This enabled treatments with
Silane (SiH4) as a precursor gas. UV-Vis and FTIR measurements were used to monitor the coating of
the NPs with SiO,. Over the course of experiments, nearly no losses of NPs were observed. This and
the possibility to hold the NPs nearly for an infinite time inside the plasma makes this novel
combination of a HGAS and an RF discharge an excellent tool for the gas phase synthesis of core-shell
NPs. The details on this study are provided in Chapter 3.7.
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2 Theoretical Background

In this chapter the theoretical background of this thesis will presented. Firstly, the reader is guided
through different types of synthesis methods of NPs. Afterwards the GAS will be explained in detail
because it is important for all publications inside this cumulative dissertation. Therefore, magnetron
sputtering will be introduced before the parameters, which affect the growth and transport of NPs in
the HGAS, will be explained. Afterwards the composition tuning of alloy NPs in the multicomponent
target approach will be described because it is essential for Publication E. Then the holding or trapping
of NPs inside dusty plasmas will be described, which is important for Publication F, where particles are
hold in an RF discharge. Afterwards, the plasmonic properties of NPs will be introduced, which is highly
relevant for Publication B, C and F, where UV-Vis spectroscopy is used to monitor the absorption
caused by the plasmon resonance. Next, computational fluid dynamic simulations will be discussed,
because they are used in Publication C to determine the gas velocity distribution inside the HGAS. In
the last two chapters the in-situ and ex-situ methods, which were used for the investigations of the
NPs inside and outside the HGAS will be introduced.

2.1 Synthesis of Nanoparticles

In this chapter, first a short definition of Nanotechnology will be given, which contains the aim and the
difficulties in the research field. Afterwards, different NP synthesis methods and especially different
kinds of cluster sources will be introduced to place the GAS in the context of different synthesis
approaches. Furthermore, the magnetron sputtering and the GAS will be introduced.

2.1.1 Definition of Nanotechnology

Nanotechnology is an interdisciplinary field and a comparable young research discipline. Although NPs
or even nanocomposites are known and used for centuries they attracted high attention in the last
decades. Before different synthesis routes of NPs will be discussed in detail, in the following sub
chapters, it has to be defined what NPs and nanotechnology are.

The Definition from the U.S. National Nanotechnology Initiative (NNI) is as follows:

“Nanotechnology is the understanding and control of matter at dimensions of roughly 1 to 100 nm,
where unique phenomena enable novel applications. ( ...) . At this level, the physical, chemical, and
biological properties of materials differ in fundamental and valuable ways from the properties of
individual atoms and molecules or bulk matter (Nanoscale Science Engineering and Technology
Subcommittee 2004).” [42]

This definition already shows, on the one hand the aim of nanotechnology and on the other hand it
addresses the biggest difficulties in the research field. The aim is to synthesize NPs or nanocomposite
which have beneficial properties, which their bulk counterparts do not have. But the biggest problem
for the nanotechnology is to control matter at dimensions of roughly 1 to 100 nm.

The control of matter at the nanoscale inside a HGAS is the motivation of this thesis. Only when all
processes inside the HGAS are reasonably understood, it can be used to create new nanocomposites
with unique properties. Before the HGAS will be discussed in detail in Chapter 2.1.5. A general overview
about NPs synthesis methods will be given in following Chapter 2.1.2. afterwards magnetron
sputtering will be introduced in Chapter 2.1.4 to create the basis for the discussion on the HGAS.
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2.1.2 Different Nanoparticle Synthesis Methods
Before the different synthesis approaches of NPs will be introduced, it is important to clarify what the
demands on an ideal NP deposition process are. These important demands are illustrated in Figure 2-1.

High purity
Narrow size - Environment
distribution \friendly
Demands on A
an"ideal"
nanoparticle
deposition
Adjustible ( Adjustable
size composition
Control of
filling factor

Figure 2-1: Demands on an ideal nanoparticle deposition process.

High purity of NPs can be extremely important for applications in health science. The size distribution,
the size in general and the composition (in case of alloys) of noble metal NPs is very important for their
optical properties. If nanocomposites should be produced it is important to choose a method, which
enables to tune the filling factor of the composite in the desired range. The impact on the environment
is also important and should be considered during the selection of the best suited NP synthesis
method.

Depending on the desired application of the NPs, different synthesis methods of NPs are available,
which all have different advantages and disadvantages. These methods range from biological, over
chemical to physical approaches [43—45]. In Figure 2-2 different NP synthesis methods are shown and
the color indicates to which disciplines the methods are assigned best. Not all methods will be
described in detail here, because the main focus of this thesis is the inert gas condensation method,
which is a physical process. This leads to the inert gas condensation approach, where NPs are produced
in the gas phase, which enables the combination with different vacuum thin film deposition
techniques. Nanoparticle sources based on the inert gas condensation are also called gas aggregation
cluster sources. Different types are existing and an overview will be given in the next chapter.
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Figure 2-2: Different NP synthesis methods ranging from biological (green) over chemical (orange) to physical processes
(blue).[46]

2.1.3 Different Types of Cluster Sources

Different types of cluster sources were invented over the last decades, which are listed in Figure 2-3.
The basic principle of cluster formation is similar for all types of cluster sources but the differences are,
e.g. in the vaporization method of the raw material, the cluster process and in the gas delivery. Some
sources are operated continuously and others are pulsed. In this chapter a short overview about the
different cluster sources will be given to place the sputter GAS or HGAS in the context of other PVD NP
synthesis methods. In the last part of this chapter the unique advantage of the HGAS over the other
GAS methods will be presented. Furthermore, the in-situ diagnostics which are used in this thesis to
investigate the growth and transport inside a HGAS may have the potential to be transferred to other
GAS types.

The seeded supersonic nozzle source produces high fluxes of low melting point metals like alkali
metals. In this source the solid metal is heated in a furnace to temperatures that result in a vapor
pressure in the region between 10 and 100 mbar. This vapor is mixed or seeded into an inert gas which
is introduced into the furnace with a pressure of several atmospheres. The hot mixture of inert gas and
vapor expands into vacuum through a small orifice. The rapid cooling behind the orifice leads to the
condensation of the metal into clusters. A drawback of the method is the limited temperature in which
the source can be operated, which restricts the choice of material. On the other hand, the advantage
is a relative high production rate of clusters. [47-49]

In the thermal GAS the metal vapor is produced by thermal heating of the raw material inside a
Knudsen cell. In comparison to molecular beam epitaxy the required vapor pressure for a cluster
source is 10 mbar, which is three orders of magnitude higher. Therefore, higher temperatures are
needed inside the Knudsen cell. In comparison to the seeded supersonic nozzle source, the expansion
is weaker. Because a Knudsen cell is used, only a small volume must be heated, which makes it possible
to reach 2000 K, which increases the variety of possible materials. [47,48,50]
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Figure 2-3: Different kinds of cluster sources.

In the laser ablation source, the material is vaporized by laser pulses of high power. This is combined
with inert gas pulses of high pressure. The clusters are produced when the inert gas and the vaporized
material are mixed. During the expansion through a nozzle, which rapidly cools down the mixture, the
clustering is accelerated. A possible drawback is the high cost for the laser equipment. On the other,
hand, high cluster fluxes are possible with this kind of source. [47,48,51]

In the pulsed microplasma cluster source, the inert gas is injected with a pressure of several hundreds
of Pascals, but the valve is only open for short subsecond timepulses. The gas flux is directed onto a
target cathode, where a pulsed plasma is ignited. Due to the high pressure in the close vicinity to the
target cathode, the sputter yield is increased. The high-pressure sputtering leads to the direct
sputtering of clusters, which can work as cluster seeds for further growth. [47,52]

The pulsed arc cluster ion source shows similarities to the laser ablation source in terms of the
clustering process. In general, the material is vaporized in the pulsed arc cluster ion source by a pulsed
arc. The high current of the arc vaporizes the target material, which together with a gas pulse of an
inert gas, starts the clustering process. Due to the vaporization method by arcing, a big portion of
around 10 % of clusters are charged. Therefore, it is possible to use charged-particle analyzers to tailor
the sizes of the deposited NPs. [47,48,53]

In the sputter gas aggregation source, the material is vaporized by magnetron sputtering. This type of
GAS was originally developed by the group of Haberland in Freiburg and is nowadays used by many
groups all over the world [23]. The biggest advantage is that nearly every material can be sputtered
and can therefore be also used inside a HGAS. Additionally, the ionized portion of clusters produced in
a HGAS can be =50 %. This enables even more efficient mass selection in comparison to the pulsed arc
cluster ion source, because the portion of not ionized clusters is lower, which leads finally to less waste
of raw material [47,48]. The HGAS has also the advantage in comparison to the other methods, to in-
situ control the composition of alloy NPs by applying the multicomponent target approach [39,40].
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In the following chapter, magnetron sputtering will be described in detail, because it is the initial step
for the cluster production in the HGAS. Afterwards, in Chapter 2.1.5 the working principle of the cluster
formation inside the HGAS will be described in details.

2.1.4 Magnetron Sputtering
In this chapter the magnetron sputtering will be introduced, which creates the basis for the discussion
on the HGAS in the next chapter. The main difference in the operation of a magnetron for the purpose
of thin film production in comparison to the operation inside the HGAS for cluster production, is the
operating pressure. In this section the magnetron sputtering will be described classically with the
purpose of thin film production.

Magnetron sputtering is a widely used technique for the production of thin films. The fundamental
process of sputtering is the impact of energetic ions onto a target material, where atoms are removed
(sputtered) due to the momentum transfer of the energetic ions onto the target atoms. The sputtered
atoms are deposited onto a substrate material afterwards. [47,54,55]

For DC magnetron sputtering, a noble gas like Ar is used to ignite a plasma. For that purpose, a negative
bias voltage is applied to the target that also accelerates the inert gas ions onto the target surface. A
schematic of a magnetron and the sputtering process is shown in Figure 2-4. The main components of
a magnetron are: [47,54,55]

The target, which is set to a negative potential during sputtering.

A ground cap, which acts as a counter electrode.

Gas inlet.

Permanent magnets.

Water cooling, which prevents target melting and demagnetization of the magnets.

vk wNE

Typically, a voltage between -150 to -400 V is applied to the target. The inert gas is injected to the
vacuum chamber through a small channel between the magnetron and the ground cap. The width of
the channel is smaller than 1 mm to prevent plasma ignition in this area. The permanent magnets
behind the target are used to generate a magnetic field above the target, which traps electrons in a
circular motion due to the Lorenz force. This area is called race track. The trapping of electrons above
the target increases the electron density, which increases the ionization probability of neutral gas
atoms. Finally, this leads to an increased ion density and an increased sputter rate in this area.
Therefore, much more material is removed in the race track region, where the synonymous name
erosion zone originates from. The pressure can be reduced by using permanent magnets without
decreasing the ion flux. This increases the mean free path of sputtered atoms, which increases the
deposition rate and the energy of the arriving atoms on the substrate. The formation of the erosion
zone is a disadvantage, because the target has to be exchanged before the whole material was used
for sputtering. This can be prevented with the usage of full-face-erosion-zone magnetrons [56]. Their
magnetic field is not constant but is manipulated in a way, which enables to sputter nearly the whole
target material, without the formation of an erosion trench. Not the whole applied power to the
magnetron is transferred into the sputtering process. A significant portion is transferred into heat. This
can cause cracks or melting of the target. To prevent this, a magnetron is water cooled. [47,54,55]

In this chapter the basic concept of sputtering was described. In the next chapter, the HGAS will be
discussed. There also magnetron sputtering is used to knock out atoms from a target, but in
comparison to the formation of thin films, the operating pressure during magnetron sputtering is in
the range of hundreds of pascals in comparison to fractions of pascals.
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Figure 2-4: Schematic cross section of a planar magnetron. Shown are the target, the ground cap, the gas inlet, the
permanent magnets and the water cooling. Additionally, the sputtering process and the ionization process are schematically
depicted. The figure is reprinted from the book from Huttel et al. [47].




Theoretical Background

2.1.5 The Haberland Type Gas Aggregation Cluster Source (HGAS)

In this chapter the working principle of a HGAS will be introduced. The chapter is structured into two
parts. In the first part, the setup of a HGAS and the nucleation and growth processes inside the HGAS
will be discussed. In the second part the working parameters, which are affecting the HGAS, will be
introduced.

2.1.5.1  Nucleation and Growth

As it was mentioned before in Chapter 2.1.3, the HGAS is a sputter GAS. It consists of a magnetron,
where the target material is vaporized. A small orifice (1-5 mm) connects the HGAS and the deposition
chamber. The setup of a HGAS and the NP growth is schematically shown in Figure 2-5. To enable
condensation of sputtered atoms and to form NPs, a high pressure (tens or hundreds of Pa) compared
to sputter deposition for thin films is needed. Since the inert gas, usually Ar, is inserted inside the HGAS
and only the deposition chamber is pumped, a higher pressure in the HGAS is created, because the gas
flow conductance through the orifice is low. The process of NP formation inside the HGAS can be
divided into six steps, which are also shown in Figure 2-5: [47]

Vaporization of target material

Irreversible nuclei formation

Growth of NPs by condensation

Coalescence of different NPs

Sintering of NPs

Transport through orifice and deposition onto the target

ok wnNPE

In the following section, all steps will be described and all of these steps are schematically presented
additionally in Figure 2-5.

step 1 1 step 2 1 step 3 | step 4 | step 5 | step 6
vaporization of target material Inuclei formationl condensation | coalescence | sintering 1 transport & deposition
Lomsar>mar b Mavom,, 1 mam>m,,, | 1
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Figure 2-5: Schematic of a HGAS and the growth of NPs. The HGAS consists of a height adjustable magnetron with an Ar
inlet, diagnostic ports for in-situ investigations and an orifice, which is connected to the deposition chamber. Important is
that the pressure in the HGAS (p1) is much higher than in the deposition chamber (p;). The 6 steps sputtering, nuclei
formation, condensation, coalescence, sintering, transport & deposition are also shown.
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Step 1 is the vaporization of the target material or sputtering, which was already described in details
in Chapter 2.1.4.

Step 2 is the nuclei formation, which can be described partially with the classical nucleation theory
(CNT) [47]. The free enthalpy of formation of a nucleus consists out of two counteracting terms. One
term is the surface contribution to the enthalpy 4Gs.sand the other term the volume contribution to
the enthalpy 4G.q. If the solid face is the stable face 4G, is negative, thus energy is gained by forming
the nuclei. Then 4Gs.ris positive and represents the cost of energy for the creation of the surface. Both
terms are shown below:[47]

AGsyrr = 41 R? Aggyrs (2-1)

4 3
AGyo = _§ T R> Agyor (2-2)

Here R is the radius of the growing nuclei and 4g represents the enthalpies per unit surface or volume.
The sum of both terms is the overall free enthalpy: [47]

AG = AGgyry + AGyg; (2-3)
If the first derivative of AG equals zero, the radius is called the critical radius R*. If the critical radius is
reached, the particles are stable and can grow further: [47]

_ 20V

" kg T log(S)
Here o is the surface energy, v is the atomic volume, S is the supersaturation ratio between the vapor
pressure in the gas phase and the vapor pressure over a flat surface of the corresponding solid. In a
HGAS, the supersaturation ratio is usually much higher than one. However, the CNT is too much
simplified, because it assumes that the small NPs have the same properties as their bulk counterparts.
[47]

R’ (2-4)

Therefore, another theory was developed: The kinetic nucleation theory. It uses a steady state
approximation to describe the formation of nuclei. The basic assumption is that the nucleus is stable,
if the probability for evaporation and condensation of one atom from or on the nucleus is the same.
The following equation can be written, where X corresponds to the growing nuclei: [47]

Xy1+X e Xy (2-5)
When this reaction is extended by an intermediate step between the reactant, which is the gas, and
the product, which is the solid, the Rice-Ramsberger-Kassel-Marcus (RRKM) theory is formed. The
transition state in the following formula corresponds to the energy barrier AG from the CNT: [47]

ke(N) ps(N)
Xy +X o Xy - Xy (2-6)

kq(N)
Here k;(N) is probability of complex formation (condensation of an atom on the nuclei), k4 (N) is the
complex destruction and ps(N) is the probability for stabilization. The first step of this reaction is a
bimolecular reaction and the second step is a unimolecular reaction. In the unimolecular reaction, the
nucleus is stabilized by the sputter gas or the buffer gas, which takes up the released energy. As a
buffer gas typically He is used, because it has a high mean velocity, which enables fast energy exchange
between the nuclei and the chamber walls. Nevertheless, in this thesis no buffer gas is used, but the
sputter gas Ar can also serve as a buffer gas. The interested reader can find more details on this topic
in the text book of Yves Huttel. [47]
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After the nucleation process was described, now step 3, the condensation, will be discussed. When
the formed nucleus is stable, it can grow further by collision and condensation of single atoms. The
condensation energy is distributed across the internal degrees of freedom of the particle, which heats
up the particle. At this step the buffer gas becomes important, because it transfers the energy from
the particles to the side walls of the HGAS. Therefore, many HGAS sources are equipped with water or
liquid nitrogen cooled walls [28,57]. A faster cooling rate of the particles leads to less re-evaporation
of atoms from the particles and finally increases the growth speed. At this point of growth, most NPs
are in a liquid stage because of the melting point depression of small NPs [58—60].

The high flow of buffer gas inside the HGAS from the magnetron to the orifice builds up a laminar flow.
Due to the increasing size of the NPs, the collision rate between the gas molecules and the clusters is
increased. The resulting drag force transports the NPs in the direction to the orifice. During the
transport of the NPs more and more atoms condense on the NPs reducing the atom density along the
path to the orifice. At some point no free atoms are left which can bound to the NP and the growth
stops. Nevertheless, some NPs cannot follow the gas flow and diffuse to the side walls of the HGAS,
where they get lost. [47]

After the growth by condensation stopped, step 4 (coalescence) takes place. Coalescence is the
formation of two NPs to one large NP. This process takes place close to the orifice, because in the cone
region the NPs are focused to the orifice, which increases the collision probability of two NPs. This
process depends also on the inert gas pressure, the free atom density and the aggregation length. [47]

Another effect is the charging of NPs inside the HGAS due to the plasma environment. The NPs collide
with ions and electrons that charges the NPs either positive or negative. This can increase the
coalescence probability, because the individual NPs are attracted by the Coulomb force, if they have
opposing charges. The general assumption for charging of NPs in plasmas is that they will charge up
negatively, because of the higher mobility of electrons compared to ions in the plasma. However, in
the HGAS the particle density is so high that many electrons are bound to the NPs disrupting the quasi
neutrality of the plasma locally. Furthermore, the ion and electron densities far away from the
magnetron are much lower in comparison to a region closer to the magnetron. Therefore, NPs can
charge up positively far away from the magnetron by collecting ions or by photo-electron emission.
Thus, NPs can charge both positively and negatively, but the larger the NPs, the more likely they are to
charge negatively due to the larger cross-sectional area. The charging of the NPs can also be utilized
for mass selection in quadrupole mass filters, which can be installed behind the HGAS. There the
particles can be deflected in dependence to their mass and charge. This enables the extraction of NPs
with a narrow size distribution on the cost of deposition rate. [28,61]

If the melting point of the NPs is low enough or the temperature is high enough, the coalesced particles
can rearrange or sinter (Step 5) to minimize the surface energy.

Step 6 is the last step and is the transport and deposition of the NPs onto the substrate. The pressure
in the deposition chamber is usually smaller than 1 Pa. Therefore, the collision with gas molecules is
rare and the NPs form a linear beam from the orifice to the substrate. The speed of the particles can
reach 200 m/s depending on their size and process parameters of the HGAS[28]. Since the kinetic
energy of the NPs is low, they do not damage the substrate or get damaged due to the impact.
Therefore, the NPs are deposited in the so-called soft-landing regime.
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2.1.5.2  Parameters Affecting the Growth and the Deposition Rate

After the setup of a HGAS was described and the different formation steps of NPs inside the HGAS
were introduced, in this chapter the working parameters of the HGAS, which are affecting the NP
growth will shortly be described. These parameters are shown in Figure 2-6.

One factor, which influences the size distribution of nanoparticles, is the power applied to the
magnetron. On the one hand Liu et al. [26] found that the NP size decreases with increasing sputter
power. They attributed this effect to the higher ionization degree of sputtered atoms with higher
powers. Therefore, more positively and negatively charged ions are present for higher powers, which
increases the nucleation rate, because of the attraction of ions with opposite charges [26]. On the
other hand, Stranak et al. observed a decrease of NP size for powers bigger than 130 W and attributed
this effect to the evaporation of atoms from the NPs as a result of the increasing temperature [27].
Nevertheless, Polonskyi et al. found out that the NP size is increasing with increasing power, without
giving an explanation, because the focus of the work was not on the size dependence [28]. It can be
concluded that the power dependency of NPs from the NP source is not fully understood until now,
but it is confirmed that the power influences the NPs growth. Therefore, in-situ diagnostics for the
processes inside the HGAS are in high demand. To find a suitable in-situ diagnostics for the HGAS is
one aim of this thesis.

Another influencing parameter of the NP size is the pulse frequency and duty cycle of the magnetron,
if the applied power is pulsed. It was found that the relaxation time, which is the plasma off time, is
an important factor. If the relaxation time becomes longer, the cooling of NPs is more efficient and
they can grow larger. At frequencies below 1 kHz and low duty cycles the discharge is operated in the
so called High-power impulse magnetron sputtering (HIPIMS) mode. Here the ionization of sputtered
atoms becomes high and the positive ions are attracted back to the cathode [27].

size & deposition rate

affecting parameters

Figure 2-6: Working parameters of the HGAS which are affecting the size and the deposition rate of the resulting NPs.
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Four more size affecting parameter are related to the gas. Critical parameters are the gas flow, pulsing
of gas flow, the resulting pressure in the HGAS and the gas mixture. In general, a higher gas flow leads
to a higher drag force on the particles and therefore to a higher velocity of the NPs. Hence, an
increasing gas flow with constant pressure would lead to smaller NPs, because the time for
condensation of atoms on the NPs becomes shorter. Experimentally this is difficult to test, because
usually the orifice has a fixed size and therefore an increase of the gas flow always leads to a higher
pressure. Batkova et al. measured the size of NPs for constant pressures with different flows by using
different orifice diameters. They were able to confirm that an increase in flow leads to smaller
particles, due to the reduced residence time [62]. Additionally, a higher gas flow often leads to a higher
deposition rate, because the NPs are dragged more efficiently towards the orifice and less particles get
lost to the chamber walls.

The Ar pressure in the HGAS influences also the NP growth. The Ar pressure influences on the one
hand the sputtering rate and on the other hand the appearance of condensation nuclei. Therefore, a
higher Ar pressure leads to more nuclei and increases the deposition rate. Nevertheless, the higher
pressure is usually achieved by increasing the Ar flow and so the drag force on the NPs is increased.
Therefore, generally the higher Ar flow at a higher pressure reduces the residence time which reduces
the NP size. [29,63]

Another impacting factor on the NP growth is the admixture of He as a buffer gas in addition to the Ar
flow. It was found that the He does not influence the sputtering process and the nucleation process so
much. On the other hand, the He influences mainly the NP velocity. Therefore, a higher He flow
terminates the growth of NPs faster, because the NPs are swept out of the growing region inside the
HGAS faster. [29,63]

The gas flow can also be pulsed in a HGAS like it is done, e.g. in a pulsed arc cluster ion source or laser
ablation source. The gas pulsing in the HGAS will also influence the NP size and deposition rate. When
the gas flow is pulsed, the pressure inside the HGAS is oscillating around an average pressure. During
the low-pressure period in the beginning of the gas pulse, more atoms are sputtered in comparison to
continuous operation. During the high-pressure period the particles are more effectively cooled due
to sufficient energy transfer which produces larger NPs. Drache et al. found 8 times higher NP mass
flux for pulsed operation in comparison to continuous operation. Here the constant pressure was the
same like the mean pressure during pulsed operation. [64]

The aggregation length of a HGAS can often be adjusted by the use of a height adjustable magnetron,
like it was shown in Figure 2-5. Here the distance between the magnetron and the exit orifice can be
adjusted easily. It was found that an increase in aggregation length leads to an increase in the NPs size.
This is related to the increased residence time of NPs in the strongly supersaturated sputtered metal
vapor environment [29,63]. But Kousal et al. [33] found trapping of NPs in the close vicinity of the
target and also that larger NPs are found close to the target as far away from the target. Therefore,
the simple picture that NPs grow along their whole way through the HGAS to the orifice seems to be
more complex. This shows once more, how important in-situ diagnostics are to fully understand the
growth and transport inside the HGAS.

The last size and deposition rate affecting parameter is the shape of the race track. It could also be
said that the target lifetime influences the growth process, because a strongly used target shows more
erosion than a recently installed target. Ganeva et al. [65] found that with increasing lifetime or
increasing erosion the NP deposition rate and the size is firstly increasing. After a maximum, the size
and the deposition rate drops under the initial values. If the target is used even longer, the formation
of NPs stopped abruptly. Ganeva et al. attributed this finding to the angular dependence of the sputter
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yield. With increasing erosion, the impact angle of the Ar ions in respect to the target surface changes.
With increasing angle, the sputter yield increases until a maximum is reached at around 60°. Then the
sputter yield drops quickly. It was found that this angle was reached at the point, where the size
distribution changed significantly. Therefore, the target lifetime is a critical parameter, which has to
be considered during the operation of a HGAS. [65]

Other factors, which are not discussed here are the influence of the gas velocity distribution inside the
HGAS, the gas inlet configuration, redeposition onto the target and trapping of NPs. These factors were
partially not considered in literature before the start of this thesis in 2018. Details about these
additional factors can be found in Chapter 3.4 and 3.5, where the publications dealing with these
subjects are presented.

2.1.6 In-situ Composition Tuning Inside a HGAS

To enable the application of the HGAS in the industry, not only the efficiency and deposition rate are
important. Moreover, the ability of the HGAS to produce special NPs, e.g. alloy NPs with tailored
composition, can be a selling argument against other synthesis methods, which do not have this
option. In 2017 Vahl et al. [39] found a method where inside a HGAS the composition of AgAu NPs
could be varied in-situ without changing the target. They used a customized target, where a trench
was milled inside a pure Ag target first and three gold wires were embossed into this trench afterwards.
They found out that by adjustment of the operation pressure of the HGAS from 36 Pa to 191 Pa the
resulting NP composition could be varied from =60 at% to =73 at% of Au measured with XPS. They
attributed the composition change to a change in the mean free path of the Ar ions with a change in
the pressure. A higher pressure results in a shorter mean free path and, therefore, in a narrower
erosion zone. Since the Au wires are embossed into the center of the erosion zone, the narrower
erosion zone leads to a higher Au content in the NPs. [39]

Nevertheless, in this publication the influence of redeposition of sputtered material for a longer target
lifetime was not investigated. Therefore, in this thesis the multicomponent target approach was
investigated in more detail in terms of target lifetime. Here in-situ optical emission spectroscopy was
applied to identify the sputtered atoms inside the HGAS and relate this to the resulting composition.
More details on this subject can be found in the Publication E.

2.2 Particle Holding Inside a Dusty Plasma

A plasma is often called the fourth fundamental state of matter and is characterized by its electrical
conductivity. This conductivity is caused by it being a partially or fully ionized gas, thus consisting of
ions, electrons and neutral atoms and molecules. If particles with a size from nm to um are present as
well, the plasma is called a dusty plasma. The particles can either grow by different mechanisms inside
the plasma or can be injected into the plasma. In this thesis in Publication F a dusty plasma is created
by the injection of Ag NPs from a HGAS aggregation source into a second RF plasma discharge. There
the particles got trapped and were coated. In this chapter the mechanism which enables the trapping
of NPs inside a dusty plasma will be described. Additionally, the forces which are discussed here can
potentially also act on NPs inside the HGAS which is most probably the reason for the trapping inside
the HGAS.

In dusty plasmas the dust grains get charged primarily because they are collecting electrons and
positive ions. In a plasma, electrons have a higher mobility in comparison to the ions, because they
have a much lower mass but hold one elementary charge as well. For that reason, dust particles are
usually charged negatively. Due to the charging of the particles, different forces are acting on the
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particles inside a dusty plasma which are finally able to trap particles inside a plasma. These forces
are: [66,67]

Gravity

Electric field force
lon drag force
Thermophoresis
Neutral drag

vk wN e

In the following section these forces will be shortly described and their dependence on the size of the
particles will be described.

The gravitational force is:

4
Fg=mqg=3ma’pag (2-7)

With g is the gravitational acceleration, p, is the mass density of the dust particle, a is the radius of a
spherical dust particle. The gravitational force plays only an important role for particles in the
micrometer range and becomes negligible for particles in the nanometer range, because it scales with

a3.[66,67]

The electric field force is:

Fp=QuE=4meyadp E (2-8)
Where Q is the charge of the dust particle, € is the dielectric permittivity of vacuum, a particle radius,
¢ is the floating potential of the dust particle and E is the electric field. The equation shows that the
electric field force scales linearly with the size of the particle, which is derived from the orbit-limited
(OML) model. In the plasma volume (outside the sheath region) only a small electric field is present.
Therefore, the electric field is only able to overcome the gravitational force for small particles inside
the nanometer range. [66—68]

The ion drag force is:

Fion = Feot + Forp (2-9)
The ion drag force consists of two different forces. One is the collection force F,,; and the other one
is the orbit force F,,-,. This model was introduced by Barnes et. al. [69]. The collection force is present
because a charged dust particle collects ions and these ions are transferring momentum to the particle.
The collection force depends with a? on the radius of the particle. The orbit force has to be considered,
because if an ion is deflected in the field of a dust particle, the momentum of the ion changes the
direction, but the magnitude is conserved. The orbit force depends in the end with a? on the particle
size. Therefore, the ion drag force depends with a? on the size of the particle. For more details on this
theory the reader is referred to the original model by Barnes et al. [66,67]

The neutral drag force is:

Farag = —6 g T a% My Vepp N Vg (2-10)
Here m,, is the mass of the neutral gas atom, n,, is the density of the neutral gas atom and v, , is the
thermal velocity of the neutral gas atoms. The momentum transfer of the neutral gas onto the dust
particle depends on how the gas atoms are reflected from the particle. The gas can be reflected in
different ways, e.g. diffuse, specular, etc. The parameter § accounts for the different types of
reflections and lies between 1 for specular reflection and 1.44 for diffuse reflections. The neutral drag

force can be understood as a friction force due to the neutral gas atoms, which are impinging on the
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dust particle and slow the dust particle down, when it is moving. The neutral drag force depends with
a? on the size of the particle. [66,67]

In the HGAS this force enables the transport of NPs from the HGAS to the deposition chamber.

The thermophoretic force is:

32 a’k,

Fep = T m VT, (2-112)
Here VT,, is the temperature gradient of the neutral gas and k,, the thermal conductivity of the gas.
The thermophoretic force originates from a temperature gradient in the neutral gas. In a simple
picture, the neutral gas atoms hitting a particle from a side with a higher temperature transfer a larger
momentum than gas atoms from a colder side. Therefore, the force acting on the particle from the
side with the higher temperature exceeds the force from the colder side. The thermophoretic force is
especially important for nanometer sized particles inside a plasma. This force is present in a dusty
plasma, because a plasma discharge is heating the gas. The thermophoretic force depends with a? on

the particle size. [66,67]

After the most important forces, which can act on particles inside a plasma, are discussed, in the
following section the interplay of these forces which can finally lead to particle holding or trapping will
be discussed.

In Figure 2-7 the forces acting on a dust particle in a typical low power RF Ar discharge are calculated
for different particle radii. The neutral drag is not included, because it is only of interest for moving
particles. It is also important to note that the electric field is assumed to be constant for the calculation,
even though this is not the case in a real discharge. It is well visible that for low radii in the nanometer
range the dominating forces are the electric field force and the ion drag force. The thermophoretic
force for a gradient of 200 K/m is already noticeable. The gravitational force for particles in the
nanometer range is negligible. The dust will move to a point where the electrical field force balance
out the other forces. For small particles the gravitational force is low, thus smaller electric fields are
able to levitate and trap the particles in the entire plasma volume. Nevertheless, so called “voids” are
existing in plasmas, where no particles can be found. These voids are also associated to the interplay
of electric field forces and ion drag forces. In the plasma center the electric fields are always small for
geometrical reasons. Therefore, the ion flow velocity is small, too. However, the electrical field force
is smaller in the center than the ion drag force. This leads finally to an empty space, the void, where
no dust is found. [66,67]

The holding and trapping of dust in a plasma is utilized in Publication F to confine NPs, which are
synthesized in a HGAS, to coat them by the introduction of precursors into the RF plasma.
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Figure 2-7: Shown are the forces acting on dust particles for the parameters: p, = 1500 kg/m> T, =2 eV, ¢s =-4 V, E =
1000 V/m, n; = 10 m™3, vy, = vy = 400 m/s, VT, 200 K/m, k,, = 0.016 kg m s3 (Ar). The figure is reprinted from [67].

2.3 Plasmonic Properties of Nanoparticles

The plasmonic properties of noble metal NPs are responsible for their unique optical characteristics.
In this thesis, the optical properties of NPs are used to detect them inside the HGAS with in-situ UV-
Vis spectroscopy (Publication B & C). Therefore, it is important to discuss the origin of the plasmonic
properties of NPs which will be done in this chapter.

Plasmon resonances can be defined as collective oscillations of conduction electrons in response to an
electric field, e.g. a light wave. In general, three different kinds of plasmon resonances are existing:
Bulk plasmons, surface plasmons and localized surface plasmons.

Bulk plasmons are the result of an electromagnetic wave which are propagating through a material.
The field polarizes the medium and excites a physical movement of the charges. Therefore, the
excitation field and the displacement of the charges are coupled. Such a coupled excitation is called
Polariton. In this thesis, the main focus is on the plasmonic properties of NPs. Therefore, the
understanding of surface plasmons and localized surface plasmons is much more important. For those
reasons bulk plasmons won't be treated in detail. [70-72]

The interested reader can find a good overview about bulk plasmons and plasmonic properties in
general in the textbook of Enoch et al. [70].

Surface plasmon polaritons (SPPs) can be described as surface charge density waves which are
propagating along a metal-dielectric interface. An exemplary dispersion curve for SPPs (blue-dashed
line) can be found in Figure 2-8. From the dispersion curves of light in vacuum (black-solid line) and the
curve of the SPP follows that light cannot couple directly to a plasmon excitation of a flat semi-infinite
surface, because energy and momentum cannot be conserved at the same time. Nevertheless, light
can also excite SPPs when additional momentum is provided. Different options are possible. One
option is to modify the surface of the metal by gratings. Such gratings can provide lattice momentum.
Another option is to pass the light through a block of glass. This increases the wavenumber and the
momentum so that the light can couple to the SPPs. [70-72]
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Two configurations are possible. One is the Otto configuration and the other the Kretschmann
configuration [73]. In the Otto configuration, the light illuminates the wall of a glass prism and is
reflected totally internally. On the other side of the wall a thin metal film is positioned close to the
prism wall. If the distance between the prism and the metal film is close enough, an evanescent wave
can interact with the metal surface and excite the SPP. In the Kretschmann configuration, the metal is
directly evaporated onto the prism wall. In this case the evanescent wave penetrates through the
metal film. Therefore, the SPP is excited on the outer side of the metal film. [73]

In contrast to the SPP of a flat semi-infinite surface, the plasmon is not propagating in a metallic NP.
Due to the small dimensions and the closed geometry, the surface charge density can oscillate locally
(Figure 2-8), which is called localized surface plasmon (LSP). If the electron cloud of a metal NP is moved
away from its original position, a restoring force arises from the attraction of nuclei and electrons due
to Coulomb forces. Due to this restoring force, the electron cloud is oscillating. The finite geometry
does not only allow the coupling to external light, it also enables to tune the energies of the plasmon
excitation. Therefore, a good control over the size of metal NPs is important to adjust the optical
properties of these NPs precisely. Nevertheless, different other factors besides the size of NPs are
affecting the plasmon resonance, which will be described in the following section. [70-72]
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Figure 2-8: The plot on the left side shows the dispersion curve of the bulk plasmon (green-dashed line) and surface plasmon
polariton (blue-dashed line). Additionally, the curve of light in vacuum is displayed (black-solid line). The red dots and red-
dashed lines show schematically the additional momentum, which is needed for effective coupling. On the top right, a
schematic drawing of a propagating surface plasmon polariton is shown together with a plot for the electric field strength in
dependence to the distance to the interface. On the bottom right, the schematic drawing of the surface charge density of a
localized surface plasmon together with the electric field strength plot in dependence to the distance to the center of the
particle is shown. The figure is reprinted from [70].

Factors affecting the LSP are:

Size of NPs

Shape of NPs

Dielectric surrounding of NPs

Inter particle distance between NPs (Plasmonic coupling)

el o

To understand how the size and the surrounding medium are affecting the LSP, the polarizability of a
spherical particle has to be introduced. The optical response of the LSP in a metallic NP can be
described with the polarizability which links the incoming electric field with the electric dipole
moment. In the quasi static approach, the dipolar polarizability as,» of a spherical particle can be
described with the following equation: [70-72]
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3 Esph ~ €med
gsph + 2 Emed
Here &g, is the dielectric function of the sphere, &,,.4 is the dielectric function of the surrounding

Aspp = 4T g a (2-12)

medium, a is the radius of the NP and ¢ is the vacuum permittivity. A spherical metal NP can be treated
as a kind of optical antenna, because it converts effectively electromagnetic radiation from the far-
field into the near-field and vice versa. To describe the scattering and absorption by NPs, the scattering
and absorption cross-sections have to be introduced. These cross-sections can be used to relate the
energy, which is send back to the far-field (scattering), to the energy, which is dissipated within the NP
(absorption). The scattering cross-section and the absorption-cross section are related to the incident
power linc, the scattered power Is.o: and the absorbed power /gps.as follows: [70]

I
Cocat X 7 (2-13)
inc
Iabs
Cabs X I_ (2-14)
inc

For spherical NPs with a radius a, which is smaller than the incident wavelength, retardation does not
play a role and the scattering and absorption cross sections are defined by the following formulas: [70]

k4 2 8w Esph — €med a6
Cocar = — |a = — k*ab |22 T o Cogp X — 2-15
scat 61 | sph| 3 gsph +2 Emed scat 14 ( )
3
Esph — €med a
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Here k is the wavevector, which is related to the frequency w and the speed of light in vacuum c by the
following formula: [70]

W
k=2 (2-17)

c
From the equations (2-15) and (2-16) follows that with increasing size of the NPs the relative

contribution of scattering to the total extinction increases because of the a® and a® dependence of
the scattering and absorption cross-sections. It has to be mentioned that the quasistatic approximation
does not consider any size dependence of the spectral position of the LSPR. Thus, this approach cannot
explain the size dependence of the LSPR spectral position, but it explains how the scattering and
absorption contributions are changing. Additionally, it explains how the surrounding medium around
the NPs influences the LSPR. Therefore, e.g. thin shells of a dielectric material around metal NPs can
be used to tune the spatial position of the LSPR of core-shell NPs. [70-72]

In the following sub section, the size dependence of the LSPR will be shortly discussed. For particles
which are much smaller than the incoming wavelength, the incoming fields are nearly constant across
the NP. With increasing size of NPs, the quasistatic approach is no longer valid and a full solution of
Maxwell’s equations is necessary to obtain the correct spectral position and intensity of the LSPR. The
solution of the modes in a spherical NP was obtained by Gustav Mie [74]. Here retardation in the
electro-magnetic interaction is considered. The solution of scattering and absorption was obtained by
an expansion of the fields in spherical harmonics. Here the scattering and absorption cross-sections
are showing maxima at a specific resonance frequency, which depends on the size of the NPs. In
general, the spatial position of the LSPR gets red shifted (higher wavelength), when the size of the NPs
is increasing. [70-72]
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After the size dependence of the LSPR was discussed, in this section the influence of the shape will be
described exemplary with an elliptical NP. The maximum of the polarizability defines the resonance
condition of a metallic NP. For a sphere the polarizability a is isotropic and given by the formula (2-12).
In the case of an elliptical particle the polarizability becomes anisotropic and shows different optical
responses along the different directions. In the case of an elliptical NP, the polarizability is defined by
a tensor that addresses the optical response along several directions. For an elliptical NP elongated
along the z-axis within the electrostatic approximation, the polarizabilities along its symmetry axes is
as follows: [70-72]

€ell — €med

Axyz =5 MLy L, L
2 3 v Emed + Px,y,z (gell - Emed)
Where P, , are the depolarization factors in the different directions, Ly, Ly, L, are the different

(2-18)

lengths of the ellipsoid, €,;; is the dielectric function of the ellipsoid and &,,.4 is the dielectric function
of the surrounding medium. In the end, two different solutions of the dipolar LSPR are possible. One
solution for the long axis polarizability and one for the short axis polarizability. It follows that an
extinction cross-section plot vs. wavelength for an elliptical NP shows two maxima: One maximum for
the short axis is found, which is commonly referred to as transversal LSP and is located at a lower
wavelength. The second maximum is found for the long axis. This LSP is called longitudinal LSP and is
located at a higher wavelength. Nowadays, lithography methods have enabled complex shapes of NP,
e.g. nanocubes, nanoshells, nanorings, nanocups, nanostars, nanotriangles and others. Such
modifications in the shape of the NPs can be used to tune the location of the LSPR. [70-72]

The last important factor affecting the LSPR is the coupling of different NPs. If two or more NPs are
approaching each other, the localized modes of each single particle couple to each other via Coulomb
interaction. This results in a strongly localized symmetric surface plasmon mode and originates from
the hybridization of the single dipolar surface plasmons from each particle. The field in the gap
between the particles is enhanced strongly and is called “hot spot” sometimes. [70-72]

The arrangement of NPs in respect to the propagation direction of the incoming light is important for
the spectral response of the LSPR. Two different arrangements are possible, which are longitudinally
aligned (NPs are aligned in front of each other parallel to the incoming light) and transversally aligned
dipoles (NPs are aligned orthogonal to the incoming light beam). With decreasing separation distance,
the LSPR gets red-shifted for the longitudinal coupling. However, transversally coupled dipoles exhibit
a blue-shift when the inter particle distance is reduced. The effect of the longitudinal coupling is usually
much stronger in comparison to the transversal coupling. Thus, red shifts are usually observed in
experiments exhibiting decreasing interparticle distances. [70-72]

2.4  Computational Fluid Dynamic (CFD) Simulations

Nowadays virtual prototyping is the standard method to develop new products. CFD simulations are
used to design, e.g. new cars or aircraft with the aim to reduce their fuel consumption. Virtual
prototyping is cost effective and saves the environment, because less material and energy is needed
than building real prototypes [36,75]. Nevertheless, CFD simulations can be used in science to design
new chemical reactors or HGAS sources as well. In this thesis, CFD simulations were conducted by
Suren Ali-Ogly from the Charles University in Prague to determine the gas velocity distribution inside
an existing HGAS. Since the simulations are not performed by myself, this chapter will give an overview
about CFD simulations and will not discuss all the details of the approach.

In general, for CFD simulations it is helpful to sperate the properties of the fluid and the flow. The
properties of fluids are viscosity, density, surface tension, diffusivity and heat conduction, which are
intrinsic properties depending on the temperature, pressure and composition. Some properties are
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depending on the flow, e.g. pressure, turbulence and turbulent viscosity. In CFD simulations the flows
can be categorized into laminar-turbulent, steady-transient and single-phase-multiphase [75]. For the
HGAS under experimental conditions the flow was expected to be a steady, viscous laminar, single-
phase flow [36].

To determine if a flow can be treated as a continuum or if the flow behaves like, a molecular flow or
as a transitional flow, the Knudsen number can be used which is determined by the following equation:
[75]

A .
Kn = I\ZFP (2-19)

Where Ay rp is the mean free path and L is a characteristic length of the geometry, e.g. a diameter of
a pipe. For Kn < 0.01 the flow can be treated as continuum, for Kn between 0.01 and 0.1 the flow can
be treated as transitional flow and for Kn > 0.1 the flow can bet treated as molecular flow. For the
simulations in this thesis, mostly continuous flow is expected and only at the regions close to the
orifice, where L becomes small, transitional flow is expected. In these regions corrections must be
applied. [75]

To determine whether a flow is turbulent or laminar, the Reynolds number can be used. The Reynolds
number Re for a flow through a pipe is defined by the following equation:

(UL (2-20)
v
Where (U) is the average velocity in a pipe, L is the characteristic length (the inner diameter for a pipe)

and v is the kinematic viscosity of the fluid. It was determined experimentally that for Re > 2100 a
transition from laminar to turbulent flow occurs in a pipe [75]. The Re is the ratio of inertial force to
viscous force. When the Re increases it is related to a relative increase in the inertial force in relation
to the viscous force. If a flow changes from laminar to turbulent, this is related to a disturbance in the
flow field and its amplification. For a high viscosity of a fluid, a disturbance can be damped effectively
and the flow stays laminar. If the disturbance is not damped, it will be amplified and the flow changes
to turbulent [75]. In this study, the flow in the HGAS can be treated as laminar in the cylindrical part of
the HGAS [36].

Re

After it was shown with the help of the Knudsen number and the Reynolds number that the flow can
be treated as laminar continuous flow, in the following part the roadmap for simulations will be briefly
described. The CFD simulation as a method is not in the focus of this thesis, but the results from the
CFD simulations were extremely helpful to understand the processes inside the HGAS. The interested
reader can find a detailed overview about the CFD method in the textbook from Bengt Andersson
“Computational fluid dynamics for engineers” [75].

The roadmap of a CFD simulation is shown in Figure 2-9. All CFD simulations start with a 2D or 3D
model of the geometry of a system. Usually any CAD program can be used to draw the initial design.
In this study, the geometry was predefined by the existing HGAS. [75]

The next step is the grid generation or meshing of the model. In CFD simulations the equations of
momentum transport have to be solved. Therefore, the computational volume has to be discretized,
because the equations are nonlinear. The meshing is really important, because improper meshing can
produce inaccurate results. Often the mesh is refined after preliminary results are obtained. [75]

After the meshing is done, the model can be defined. For single-phase laminar flow, the Navier-Stokes
equations can be solved directly. If turbulent flow or multiphase flows shall be simulated, more
complex models are needed. [75]

22



Theoretical Background

In the next step, the physical properties of the fluid must be defined. These properties are, e.g.
viscosity, density, temperature, composition and pressure dependence. Many commercial software
includes material libraries containing the physical properties. [75]

The last step, before the CFD simulations can be executed, is setting the boundary conditions and the
inlet conditions. Here, e.g. the pressure or the flow into the system at the inlet and outside the system
at the outlet must be defined. Additionally, also the wall condition has to be applied. [75]

Then the solver has to be chosen, e.g. segregated or coupled solver. A segregated solver solves the
equations first for one variable for all cells before it solves for the next variable. A coupled solver solves
for all variables and includes all of the coupling between the variables at once. Additionally, the
acceptable quality of the solution has to defined by the convergence criteria. [75]

During the post-processing of the CFD results, the quality of the results has to be determined.
Therefore, it is necessary to check if the solution is independent of, e.g. the grid size and the
convergence criterion. If one has checked the quality of the results, the final plots and information can
be created and extracted from the software. One can create plane cuts, which are showing the velocity
distributions through this cut. Also streamlines from the inlet to the outlet can be drawn. Some
software also offers to insert small particles at specific points in the volume and track their position
over time. [75]

In this thesis, velocity distribution plots were obtained which helped to localize the loss and trapping
regions of NPs inside a HGAS. More details on the used software and the simulations settings can be
found in Chapters 3.3 and 3.4. [36,37]

Geometry modelling

Grid generation

Defining models

Set properties

Set boundary and
inlet conditions

Solve

Post-processing

Figure 2-9: Roadmap for CFD simulations [75].
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2.5 In-situ Diagnostic Methods Inside and Outside the HGAS

It was already reported that not all processes inside the HGAS are completely understood, e.g. effect
of aggregation length and power on the NP size. Furthermore, Kousal et al. [33] reported the trapping
of NPs inside the HGAS, which was the result of in-situ SAXS measurements. Additionally, it was
reported that the biggest challenge for the implementation of the HGAS in industrial applications is
the low deposition rate. Therefore, the key for the optimization of the HGAS is the understanding of
all relevant processes inside the HGAS. Since the NP synthesis in the HGAS is a highly dynamic process,
spatial and time resolved in-situ diagnostics are needed to increase the understanding of the NP
formation inside the HGAS. Therefore, in this chapter the five different in-situ diagnostic techniques
which were used in this thesis to characterize the growth and transport of NPs inside the source and
the functionalization outside the source will be introduced. To each technique a pictogram is
attributed, which is shown in Figure 2-10.

All techniques are using electromagnetic radiation to probe the growth, transport and
functionalization of NPs inside the HGAS. In the following section the motivation to use each technique
in this thesis will be mentioned shortly before all techniques will be described in detail in the following
sub-chapters.

In the SAXS measurements, X-rays scatter with the NPs inside the GAS. The scattering signal contains
information about the NP density and size distribution in 1-dimensional resolution.

In the UV-Vis spectroscopy, the NPs absorb light in the UV-Vis region of the electromagnetic spectrum
due to their LSPR. The LSPR depends on the size of the NPs and the absorption is related to the NP
density. This method provides 1-dimensional resolution.

The LLS technique utilizes Rayleigh scattering of NPs. The scattered light is detected by a camera. The
signal contains 2-dimensional information about the location of NPs inside the HGAS.

The OES uses the light emission of atoms inside a plasma, like it is present during magnetron sputtering
inside a HGAS. Therefore, the strength of the different atomic lines in the OES signal are related to the
amount of sputtered species from the target. This is useful to control the composition of atoms in the
plasma during the synthesis of alloy NPs with the multicomponent target approach.

The FTIR can be used to identify chemical bonds, which is used in this thesis during the coating of Ag
NPs with SiO.. In this study, the increase in the coating thickness during the synthesis of core-shell NPs
was monitored with the FTIR.

SAXS UV-Vis LLS OES FTIR
VIS |

e S

Intesnity
'E

Figure 2-10: The five different in-situ diagnostic methods used are named and shown with their attributed pictogram. From
left to right the pictograms for small angle X-ray scattering (SAXS), UV-Vis spectroscopy (UV-Vis), laser light scattering (LLS),
optical emission spectroscopy (OES) and Fourier transform infrared spectroscopy (FTIR) are shown.
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2.5.1 In-situ UV-Vis Spectroscopy
; : _\ The electromagnetic spectrum is divided into different regions, e.g. X-rays,
. ultraviolet (UV), visible (Vis) and infrared (IR) radiation. In UV-Vis spectroscopy
“.___~ onlythe UV (starting at about 200 nm) and Vis (ending at about 690 nm) regions
' of the electromagnetic spectrum are probed. The energy of electromagnetic
radiation or photons E is given by the following equation:

E=hv (2-21)

Where h is Planck’s constant and v is frequency. Because radiation acts as a wave, it can be described
by wavelength or frequency. Wavelength and frequency are related to each other by the following
equation:

¢ (2-22)

V:z

Where c is the speed of light and A is wavelength. From equation (2-21) and the above-mentioned
equation it follows that the shorter the wavelength the higher the energy.

In a classical UV-Vis spectroscopy setup in transmission mode, a sample is placed between the
incoming UV-Vis radiation and a detector. When the light passes through the sample several processes
can occur, e.g. reflection, scattering, absorption, fluorescence/phosphorescence and photochemical
reactions. Ideally during an UV-Vis measurement only absorption takes place. Since in this thesis
mainly plasmonic noble metal NPs are probed, only absorption due to plasmonic interaction is
observed in most cases [76]. Details on the interaction between photons and plasmon resonances of
NPs can be found in Chapter 2.3. This chapter is named in-situ UV-Vis spectroscopy, because the UV-Vis
is mounted to a HGAS or another plasma chamber, during the synthesis or functionalization of NPs.
Usually the transmittance is measured, which is the ratio between transmitted and incident light
intensity. In practice, prior to the experiment and without NPs in the light path a reference spectrum
is taken. This is then used as the incident radiation spectrum.

The technical information on the UV-Vis detector, the UV-Vis light source and the measurement
parameters used in this thesis are given in the corresponding Publications B, C and F.

2.5.2 In-situ Optical Emission Spectroscopy (OES)
Optical emission spectroscopy (OES) is a well-known method to monitor the
compositional changes of thin films in conventional sputter deposition processes.
The intensity in an OES spectrum is related to the number of excited atoms of a
specific element in the gas phase. Therefore, the resulting elemental composition of
A the thin film is closely related to the OES signal. [77-80]

Intesnity

The principal of OES relies on the excitation of gas and sputtered atoms by different energetic
collisions. Inside a plasma plenty of electrons have sufficient energy to excite gas and sputtered atoms.
Also other plasma species, e.g. fast gases or ions, can excite sputtered atoms. Some of these excited
atoms decay by emission of characteristic lines, which are monitored during OES measurements. The
intensity of a specific emission line for an element depends on the supply rate of the element into the
plasma (sputter rate), the emission process and the instrumental detection efficiency. The emission
process depends on the number of photons emitted per sputtered atom and on the absorption of
these photons. [81]
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Since in this thesis OES is used to determine the concentration of alloy NPs in-situ in the gas phase of
a HGAS, some differences to the use of OES in comparison to conventional low pressure magnetron
sputtering for thin film production occur. One cannot be sure that all sputtered atoms, which are
contributing to the OES signal, also contribute with the same fraction into the formation of NPs. It is
possible that one element preferentially contributes to the particle growth and the other gets
preferentially lost to chamber walls. More details can be found in the Chapter 3.6.

2.5.3 In-situ Small Angle X-ray Scattering (SAXS)
In the Chapter 3.2 small angle X-ray scattering (SAXS) was used to in-situ measure
the size distribution and the density of NPs inside a HGAS. Therefore, a vacuum
chamber equipped with a HGAS was installed at the Deutsches Elektronen
Synchrotron (DESY) in Hamburg at PETRA 3. SAXS is a well-known technique to
investigate structural properties of nanomaterials. The first textbooks on the SAXS
technique were published in the 1950s, but the technique became more widespread with the
development of synchrotron radiation, because the intensity of conventional X-ray tubes was too low.
[82]

Since X-rays have typical wavelength smaller than 1 nm, they are ideal for the characterization of
nanoparticles. A big advantage of SAXS is that the obtained information is already statistically relevant,
because the results are averaged over a large number of NPs. In contrast to that, many SEM or TEM
images have to be taken to get statistically relevant information about, e.g. size distributions of NPs.
The drawback of SAXS is that the obtained results must be analyzed in the reciprocal space, because
no real space image is formed. Therefore, the results have to be fitted or modelled to extract the
relevant information. [82]

In a typical SAXS setup a parallel and monochromatic X-ray beam goes through a material, which is
inhomogeneous at the nanoscale (Figure 2-11). This material can be a suspension of NPs or NPs
distributed in vacuum, as it is the case in the HGAS. Some portion of the X-ray beam is scattered in the
forward direction around the direct beam with a small angle, typically smaller than 5 degrees. From
this fact the name small angle X-ray scattering originates. In the case of randomly distributed
nanoparticles, the scattering pattern at the detector is independent of the azimuthal angle. This allows
for a circular integration over the scattering pattern, allowing the scattered intensity to be obtained as
a function of the scattering angle. Practically a beamstop is used to prevent that the direct beam
approaches the detector. This allows to measure with higher X-ray intensities or with higher detector
integration times without reaching the maximum count rate of the detector, which would damage the
device. This leads to a better signal to noise ratio of the SAXS pattern and only requires some masking
prior to the circular integration of the detector scattering pattern. [82]

Because the scattering depends on the kinetic energy of the X-rays and so on the wavelength of the
X-rays, the scattered intensity is usually not analyzed as a function of wavelength, but as a function of
momentum transfer. The equation for the momentum transfer is: [82]

% _ 4 (2_23)
Asin®  hcE,, sin@
Where A is wavelength of X-ray photons, 6 is half of the scattering angle, h is the Planck constant, c is
the speed of light and Eph is the Energy of the X-ray photons. [82]

q:

For SAXS measurements high intensity, monochrome and collimated X-ray beams with a small beam
size are needed, which can be found at synchrotrons. Especially the high intensity at synchrotrons
enables fast measurements, which increases the temporal resolution of in-situ measurements. [82]

26



Theoretical Background

X-ray beam

—_————— P
X

aggregation chamber

orifice

gas inlet

Intensity [a.u.]

detector

q[A]

Figure 2-11: Experimental setup of the SAXS measurements at DESY. The path of the X-ray beam trough the HGAS, the SAXS
scattering at the NPs and the X-ray detection at the detector is shown. Additionally, the resulting scattering intensity vs. q
plot for Ag NPs inside the HGAS is shown. The Figure is reprinted from [83].

Figure 2-11 shows an exemplary scattered intensity vs. q plot of Ag NPs in the HGAS. To obtain the
particle size, the g-axis needs to be calibrated. Like equation (2-23) shows, g only depends on scattering
angle and the photon energy. Therefore, only the sample to detector distance has to be measured
accurately and the pixel size of the detector must be known. At beamlines the calibration can be
performed with materials with a known d-spacing (distance between parallel planes of atoms). In this
thesis collagen with a d-spacing of 65 nm was used to calibrate the sample detector distance. If the
concentration of NPs should be determined additionally, scattered intensities normalized to the
incident intensity are required. This can be done, e.g. by using calibrated detectors to measure the
incoming photon flux and an area detector to register the scattering pattern. Here it is important that
the quantum efficiency of the detector is known. [82]
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To obtain the size distribution from the scattered intensity vs. q plots, the commercial software “Irena”
is available, which is able to calculate the intensity of small-angle scattering from particles in multiple
populations of scatterers, based on the theory of Guinier & Fournet [84]. The formula for the intensity
calculation is the following:

1(q) = ZR|APk|25k(Q)Z|Fk(q' D) 1*Vie(Dixe) fie (Dise ) ADy, (2-24)
ik

Where the subscript i includes all bins in the size distribution and AD;is the width of bin i. The subscript
k represents different populations. Each of these populations has its own binning index ik. D is the
dimension of particle, which is in this thesis the radius of the NPs. The scattering contrast is IAkaZ,
the structure factor is S, (q), the form factor is F(q, D), the particle volume is V; (D;;) and the
volume size distribution is f; (D;;). Because the NP concentration inside the HGAS can been assumed
as relatively low, the structure factor was considered to be unity. [82,83,85]

More details on the modeling of SAXS data can be found in Publication A [35]and in the supplementary
information of this publication.

2.5.4 In-situ Laser Light Scattering (LLS)

After in-situ UV-Vis spectroscopy and in-situ SAX were introduced as possible
methods to analyze the growth and transport of NPs inside a HGAS, in this chapter
the laser light scattering (LLS) technique will be introduced. Different LLS
techniques were already applied in dusty plasmas to investigate the growth and
transport of NPs. Some methods rely on Rayleigh scattering [86—89] and others on
Mie scattering [90-92]. With Mie scattering techniques NPs of radii between 80-200 nm can be
detected and by evaluation of the polarization, also the size distribution of the NPs can be analyzed,
e.g. inside a dusty plasma [90-92]. Since the limit between Mie scattering and Rayleigh scattering is
1/10 of the wavelength of the incoming light, for a HGAS typically only Rayleigh scattering is applicable.
Since the typical size of NPs synthesized by a HGAS is below 50 nm and the most widely used and
affordable laser sources have a wavelength of 532 nm. Therefore, in this thesis also a laser with a
wavelength of 532 nm is used and so only Rayleigh scattering is applicable.

In this thesis a laser plane through the HGAS is created and a camera with a color filter is mounted in
a 90° configuration to the laser plane. The color filter is necessary to prevent that too much emitted
light from the plasma, which was discussed in Chapter 2.5.2, can enter the camera. The setup is shown
in Figure 2-12. The scattered light by NPs can be detected with a good temporal and spatial resolution.
This method is common in conventional RF dusty plasmas [86—-89] but not in a HGAS. This method was
utilized for the first time for the investigation of NPs inside a HGAS [38]. In contrast to in-situ SAX or
in-situ UV-Vis, the LLS based on Rayleigh scattering can provide good spatial resolution but cannot
provide a precise information about the size of NPs. This is related to the general Rayleigh scattering
formula:

2

8r*a®nt I, Im?—1
med 0 (1 + cos?0)

d? A3 m? +1
The scattering Intensity / depends on the particle size g, the refractive index of the medium npeq, the
intensity of the incident light /o, 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 & [93].
Accordingly, the scattering intensity depends on the particle size to the power of six. Because the
formula holds for the scattering intensity for one particle, the scattering intensity depends linearly on

(2-25)

I =
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the particle density. Since the intensity depends on the size and the density simultaneously, no precise
information about the size and density of NPs can be obtained.

The technical information about the LLS setup and on the data processing in this thesis are given in
Publication D [38].

laser 532 nm

laser grid

magnetron

CF63 cross with
‘\ 6 flanges
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Figure 2-12: Schematic representation of the LLS setup on the HGAS. The setup consists of a magnetron, a CF63 cross with 6
flanges, an orifice, a laser, a laser grid and a camera. The figure is reprinted from [38].

2.5.5 In-situ Fourier-Transform Infrared Spectroscopy (FTIR)
1 In Publication F, in-situ Fourier-transform infrared spectroscopy (FTIR) is used to
I v analyze the functionalization of Ag NPs with a SiO; shell. Therefore, in this chapter the
method will be introduced. FTIR is used to obtain information about the chemical
bonding types inside a sample. It can be performed for solid materials as well as for
liguid or gaseous samples. Usually, in dispersive spectroscopy methods the
wavelength must be changed gradually to obtain a spectrum over the whole range. However, during a
FTIR measurement photons over the whole spectral range of the IR source are send to the sample at
the same time and the absorption is measured. When the radiation interacts with the probed material,
some specific wavelength is absorbed because transitions between vibrational energy states are
occurring. The molecular vibrations can range from coupled motion of two atoms in a diatomic
molecule to complex motion of each atom in large molecules with diverse functional groups. All
different kinds of functional groups show specific absorption bands in an infrared spectrum. Therefore,
from an FTIR spectrum one can figure out which types of bondings are present in a measured sample.
An FTIR spectrometer consists out of: [94]

Radiation source (heated black body)

Beam path (different kinds of mirrors for focusing and defocusing)
Interferometer (consists of beam splitter, mirror drive, laser)

Detector (black body which transfers the incoming photons into electrical signals)
Computer (running measurement and Fourier-Transformation)

ok wNE
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The most important part is the interferometer which is often a Michelson interferometer, as depicted
schematically in Figure 2-13. In such an interferometer, the incoming beam is splitted into two beams.
One beam is directed onto a fixed mirror and the other one onto a moveable mirror. After both light
beams are reflected, they merge again and interfere. This creates an interferogram where the
maximum is located at the position where the mirror-beam splitter distance between both mirrors is
the same (constructive interference). The obtained interferogram can be transferred into a
spectrogram by a Fourier-transformation. The interaction of the IR radiation inside the sample
originates from different IR absorption of chemical bonds. The IR frequencies are recorded in units of
wavenumber (cm™) and located in the range between 700 and 5000 cm™. In this energy range usually,
no bond breaking occurs but the energy is sufficient to induce vibrations like stretching or bending of
bonds. [94]

In this thesis, the FTIR is mounted to a RF plasma chamber where Ag NPs are trapped and coated with
SiO; by injection of SiH4. Here it was possible to measure in-situ the amount of SiO; bonds, which could
then be used to monitor the shell thickness of core-shell NPs in-situ.

stationary mirror
I

IR source

I moveable mirror

beamsplitter

sample

detector

Figure 2-13: Schematic representation of a Michelson interferometer.
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2.6 Ex-situ Characterization Methods of Nanoparticles

The insights from in-situ diagnostics are complemented by ex situ methods, such as SEM, TEM, EDX
and XPS, which are important for the verification of the in-situ diagnostic results. In this thesis SEM
and TEM investigations of NPs were performed to determine their size and shell thickness in case of
core-shell NPs. Additionally, EDX measurements were performed with the TEM to determine the
chemical composition of core-shell NPs. The target surface of a multicomponent target was studied
with an SEM in combination with EDX to determine the surface morphology and composition of the
target surface. In addition, XPS measurements were performed to analyze the chemical composition
of alloy NPs. Therefore, first the electron microscopes and the EDX technique will be introduced and
afterwards the XPS method.

2.6.1 Scanning Electron Microscopy (SEM)

Visible light microscopes have a limited resolution, which is caused by the wavelength of the photons
in the visible range. To increase the resolution, electron microscopes were developed. In contrast to
conventional light microscopes, the accelerated electrons in a SEM have much lower wavelengths.
Since in this thesis mainly nanoparticles are investigated, only electron microscopy techniques are
feasible for the measurements. The electron microscopes are frequently used in this thesis to
investigate the size distributions of nanoparticles synthesized by the HGAS.

In a scanning electron microscope (SEM) electrons from a thermionic, Schottky or field-emission gun
are accelerated through an electric field to an energy between 1 and 50 keV. This electron beam is
focused by electromagnetic lenses to a probe size of =1 nm and is scanned over the sample. An image
can be created by detecting time and position synchronized the electrons emitted from the sample.
The main portion of emitted electrons are originating from secondary electron emission and elastic
backscattering. The primary electron beam ionizes and excites atoms due to high energy of the
electrons on its way through the sample. During these processes, free electrons are created which are
called secondary electrons. These secondary electrons are moving randomly through the sample and
are less energetic compared to the primary electrons of around 10 eV. Due to the low energy of the
secondary electrons their mean free path is short. This is the reason, why these electrons can only
escape from the sample, when they are created in the first few atomic layers of the sample. Thus, the
secondary electrons provide a good topographic contrast and good lateral resolution. The interaction
volume of the primary electron beam is shown in Figure 2-14. It is well visible that the detectable
secondary electrons are originating close to the sample surface and that the interaction area is defined
by the spot size of the primary electron beam. For that reason, the resolution limit for secondary
electron detection depends mainly on the spot size of the primary electron beam and the escape depth
of the secondary electrons. [95]

Another important source of sample information is in the backscattered electrons. Due to the high
energy of the backscattered electrons, the mean free path and so the interaction volume of these
electrons is much larger in comparison to the secondary electrons. Due to the multiple elastic
scattering events and the big interaction volume, the lateral resolution is smaller in comparison to the
backscattered electrons. The big advantage of the backscattered electrons is that their intensity is a
function of the atomic number Z. Therefore, the backscattered electrons can be used to some extend
to distinguish between different materials. [95]

Also, other electron interactions can take place which either produce Auger electrons or X-rays. Auger
electrons are released if the primary electron beam excites an electron from an inner shell of a sample
atom. Then another electron from an outer shell occupies the empty position and releases the energy
of this transition. This free energy can than emit an electron from a higher shell, which is called an
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Auger electron. The energy of an Auger electron depends not on the energy of the primary electron
beam. The energy depends only on the energy of the electron transition and the binding energy of the
orbital from which it was released. For that reason, the energy of Auger electrons is in the order of
hundreds of eV, which cause a small mean free path in the range of 1 to 10 nm comparable to
secondary electrons. If an electron energy analyzer is used, the energy of the Auger electrons can be
used to identify the chemical species inside the sample. [95]

Furthermore, the energy difference of an electron changing from an outer to an inner shell, can be
released as characteristic X-rays. Because the interaction of electrons with matter is much stronger
compared to X-rays, the escape depth of X-rays is much bigger compared to electrons. If the energy of
the X-rays is detected, the method is called energy-dispersive X-ray spectroscopy (EDX). This method
will be discussed in detail in Chapter 2.6.3. [95,96]

The technical information on the SEM device and the measurement parameters used in this thesis are
given in the corresponding publications.

Primary
electron beam
A Secondary &
Auger electrons
Back
1pum scattered

electrons

X-rays Sample

Y

Figure 2-14: Interaction volume of the primary electron beam. The different regions are indicating the origin of
detectable electrons and photons. Secondary and Auger electrons are escaping only close to the sample surface.
Backscattered electrons are originating from a deeper volume than the secondary or Auger electrons. X-rays are also
able to leave the sample from even deeper regions.[55]

2.6.2 Transmission Electron Microscopy (TEM)

In this thesis, SEM investigations are often used to measure the size distributions of nanoparticles
synthesized with the HGAS. The SEM is often sufficient for this purpose and the sample preparation
for the SEM is much easier in comparison to TEM investigations. Nevertheless, an SEM is not capable
to give information about the crystal structure and the coating thickness of core shell particles.
Therefore, TEM investigations are in high demand. The TEM is used in this thesis to investigate the
coating thickness of core-shell nanoparticles and their crystal structure.

In contrast to an SEM, in a TEM the electrons which have passed the sample are used for imaging. This
has high requirements on the sample preparation. Depending on the used sample material, a thickness
between 10 and 200 nm can be already thick enough to absorb all electrons. Therefore, for TEM
investigations the sample thickness has to be really small. Since in this thesis mainly core-shell
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nanoparticles are investigated by TEM, this requirement was easily fulfilled, because the NP diameter
is in the range of =20 nm. As substrate material, copper grids with a thin carbon film on top are used.
These grids allow for sufficient electron transmission. [96]

The electron beam is created similarly to an SEM, which was described earlier in Chapter 2.6.1. The
beam is accelerated to energies between 100 keV and 3 MeV. The beam is focused by electrostatic
lenses onto the sample. During the interaction of the electron beam with the sample, the electrons
can be scattered, they can excite secondary electrons, X-rays and Auger electrons. [96]

After the electrons have passed the sample, different detection modes can be chosen in a TEM. One
mode is the bright field mode. In this case the beam is magnified onto a detector. The produced image
shows a contrast depending on the atomic number and the sample thickness at every point. Another
possibility is to investigate the diffraction pattern instead of an image of the sample. This is useful if,
one wants to investigate the crystal structure of the sample. [96]

In this thesis, only the bright field mode is used to find out how big the shell of core-shell nanoparticles
are. The technical information on the TEM device and the measurement parameters used in this thesis
are given in the corresponding sections.

2.6.3 Energy-Dispersive X-ray Spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) can be used either in a SEM or a TEM to determine the
chemical composition of a sample. This method is used in the Publications E and F to investigate e.g.,
the redeposited material on the surface of a multicomponent sputter target or to identify the elements
present in the core and the shell of core-shell nanoparticles. [96]

In an EDX measurement the characteristic X-rays that are emitted from a sample are investigated to
identify and quantify the elements present in a sample. Like described in the previous sections, if the
primary electron beam of an SEM or EDX excites an electron from an inner shell of a sample atom, the
energy of an outer shell to an inner shell transition can be released in the form of characteristic X-rays.
These X-rays are detected by the EDX detector. Different detector types are existing such as Si(Li)
detectors or silicon drift detectors (SDD). The general concept of the detectors is similar. An X-ray
photon creates electrons and holes inside a semiconductor. The amount of electron hole pairs is
proportional to the X-ray energy. Inside the detector, the electrons and holes are separated and an
electron pulse can be measured. Since the size of the band gap of the semiconductor is known, the
energy of the incoming X-rays can be calculated from the number of generated electrons. By this
method an EDX spectrum can be created. From such a spectrum the different elements inside a sample
can be identified and quantified. [96]

2.6.4 X-ray Photoelectron Spectroscopy (XPS)

To analyze the chemical structure of a sample surface and to quantify the elements present in a sample
surface X-ray photoelectron spectroscopy is a commonly used technique. In this thesis, XPS was used
to quantify the Au and Ag concentration in alloy nanoparticles in Publication E. Especially for
nanoparticles the technique is useful because of the high surface sensitivity. In comparison to EDX, the
signal originates only out of the first nanometers. [97]

The measurement principle and all necessary instruments for an XPS system are shown in Figure 2-15.
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Figure 2-15: Working principle of an XPS measurement system.

A typical XPS system consists of X-ray tube, where X-rays are generated. Frequently used anode
materials are aluminum with the main emission on the K, line at 1486.6 eV and magnesium with the
Ky line at 1253.6 eV. The X-ray radiation can be filtered with a monochromator, which reduces the
intensity of the X-ray beam but increases the energy resolution. Another important part of an XPS
system is the hemispherical electron energy analyzer. This analyzer is able to measure the energy of
the incoming electrons. During an XPS measurement at a first stage, X-rays are generated and sent
onto the sample. When the X-rays are interacting with the sample, they can excite electrons. The
electrons can travel through the sample and excite other electrons, get scattered or can leave the
sample. Also Auger electrons can be produced like it was discussed before in section 2.6.1. The kinetic
energy of the electrons Ey;;,, which are excited from the X-ray beam depends on the X-ray energy hv,
the work function of the sample @ and the binding energy of the original state of the electron E5z[97]:

Exin=hv— @ — Ep (2-26)

The kinetic energy of the excited electrons is in the order of hundreds of eV resulting in a short mean
free path in the order of nanometers. This is the origin of the high surface sensitivity of the XPS method.
In most cases one is interested in the binding energy of the electrons. Because the measured energy
depends highly on the work function of the sample and the charging, the binding energy scale has to
be calibrated with a known line of an element. Here often the C 1s peak of aliphatic carbon is used. It
is often used because every sample which is not directly produced in vacuum or sputter cleaned, shows
aliphatic carbon. Therefore, it is well suitable as reference. [97]

Charging of the sample is observed, if insulating samples are investigated. Since the X-ray irradiation
continuously removes electrons from the sample, the sample charges up positively if the sample is an
insulator. The electric field which evolves due to the charging decreases the kinetic energy of all
electrons leaving the sample in the same manor. Therefore, the binding energy seems to be higher
than it is. Nevertheless, a calibration can easily fix this issue. [97]

In the system used for the thesis, no monochromated X-ray source was installed, which will cause
satellite peaks in the measurement spectrum. They are originating because the second weaker
radiation lines of the anode material are also irradiating the sample at the same time. Therefore, every
peak in the spectrum has a smaller peak with a fixed binding energy difference, which is called satellite
peak. These satellite peaks do not cause problems in most cases, because they can be easily identified.
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Nevertheless, sometimes the satellite peak overlaps with a main peak of another element. In such
cases the quantification is difficult, because it is not clear how much of the intensity of the peak
originates from the main peak or the satellite peak. [97]

If a measurement is charge calibrated and satellite peaks are not an issue, peaks can be identified and
also a quantification can be performed. For a quantification, the area under one peak for each element
after background subtraction has to be calculated. The area of each line has to be divided by an
element specific line and system specific intensity calibration factor. A good reference for such values
is the book from Moulder [98] and the database from the national institute of standards and
technology[99].

One of the biggest advantages of an XPS in comparison to an EDX system is the additional investigation
of the chemical bonding states of the elements present in the sample. The binding energy of an atom
is affected by its chemical surrounding. Especially the binding energy of atoms which are bound to
elements with a high electronegativity, e.g. O or F are shifted strongly by some eV. But also other
bonding partners can be identified. Therefore, the peak of an element of interest has to be
deconvoluted into the portions of different types of bonding. [97]

These give the option to distinguish easily between, e.g. pure metals and their respective oxides. [97]
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3 Results and Discussion

In this thesis the following main question with its included sub-questions concerning the growth and
transport of NPs inside a HGAS will be addressed:

How can the fundamental understanding of the HGAS be increased to extend the scope of
applications of the HGAS?

1) Which in-situ diagnostic techniques can be utilized to investigate the growth, transport and
functionalization of Ag NPs inside and outside the HGAS to increase the understanding of the
method?

2) Which known and unknown parameters can be used to increase the efficiency of the NP
synthesis inside the HGAS?

3) How is it possible to functionalize NPs inside and outside the HGAS to extend the scope of
applications of the HGAS?

These questions are of high importance, because growth, transport and trapping of NPs are coupled
to each other inside a HGAS. If, e.g. the particles are trapped, they have most probably more time to
grow and the transport of NPs outside the source is limited. If, e.g. the transport of NPs is increased by
a higher gas flows, the residence time in the HGAS is reduced, which decreased the time to grow.
Therefore, it is not enough to investigate the deposited NPs or the NP beam outside the HGAS. In-situ
diagnostics are unavoidable to increase the understanding of the processes inside the HGAS.
Depending on the in-situ diagnostic approach different findings can be obtained, e.g. UV-Vis
spectroscopy and SAXS measurements can provide information about the size distribution and the
relative density of NPs with 1-dimensional resolution. LLS can provide 2-dimensional resolution but no
information about density and size of the NPs. For that reason, a combination of different in-situ
diagnostic methods was used to investigate the growth, transport and functionalization of NPs inside
and outside the HGAS.

In connection with the first sub-question, the goal is to find out:

e In what period of time do the particles grow?

e Isthere a spatial distribution of NP growth within the HGAS?

e How big do the NPs grow at different places within the HGAS?

e  Where are the NPs transported to and can all NPs exit the HGAS through the orifice?
o Are the NPs trapped or not inside the HGAS and how can the trapping be controlled?
e  What in-situ diagnostic methods can be used to answer these questions?

Therefore, five different in-situ diagnostic methods were used to investigate the growth, transport and
functionalization of NPs. To investigate the growth and transport inside the HGAS the following
methods were used: in-situ SAXS, UV-Vis spectroscopy and LLS. The in-situ measurements revealed
that NPs are trapped inside the HGAS at different locations because of a complicated interplay of
electromagnetic forces and the drag force originating from the inert gas flow. The in-situ SAXS and UV-
Vis spectroscopy techniques have provided helpful information about the size and density of the NPs
at different distances to the magnetron but showed only 1-dimensional resolution. Therefore, it was
not possible to fully comprehend the complex dynamics inside the HGAS. That became possible with
the LLS technique, which finally provided 2-dimensional resolution. With the LLS technique it was
possible for the first time to image NPs trapped in vortices inside the HGAS. Especially the LLS images
obtained for different gas inlet configurations show together with CFD simulation that the gas velocity
distribution inside the HGAS plays a crucial role for the growth, transport and trapping of NPs inside
the HGAS.
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This leads to the second sub-question regarding the operational parameters of the HGAS and how they
influence the efficiency of the HGAS. The velocity distribution depends on the gas flow, the pressure
and to a high degree on the geometry of the HGAS. Geometrical factors, like the gas inlet location,
bottle necks between the gas inlet and the orifice and the diameter of the magnetron and the HGAS
itself, highly impact the gas velocity distribution. The impact of such parameters on the processes
inside the HGAS were only rarely investigated so far. However, they are most likely one reason why
contradicting parameter studies on the size of NPs in dependence on, e.g. the power can be found in
the literature. Since the HGAS is not standardized, different research groups are using different
geometries, which results in different gas velocity distributions and finally leads to different growth,
transport and trapping behaviors. Nevertheless, the results for different gas inlets have shown a strong
dependence of the deposition rate on the gas inlet configuration. Therefore, the HGAS can most
probably be optimized further by the development of a new HGAS design with the help of CFD
simulations to prevent trapping and the loss of NPs in low velocity regions.

The in-situ diagnostics are not limited to investigate the growth, transport and trapping of NPs inside
the HGAS, they can also contribute to the development of new methods for the production of
functional NPs or to solve problems with time dependent composition changes during the synthesis of
alloy NPs. Therefore, in-situ diagnostics can help to answer the last sub-question. The multicomponent
target approach, which enables in-situ adjustment of the composition of alloy NPs, turned out to be
highly dependent on the target lifetime. In the context of this thesis, this issue was solved by in-situ
OES. The OES lines of the different atomic species inside the plasma can be used to predict the
composition of the alloy NPs during the deposition.

To extend the scope of applications of the HGAS further, a novel method for the production of core-
shell NPs was developed in the context of this thesis. Here, the in-situ diagnostic methods UV-Vis
spectroscopy and FTIR enabled the fast development of the process. The diagnostics were used to find
optimal conditions for the confinement of NPs and the coating without the necessity of sample
extraction and analysis. In comparison to other approaches, where NPs from the HGAS are coated, in
our approach the shell thickness can be tuned in a nearly unlimited range. In our approach the NPs are
confined inside a second RF plasma discharge for an extended time period which enables to tailor the
shell thickness really precisely independent of the initial velocity of the NPs or the speed of the coating
process.

In the following chapters the results during the PhD period will be presented in the form of 6
publications. First, one chapter which points out the interconnection between the different
publications will be presented. Afterwards, for each publication one page in front of the publication
can be found in which the main aspects of the publication are summarized. Additionally, the own
contributions to the publication are briefly mentioned. A detailed declaration of authorship can be
found in Chapter 8.

37



Results and Discussion

3.1 Summary, Motivation and Interconnection of the Different Publications

In this chapter the interconnections between the different publications of the thesis will be presented.
Furthermore, it will be shown how the results from earlier publications motivated subsequent
publications. The interconnections are also shown graphically in Figure 3-1.

Trapping of NPs inside a HGAS was reported the first time by Kousal et al. [33] for Cu NPs. They used
in-situ SAXS measurements to investigate the growth and transport of Cu NPs inside a HGAS. In
Publication A [35], the SAXS measurements were extended to the investigations of Ag NPs inside the
HGAS to examine if Ag NPs show a similar behavior as Cu NPs. The SAXS method was chosen, because
it provides a good temporal resolution and information about the NPs size distribution. During this
study a confinement, i.e. trapping, of NPs was found in the close vicinity of the target. Additionally,
fluctuations in the growth and transport of NPs were observed. However, to determine the origin of
the fluctuations, other in-situ diagnostics with a better spatial resolution had to be found.
Furthermore, a lot of redeposited material on the target center was detected after long operation of
the HGAS.

Similar experiments can be performed with lab scale equipment if UV-Vis spectroscopy is applied
instead of SAXS. In Publication B [37] in-situ UV-Vis spectroscopy was utilized for investigations of the
growth and transport of NPs inside a HGAS. This has the advantage that the experiments are
independent of a synchrotron. It was shown that trapping of NPs inside the HGAS occurs. In this study
also redeposition in the central region of the target was observed.

In Publication B the trapping of NPs was investigated successfully with UV-Vis spectroscopy for a fixed
gas flow and pressure. To learn more about the trapping of Ag NPs inside the HGAS in dependence on
the gas flow and pressure a new series of UV-Vis measurements were conducted in Publication C [36].

Main-Question:
How can the fundamental understanding
of the HGAS be increased to extend
the scope of applications of the HGAS?

1. Which in-situ diagnostic techniques

can be utilized to investigate the
growth, transport and functionalization
of Ag NPs inside and outside the
HGAS to increase the
understanding of the method?

2. Which known and unknown
parameters can be used to increase
the efficiency of the NP
synthesis inside the HGAS?

:‘-___""‘__

3. How is it possible to functionalize
NPs inside and outside the HGAS
to extend the the sope of
applications of the HGAS ?
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Figure 3-1: Schematic of the structure of the thesis. On the top is the main research question, which was structured into
three sub-questions. The arrows from the sub-questions to the publications are indicating which publications have partially
answered which sub-questions. The publications are connected also with arrows to show how the publications are

connected.

38



Results and Discussion

By comparing the LSPR observed experimentally with simulations it was found out that large NPs with
a diameter of up to 70 nm are present in the HGAS. Although, such large NPs were never observed
outside the source. Furthermore, it was found that the deposition rate and the trapping highly depend
on the gas flow and pressure. To learn more about the growth and transport of NPs inside the HGAS,
computational fluid dynamic (CFD) simulations were performed. It turned out that the gas velocity
distribution is highly inhomogeneous and depends on the geometry of the HGAS and the location of
the gas inlet.

This motivated Publication D [38] in which three different gas inlets with different gas flows and
pressures were tested. The previous publications (Publication A-C) have used in-situ SAXS and UV-Vis
spectroscopy as diagnostic techniques. One drawback of both techniques is the poor spatial resolution
(1-dimensional), because the information is always obtained from the whole interaction volume of the
photon beam. Therefore, in Publication D laser light scattering (LLS) was applied to the HGAS. LLS uses
a laser beam which is expanded by a grid to a plane through the HGAS. Rayleigh scattering causes NPs
to scatter light which can be monitored by a camera. Therefore, the obtained information results from
one plane or cut through the HGAS, which gives in comparison to SAXS and UV-Vis measurements 2-
dimensional information in comparison to 1-dimensional information. It was found out that the type
of gas inlet heavily impacts the location where NPs were observed or trapped. The LLS also provides a
suitable temporal resolution which has shown the formation of vortices in which NPs are trapped.
Furthermore, the deposition rate and the size distributions were impacted by the gas inlet
configuration even though the pressure and gas flow were the same.

In-situ diagnostics are not only interesting for fundamental research inside the HGAS, but they can be
also used to investigate and develop the synthesis of functional NPs, e.g. alloy or core-shell NPs. In the
case of alloy NPs, the composition plays an important role, because, e.g. the plasmonic properties
depend on the composition. In the multicomponent target approach developed by Vahl et al., alloy
NPs with tailored composition can be synthesized. In the approach a special target geometry is used
which enables composition tuning by adjustment of the operating pressure in the HGAS. However, the
other publications have indicated that extensive redeposition can occur on the target surface.
Therefore, in Publication E [40] the resulting composition of the multicomponent target approach was
investigated with in-situ OES for longer operation times compared to the study by Vahl et al. It was
found that the composition of the NPs was not only dependent on the pressure, but also on the target
lifetime. This issue was solved by the in-situ OES measurements, because it was possible to predict the
composition of the NPs in-situ.

Furthermore, the synthesis of core-shell NPs can be investigated with in-situ methods too. Hence in
Publication F [41], a HGAS was combined with a vacuum chamber in which the Ag NPs can be confined
by an RF plasma for long durations. This is similar to the trapping of NPs inside the HGAS with the big
difference that here the trapping is intended. The experience from the previous publications on the
UV-Vis spectroscopy was used here to proof that NPs can be hold in the RF plasma for long times
without any losses. This enables the coating of NPs with, e.g. SiO, by the injection of a precursor gas
like Silane (SiH4). The UV-Vis spectroscopy was used to monitor the coating process. To get better
insight into the chemistry of the coating process, in-situ Fourier-transform infrared spectroscopy (FTIR)
measurements were performed additionally. The publication is a perfect example on how in-situ
diagnostics can speed up the development of novel synthesis methods. Because without the in-situ
diagnostics, much more time would be needed to find conditions were NPs can be confined, coated
and extracted.
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3.2 Publication A: Nucleation and Growth of Magnetron-Sputtered Ag Nanoparticles

as Witnessed by Time-Resolved Small Angle X-Ray Scattering
For this publication in-situ time resolved SAXS measurements were performed during the synthesis of
Ag NPs inside a HGAS at the “Deutsches Elektronen-Synchrotron” (DESY) in Hamburg. The aim of the
experiments was to investigate the growth and transport of Ag NPs inside the HGAS at different
distances to the magnetron surface.

In this publication capturing or trapping of NPs inside the HGAS was observed because of a force
interplay of electromagnetic forces, thermophoretic force, the gravitational force, the neutral drag
force from the gas flow and the ion drag force. Furthermore, the time dependence of the NP growth
inside the capture zone was investigated. Additionally, large NPs with diameters of =80 nm could be
rarely found outside the HGAS on the substrate, although SAXS measurements confirmed their
existence inside the HGAS. But these NPs could be found on substrates placed inside the HGAS. From
these observations it was concluded that smaller NPs have a better chance to escape from the capture
zone than large NPs. SEM investigations of the Ag target after the SAXS measurements have shown
NPs with a diameter of 90 nm in the central region of the target. Additionally, a hill of NPs in the center
of the target was measured with a profilometer. This confirmed the theory that NPs trapped in the
capture zone get preferentially deposited onto the target surface or the outside walls and only rarely
escape from the HGAS.

These results, have drawn the attention onto two phenomena, which were further investigated in this
thesis. One phenomenon is the trapping of NPs and the other one the redeposition of NPs onto the
target. The SAXS measurement have the option to give not only information about the relative volume
fraction of NPs inside the X-ray beam but also about the size distribution of NPs inside the X-ray beam.
The biggest drawback of the method, is that it gives only 1-dimensional information, because the data
originate from the whole X-ray path through the source. Therefore, techniques which would enable
spatial resolved information about the NP growth and transport are highly needed. Furthermore, SAXS
measurements at a synchrotron cannot be performed routinely and the effort for the measurements
is extremely high.

Own contributions to this work partially include the data processing and evaluation of the SAXS
measurement, the data interpretation, as well as writing of the manuscript.

This chapter is a reprint from the following publication:

Shelemin, A., Pleskunov, P., Kousal, J., Drewes, J., Hanus, J., Ali-Ogly, S., Nikitin, D., Solat, P., Kratochuvil,
J., Vaidulych, M., Schwartzkopf, M., Kylian, O., Polonskyi, O., Strunskus, T., Faupel, F., Roth, S. v.,
Biederman, H., & Choukourov, A. (2020). Nucleation and Growth of Magnetron-Sputtered Ag
Nanoparticles as Witnessed by Time-Resolved Small Angle X-Ray Scattering. Particle and Particle
Systems Characterization, 37(2), 1-11. https://doi.org/10.1002/ppsc.201900436
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Nucleation and Growth of Magnetron-Sputtered Ag
Nanoparticles as Witnessed by Time-Resolved Small
Angle X-Ray Scattering

Artem Shelemin, Pavel Pleskunov, Jaroslav Kousal, Jonas Drewes, Jan Hanus,
Suren Ali-Ogly, Daniil Nikitin, Pavel Solar, Jifi Kratochvil, Mykhailo Vaidulych,
Matthias Schwartzkopf, Ondfej Kylidn, Oleksandr Polonskyi, Thomas Strunskus,
Franz Faupel, Stephan V. Roth, Hynek Biederman, and Andrei Choukourov*

1. Introduction
Kinetic aspects of the synthesis of Ag nanoparticles (NPs) by magnetron

sputtering are studied by in situ and time-resolved small angle X-ray scat- Synthesis of metal nanoparticles (NPs) by
tering (SAXS). Part of the NPs are found to become confined within a capture magnetron  sputtering with subsequent
zone at 1-10 mm from the surface of the target and circumscribed by the condensation in a cold buffer gas has been

: q et attracting strong scientific interest for
plasma ring. Three regimes of the NP growth are identified: 1) early growth years.!l This approach benefits from the

at which the average NP diameter rapidly increases to 90 nm; 2) cycling vaporization of metals via the bombard-
instabilities at which the SAXS signal periodically fluctuates either due to ment by energetic ions, rather than by
expelling of large NPs from the capture zone or due to the axial rotation of purely thermal means, which allows virtu-

ally any metal to be sputtered and its atomic
vapors to be supplied into the gas phase.
Sputtered atoms escape from the target

the NP cloud; and 3) steady-state synthesis at which stable synthesis of the
NPs is achieved. The NP confinement within the capture zone is driven by

the balance of forces, the electrostatic force being dominant. On reaching with hyperthermal energy and are forced
the critical size, large NPs acquire an excessive charge and become expelled to thermalize upon the interaction with the
from the capture zone via the electrostatic interactions. As a result, signifi- atoms of the cold inert gas, resulting in the
cant NP deposits are formed on the inner walls of the aggregation chamber spontaneous nucleation and formation of

NPs, The inert gas flow is typically created
to drag the NPs from the aggregation zone
into another vacuum chamber where they
can be collected on substrates.
The employment of highly nonequilibrium conditions favors
Dr. A. Shelemin, P. Pleskunoy, Dr. J. Kousal, Dr. . Hanus, S. Ali-Ogly, tailoring the morphc.ﬂogy _Df resu}tanF _NPS which stmngly
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Prof. H. Biederman, Prof. A. Choukourov the ambient gas.’% Furthermore, mixing of two or more metals
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as well as in the central area of the target.
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the NP deposition on surfaces which is related to a generally
recognized issue of the loss of the NPs inside the aggregation
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the conditions of the magnetron discharge.

In our previous works, the new findings on the mecha-
nisms of the gas phase formation of Cu NPs were revealed by
in situ small angle X-ray scattering (SAXS) analysis!" and
DOI: 10.1002/ppsc.201900436 ultraviolet-visible spectroscopy.””l As was shown, Cu NPs are
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formed at a very short distance from the magnetron target;
moreover, their average size and the relative volume fraction
demonstrate strong nonlinear distribution along the aggrega-
tion zone. This effect was the most pronounced at a distance of
1-10 mm from the target where untypically large Cu NPs with
the average diameter of 80 nm were detected.

The present work investigates the synthesis of Ag NPs with
the purpose to highlight the common features between the two
metals. We utilize the similar SAXS diagnostics, yet at a more
sophisticated level. In situ SAXS measurements are employed
in a time-resolved mode to unveil the kinetic aspects of the Ag
NP formation, growth, and transport, and to address the issue
of the NP loss within the aggregation chamber.

2. Experimental Section

A custom gas aggregation cluster source (GAS) was built to
ensure arbitrary X-ray probing positions within the inner
volume of the aggregation chamber (Scheme 1, for the experi-
mental details see Supporting Information). The GAS consisted
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of a 100 mm diameter stainless steel chamber cooled by water
and terminated by a conical lid with an exit orifice of 2.0 mm
in diameter. A moveable 3 in. magnetron with a 3 mm thick
silver target (Safina, A. C. 99.99% purity) was installed in the
GAS. The magnetron was run by a DC power supply (Advanced
Energy MDX500) operated in a constant current regime with
the current set to 600 mA and the corresponding voltage of
313 V. A toroidal-shaped plasma ring with a diameter of 40 mm
was maintained by a circuit of permanent neodymium magnets
installed inside the magnetron. A pair of transversal 100 mm
viewports with 125 um thick Kapton windows provided an
access for the X-ray beam to the interior of the GAS.

The GAS was mounted onto a main deposition chamber
evacuated by scroll and turbomolecular pumps to a base pres-
sure of 10~ Pa. Quartz crystal microbalance (QCM) was posi-
tioned inside the deposition chamber in front of the exit ori-
fice to monitor the deposition rate of the NPs measured in
terms of the QCM frequency shift. Argon was used as a buffer
gas at a pressure of 133 Pa and a flow rate of 18 sccm. The
entire assembly was installed at the P03 beamline of PETRA
I1I, DESY, Hamburg, Germany.?!l An electrically actuated
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Scheme 1. Experimental setup. The gas aggregation cluster source is moveable with respect to the X-ray beam along the x-axis, which allows for probing
Ag NPs at different axial distances from the magnetron target, acquiring SAXS signal at the detector, reconstructing the scattering intensity as a function
of the magnitude of the wave vector g and fitting these curves to obtain the NP size distribution and relative volume fraction.
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mobile platform was used to allow for the axial positioning of
the entire experimental setup with respect to an X-ray beam
(photon energy is 13.01 keV, elliptically microfocused to 22 x
32 um, V x H axes). SAXS measurements with variable x were
performed, where x is the axial distance from the magnetron
target. In this configuration, the X-ray beam passes above the
target and crosses its entire diameter so that the probed space
involves two regions of the plasma ring and the central region.
Time-resolved measurements were performed with a frequency
of 10 Hz, with 95 ms acquisition time followed by 5 ms read-
out time per image using a Pilatus 300 K detector (Dectris
Ltd., pixel size 172 um) in a distance of (5642 + 8) mm to the
center of the GAS. The data were processed using the software
DPDAK,?Y a customizable code for the analysis of large SAXS
data, as described in the Supporting Information.

Scanning electron microscopy (SEM) measurements of the
target were performed using a microscope Supra55VP-Carl
Zeiss equipped with an in-lens detector. The acceleration voltage
was 5 kV. Series of the experiments were performed with silicon
substrates ((100) Si, one-side polished, 525 £ 15 um thick, ON
Semiconductor, Czech Republic) positioned inside the aggrega-
tion zone at different distances from the target. These samples
were analyzed by a Tescan Mira I1I SEM microscope equipped
with an in-beam SE detector with acceleration voltage of 20 kV.

The profilometry measurements were performed with a
Bruker DektakXT profilometer. The applied force on the stylus
was 1 mg and the obtained resolution was 0.46 pm.

A fluid flow analysis inside the aggregation chamber was
performed using a computational fluid dynamics software
(Siemens STAR CCM+ 13.04.010). The analysis was done in a
steady-state mode employing a segregated flow solver with 2nd
order convection. Semi-implicit method for pressure linked
equations (SIMPLE) pressure-velocity coupling algorithm
was used. The boundary conditions were set to be as follows:
the system pressure is 133 Pa, the inlet gas flow is 18 sccm,
and the Ar temperature is 20 °C. For more detail, see the Sup-
porting Information.

3. Results

Time-averaged SAXS curves were processed to obtain the axial
dependence of the average diameter d of Ag NPs and their rela-
tive volume fraction f. (the parameter directly proportional to
the ratio of the volume occupied by all the NPs to the sampled
volume defined by the beam size), which are shown in Figure 1
along with the earlier reported data for Cu NPs. Similar trends
were confirmed: both parameters grow fast in the close prox-
imity to the magnetron target, reach maximal values, and then
decay to constant levels at farther distances. Designated earlier
as the capture zone, the range of x = 2-5 mm is characterized
by the presence of large NPs with the average size reaching
80 nm. Nevertheless, the NPs of this size were found only spo-
radically on the substrates placed outside the GAS.
Time-resolved SAXS measurements were performed to
obtain the kinetic information about the NPs in the vicinity of
the magnetron target. The discharge was turned on for 60 s
and the SAXS data were acquired with a time step of 100 ms.
Figure 2a,b shows the time dependence of the average NP
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Figure 1. a) Average diameter and b) relative volume fraction of Ag and
Cu NPs (data used from ref. [19]) in dependence on the axial distance
in the GAS with the radial distance fixed at y = 0.0 mm. The position
x= 0.0 mm corresponds to the surface of the target. The vertical dotted
line shows the position of the exit orifice of the GAS at x = 120.0 mm.
Error bars are standard deviation obtained from fitting of 90 individual
scattering curves at each spatial position.

diameter and the relative volume fraction obtained in this
manner for the position x = 2.2 mm where the scattering inten-
sity was maximum. For reference, Figure 2c¢ shows the time
dependence of the deposition rate of the NPs measured outside
the GAS at x = 200.0 mm in terms of the QCM frequency shift.
Three periods can be identified.

1) In the early regime (0-2 s), both the NP diameter and the
relative volume fraction rapidly increase, yet QCM does not
detect any deposition rate.

In the second regime (2-16 s), significant fluctuations of the
scattering signal are observed, although none are present in
the QCM signal, which starts increasing after an initial lag.
The scattering curves periodically deviate from the shape
characteristic for the monomodal NP size distribution. At
these phases, bimodal size distribution is introduced to fit
the data and two sets of the average size and the relative
volume fraction are shown for two populations of the NPs
(for more detail, see Supporting Information).
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Figure 2. Evolution of a) the average diameter d, b) the relative volume
fraction fiy of Ag NPs produced in the GAS at x = 2.2 mm, and c) the
deposition rate (in terms of QCM frequency shift) outside the GAS at
x=200.0 mm. The values of time ¢t = 0 and 60 s correspond to turning the
discharge on and off. The second population of the NPs (open symbols)
was added to the fit of the scattering curves whenever the monomodal
size distribution was not sufficient to fit the data correctly (for details
see Supporting Information). Three periods of the NP formation in the
GAS are identified: 1) nucleation and early growth; 2) cycling instabilities;
3) steady-state synthesis.

3) In the third regime (16-60 s), the fluctuations subside and
a steady-state generation of the NPs is reached which is ac-
companied by a constant deposition rate. It is worth noting
that the SAXS signal disappears very fast after turning off the
discharge at t =60 s, although QCM demonstrates a lag of the
same duration as in the beginning. The lag is finished by an
abrupt burst of the deposition rate followed by its decrease to
ZETO0.

Peculiarities of the three regimes are scrutinized separately
in the subsequent sections.

3.1. Early Growth
The time dependencies of the average NP diameter and the

relative volume fraction were calculated for 12 axial positions
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Figure 3. Time dependence of a) the average Ag NP diameter d and
b) the relative volume fraction f, measured at different axial positions.
Time t = 0 corresponds to the ignition of the discharge. The dotted line
shows the example of the linear extrapolation of the data to the NP diam-
eter d = 0 nm, the time point taken as the moment at which the smallest
NPs are born (the NP appearance time).

in the vicinity of the magnetron target. Figure 3 shows selected
data for clarity. The NP diameter increases almost linearly with
time for the entire set of x. The relative volume fraction also
increases close to the linear time dependence. This parameter
is directly proportional to the total volume occupied by all NPs
within the sampling volume and hence is proportional to the
molar concentration of Ag atoms bound within the NPs [Agyp].
If a simplistic condensation scheme is considered in which
Ag atoms pass from the vapor to the bound state [Agy.po] —
[Agyp|, the linear character of the function [Agyp| = kt points
to the realization of this scheme via a zero-order scenario: the
reaction rate does not apparently depend on the concentrations
of reactants and is equal to the reaction constant k. In our case,
this means that the concentration of atomic Ag vapor state
remains to be in large excess and that it cannot be a limiting
factor for the formation of Ag NPs for the entire set of x.

The rate of the condensation d[Agyp]/dt shows a complex
dependence on the axial position (Figure 3). At small x, it
increases with the axial distance and reaches the maximum for
x = 2.2 mm. At farther distances from the magnetron target, the
rate starts decaying and drops to very low values at x = 10.7 mm.
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Figure 4. Time at which NPs start to appear (the NP appearance time) at
different axial distances from the magnetron target. The data are obtained
by extrapolating the curves of Figure 3a to the NP diameter d =0 mm. The
dotted line corresponds to the linear fit of the data.

Such complex behavior will be analyzed later in Section 4. Here,
we stress that f retains close-to-linear time dependence for all
x and therefore the concentration of atomic Ag vapors remains
sufficiently high not to limit the NP formation and growth. This
conclusion also agrees with a concept of supersaturation, which
is required to induce spontaneous nucleation of NPs and which
implies that supersaturated (high) metal vapor pressure is con-
tinually replenished. Thus, the nucleation of Ag NPs occurs in
the entire axial range in question.

Low concentration of the NPs in the gas phase does not
allow for the reliable processing of the scattering curves in the
high-g region, and the detection of the NPs with the average
size <20 nm is impeded at the present experimental configu-
ration. This shortcoming explains the fact that the NP size
dependencies start with the values of about 20 nm and do not
show smaller NPs. The extrapolation of the d = f{t) data can be
performed to the point of d = 0 mm and thus-obtained values of
t can be used to estimate the moment at which the first nuclei
are formed after the ignition of the discharge (we will designate
this moment as the NP appearance time, t,). Despite seemingly
overlapping, the curves in Figure 3a provide different values of
t,, which align into a linear dependence if plotted as a function
of the axial distance (Figure 4). The linear fit to the data gives
the value of 26 + 3 mm s~!, which is consistent with the linear
velocity of the gas flow in the GAS.

Several important conclusions can be drawn at this point.
The first NPs appear within a fraction of a second after the igni-
tion of the discharge, the lag being larger at farther distances
from the magnetron target. Once created, the NPs increase in
size equally fast at different x and their growth is not limited by
the partial pressure of atomic Ag vapors. These findings imply
that nucleation is efficient in the entire range of axial positions
studied (0-11 mm) and that the lag in the onset of the NP for-
mation is given by the lag in the supply of atomic metal vapors
from the target surface after the ignition of the discharge.
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3.2. Cycling Instabilities

After reaching the maximum size and concentration within =2
s after turning on the discharge, NPs enter the regime of insta-
bilities in which the NP parameters start to change in an oscil-
lating manner. The regime of cycling instabilities is analyzed
in more detail in Figure 5 where the average NP diameter d,
the relative volume fraction f and the relative number of NP
Nyel (normalized to NP diameter) are shown for the axial posi-
tion of maximal scattering intensity (x = 2.2 mm) in depend-
ence on time at a zoomed timescale. The relative number of
NPs was calculated by dividing the relative volume fraction by

the average NP volume | N, = fm“l(f a4 J] it represents the
6

quantity which is directly proportional to the concentration of
the NPs within the volume sampled by the X-ray beam.

In the beginning of the cycle, the scattering curves are readily
fitted by the monomodal lognormal size distribution (see Sup-
porting Information). The average NP diameter increases, the
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Figure 5. Cycling fluctuations of a) the average diameter d, b) relative
volume fraction fo, and c) relative number N 4 of Ag NPs occurring in
the GAS at x = 2.2 mm during the period of instabilities (period 2). The
second population of the NPs (open symbols) was added to the fit of
the scattering curves whenever the monomodal size distribution was not
sufficient to fit the data correctly (for details see Supporting Informa-
tion). Serial numbers designate the Nth cycle (N =1, 2, 3...). The dotted
line shows the sum of the relative volume ratios for the NP population
1and 2.
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relative volume ratio remains constant and the number of NPs
decreases. At a certain moment, the monomodal size distri-
bution becomes insufficient to fit the data satisfactorily. The
introduction of the second population of smaller NPs solves
the problem (see also Supporting Information). Hereafter,
the first population of NPs proceeds in the growth but the
volume they occupy and their number decrease. The NPs of
the second population demonstrate the opposite behavior: they
decrease in size but occupy the larger volume and increase in
number. At the extremum, the average size of the first popu-
lation reaches 85 nm whereas the average size of the second
population decreases to 55 nm (here, we stress that these
numbers are average values of lognormal size distributions
with different values of dispersity). Then, the larger NPs disap-
pear suddenly or, at least, they become undetectable by SAXS.
Only smaller NPs are detected at this moment and the cycle is
repeated. The scattering curves can be fitted with a monomodal
size distribution again, the average NP diameter increases,
the relative volume ratio remains constant and the number of
NPs decreases until differentiation into other two populations
of NPs occurs. The period of the described fluctuations is 1 s.
For better visualization, an animation showing the evolution of
the Ag NP size distribution was added to the Supporting Infor-
mation. A more detailed reasoning about the interpretation of
these oscillations follows in Section 4.

3.3. Steady-State Synthesis and Extinction of the Discharge

After the period of fluctuations, the generation of Ag NPs
arrives to the steady-state regime at which the NP size and
concentration do not change in time. An interesting phenom-
enon was observed when switching off the discharge: QCM
detected stable deposition of NPs for a certain time followed by
its sudden increase and then a decrease to zero (Figure 1). A
pulsing approach was applied to investigate this effect in more
detail. The discharge was pulsed with time-on t,, = 10 s and
time-off t,e = 5 s, and the deposition rate was monitored by
QCM positioned outside the GAS at x = 200.0 mm (Figure 6). It
was confirmed that for each pulse no deposition occurs during
the first 3 s after turning the discharge on, then the deposition
rate starts increasing and reaches the stable value at about 5 s,
it remains stable at this level even after turning the discharge
off at 10 s, then it sharply proliferates, but only for a short dura-
tion followed by a decrease to zero at 15 s, the time at which
the next pulse is initiated. The time lag between the discharge
turning on/off and the QCM response is readily explained by
the time needed for NPs to travel along the GAS. When the dis-
tance of 120 mm between the magnetron target and the orifice
is divided by the average linear gas velocity of 29 mm/s, the
time of about 4 s is obtained that roughly matches the QCM
lag (the 80 mm distance between the QCM and the orifice is
neglected because NPs travel at much higher velocity in this
region).

The phenomenon of a manifold burst of the deposition
rate with the discharge off can be analyzed by performing
the time-resolved SAXS measurements in the pulsed discharge
regime. Figure 7 shows the changes observed in the average
NP size, the relative volume fraction and the relative number of
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Figure 6. The deposition rate of Ag NPs measured by QCM outside the
GAS atx = 200.0 mm during pulsing the discharge with t,, =10 s and t,g=
5's.a) At longer timescale. b) The same dependence at shorter timescale.

NPs after turning the discharge off at t = 10.0 s at different axial
positions in the GAS. For the position of the highest scattering
intensity at x = 2.2 mm, the NPs disappear within 0.2 s and
the scattering intensity decreases to the background level. How-
ever at a farther distance of x = 9.7 mm, all the NP parameters
show an increase for a fraction of second and then the intensity
drops down as well. Markedly, the position closest to the mag-
netron target at x = 0.2 mm also demonstrates an interesting
feature. The size of the NPs is too small for the detection at this
position and the SAXS signal remains at the background level
during the operation of the discharge. However, large 80 nm
sized NPs become detectable for a short period of 0.1 s after the
discharge is turned off and then they also disappear. The short
detection period explains the presence of only two data points
for x = 0.2 mm in Figure 7.

Thus, the following mechanism can be suggested. Part of the
NPs becomes trapped in the capture zone when the discharge is
on. The trapping results in a longer time that NPs spend in this
region and, as a consequence, in an increase of their average
diameter to the larger values. After turning the discharge off,
the trapped NP cloud collapses and the large amount of NPs
escape from the capture zone. After the time lag determined
by the linear gas flow, the released multitude of NPs arrives to
QCM and induces the short-time burst in the deposition rate.
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Figure 7. Evolution of a) the NP diameter d, b) the relative volume frac-
tion fi;, and c) the relative number N, after the discharge is turned off at
t =10.0 s for the position closest to the magnetron target (x = 0.2 mm),
in the capture region with maximal scattering intensity (x=2.2 mm) and
outside the capture region (x = 9.7 mm). Dotted lines are guide to eyes
showing the decrease of the scattering intensity to the background level.

Markedly, the NPs escape from the capture zone in the direc-
tion toward the magnetron target as well, that is against the
gas flow (see the simulations of Ar velocity vectors in the Sup-
porting Information). Figure 8 shows the photos of the target
surface taken after 1 week of the experimental campaign. A
macroscopic deposit of the NPs is formed in the central area
of the target. The SEM images demonstrate that the deposit
consists of coalesced NPs and a rough estimation shows that,
although strongly coalesced, they have the average diameter
of about 90 nm. This finding confirms that the NPs become
trapped above the target in the region circumscribed by the
magnetron plasma ring.

Two sets of the experiments were performed with placing
0.5 x 0.5 cm Si substrates directly onto the inner wall of the
aggregation chamber at different distance from the magnetron
target. After installing the substrates, the GAS was evacuated,
the experimental parameters were adjusted, the discharge was
turned on for 10 s and then the sputtering was stopped. The
substrates were extracted from the GAS and analyzed by SEM.
The second set was performed in a similar manner, yet with the
60 s operation. The SEM analysis of the resultant deposits is
shown in Figure 9. Similar to the earlier notation, the position
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x = 0 mm corresponds here to the position of the target plane
so that x = =3 mm corresponds to the substrate shifted by
3 mm behind the magnetron target.

Even after 10 s of sputtering, we observe the accumulation
of NPs on the walls all along the aggregation chamber, the
amount of the deposit being larger closer to the magnetron.
Markedly, the NPs are effectively deposited even at the posi-
tions behind the target plane. The morphology of the deposits
also changes. Closer to the magnetron at x < 3 mm, the deposit
consists of spherical NPs arriving as-formed in the gas phase.
A strong contribution from the large NPs can be seen here.
At 3 < x < 39 mm, irregularly shaped nanoislands dominate
the deposits although spherical NPs are also present to a
lesser extent. The nanoislands strongly resemble the structure
typically formed as a result of atomic silver deposition onto
weakly interacting substrates.[”>-%] At remote distances with
x > 39 mm, spherical NPs start dominating again, yet the total
NP number becomes smaller.

These findings are further supported by the longer 60 s
deposition. At ¥ < 3 mm, large amount of large NPs is depos-
ited on the substrate forming a mesoporous deposit. The NPs
are strongly coalesced similar to those found on the target sur-
face, although their size is smaller. The strong coalescence may
serve as evidence that the NPs have a temperature, which is
above or not very far below the melting point during their depo-
sition onto the substrate. At 3 < x < 39 mm, the formation of a
discontinuous film with inclusions of spherical NPs is observed
whereas the film growth is suppressed at x > 39 mm. Here,
only spherical NPs are collected on the substrates and their coa-
lescence becomes less obvious, suggesting that the NPs effec-
tively thermalize on their travel along the aggregation chamber.

The analysis of the deposits confirms that Ag NPs escape
from the capture zone both in the axial and in the radial direc-
tion. The sputtered atomic metal flux is in sufficient excess to be
consumed in the gas phase for the NP formation as well as to
reach the walls near about the magnetron and to contribute to
the growth of films thereon. As a consequence, non-negligible
amount of sputtered material is lost at the walls of the GAS
instead of being transported in the form of a NP beam into the
deposition chamber.

4, Discussion

After the ignition of the discharge, the NPs nucleate and grow
in size to the average value of about 90 nm in the near-to-mag-
netron region, with the NP concentration reaching maximum
at x = 2.2 mm. The NPs of this size can be found, yet only
sporadically, on substrates positioned outside the GAS in the
main deposition chamber; however, they can be found more
abundantly on substrates positioned inside the GAS close to
the magnetron as well as on the magnetron target itself, in
its central area. The behavior agrees with the earlier reported
concept of the capture zone which is created at the several mm
distance above the magnetron and circumscribed by a plasma
ring. Smaller NPs have a higher probability to escape the cap-
ture zone and to constitute a beam of NPs travelling along the
GAS with the gas flow. Larger NPs are trapped more effectively
and therefore proceed growing further until they reach a critical
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Figure 8. Characterization of the target surface. a,b) Top view and side view photos of the target showing the macroscopic redeposit of Ag NPs in the
central area (taken after 1 week of the experimental campaign). c) Profilometry height profile of the redeposit of NPs corresponding to the dotted line
on the top view image. d,e) SEM images of the target surface acquired at the periphery (spot 1) and in the center (spot 2) after 10 s of sputtering of
fresh target. f) Size distribution of the NPs redeposited in the central area of target, the curve corresponds to the lognormal fit to the data, average NP
diameter is u = 89 nm, standard deviation is 6 =20 nm.
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Figure 9. Top view SEM images of Ag NPs collected on Si substrates placed onto the GAS wall at different axial positions from the magnetron target.
a) The deposition time t = 10 s, and b) the deposition time t = 60 s.
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size at which they become expelled from the capture zone and
deposit on the adjacent surfaces.

The phenomenon of capturing/expelling is evidently gov-
erned by the balance of forces acting on the NPs, and this
balance can be shifted depending on the NP size. Given that
the majority of the NPs are negatively charged in the plasma,
the following forces should be taken into account: the electro-
magnetic force (with the electric and magnetic components of
the Lorentz force describing the movement of the NP upon the
action of the electric and the magnetic field), the thermopho-
retic force (given by the temperature gradient if such exists in
the space surrounding the NPs), the gravity, the neutral drag
force (the force produced onto the NP by the momentum
transfer from the neutral atoms constituting the gas flow),
and the ion drag force (the force induced onto the NP by the
momentum transfer from directed fluxes of ions). Scheme 2a
demonstrates these forces acting on a negatively charged NP
located at the inner periphery of the plasma ring and at the
edge of the capture zone. The schemes were constructed on the
basis of the simulations of the gas flow in the GAS as well as
on the previous results of the Langmuir probe measurements
(see Supporting Information).

a) b)

B B9

Scheme 2. lllustration of two mechanisms that may be responsible for cycling instabilities
observed by SAXS. a) Cycling growth and expelling of NPs (larger NPs accumulate closer to
the magnetron axis). b) Axial rotation of the NP cloud (the NPs are tangentially separated by
their size/charge, the entire cloud rotating clockwise). Top pictures show forces acting on a
negatively charged NP that is located at the inner periphery of the plasma ring and at the outer
edge of the capture zone (only a quarter of the target is shown for simplicity), F and F'¢
are radial and tangential components of the electric force, Fmag'ad and Fy,,* are radial and
tangential components of the magnetic force, Fy, is the thermophoretic force, F, is the neutral
drag force, and Fi,,™ and F;,,® are radial and tangential components of the ion drag force. The

gravitational force is not shown for simplicity.
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The collective action of the forces onto NPs may give rise
to instabilities often observed in dusty plasmas.’?®) The oscilla-
tions of the SAXS signal with the frequency of 1 Hz reported
here strongly remind the so-called heartbeat instabilities that
occur with the several Hz frequency in low-temperature dusty
plasmas and comprise the cycling contractions and expansions
of a particle-free region called a void.?-?l The underlying
physics involves the formation and collapse of a sheath at the
void boundary, the phenomenon given by the cycling accumu-
lation of charge by dust particles and subsequent electrostatic
expelling of critically charged NPs from the void.?” In non-
magnetized discharges with the parallel-plate electrode con-
figuration, the particle-free void is formed in the central region
of the particle cloud.””) Our findings, both shown here and
reported earlier,'” indicate that the reverse is true for the mag-
netron discharge: the NPs concentrate in the central region
and become periodically expelled therefrom (Scheme 2b).

Another possible explanation for the observed instabilities
may include the rotation of the NP cloud about the magnetron
axis. Such rotation may become possible if the tangential elec-
tric field appears within the circular plane of the cloud due to
an inhomogeneous distribution of the NP charge (proportional
to the NP size). This tangential component
of the electric field may propel the NPs into
a circular motion. If we interpret the time
dependence of Figure 5 as the rotation of the
trapped NP cloud, we can see that there is a
sharp decrease of number density of the big-
gest NPs followed by a multitude of smaller
NPs. This would correspond to the situation
shown in Scheme 2b where the NP cloud is
characterized by the tangential gradient of
the NP size/charge. The cloud rotates about
the magnetron axis, with the front of large
NPs traversing the X-ray beam twice per
period of the rotation.

At present, we are not able to distinguish
which of the mechanisms (cycling growth/
expelling or rotation of the NP cloud) is
responsible for the observed instabilities. In
fact, they need not be necessarily mutually
exclusive and may probably coexist to a cer-
tain extent. The NPs can definitely grow from
20 to 80 nm in 1 s as witnessed during the
initial stages of the process (Figure 3). This
growth dynamics manifests itself at the time-
scale comparable to the period of the oscil-
lations observed later (Figure 5). Actually,
local spontaneous inhomogeneity in the NP
growth can be a starting point for the insta-
bilities to occur. Since the material must be
arriving into the trapped cloud region during
the entire power-on period, the NPs must
grow inside the cloud at least to some extent.
As a result, the apparent periodic changes in
the NP size and density can be a superposi-
tion of the physical movement of the NPs
with their (quasi)continuous growth. The
smallest NPs are continuously replenished

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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into the capture zone from the area above the erosion track and
the biggest NPs continuously escape from the trap (Figure 8).
We can name this process a growth-transport instability. Such
“coupled processes” instability can be actually an interesting
analogue of the ionization-movement instabilities observed as
fast “spokes” in closed-drift (E x B drift) devices such as magne-
tronst*1-3* or Hall thrusters®**>] but at a much longer timescale.
However, we should admit that details of these phenomena
remain unclear at present and require further investigation.

The cycling instabilities eventually subside and the system
enters the steady-state regime. It is worth mentioning that the
phenomenon of the postponed stabilization of the generation
of NPs does not seem to be unique. It bears similar features
to the earlier reported uncontrollable drift of the heartbeat fre-
quency that occurred with sub-micrometer particles in dusty
plasma at longer time intervals even though the experimental
parameters were carefully maintained constant.l3!

5. Conclusion

The kinetic processes of the synthesis of Ag NPs in the mag-
netron-based gas aggregation cluster source were analyzed
by in situ and time-resolved SAXS measurements. The exist-
ence of the capture zone was confirmed in which the charged
NPs are held mainly by electrostatic interactions. The capture
zone is localized at 1-10 mm distance from the surface of the
target and circumscribed by the magnetron plasma ring. The
first NPs are found to appear within tenths of a second after
the ignition of the discharge. The partial pressure of atomic
Ag vapors does not limit the growth of the NPs, and they
increase in size similarly fast at different axial distances from
the target. After the initial period of the fast growth, the SAXS
measurement detected the regime of cycling oscillations of the
NP size and number which can be given by the combination
of two mechanisms: 1) periodic expelling of NPs from the cap-
ture zone after they reach the critical size and 2) the rotation
of the NP cloud about the magnetron axis. The oscillations of
the SAXS signal eventually subside and the synthesis of the
NPs enters the steady-state regime. Here, a constant amount of
the NPs escape the capture zone and travel along the aggrega-
tion chamber with the velocity of the carrying gas. On their way
to the exit orifice, a part of the NPs becomes lost on the inner
walls of the chamber while another part becomes redeposited
from the capture zone back onto the surface of the target. The
significant loss of the material within the aggregation chamber
suggests that optimization of magnetron-based cluster sources
is the question of high importance.

Supporting Information

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

The GAS consisted of a cylindrical vacuum chamber (100 mm in diameter) with water-cooled
walls. A moveable 3-inch magnetron with a silver target was installed at one side of the GAS
whereas the opposite side ended with an orifice which was 4 mm long and 2.0 mm in
diameter. The distance from the magnetron to the orifice was 12 ecm. The magnetron was
equipped with a set of permanent magnets that provided a closed plasma ring with the radius
of 20 mm above the target. The profile of the magnetic field was measured and is shown in

Figure S 1.
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Figure S 1 Intensity of the magnetic field B measured in the parallel (Bl) and the normal (Bl)
direction to the target plane from the magnetron axis, across its radius and to the magnetron
edge. The zero distance corresponds to the magnetron axis.

Two opposing windows (100 mm in diameter, made of 125-um thick Kapton™ foils) were
placed on transversal ports of the GAS. The ports were equipped with rectangular baffles
(25x85 mm in diameter) to minimize the deposition of NPs on the inner side of the windows.
The GAS was connected via its orifice to another vacuum chamber through which pumping

with rotary and turbomolecular pumps was performed.

The setup was installed at the P03 beamline of PETRA III, DESY, Hamburg, Germany.1 The
synchrotron provides a brilliance exceeding 10*' photons/(s mm® mrad®). The storage ring
operates at 99.5 + 0.5 mA beam current in a top-up mode keeping the stability of the photon
flux at 1%. The X-ray was focused to an ellipsoidal beam of 22.0 x 32.0£ 0.5 pm (V x H
axes) and passed through the transversal ports of the GAS and to reach a Pilatus 300K
detector (Dectris Ltd., pixel size 172 um) which was placed 5642.0 + 8 mm away from the
axis of the GAS chamber with an evacuated pathway in between. The GAS and the pumping
system were fixed at a goniometer table (HUBER Diffraktionstechnik GmbH) that allowed
horizontal positioning with respect to the X-ray beam. It allowed changing of the axial
position within the range 0 — 10 mm in 0.5 mm step. Constant Ar pressure of 133 Pa and the
flow rate of 18 sccm were used. The magnetron was run by a DC generator (Advanced

Energy MDX500) with the current and voltage set at 600 mA and 313 V, respectively.
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2. SAXS calibration

The collagen (from chicken tendon) with known d-spacing 65 nm were used to calibrate the
sample-to-detector distance. The calibration sample was placed inside the aggregation
chamber at the position corresponding to the axis of the magnetron and under atmospheric
pressure. The X-ray scattering patterns were acquired with the photon energy in the primary
beam of 13.01 keV and the wavelength of 0.955 nm. The calibration was done using a
SAXS/WAXS calibration tool in DPDAK.? The beam centre was defined as x = 267.7 0.5
pixel and y = 228.7 + 0.5 pixel; the detector tilt and rotation were at 0 = 0.01°. The obtained

sample-to-detector distance was 5642.0 + § mm.

The transmission coefficient T = I /I = 0.99 was calculated for the cases with maximal
scattering intensity where I; is the intensity of the beam after the calibration sample insertion

and [y is the intensity of the primary beam, both measured at the beam stop.

3. SAXS data acquisition and processing

3.1.Data acquisition
For each of the spatial position inside the GAS, time-resolved measurements were performed,
with the detector scanning routine being synchronized with the DC source (Figure S 2 and
Figure S 3). The discharge was repeatedly run for 10 s followed by the 5 s off-time, giving the
pulse period of 15 s. The diffraction images were acquired along the axis of the aggregation
chamber (y = 0.0 mm) at different positions from the magnetron target. The diffraction images
were obtained with a frequency of 10 images per second, with 0.095 s of the acquisition time
followed by 0.005 s of the read-out time per image. The background signal was recorded for 1
s before and 5 s after each of the plasma runs (Figure S 4). It was found to be identical (Figure

S 5), thus confirming the absence of the NP deposition on the Kapton windows.
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Figure S 2 2D colour map of time resolved data including background scans (left image) and
after background subtraction (right image).
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Figure S 3 Full scattering pattern on the detector with the integration sector used in DPDAK
for the data processing. The mask allowing for the compensation of blank pixels, the beam
stop and the residual direct beam scattering was applied.
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Figure S 4 Two-dimensional diffraction images from the SAXS detector sampled at the axial
distance of x = 2.2 mm (flow of Ar — 18 sccm; pressure - 133 Pa) and at the radial distance of
y = 0.0 mm: a) during the NP production when the discharge is on; b) background signal
obtained when the discharge is off.
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Figure S 5 The first and last background signal (in terms of integrated scattered intensity / vs.
scattering wave vector ¢, see below) acquired before and after the SAXS measurement at the
same spatial position with the axial distance of x = 2.2 mm and with the radial distance of y =
0.0 mm.
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The calibration of raw data, their reduction and integration was performed using the software
DPDAK, a customizable code for the analysis of large SAXS data. For each of the spatial
position (x, y), the data diffraction images and background images were integrated within the
range of ¢ = 0.00414 — 0.03398 A", where g = 4z sin(6)/4 is the magnitude of the scattering
vector, & is the scattering angle and A is the wavelength of the X-rays. After that the
background was subtracted from data sequence. Thus, the integrated scattered intensity [ vs.
scattering wave vector ¢ curves were obtained. The examples of the curves for the data, for

the background and for the difference between them are shown in Figure S 6.
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Figure S 6 Integrated scattered intensity I as a function of scattering wave vector g at x = 2.2
mm and y = 0.0 mm: a) examples obtained from one data and background (BG) acquisition
when the discharge is on and off, respectively, and the difference between the two.

3.2.Fitting of the scattering curves
The scattering curves for each of the axial positions were fitted in the IRENA software using
a Modelling tool.” This tool allows the calculation the intensity of small-angle scattering from
particles in multiple populations of scatterer:
(@) = ZilApic|*Sic(@) Zirel Fie (@, D) 1Vie (Dige) fie(Dise) ADye

The subscript i includes all bins in the size distribution and AD; is the width of bin i. Subscript
k represents different populations; each population has its own binning index ik. D is the
dimension of particle (in our case radius); |Ap,|? is scattering contrast; S, (g) denotes the
structure factor, F,(q,D;;,) the form factor, Vy (D;) the particle volume, and f;(D;y) the

volume size distribution. The scattering contrast was calculated as difference between
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scattering length density of the bulk silver and argon medium at pressure 133 Pa. Taking into
account relatively low concentration of the nanoparticles inside GAS, the structure factor was
not included into the calculation. The form factor of the full sphere was implemented as
follow:

sin(gr) — gqr cos(qr) 2
(qr)®

F(q,7)?/V = [3

Fourier transformation of a full sphere in polar coordinates yields:

R2nm
. in(gR) — gR R
F@ =[] aver v sin) avdgar = nrio, )(q;j’);"s(q )
000

To obtain the average size and standard deviation of NPs the lognormal size distribution was

adopted:

¢jtota1 ( ) ex N [ln (%)] 2
{211_ ( Dijmod —Djmin ) }0'5 D — Djyin P 21n ( Djmed —Dijmin )

%bj,j:l..:; (D) =
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Figure S 7 shows the examples of the scattering curves fitted with the monomodal NP size

distribution at the time of 8.4 and 9.0 s.
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Figure S 7 Examples of the time-resolved X-ray scattering curves (background subtracted)
acquired during the oscillation period at x = 2.2 mm and fitted with the monomodal NP size
distribution: a) r = 8.4 s; b) r = 9.0 s. The dots correspond to the experimental data; the colored
curves correspond to the model fit. The NP parameters obtained from the fits are shown by X
for: ¢) the mean NP diameter d; d) the relative volume fraction f,; and e) the relative number
Nrei-

At the intermediate values of time, however, it was not possible to obtain a satisfactory fit
with the monomodal size distribution. Compare the scattering curves within the interval of 8.5
s <t <9.0 s (Figure S 8). The monomodal fits deviate significantly from the experimental

data whereas the introduction of the bimodal size distribution overcomes the problem.
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Figure S 8. Examples of the time-resolved X-ray scattering curves (background subtracted)
acquired during the oscillation period at x = 2.2 mm and fitted with a) the monomodal NP size
distribution; b) the bimodal size distribution. The dots correspond to the experimental data;
the colored curves correspond to the model fit. The monomodal size distribution does not
provide the satisfactory fitting in the high-g region whereas the bimodal size distribution does.
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For the quantitative decision on when the scattering data must be fitted with the monomodal
or bimodal NP size distribution, the normalized residuals were taken into account. If the
difference between the maximum and minimal normalized residuals value exceeds 1.5, the
fitting model was changed from the monomodal to the bimodal NP size distribution. Figure S
9 shows the difference between the maximum and minimal value of the normalized residuals
above 1.5 for 8.5 s and the monomodal size distribution. This is the reason why the model
was changed to bimodal distribution exactly at this time. The normalized residuals for the
bimodal distribution shows already that the fit is more precisely, but it can be seen also in

Figure S 9 directly.
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Figure S 9. The normalized residuals for all fits with the monomodal NP size distribution
(left) and the bimodal size distribution (right) for the time interval from 8.5 s to 9.0 s.
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To decide when the model has to be changed again to the monomodal distribution is more
complex. The residuals plot for 8.6 s shows that the monomodal distribution difference is
below our threshold value of 1.5 but the fit with a bimodal distribution is still much better.
That is why also a different parameter is needed to decide if the monomodal or bimodal
distribution is better. The decision to change back to the monomodal distribution was
therefore done from the physical point of view. That means as long as the overall time
dependence of the mean diameter and the relative volume fraction of both distributions make
physically sense, the data is fitted bimodal. At 9 s the data was fitted again monomodal
because on one hand the fit quality of monomodal and bimodal distribution do not differ
much, which follows also out of the residual plots, and on the other hand the relative volume

fraction of population 1 has vanished nearly like shown in Figure S 7.

Based on the results of the fitting, an animation was prepared showing the evolution of the NP

size distribution with time (see the animation in a separate video file).

4. Computational Fluid Dynamics

The aggregation chamber with 100 mm inner diameter, filled with argon under the pressure of
133 Pa and temperature of 20 °C is characterized by the Knudsen number K,, = 0.0005, which
allows to assume the fluid (gas) flow as a continuum. Hence, fundamental laws of mechanics
can be used including conservation of mass, conservation of linear and angular momenta, and

conservation of energy.
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Figure S 10 Dependence of the Knudsen number on Ar pressure for T = 20 °C, the inner
diameter of the chamber is 100 mm, the gap between the magnetron housing and the chamber
wall is 5 mm, the diameter of the exit orifice is 2 mm. The fluid can be considered as a
continuum at K, < 0.01.

The fluid flow analysis inside the aggregation chamber was performed using the CFD
software (Siemens STAR CCM+ 13.04.010 or Ricardo Vectis 2018.1). The following

assumptions were made:

- The fluid was assumed to be an ideal and incompressible gas;

- No other species except for argon are present in the model;

- No slip on the chamber walls was expected, except for the magnetron housing,
walls and at the exit orifice, where a Maxwell partial slip model was used;

- The flow was assumed to be laminar;

- No electromagnetic model was used.

Referring to the mentioned assumptions, it was decided to use the steady state analysis,
employing a segregated flow solver with the 2" order convection. A SIMPLE (Semi-Implicit
Method for Pressure Linked Equations) pressure-velocity coupling algorithm was used. The
boundary conditions included the system pressure of 133 Pa, the inlet Ar flow of 18 sccm and
the Ar temperature of 20 °C. Figure S 11 shows how the model converged with the number of

iterations and Figure S 12 shows the map of the gas velocity vectors inside the GAS.
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Figure S 11 Convergence of the model of the gas flow.
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Figure S 12 Simulations of the Ar flow in the GAS. The directions of the gas velocity vectors
are shown by arrows, the magnitude is colorized in accordance with the shown colour bar.
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5. Langmuir probe measurements
Our earlier Langmuir probe measurements unveiled that the electric field has an inhomogeneous
profile above the magnetron target.* At the axial distance far beyond the sheath, the plasma potential
was characterized by a strong radial gradient, and the electric field of hundreds of V/cm was directed
from the center towards the plasma ring (Figure S 13). The potential gradient in the axial direction was
found to be much smaller; the electric field ranged from units to tens of V/cm here. Although a
distance of several mm from the magnetron target was not assessed in those measurements, we believe
that the difference between the radial and axial electric field is even larger in the capture zone and that
the distribution of the plasma potential is qualitatively the same for the synthesis of Ag NPs presented

in this work.
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Figure S 13 Map of plasma potential (V) in the vicinity of the magnetron target as measured
by Langmuir probes (adopted from *). Vectors of the electric field are shown in the direction
parallel (Ergia)) and normal (Eaia) to the target plane. Green semitransparent area shows
approximate location of the trapped cloud of NPs.
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3.3 Publication B: The Evolution of Ag Nanoparticles Inside a Gas Aggregation Source
In this publication, in-situ UV-Vis spectroscopy was used to investigate the growth and transport of Ag
NPs inside the HGAS. The method utilized the plasmon resonance of Ag NPs to determine at which
position in the HGAS the maximum absorption due to NPs could be found.

In the publications it was found that NPs are captured or trapped close to the magnetron, which is in
good agreement with the findings from Publication A. Additionally, Si substrates pointing into the
direction to the magnetron and also pointing into the direction of the orifice were placed in the central
region of the HGAS along the way from the magnetron to the orifice. By SEM investigations of the
substrates, it was found that big NPs with sizes of up to 100 nm were present close to the target and
their amount decreases with increasing distance to the magnetron. These particles may grow in the
capture zone from where they get either deposited onto the target or get lost on their way to the
orifice to the side walls of the chamber. Surprisingly, NPs were also found on the substrates pointing
into the direction of the orifice. Therefore, CFD simulations were performed to see if the samples affect
the gas flow in a way that the NPs are pushed onto the substrates. That was not the case and indicates
that an additional force must be acting on the NPs. Furthermore, it was found that the trapped
particles must be hold in the trapping zone because of electromagnetic forces originating from the
plasma discharge.

The results from this publication have shown that UV-Vis spectroscopy is a suitable diagnostic method
to monitor the processes inside the HGAS as well.

Own contributions to the work are partially the conductance of the experimental work, data
processing, evaluation and interpretation.

This chapter is a reprint from the following publication:

Nikitin, D., Hanus, J., Ali-Ogly, S., Polonskyi, O., Drewes, J., Faupel, F., Biederman, H., & Choukourov, A.
(2019). The evolution of Ag nanoparticles inside a gas aggregation cluster source. Plasma Processes
and Polymers, 16(10), 1-7. https://doi.org/10.1002/ppap.201900079
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1 | INTRODUCTION gas aggregation chamber working at a pressure range from

10 to 100 Pa. This equipment became popular as a gas
Metal nanoparticles (NPs) can be synthesized using various aggregation cluster source (GAS)."?! Afterwards, GASes
approaches that spread from wet chemistry to vacuum were successfully applied for the production of semicon-
techniques, the latter including low- or high-pressure ductor, insulator, and plasma polymer NPs.P®! The
processes. Gas condensation (aggregation) may be advanta- application of two or even three magnetrons in the same
geous because vapors of virtually any metal can be supplied aggregation chamber!”®! enabled the production of hetero-
into the gas phase either by simple vacuum evaporation or geneous NPs. In spite of the huge number of studies that
by magnetron sputtering. If cold inert gas is introduced into dealt with the gas phase preparation of metal NPs and their
a zone with atomized metal, spontaneous condensation of  applications,'”® little concern has been raised with regard
atomic metal vapors can be achieved with the formation of  to the processes occurring inside the aggregation chamber.
NPs. Haberland was first to place planar magnetron intoa A number of works dealing with modeling of the NP
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trajectories have been performed,’"”"®! although the experi-
mental approaches are scarce. Only recently, our group has
managed to utilize Langmuir probe M1 and in situ
synchrotron small angle X-ray scattering™®! measurements
for monitoring the nucleation and growth of NPs within the
aggregation zone. In case of plasmonic NPs, a much simpler
and readily available technique UV-Vis spectroscopy may
be used for the in-flight diagnostics.”"! This became a great
advantage in the work presented below as this technique
could have been applied along with direct observations of
NPs collected in different positions inside the aggregation
zone of the GAS. In other words, the goal of the presented
work has been to unveil the mechanisms of the NPs travel
and loss inside the aggregation chamber using UV-Vis
spectroscopy and then directly show by the scanning
electron microscopy (SEM) the evolution of NPs from
the magnetron target on the way to the exit orifice and
beyond it.

2 | EXPERIMENTAL SECTION

The experiments were performed in an ultra-high
vacuum system pumped by scroll and turbomolecular
pumps to the base pressure of 4x 107 Pa. The main
deposition chamber was equipped with a GAS of the
Haberland type which was mounted in the vertical
configuration (Figure 1). The GAS consisted of a water-
cooled aggregation chamber 100 mm in diameter and
220 mm long with two quartz windows, a glass window
for the discharge observation and a port for the sample-
holder. Sputtering of a 3-mm thick Ag target (99.99%
purity) was realized by a movable 3-inch magnetron. The
magnetron was powered by a direct current generator
MDZX-500 (Advanced Energy, Fort Collins, CO). The
discharge current of 500 mA was kept constant during all
experiments. The aggregation chamber was ended by a
conical lid with an orifice 1.9mm in diameter. The
aggregation length (the distance between the magnetron
target and the orifice) could be varied by the movement
of the magnetron. The flow and pressure of Ar were kept
at 18sccm and 126 Pa. Quartz crystal microbalance
(QCM, Inficon, Bad Ragaz, Switzerland) was used to
control the deposition rate in the main chamber.

Figure 1 also shows schematically the passage of the
UV-Vis light for the in situ spectroscopy characterization
of Ag NPs in the aggregation zone. The measurements
were performed using an Ocean Optics STS Microspect-
rometer with operating wavelength range of 190-600 nm
in a complex with a light source Ocean Optics DH2000
BAL (Ocean Optics, Inc., Ostfildern, Germany). Fiber
optic cables from the light source and spectrometer were
mounted onto quartz windows. A special optical system

Ar

5

'/—’ detector

FIGURE 1 The GAS configuration used for the deposition of
Ag NPs on the substrates inside (a—e) and outside (f) of the
aggregation zone: 1 - height adjustable magnetron with Ag target;
2 - sample holder; 3 - orifice; 4 - sample holder behind the orifice;
and 5 - quartz window for UV-Vis light measurements. GAS, gas
aggregation cluster source; NPs, nanoparticles

was used to produce the parallel light beam with a
diameter of 1 cm. The background was collected without
plasma. The UV-Vis spectra were recorded with an
integration time of 10 ms.

A special construction of the sample-holder was designed
for the analysis of Ag NPs. Silicon substrates were fixed onto
thin stainless steel wires positioned at different distances
from the target below the erosion track of the magnetron.
The substrates were precleaned using acetone and isopropa-
nol. The NPs were also collected onto the substrates
positioned outside the GAS at the distance of 20 cm behind
the orifice. The deposition time was 10s. The morphology
and size of Ag NPs were determined using SEM (Supra55VP-
Carl Zeiss, Oberkochen, Germany). The data for a minimum
of 150 NPs were taken into account for each sample. A gas
flow modeling inside the aggregation chamber was per-
formed using a Computational Fluid Dynamics (CFD)
software (Siemens STAR CCM + 13.04.010). The input
parameters were similar to the experimental ones.

3 | RESULTS AND DISCUSSION

The UV-Vis spectrum was acquired when the discharge
was off and it is shown as the background leveled at 100%
of transmittance (Figure 2). A distinct absorption band
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FIGURE 2 (a) Scheme of the light beam probing the space in
the vicinity of the magnetron; (b) UV-Vis spectra measured at

different distances from the target. The distance is taken from the
light beam axis to the target plane

appears in the spectrum when the discharge is turned on.
The position of this band at A=365nm fits with the
position of localized surface plasmon resonance (LSPR)
of Ag NPs.!”?! The strongest LSPR is observed in the
closest position of 5 mm between the light beam axis and
the target plane (here, the light beam with a diameter of
10 mm is just about to touch the target by its lateral side,
see also Figure 2). Even a small shift of the magnetron to
the position of 10 mm leads to a significant decrease, yet
to a detectable level, of the absorption intensity which
remains approximately constant at farther distances from
the magnetron. The results indicate that the concentra-
tion of Ag NPs does not change significantly along the
GAS, except for the region nearest to the magnetron
target where the amount of NPs is substantially higher.
This finding agrees with a concept of the so-called
“capture zone” that exists at the several mm distance
from the target and where NPs become “trapped,” as
discovered by our recent in situ SAXS measurements on
Cu Nps.[>!

P
AND POLYMERS

Further evidence about the existence of the capture
zone can be obtained from the time-resolved UV-Vis
measurements performed after switching off the dis-
charge. In this experiment, the magnetron was positioned
at 20 mm from the light beam axis, leaving a 15 mm gap
between the target plane and the lateral side of the light
beam. The discharge was turned on and the acquisition of
the spectra was started with periodicity of 0.1s and the
acquisition time of 100 ms. After the stabilization of the
parameters, the discharge was turned off but the
acquisition of the spectra proceeded. Figure 3 shows
the spectrum acquired just before and after the discharge
was turned off. The plasma-on spectrum is distinct from
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FIGURE 3 Optical transmission spectra acquired at
x=15mm when the discharge is on (time 12.3 5) and after turning
off the discharge (time >12.3s)
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the other spectra by the presence of Ag atomic emission
lines. After the extinction of the discharge, the Ag lines
immediately disappear but the LSPR band demonstrates
a noteworthy evolution. Not only does it remain
detectable but also it even increases in intensity for
about 0.5 s, abruptly disappearing afterwards.

The phenomenon can also be related to the existence
of high amounts of NPs trapped in the capture zone
which exists at the distance < 15 mm from the magnetron
target. The trapped Ag NPs become released after the
extinction of the discharge and start traveling with the
gas flow along the aggregation chamber to the exit orifice.
Under the chosen Ar flow rate, a fraction of a second is
required for the gas to bring the cloud of the NPs from
the capture zone to the light beam axis and this agrees
with the 0.5 s time lag at which the intensification of the
LSPR band was observed. At later time, the NP cloud
leaves the space probed by the light beam and travels
towards the orifice. This leads to a decrease of the LSPR
band intensity to the background level.

After the target was sputtered for 20hr in 100
deposition runs, we found a huge deposit in the target
center which was in the form of a macroscopic hill of
800 pum height (Figure 4a). To analyze the structure of the
deposit, we used a fresh Ag target and sputtered it only
for 10s. The SEM analysis was performed at the target
center corresponding to point 1 (Figure 4b) and outside
the erosion track corresponding to point 2 (Figure 4c).
The central spot is characterized by the presence of
agglomerates of NPs, with the mean size of individual
NPs reaching 89 nm. Markedly, the 10s sputtering is
sufficiently long for the deposition of the amount of the
NPs which exceeds the monolayer coverage in the central
area. A smaller amount of NPs is detected outside the
erosion track.

The observed effect of the backward deposition of the
NPs onto the target surface is quite remarkable,

s

“1pm.

FIGURE 4 (a) Photos of Ag target after 20 hr of depositions;
(b) SEM image of the fresh target after 10 s in operation measured
in point 1 and (c) in point 2. SEM, scanning electron microscopy

especially taking into account that NPs have to overcome
the neutral drag force (i.e., the force produced by
momentum transfer from the neutral atoms of the
flowing gas onto the NPs) and the gravity force to reach
the target. For example, the simulations of the Ar flow
(Figure 5a) indicate that the gas velocity vectors have a
strong co-axial component directed downward to the exit
orifice, except for the space closest to the target, where
the radial component dominates and is directed from the
target edges towards the center. In the region of interest
(several mm from the target), the gas flow therefore tends
to push the NPs radially from the periphery towards the
center and then axially downward towards the orifice.
This contributes to the localization of the NPs in the
central part below the target. Nevertheless, there is no
velocity component that would drag the NPs from the
capture zone in the upward direction. It is known that
NPs become electrically charged when formed in the
plasma. Our earlier in situ SAXS measurements con-
firmed that charged Cu NPs can be held close to the
magnetron by electrostatic interactions.!*! These may
force part of the NPs to travel against the gas flow and the
gravity and reach the target. Therefore, we believe that
electrostatic interactions are also responsible for the
phenomena observed here for Ag NPs, although the
detailed mechanisms are yet to be discovered.

Taking advantage of the GAS equipped with the side
ports for diagnostics, we placed a special cascade
substrate holder inside the aggregation zone. This
enabled simultaneous collection of the NPs at 20, 50,
75, 100, and 115mm distance from the target. The
simulations of the gas flow confirmed that the gas
velocity map changes in the proximity of the substrates
but remains qualitatively similar close to the target
(Figure 5b). Hence, we believe that the introduction of
the substrates does not change significantly the phenom-
ena related to sputtering itself as well as to nucleation
and growth of the NPs.

The SEM images of the deposited samples are shown in
Figure 6, where the NPs collected on the substrates facing
the target (top - (a), (b), and (c)) are compared with those
collected on the substrates facing the orifice (rear - (d) and
(e)) as well as with those deposited outside the GAS (f). The
reason for the observations from the rear side was to limit the
deposition of Ag atoms and minimize the formation of
nanoislands from them. Indeed, the sample deposited at the
closest distance of 20mm and facing the target is
characterized by a complex structure. It consists of a
discontinuous film (most probably grown as a result of
atomic sputter-deposition) and individual spherical NPs
incorporated into it. The rear side sample is characterized
by the absence of the film and by the presence of the NPs of a
spherical as well as an irregular shape. The formation of the
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FIGURE 5 Simulation of the Ar flow in the vicinity of magnetron (a) without sample holder; (b) with sample holder inside

FIGURE 6 SEM images of Ag NPs
deposited inside the GAS at different
distances from the target ((a) and

(d)-20 mm top and rear; (b) and

(e)-75 mm top and rear; (c)-115 mm top;
(f)-200 mm behind the orifice). The
deposition time is 10s. GAS, gas
aggregation cluster source; NPs,
nanoparticles
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FIGURE 7 Dependence of the NP mean diameter on the
distance from the magnetron for the front samples (facing the
magnetron) and rear samples (facing the orifice). NP, nanoparticle

irregularly-shaped NPs is probably given by coalescence of
smaller NPs which did not suffice to thermalize and
remained at the temperature close to the melting point.

At farther distances, the formation of the film is not
observed anymore for either of the samples, pointing to a
decrease of the atomic metal flux to negligible values.
Coalesced NPs can be occasionally observed; however,
individual spherical NPs dominate in the samples. This
finding agrees with an idea that NPs are born in a liquid
state close to the magnetron target, but then undergo
phase transition and thermalization via the collisions
with atoms of the cold buffer gas.

The size distribution histograms were calculated and
they show that the mean NP size decreases from 33 nm to
18 nm with the distance from the target (Figure 7). It
should be noted that the NP size stops changing at
distances closer to the exit orifice. The phenomenon
supports the idea that part of the NPs grow in the capture
zone to a larger size but become lost on the walls and on
the target surface after reaching the critical size.*!

4 | CONCLUSION

LSPR of Ag NPs has been shown to serve as a useful
phenomenon for in situ detection of plasmonic NPs during
their nucleation, growth, and transport inside the gas
aggregation cluster source. A relatively simple arrangement
of UV-Vis spectroscopy allows for monitoring of the
intensity of the LSPR band and plotting its spatial map in
dependence on the position inside the aggregation chamber.
It has been shown that a number of Ag NPs originate near
the magnetron target and become captured in the central
region at the distance of < 10 mm from the target plane.

The capturing leads to an increase of the mean NP size up
to 100 nm. These NPs eventually become electrostatically
expelled from the capture zone, being redeposited partially
back onto the target surface. Another part of the NPs leave
the capture zone in an outward direction and travel to
the exit orifice with the gas flow. The larger NPs become
continuously lost on their way from the magnetron to the
exit orifice as witnessed by SEM on the sample deposits.
This results in the shift of the size distribution histograms
along the aggregation chamber with the mean size
decreasing to 24 nm at remote distances. These NPs leave
the cluster source and constitute the final deposit in
the deposition chamber.
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Figure S1. Simulation of the Ar flow within the GAS equipped with a cascade sample holder.
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Figure S2. SEM images of Ag NPs measured at all positions: a, f — 20 mm top and rear; b, g —
50 mm top and rear; ¢, h — 75 mm top and rear; d, i — 100 mm top and rear; e — 115 mm top; j

— 200 mm behind the orifice.
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Figure S3. Size distributions corresponding to each position from Figure S2: a, f — 20 mm top
and rear; b, g — 50 mm top and rear; ¢, h — 75 mm top and rear; d, i — 100 mm top and rear; e —

115 mm top; j — 200 mm behind the orifice.
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3.4 Publication C: Impact of Argon Flow and Pressure on the Trapping Behavior of

Nanoparticles Inside a Gas Aggregation Source
In this publication, the impact of the Ar flow and pressure on the trapping behavior was investigated
with the help of UV-Vis spectroscopy, which was successfully used also for the investigations in the
Publication B. Additionally, CFD simulations were used to relate the gas velocity distribution to the NP
trapping behavior.

One of the first results of the publication is the time dependence of the plasmonic absorption of the
NPs during the growth inside the HGAS. It was found by comparing the UV-Vis spectra to simulated
extinction cross sections for different NP sizes that the NPs grow up to a diameter of =70 nm.
Nevertheless, these NPs were not found on the samples placed outside the source. This has shown in
accordance to the previous publications that NP trapping exists and that larger NPs are more likely
trapped than smaller ones. Additionally, the trapping zone of NPs was shifted away from the
magnetron and the NP density in the trapping zone was decreasing with increasing gas flow. For higher
gas flows no trapping was observed with the UV-Vis spectroscopy. Furthermore, quartz crystal
microbalance (QCM) measurements have shown higher deposition rates for higher gas flows. To
understand the forces acting on the trapped NPs better, CFD simulations were performed to obtain
the gas velocity distribution inside the source. The simulations have shown that regions are existing
which show a gas velocity close to 0 m/s. These regions were termed loss regions. It was found that a
loss region is present close to the target surface in the central region. This supports that a lot of
redeposition takes place at this position. Another loss region is located around the main stream of the
gas flow close to the outside walls. The loss regions do not change their location or size, when the gas
flow was varied. Therefore, the loss regions can only be influenced by the HGAS geometry.

This publication has drawn the attention to the only rarely investigated gas velocity distribution inside
the HGAS. It was shown that the velocity distribution has a big impact on the trapping and transport
of NPs inside the HGAS. Therefore, the gas flow pattern should be treated as a crucial parameter in the
design of future HGAS sources.

The data of this publication was partially obtained during my master thesis at the Chair of
Multicomponent Materials at Kiel University. The final interpretation, conceptualization of the
manuscript, the conductance of the CFD simulations by our collaboration partner and writing of the
manuscript draft was done in the frame work of this doctoral thesis.

This chapter is reprinted from the following publication and was selected as the front cover:

Drewes, J., Ali-Ogly, S., Strunskus, T., Polonskyi, O., Biederman, H., Faupel, F., & Vahl, A. (2022). Impact
of argon flow and pressure on the trapping behavior of nanoparticles inside a gas aggregation source.
Plasma Processes and Polymers, 19(1), 2100125. https://doi.org/10.1002/ppap.202100125
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various applications are possible including molecular
fluorescence,[zzl solar cells,[m and surface-enhanced
Raman spectroscopy.”! Furthermore, molecularly la-
beled NPs that bond specifically to cancer cells were used
for selective hyperthermia therapy of cancer cells without
harming healthy cells.!**) Another field of application for
noble-metal NPs and especially silver NPs is antibacterial
coatings for medicine, construction industry, clothing,
and also food packaging.[""] 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.”” 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.[“’“” In
1992, another physical vapor deposition method for the
synthesis of NPs was proposed by Haberland et all' 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.I*”] Furthermore, it is commonly reported that the
sizes of NPs synthesized with GAS can also be tuned by
varying the aggregation length.""~°! 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."'*>*7! 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.!*!>3%7]
Nevertheless, recent publications reported the trapping
of NPs inside a GAS, indicating that a fraction of NPs is
not able to leave the GAS.""~*

To understand the NP growth and transport men-
tioned above, in situ investigations are necessary.
Small-angle X-ray scattering”*'! and in situ UV-Vis
observations were used to analyze the growth and
transport inside the GAS.I"! 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,"*** 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 NPsin a
Haberland-type GAS.

agnetron
for adjustable
aggregation length

7/ground shield
Light source 1M-B-distance
[14cm @& &
lQuartz
* Window
Nanoparticles
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;
Tonix) with a 2-in. Ag target (99.99% purity, Kurt
I. 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 100 W 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 1.4cm. 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 1x1cm?2; 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 3cm 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 30s in 5s steps as a con-
ventional two-dimensional (2D) plot, where the different

PLASMA PROCESSES 3of 11
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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.'"** In this
case, the red shift of the LSPR and the peak broadening
are related to the depolarization phenomenon.[*** 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.F24°%] After a stable
nucleus is formed, it can grow further by condensation of
sputtered atoms on the NP surface,l*?! 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!®”! 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)."*”! 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 ~25s 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
~15nm and the largest NPs were ~35nm (Figures 2d
and S3). This implies that the NPs with diameters larger
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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 30s. 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

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.[***]

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[''] and
Shelemin et al.,[*’] 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
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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 60sccm (b) at different M-B distances at 30s 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 60sccm was found at 3cm. 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.”*”!

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.

—
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40

Stacked Transmission [%)]
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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 100 W, 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 60sccm 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 60sccm 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”
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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 100 W. 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 0 m/s (<0.02m/s). If an NP is entering a re-
gion with a gas velocity close to 0 m/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 0 m/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.l"”"**! 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

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

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 0 m/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 um 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
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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 ~7 mm 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

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.!*"****l 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 0cm 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,
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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

the color code shows the velocity magnitude of the Ar gas
atoms inside the GAS, which is restricted to the range
0-0.5 m/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 0 m/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.

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 scem (Figure 3a,b).
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.

2)

3)
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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 ~17nm for 24sccm and from ~12 to ~16nm 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
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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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Figure SI: The figure shows possible forces acting on the nanoparticles. The gravitation
(Fgraviry), the drag force (Farag) from the Argon gas and the thermophoretic force (Fmemao) are
pointing in the direction of the orifice. The ion drag force (Fim) is pointing in the target
direction. The electromagnetic force (Feieciro, magneic) can principally act in all direction
depending on the charging of the nanoparticles and the plasma environment. An equilibrium
of all this forces would cause a trapping of the nanoparticles inside the GAS.
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Figure S2: UV-Vis spectra at 24 sccm (a), 60 sccm (b), 96 scem (¢) and 120 scem(d) at different
M-B-distance after discharge was switched on for 10 s. The spectra have an offset of 20 % for
24 sccm and 5 % for 60 scem, 96 scem and 120 scem. It turned out that for 24 scem the highest
absorption was found at 1 cm away from the magnetron which is referred to as "trapping”
region. In contrary, the trapping region for 60 sccm was found at 3 cm. For 96 sccm and 120
sccm nearly no absorption could be found. For 0 cm no recording was done, because in pre-
experiments was already found that no signal can be found for MDB of 0 cm. Because the
deposition rate was much higher for 96 sccm and 120 sccm the deposition time was reduced.
So the spectra shown are after 10 s discharge on and not 30 s like in the main body of this
manuscript, because the deposition time was reduced in accordance to the QCM rate.
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Figure S3: Size distributions of Ag NPs out of SEM images at different M-B-distance and a
flow of 24 sccm, 60 sccm, 96 sccm and 120 scem. The sputter power is 100 W. The different M-

B-distance are indicated in the figure.
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Figure S4: CFD simulations for 24, 60, 96 and 120 sccm at M-B-distance of 0 cm are shown.
The velocity scale is set to logarithmic scale in contrary to the shown CFD simulations in the
paper. In that representation, the maximum and minimum values of the gas velocity are well
visible but nearly no other changes are observable. For that reason, a linear velocity scale
with the maximum of 0.5 m/s was chosen in the paper to increase the visibility of changes in
the gas flow in the regions of interest.
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Figure S5: Exemplary plriortograj;h of a GAS after long deposition time. A lot of deposition can
be found on the chamber walls indicated by black color.
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CED Simulations

In the typical Haberland gas aggregation nanocluster source, nanoparticles are dragged by the
flow of the carrier gas in the aggregation volume. Afterwards, nanoparticles extracted from
the source through an orifice in to the deposition chamber. The pressure inside the GAS is
tens or several hundreds of Pascal. CFD simulation showed that the carrier gas velocity inside
the GAS may reach some tens of cm/s. Relatively high pressure and relatively high velocities
allows us to treat the carrier gas as viscous laminar flow in the cylindrical part of the cluster
source. Under such conditions the nanoparticles have much bigger cross-section than the
atoms of the carrier gas and their velocity is equal to the drift velocity of the gas.

Relatively low Knudsen number (Kn < 0.01) (see Figure S 7) allows us to treat the carrier gas
flow as a continuum and we may solve carrier gas flow motion equation using computational
fluid dynamics (CFD). For that purpose, the software Siemens STAR CCM+ 15.04.010 R8
(double precision) was used. In the regions with transitional flow (0.01 < Kn < 0.1), we
applied corrections, specifically Maxwell slip correction.

Argon gas Knudsen number

——mm 100

——mm 10

—mm 1

Knudsen number

— - limit
— —Transition Line

0.001

0.0001
1 10 100
Pressure [Pa]

Figure S6: Knudsen number (Kn) diagram. Kn defines if the treated flow obeys continuity law
or behaves as free particle motion (molecular flow). Kn is a ratio between mean free path and
characteristic length of the geometry. Flow that has Kn<0.1 is assumed to be purely continuous,
which is a major portion of the fluid domain in the analysis; 0.01 <Kn<O0.1 is a transitional flow
(correction needed in orifice, inlet channel), Kn>0.1 molecular flow (not used in the simulation)

For CFD analysis, certain assumptions were made:

e Fluid was assumed to be ideal gas and to be compressible

e No slip on the walls were expected, except of the regions with transitional Knudsen
number (orifice, deposition chamber, etc.), where Maxwell partial slip model was used

e Flow of the fluid was expected to be laminar

Polyhedral mesh was produced for this simulation

e No electromagnetic model was used
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Referring to the mentioned assumptions, there was decided to use steady state analysis,
employing segregated flow solver with 2™ order convection. SIMPLE pressure-velocity (Semi-
Implicit Method for Pressure Linked Equations) coupling algorithm was used to solve Navier-
Stokes equations.
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Figure S7: Exemplarily simulated total pressure distribution inside the GAS for Ar flow of 24 sccm.
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3.5 Publication D: In-situ Laser Light Scattering for Temporally and Locally Resolved

Studies on Nanoparticle Trapping in a Gas Aggregation Source
In this publication, LLS was used the first time successfully to observe the growth and transport of NPs
inside a HGAS with good spatial and temporal resolution. Finally, it was possible to detect the NPs with
a 2-dimensional resolution, which was impossible with the SAXS and UV-Vis measurements.

The fast growth kinetics were investigated for the middle gas inlet configuration, where the gas inlet
is located in the center of the target. Here vortices were observed left and right from the central axis
through the HGAS. It was seen that the growth and transport of NPs is far away from equilibrium and
the intensity of scattered particles never reaches a constant value. In this work it was observed as well
that when the plasma is switched off the trapped NPs are removed immediately. This proves that
electro-magnetic forces play a crucial role, although the trapping pattern looks like vortices and must
therefore originate at least partially from the gas flow. Additionally, different trapping locations were
observed in the dependence of the gas inlet. This observation proved how important the gas flow
pattern is, because although all parameters like power, gas flow, pressure and HGAS geometry were
kept constant, the gas inlet configuration changes the trapping behavior significantly. QCM and SEM
investigations of the deposited NPs have shown that the deposition rate and the size distributions are
also affected by the gas inlet configuration.

In comparison to SAXS and UV-Vis spectroscopy, this method was able to give a 2D representation of
the NP growth and transport inside the HGAS. The information provided by the LLS method in terms
of temporal and spatial resolution could not be obtained by the two other methods used in the
previous publications. Nevertheless, LLS cannot provide information about the size and density of NPs,
because the intensity depends on both.

Own contributions to this publication are the conceptualization, the conductance of the experiments,
data processing and writing of the manuscript.

This chapter is a reprint from the following publication:

Drewes, J., Rehders, S., Strunskus, T., Kersten, H., Faupel, F., & Vahl, A. (2022). In Situ Laser Light
Scattering for Temporally and Locally Resolved Studies on Nanoparticle Trapping in a Gas Aggregation
Source. Particle & Particle Systems Characterization, 2200112.
https://doi.org/10.1002/ppsc.202200112
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In Situ Laser Light Scattering for Temporally and Locally
Resolved Studies on Nanoparticle Trapping in a Gas

Aggregation Source

Jonas Drewes, Stefan Rehders, Thomas Strunskus, Holger Kersten, Franz Faupel,

and Alexander Vahl*

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

1. Introduction

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

A lot of synthesis methods for NPs are
available and range from biological over
chemical to physical processes.'??% 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

NPs, but also the size distribution and deposition rate of NPs.
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extremely high purity of the synthesized
NPs. Moreover, it is much easier to pro-
duce alloy particles and compound parti-
cles with tailored composition.”! The PVD
strategies range from surface energy-related self-organization
of NPs on solid substrates'?”~?% and in liquids?*?*to gas phase
synthesis.®??l The gas phase synthesis relies often on so-called
gas aggregation sources (GASs). They encompass laser abla-
tion,” pulsed microplasma cluster source,® and magnetron
sputtering.®%l 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.I*! 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.3

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

© 2022 The Authors. Particle & Particle Systems Characterization published by Wiley-VCH GmbH
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the gas flow pattern inside a GAS plays a crucial role***! For
example if low-velocity regions are present inside a GAS, NPs can
get lost in the chamber walls or the target.*™ 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)*¥*! and in situ
UV-Vis.'33 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

Part. Part. Syst. Charact. 2022, 2200112 2200112 (2 of 13)
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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.!?333738:46] 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.3340
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
“lonix” 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.

© 2022 The Authors. Particle & Particle Systems Characterization published by Wiley-VCH GmbH
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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

Part. Part. Syst. Charact. 2022, 2200112 2200112 (3 of 13)

orifice. Here, as substrate material, p-doped, (100) oriented Si
wafer pieces with native oxide (cutto 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.

© 2022 The Authors. Particle & Particle Systems Characterization published by Wiley-VCH GmbH
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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
(Mmea), the intensity of the incident light (I;), the distance from
the scattering object to the detector (d), the wavelength of laser
light in vacuum (4), the particle relative refractive index (m),
and the test angle (6):1*]

2
m’-1

m’+1

_8x*a’ny .l

I= A (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.’638] 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
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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
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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 33436381

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.l*’l

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, I1I, V, and
VIII are considered. In every time bin, 25 sequential frames
are taken to calculate the mean intensity values for regions I,
111, V, and VII. One bin contains 1 s of time and the bin 1s,
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.??~*¢) 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 Ill 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
11.9 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.**->!l 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 um?).
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.??-3¢l
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
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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.?? 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.
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Supporting Information is available from the Wiley Online Library or
from the author.
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Exemplary LLS videos:

Video No. File name p [Pa] P [W] Inlet

1 Behind_183Pa_Ag Scatterting 61.mdv 183 300 Behind
2 Middle_183Pa_Ag_ Scatterting_33.mdv 183 300 Middle
3 Normal_183Pa_Ag_Scatterting_55.m4v 183 300 Normal
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118 Pa 204 Pa

middle

normal

behind

Figure S1: Shown are 6 SEM images 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.
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Table $1: Mean value and fit parameters for the log normal size distributions for different gas inlets and pressures.

gasinlet pressure [Pa] dpyean [NM] Yo Xc w A
Middle 118 11.9 -0.03 10.39 0.43 1704.53
Middle 204 8.7 -0.07 8.07 0.36 1540.56
Normal 118 9.9 -0.01 9.33 0.36 1665.20
Normal 204 13.6 -0.16 12.12 0.55 3449.47
Behind 118 9.3 -0.08 8.36 0.48 2691.49
Behind 204 8.7 0.05 6.00 0.30 161291
0.05 35.80 0.22 108.39

The fit function for the log normal distribution:

(s1)
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3.6 Publication E: Enhancing Composition Control of Alloy Nanoparticles from Gas

Aggregation Source by in-operando Optical Emission Spectroscopy
In this study, the effect of redeposition on the alloy composition of NPs in the multicomponent target
approach, developed by Vahl et al., was investigated by longer operation of the source in comparison
to the study by Vahl et al.

SEM and EDX investigations have shown that after longer operation time of a multicomponent target
Au can be found nearly everywhere on the target, although it was only embossed into the erosion
trench of a pure Ag target. XPS measurements of the deposited NPs have shown that the Au
concentration vs. pressure plot significantly varied to the reported linear dependency by Vahl et. al.
But in the study from Vahl et al. the operation time of the HGAS and the number of samples was
significantly lower. Since the EDX results have confirmed that a significant amount of Au is redeposited
onto the target a new plot was created where the Au concentration is plotted in a 3D plot vs. pressure
and target lifetime. This showed a much better correlation. Nevertheless, the target lifetime is not a
very useful parameter, because it cannot be actively controlled by the operator. This motivated the
measurements of optical emission lines during the experiments. It was possible to calibrate the OES
results to XPS measurements to predict the concentration of the following samples.

Therefore, in this publication on the one hand the problematic redeposition effect was analyzed, but
on the other hand also a suitable solution was presented to predict the composition of the NPs. All in
all, it was possible to extend the scope of applications of the HGAS by enhancing the composition
control of the multicomponent target approach by in-situ OES.

Own contributions to this publication are the conceptualization, the conductance of the experiments,
data processing and writing of the manuscript.

This chapter is reprinted from the following publication and was selected as the front cover:

Drewes, J., Vahl, A, Carstens, N., Strunskus, T., Polonskyi, O., & Faupel, F. (2020). Enhancing
composition control of alloy nanoparticles from gas aggregation source by in operando optical
emission spectroscopy. Plasma Processes and Polymers, October, 1-11.
https://doi.org/10.1002/ppap.202000208
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1 |

Over the last few decades, metal nanoparticles (NPs) have

Alexander Vahl' ® |
Oleksandr Polonskyi'? I

INTRODUCTION

Niko Carstens' |
Franz Faupel’

Abstract

The use of multicomponent targets allows the gas-phase synthesis of a large
variety of alloy nanoparticles (NPs) via gas aggregation sources. However, the
redeposition of sputtered material impacts the composition of alloy NPs, as
demonstrated here for the case of AgAu alloy NPs. To enable NPs with tailored
Au fractions, in operando control over the composition of the NPs is in high
demand. We suggest the use of optical emission spectroscopy as a versatile
diagnostic tool to determine and control the composition of the NPs. A strong
correlation between operating pressure, intensity ratio of Ag and Au emission
lines, and the obtained NP compositions is observed. This allows precise in
operando control of alloy NP composition obtained from multicomponent
targets.

KEYWORDS

alloy nanoparticle, gas aggregation cluster source, gas-phase synthesis, in operando optical
emission spectroscopy, sputter deposition

which makes them applicable in many fields like catalysis,[']
photocatalysis,””* optics,”! resistive switching,*"*! and

sensors."“! In particular, noble metal alloy NPs with the

attracted huge attention due to their unique properties re-
sulting from the high surface-to-volume ratio. Their prop-
erties can be tuned by size distribution, filling factors, and
surrounding media (e.g., in the case of nanocomposites),

composition as an additional tunable parameter are nowa-
days in the focus of researchers in a broad variety of appli-
cation scenarios. Due to the unique properties of alloy noble
metal NPs, especially of AgAu metal NPs, they can be

L)

Check for
updates

Abbreviations: GAS, gas aggregation cluster source; NP, nanoparticle; OES, optical emission spectroscopy; SEM, scanning electron microscopy;
XPS, X-ray photoelectron spectroscopy.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
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utilized for different applications, including heterogeneous
catalysis (e.g., oxidant-free benzyl alcohol dehydrogena-
tion),*") in surface plasmon-enhanced photocatalysis,”**! in
solar cells,”” as a potential advanced ink for antic-
ounterfeiting purposes,””"! and for achieving a stable Ag ion
release.*”! The optical properties of noble metal alloy NPs
are also well known, > which are strongly dependent on the
shape, size, size distribution, and composition of the NPs.
Compared with conventional single-element NPs, the com-
position of alloy NPs is an additional crucial parameter,
which can be used to tailor their performance in the re-
spective application scenario. In this study, we focus on
AgAu NPs motivated by recent interest in plasmonic nano-
composites,”””** functional nanocomposites,””” solar energy
harvesting,*! and memristive devices.!"**"!

Possible synthesis approaches for alloy NPs range
from biological over chemical to physical pathways, with
solution-based chemical synthesis being the most com-
mon approach.[“‘ﬂ] Physical vapor deposition (PVD)
excels in generating high-purity NPs and does not rely on
the utilization of surfactants. A broad variety of PVD-
based strategies to produce alloy NPs with control over
NP composition has already been employed successfully.
These PVD strategies include surface energy-related self-
organization of NPs on solid substrates”””** ** and in
liquids (i.e., “Sputter into liquids™)** **! as well as gas-
phase synthesis. In this study, alloy AgAu NPs are fab-
ricated using a PVD approach known as gas aggregation
cluster source (GAS), which was first realized by
Haberland in 1992.°°! In such a GAS, the NP sizes and
size distributions are controlled by the magnetron power,
gas flow, pressure, and aggregation length.*"! To produce
alloy NPs inside such a GAS, three different ways are
possible: the multiple magnetron approach, ! the
single-alloy target approach,” ") and the multi-
component target approach.**]

Recent approaches with multiple magnetrons in a
single GAS apparatus have enabled good control over NP
composition, but this approach is costly, needs huge
source dimensions, and is experimentally challenging,
because interferences between individual magnetrons
make the plasma control sometimes difficult.['*~""!
Nevertheless, this method also allows control over the
structure, for example, core-shell, core-shell-shell, and
so forth. However, it can be sometimes challenging to
achieve only alloy particles without core-shell particles,
because the magnetrons are separated from each other.
Using only one alloy target is also a suitable and simple
strategy to synthesize alloy NPs, but controlled adjust-
ment of alloy composition is not possible here.**~*!

In a previous work, single magnetron sputtering in-
side a Haberland-type GAS with multicomponent targets
was introduced as a new method to produce NPs with

defined size distribution, high purity, and variable com-
position, which can be adjusted by the operating pressure
in the GAS. In this method, one component is located in
the erosion zone of an otherwise pure target, which
serves as the second component. A change in pressure
impacts the mean free path of Ar ions and, in turn, also
influences the size of the erosion zone, which changes in
the last consequence, due to the special target geometry,
the composition of the produced NPs.!“*!

Despite this simple relation between operating pres-
sure and NP (:011'1positi0n,[%I additional effects have to be
considered for long-term depositions. It is known that in
a GAS, a significant amount of material can be re-
deposited on the target surface,'***" which in the case of
a multicomponent target may impact the alloy compo-
sition of the NPs. Furthermore, the erosion profile of the
target can affect the NPs synthesis in a GAS.IP!

The deposition characteristics of the gas-phase
synthesis of NPs, in general, are varying throughout the
target lifetime,"*’ *") which, in particular, is a challenge
to be overcome in the case of multicomponent targets.
Thus, a reliable in operando diagnostic approach is in
high demand to satisfy the necessity of a precise control
of the NP composition. In operando approaches are ex-
tremely useful to gain an insight into the NP formation
process in a GAS, as the finally deposited NPs do not
contain full information about any intermediate stages in
the gas-phase synthesis. To analyze the growth and
transport of NPs in the GAS, several in situ diagnostics,
like small-angle X-ray scattering,""*”! passive thermal
probe, Langmuir probe,!” and UV-Vis spectroscopy,*!
have already been applied successfully. In earlier reports,
optical emission spectra (OES) were also successfully
utilized to analyze sputter processes’™ ! or to analyze
the oxidation and cluster formation processes in the
GAS.7!

In this study, the concept of alloy NP deposition by
single-target sputtering from a multicomponent target is
pursued. Special attention is being paid to the impact of
target aging on the composition of AgAu NPs, and a
potential approach for in operando control of the NP
composition is discussed. In the context of target aging,
this study reveals that for the long-term use of multi-
component targets inside a GAS, the composition of alloy
NPs is gradually changing toward an enrichment in Au
with each subsequent deposition cycle, which could be
successfully attributed to redeposition effects. Redeposi-
tion is well known for magnetron sputtering. In the
general picture, sputtered atoms may be redirected and
adsorbed on the target surface due to collisions with gas
atoms. The effect of redeposition is especially prominent
in a GAS with its typical operational pressure range
around 100 Pa, which is significantly higher as compared
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with conventional sputter deposition.”‘3 055591 Whereas
in the case of single-component targets, any redeposition
solely changes the target's morphology and has no in-
fluence on elemental composition, in the case of alloy
targets or multicomponent targets, local changes in
composition have also to be considered. Redeposition is
well known for pure single-component targets as well as
in a GAS.[""*l Furthermore, the target erosion profile
influences the NPs synthesis and limits the working
window in which NPs can be produced.””*! Due to these
target history effects, a precise prediction of NP compo-
sition just based on operation pressure, which was sug-
gested in an earlier report,l**! is impossible for long-term
use of a multicomponent target. To account for the im-
mense significance of precise control over NP properties
for application purposes, a diagnostic approach to control
the NP composition is presented. This approach goes
beyond the application of OES as a tool for analysis of
discharge characteristics™ ™ and utilizes a simple
UV-Vis setup to record the OES of Ag and Au from the
plasma. In this respect, in operando UV-Vis offers the
possibility to record OES as well as obtain information on
the NP plasmon resonance (PPR) of the NPs. Although
the PPR is a great tool to obtain information about the
growth and transport of NPs in the GAS (cf. transmission
spectra of pure Ag and AgAu NPs in Figures S1 and S2),
in this study, OES is presented as an efficient diagnostic
tool to determine the composition of AgAu NPs in op-
erando, which has the prospect to be used in future also
for active control over the composition by the im-
plementation of a feedback loop.

2 | EXPERIMENTAL SECTION
2.1 | Fabrication of the custom-build
multicomponent target

The composite AgAu target was prepared by milling a
radially symmetric trench of 3-mm width at the center of
the erosion zone of an Ag target (99.99%, 2-inch dia-
meter; Kurt I. Lesker). Three concentric rings of Au wire
(99.95%, 1-mm diameter; Alfa Aesar) were put into the
trench and embossed into the target. The chosen geo-
metry allows a more effective use of the more costly Au.

2.2 | Deposition and analysis of NPs

The GAS with the deposition chamber was mounted on
the transfer chamber of an Omicron XPS system
(Omicron full lab). This configuration allows the transfer
of the samples to the X-ray photoelectron spectroscopy

AND POLYMERS

(XPS) analytical chamber without exposure to air. The
base pressure of the deposition chamber was
1.6 X 107° Pa, pumped by a turbomolecular pump (TMU
262; Pfeiffer Vacuum) and a scroll pump (Edwards 6i).
The GAS was equipped with a 2” height-adjustable and
water-cooled DC magnetron (IX2U_9A327-02; Thin
Films Consulting). The height-adjustable magnetron
enables to tune the distance between the magnetron and
the orifice of the GAS. This distance was kept constant
and was only once adjusted, depending on the UV-Vis
light beam, which is explained in Section 2.3. The de-
position was performed at a DC power of 100 W, and the
pressure inside the GAS was randomized for each de-
position in a range between 37 and 188 Pa, corresponding
to argon flows of 20 and 120 sccm, respectively. MDX 500
from Advanced Energy was used as a power supply and
an Apex flow controller (AX-MC-200sccm-D/5M) with
200-sccm range was used for the gas flow regulation. The
deposition time was adjusted individually for all samples,
because different flows and pressures in the GAS change
the deposition rate strongly. The time was set in a way
that the surface coverage with NPs was sufficient to ob-
tain reliable XPS spectra. The XPS spectra were evaluated
with the software “CasaXPS.” Each spectrum was ana-
lyzed by four different persons to reduce statistical and
systematic errors that could occur, for example, during
the background correction of an XPS spectrum. By that
approach, we obtained a mean value for the NP com-
position. The highest and lowest calculated fractions
were used as the error of the XPS measurements. Quartz
wafers (0.5-mm thickness; Plan Optik) cut into
10X 10mm pieces were used as substrate material.
Quartz was chosen, because it would allow ex situ
UV-Vis transmission measurements to determine the
optical properties. Depending on the selected operating
pressure, the resulting NP diameters range from 2 to
30nm (cf. scanning electron microscopy [SEM]| micro-
graphs in Figure S3 and the corresponding histograms of
NP diameters in Figure S4).

23 | Measurement of OES

As the magnetron was height-adjustable, but the position
of the access windows for the UV-Vis was fixed, the
height of the magnetron was adjusted in a way that the
UV-Vis light beam was in the closest distance to
the magnetron without getting cut by the magnetron
(Figure S5). The diameter of the light beam was 1.4 cm,
and hence the distance between the center of the light
beam and the ground cap of the magnetron was 0.7 cm.
This position was fixed for all experiments to maintain
the same aggregation length for the NPs. The integration
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time of the Ocean Optics spectrometer (STS-UV) was set
to 25ms and 40 spectra were averaged, so that every
second, one spectrum was collected. After the back-
ground was subtracted from the counts, the height of the
Ag I (328 nm) and Au I (312nm) peaks was measured
and averaged over the deposition time. The error of the
spectrometer is small and can be neglected in compar-
ison to the strong changes of the emission line spectrum
induced by experimental parameters like, for example,
pressure changes. A suitable error calculation was not
possible, because any changes detected could be caused
by a variation of an experimental parameter (e.g., change
in sputter trench), and should be thus considered as a
real signal.

3 | RESULTS AND DISCUSSION
Within this section, it will be discussed that in the con-
text of multicomponent targets with concentric rings at
the center of the erosion zone, the redeposition adds
another layer of complexity to a reliable determination of
alloy NP composition.

In Figure la, a photographic image of an AgAu mul-
ticomponent target before (left half) and after prolonged
deposition (right half) is shown. Whereas in the pristine
state before deposition, the Au wires are embedded into a
pure Ag target with a seemingly homogenous surface,
after the prolonged deposition, two phenomena can be
observed. The racetrack (erosion zone) of the target ranges
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FIGURE 1

(a) A photograph of the target before (left) and after hours of deposition (right). The target surface is clearly enriched

with Au after deposition. (b) The EDX line scan and depth profile of the target, as recorded after prolonged deposition, shows a clear

transition between the Au wire and Ag target, but also an abrupt

transition between the pure Ag target surface and the redeposition

area, where the target surface is enriched by Au. The profile is in good agreement with the EDX line scan and shows that the
transition region from the erosion zone to the redeposition zone lies exactly at the transition between Ag-rich region and Au-rich
region. Here, the racetrack (sputter trench) includes the regions B, C, and D, where the center region (C) corresponds to the position
of the embossed Au wires. The outer regions (A and E) correspond to the redeposition area. (c) The EDX map of the transition area
between regions D (left) and E (right) shows a sharp transition between almost pure Ag (marked red) and Au (marked green). EDX,
energy-dispersive X-ray spectroscopy; SEM, scanning electron microscopy
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over the Au wires (region C) and the adjacent regions (B
and D). The remaining surface of the target is covered by
redeposition of golden and dark golden color. To describe
this redeposition effect in more detail, SEM energy-
dispersive X-ray spectroscopy (EDX) measurements were
performed, and the resulting EDX line profile of a scan
over the regions A to E and the depth profile of the target
(recorded via profilometry) are depicted in Figure 1b. The
line scan shows that the target surface within regions A
and E is Au-rich with an Au content of 90 at% and above.
Before the deposition, these areas correspond to the pris-
tine Ag target surface. Accordingly, the presence of the
high Au content after the deposition indicates that in
these areas, there is significant redeposition. The profil-
ometer depth profile implies that the thickness of the
deposit within areas A and E is roughly in the order of
64-100 um. At the center of the erosion zone, in area C,
there is another Au-rich region, which corresponds to the
embedded Au wires. Adjacent to the wires, areas B and D
represent a region of almost pure Ag (Ag content 95 at%
and above). There is a sharp transition from the Au-rich
region C to the Ag-rich regions B and D, which is expected
from the target geometry of the manufactured target be-
fore deposition. Interestingly, the transition between the
regions A to B and D to E also appears very sharp and
narrow in the EDX line scan. This observation indicates
that there is a distinct boundary between the regions of
redeposition (A and E) and the erosion zone (B-D). To
gain further insights into this boundary, EDX elemental
maps showing the Ag (red) and Au (green) content, as
well as the corresponding SEM micrograph, are shown in

AND POLYMERS

Figure 1c. These measurements were obtained at the
interface between regions D and E (as schematically
depicted by a grey box in Figure 1b). The EDX maps
underline that there is a sharp transition between the
Au-rich redeposition region and the Ag-rich part of the
erosion zone. In between the Ag-rich erosion zone
(left, red) and the Au-rich redeposition zone (right, green),
there is an overlap area with a width in the range of
100 um. Within the overlap area, there are Au-rich and
Ag-rich subregions; however, alloy-like smooth transitions
are not observed.

To obtain additional information on the redeposition
and target surface enrichment with Au, the target surface
morphology was investigated by SEM (Figure 2). Besides
the target surface Au enrichment effects, the surface
morphology also varies across the different areas on the
target. Whereas within the erosion zone (regions 3-6),
the morphology is smooth and the surface exhibits
spherical dome-like structures with a regular distribu-
tion, the surface morphology at the redeposited areas is
dominated by large, irregular structures with a high
number of cracks in between (regions 1-2 and 7-8).

So far, the investigations on the target after prolonged
deposition have shown that there is an abrupt transition
between the Au-rich redeposition area and the Ag-rich
part of the erosion zone. In fact, only within a small
region (100-um width as compared with 6.7-mm width
for the overall erosion zone), an overlap of Au-rich and
Ag-rich compartments has been observed. However, in
the multicomponent target approach, the capability to
control NP composition traces back to changes in the

FIGURE 2 Scanning electron microscopy pictures from different positions on the target at the same magnification. The inset numbers
show the position on the target from which the pictures are taken. Panels (1 and 2) and (7 and 8) show an interesting pyramid-like structure
formed by the redeposition. For regions 3-6, the morphology is smooth and the surface exhibits spherical dome-like structures with a

regular distribution
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width of the effective erosion zone upon variation of
pressure. This suggests that redeposition and target his-
tory will also impact the composition range, which can
be achieved with the multicomponent target approach.
In the following section, the effect of target history on the
composition of AgAu NPs will be discussed. Within the
range of the experimental aggregation pressure between
37 and 188 Pa, AgAu NPs with a gold fraction (xAu)
between 54 and 82 at% were obtained. More deposition
details can be found in Section 2.2. The results from a
quantification of the Au fraction based on the Au 4d and
Ag 3d lines (cf. Figure S6) from the recorded XPS spectra
are shown in Figure 3a, where the Au fraction is plotted
versus the pressure in the GAS. The plot shows that the
linear relation between alloy NPs composition and op-
erating pressure, which was proposed in an earlier work,
is not completely sufficient to describe the composition
dependence of the AgAu NPs, which is reflected in a
rather low linear correlation coefficient of 0.833 (Pearson
correlation).!”®! In contrast to the first study by Vahl
et al.,[** the deposition times were increased drastically
and a higher number of individual depositions were in-
vestigated. This implies that changes on the target sur-
face due to redeposition also impact the composition of
alloy NPs from multicomponent targets in a GAS. To also
account for the effect of target aging in terms of re-
deposition, we incorporated the accumulated deposition
time as a measure of target history as a second parameter
into a linear regression. Hence, the target history is de-
fined as the sum of all individual deposition times of the
experiments as well as the preparation times, where the
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discharge was on but the shutter was closed. Using a
linear fit with pressure and target history as parameters,
the fit (blue line) is in reasonable agreement (correlation
coefficient of 0.983) with the composition data from XPS
quantification (red bars), as depicted in Figure 3b.

For practical applications, the parameter of target
history is not very useful, as it is not obtainable in the
experiment itself but only accessible via bookkeeping
over every experiment's deposition time. An in oper-
ando diagnostic approach, which is capable of directly
determining the NPs composition, is highly favorable.
Such an approach could also be used to control the
NPs composition via a feedback loop, for example,
controlling the gas flow. In the following section, in
operando optical spectroscopy techniques are dis-
cussed as a potential pathway to enable control over
NP composition.

Considering the plasmonic properties of noble metal
(alloy) NPs, such as AgAu, an in operando monitoring of
the plasmon absorption peak by UV-Vis spectroscopy
can be applied to obtain information about the Nps.[*]
However, this approach renders very challenging for
alloy NPs, due to the extinction coefficient as well as the
simultaneous influence of NPs diameter and composition
on the plasmon peak's wavelength (Figures S1 and
$2).1°0¢11 However, by using the identical UV-Vis setup
also, direct optical emission lines (OES) from the Ag and
Au species in the plasma can be recorded, which con-
sequently makes OES a viable diagnostic approach to be
used complementary to in situ UV-Vis. OES has already
been reported as a tool to monitor compositional changes
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FIGURE 3 Evaluation of the Au fractions of AgAu NPs (xAu) as experimentally obtained from X-ray photoelectron spectroscopy (XPS)
quantification. The plot of gold fractions versus operating pressure (a) shows a considerable deviation from the expected simple linear
behavior (Pearson correlation coefficient: 0.833),/*') which indicates that additional parameters impact the resulting composition of the
nanoparticles. In this context, the target lifetime (i.e., the cumulative deposition time) correlates with the ongoing change in redeposition. In
the 3D plot of the gold fraction versus target lifetime as well as pressure (b), the linear fit shows a reasonable agreement (Pearson correlation

coefficient: 0.983)
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of thin films in conventional sputter deposition pro-
cesses. " %%l The intensity in an OES spectrum is re-
lated to the amount of excited atoms of a specific element
in the gas phase, and a good correlation between the
intensity of optical emission lines and the resulting ele-
mental concentrations in thin films is commonly re-
ported."" %! Although in a conventional sputter
deposition process, all sputtered atoms that enter the gas
phase are contributing to the thin film, the formation of
alloy NPs in a gas-phase synthesis adds another layer of
complexity. One cannot be sure whether all sputtered
atoms of both elements are contributing equally to the
formation of NPs. One possibility is that one element
preferentially contributes to the cluster growth and more
of the other elements get lost on the walls of the GAS.
Nevertheless, the intensity of an emission line for a
specific element is related to the concentration of this
element in the plasma and should correlate with the
fraction of this element in the formed NPs. One ad-
vantage of using OES is also that different sputter yields
of the individual components of the multicomponent
target do not play a role, because only already sputtered
atoms can contribute to the signal. An exemplary OES
spectrum, recorded in operando during a typical alloy NP
deposition, is shown in Figure 4a. Within the range from
305 to 345 nm, three optical emission lines corresponding
to the elements Ag (indicated by orange color) and Au
(indicated by blue color) are observed. We assign the line
around 312nm to the Au I emission line at 312.28 nm
and the line around 327nm to Ag I line at 328.07 nm.
These are the most intense lines with the shortest wa-
velength difference to each other for each element within
this range. Both the Au I line at 312 nm and the Ag I line
at 328 nm were intense enough to record them over the
whole pressure range studied in this study. For further

AND POLYMERS
evaluations, the peak intensities of these lines, Iy and
Iy 1, were extracted from the spectra.

To underline the effect of redeposition and target
aging, we investigated the time evolution of the selected
Au I and Ag 1 emission lines. For this purpose, at first,
the target was conditioned by running a deposition at a
pressure of 168 Pa, which corresponds to a narrow
sputter region (i.e., narrow erosion zone) and yields
considerable redeposition. The following deposition is
operated at a significantly lower pressure of 45 Pa, which
results in a broader sputter region that also covers a part
of the redeposited area. In Figure 4b, the time evolution
of the peak intensities Ingy and I, | during the deposition
at a pressure of 45Pa is shown. During the deposi-
tion, Iag; is increasing, whereas I, is decreasing si-
multaneously. This change is especially prominent
within the initial period of the deposition (with time
constant 7 ~47.9s) and settles gradually within the final
period of the deposition. A similar behavior is observed
regularly, if the pressure decreases drastically in com-
parison to the previous deposition. This is in good
agreement with our EDX analysis of the target after the
deposition, which showed an abrupt change between Au-
and Ag-rich regions. The effect of target history and re-
deposition is schematically depicted in Figure 4c in terms
of the time evolution of the target cross-section. For high
pressures, the erosion zone is narrow (indicated in
green in Figure 4c) and a lot of Au is redeposited on the
target in the vicinity of the erosion zone (indicated in
yellow). If in the next deposition, the pressure during the
deposition is reduced, the erosion zone will be wider
(cyan color) and also a lot of the redeposited material
(AgAu) will be sputtered off until the redeposited mate-
rial is removed from the erosion zone. However, when
the target is conditioned by running a deposition at a
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FIGURE 4 Exemplary optical emission spectroscopy during the deposition of AgAu nanoparticles. (a) The peaks in the spectrum
can be clearly attributed to the emission lines of the elements Ag (indicated by blue color) and Au (orange), and the two emission lines
that are considered for further evaluations are marked with a red rectangle. These two emission lines were selected for further evaluations

due to their high intensity as well as a small difference in wavelength. (b) Time evolution of the Au I and Ag I emission lines for an
exemplary deposition after a drastic pressure reduction from 168 to 45 Pa. Au I exhibits an exponential decay in the peak intensity
over deposition time. This behavior is an effect of target history caused by redeposition, which is schematically sketched in (c)
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pressure of 92.4 Pa, this corresponds to a broader sputter
region. When afterward the pressure is increased to
182 Pa, which corresponds to a narrow sputter region,
nearly no changes in the emission lines over time are
visible, because no redeposited material gets sputtered
(Figure S7). Before each deposition of NPs, the target was
cleaned and conditioned by running the discharge for
60s, because earlier experiments have shown that this
time is sufficient to clean the target and to obtain a stable
cluster formation and deposition rate. The cleaning was
performed with a closed shutter at the pressure under
which the following deposition should be performed, so
that no clusters can approach the substrate. However, the
effect of target history on the resulting NP composition
(Figure 3), as well as the gradual change in Tagy and Ta, 1,
as observed by OES, indicates that the pre-deposition
cleaning time was too short to reduce the effect of re-
deposition and the target got gradually enriched with Au.
Nevertheless, also the change in the target geometry over
the lifetime due to erosion can possibly influence the
composition slightly. The effect of target erosion could
not be overcome by longer cleaning times, but the effect
of redeposition plays a major role.

However, as OES is able to capture the change of the
peak intensities Iz and I, in operando, we will elabo-
rate in the following section how OES can be applied as a
diagnostic tool to determine the NP composition. In the
most general approximation, the peak intensities of the
most intensive emission lines for the elements Ag and Au
are related to the presence of excited Ag and Au species
in the plasma. The amount of excited Ag and Au species
in the plasma, in turn, is related to the overall amount of
sputtered species from the target. On the basis of the
assumption that the NPs form via nucleation, growth,
and coalescence from Ag and Au atoms from the gas
phase, the composition (in terms of the atomic fraction of
Au, x4, in atomic percent) of the resulting NPs can be
expressed by Equation (1).

Cau X Iaut
Xau & — —, (0
Ccau X Iaur + Cag X IAgI
1 Kg] Ca,
— = 1 X Cpel X =— Crel = _g; (2)
XAu Taun Cau
cra = (C1 X p) + 03, 3
1 Tagr Ingt
— —lxeXpX + X c (4)
XAu Aul Tpur

Here, the values of peak intensities of the selected
emission lines I, and I,g, averaged over the whole de-
position time, are representing the amount of excited Au
and Ag species in the plasma. Furthermore, coefficients

Cau and c,, are introduced to take into account the po-
tential differences in the contributions of Ag and Au to
the OES signal and to the NP composition. Therefore, the
intensity coefficients cover two aspects: On the one hand,
the fraction of excited species for Au and Ag depends on
the plasma parameters and, on the other hand, the
growth process of NPs in the gas-phase synthesis may
lead to a different incorporation of Ag and Au into
the NPs.

Instead of considering separate intensity coefficients
Cau and cag, Equation (1) can be simplified by using a
relative intensity coefficient ¢, (Equation 2).

The plot of (1/Xau) — 1 versus Ingi/ Tagr in Figure 5a
shows a nonlinear relation, which implies that the
coefficient ¢, is not readily described by a constant. In
contrast, the color scale in Figure 5a indicates that the
pressure does impact coefficient c.. In this context, it is
important to mention that with varying pressure inside
the GAS, the position and width of the plasma zone are
also varying. In addition, the variation of pressure also
impacts plasma parameters like electron energy dis-
tribution function and electron density. To accommodate
any potential effect of pressure, the fitting parameter c,
can be written in a linear approximation (Equation 3),
which is used in the following evaluation. Inserting
Equation (3) into Equation (2), the empirical fit model is
obtained, as shown in Equation (4).

To test the derived fit model, the first four depositions
(blue color, calibration) were used to obtain the fit
parameters ¢; and c,. In the experiment, the parameters
for the first four depositions were selected, such that the
full pressure range from approximately 37 to 188 Pa is
covered. Using these fit parameters as well as the diag-
nostic quantities pressure p and OES intensities, as
shown in Figure 5b, the NP composition can be esti-
mated for the following 19 depositions (red color, test).
The fitted NP composition x,,_g correlates well with the
experimentally determined NP composition X4, xps. The
correlation factor (0.970) is very close to the earlier eva-
luation under application of the target history (0.983), as
depicted in Figure 3. However, compared with the target
history, the intensity ratio and the operating pressure are
easily obtainable by diagnostic approaches, in operando
at each timestep of the NP deposition. Thus, OES proved
to be a valuable tool to determine the composition of
alloy NPs inside a GAS, as soon as a series of reference
NP depositions has been analyzed regarding its compo-
sition and the fitting parameters have been determined
according to the empirical relation described in Equation
(4). Within its tested validity range (Iagz/Is, between 3.03
and 9.87; p between 37 and 188 Pa), which is given by the
set of AgAu NPs that have been investigated by XPS
quantification, the empirical model offers a good
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FIGURE 5 The plot of (1/xay) — 1 versus Tngr/ Tagr in (a) shows a nonlinear relation and indicates that coefficient ¢, is not readily
described by a constant. The color scale implies that the pressure does impact coefficient c,;. (b) The intensities obtained from in
operando optical emission spectroscopy (OES), as well as the operating pressure, are taken into account (Equation 4) from the first four
depositions (blue color, calibration). Afterward, the Au fraction can be reasonably predicted for the following 19 depositions only by

measuring OES and pressure (red color, test)

estimate of the composition of the AgAu NPs that are just
formed at these conditions. The effect of redeposition and
target aging, while altering the range of obtainable NP
compositions over the lifetime of the target, is here al-
ready reasonably covered by the changes in the intensity
ratio. After the determination of the fitting parameters,
the presented method yields a good basis for in operando
control over the alloy composition of NPs.

4 | CONCLUSION

In this study, the gas-phase synthesis via a gas aggrega-
tion source with a multicomponent target was applied to
fabricate AgAu alloy NPs with an Au fraction ranging
from 54 to 82 at%. In this study, on the one hand, the
effect of redeposition on the composition of alloy NPs is
discussed. It is shown that the multicomponent target
was enriched with gold over the course of experiments
due to redeposition. The phenomenon of redeposition is
well known for pure metallic NP production in a GAS
and is related to the higher pressures in comparison to
normal sputter deposition. During the compositional
analysis of the NPs, we were able to show that compo-
sition does not only depend on the pressure in the GAS
but also on the cumulative deposition time. The relation
between target lifetime and composition is attributed to
the gold enrichment of the target due to redeposition. A
linear fit incorporating operating pressure and target
history (cumulative deposition time) was found to cap-
ture the obtained NP compositions well. On the other

hand, a versatile and robust approach for in operando
diagnostics is presented. It was demonstrated that for
practical applications, an in operando diagnostic ap-
proach is highly favorable over using a fitting function
based on cumulative deposition time, which is not an
intrinsic property of the target. Therefore, we searched
for an in operando diagnostic approach, which is able to
solve the problem of the target aging. A versatile, robust,
and simple diagnostic approach is described by using in
operando OES. A good correlation between operating
pressure, intensity ratio of Ag and Au emission lines, and
the experimentally obtained NP compositions was found.
With the addition of in operando OES, it is possible to
determine the alloy NPs fraction for a broad variety of
alloy systems, which are deposited by a GAS based on
magnetron sputtering using the multicomponent target
approach. In future, an in operando feedback loop could
be implemented, which can measure the pressure and
the OES to operate the flow controller in operando ac-
cording to the composition needs of the operator.
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In-situ particle plasmon resonance
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Figure S1: In-Situ UV-Vis transmission spectra for different flow conditions and recorded at different distances to the
magnetron after the discharge was running for 30 s. In a) and b) spectra for Ag NPs are shown and in c) for AgAu NPs. The
legends are showing the different distances to magnetron and for c) also the Ar flow conditions. In a) one can see that the
plasmon resonance is located around 370 nm. In c) spectra for AgAu NPs are measured at the same conditions where the

maximum absorption was found for pure Ag NPs. Here the plasmon resonance is located around 480 nm but the absorption
is much lower compared to the pure Ag NPs at the same conditions.

In Figure S1 a and b the in-situ UV-Vis transmission spectra of pure Ag NPs inside the GAS for different
Ar flows are shown and for each flow spectra at different distances are recorded. The particle plasmon
resonance (PPR) is located around 370 nm which is in good agreement with literature values. More
interesting is that the strongest absorption is found at 1cm (~25 % absorption) distance from the
magnetron for 25 sccm (45.1 Pa), Ar flow but for 60 sccm (100.4 Pa)Ar flow the maximum absorption
is at 3 cm (6 % absorption). This shows that the concentration of NPs in the GAS varies in height and
also depends on the flow. Figure S1 c) shows the spectra for AgAu NPs measured under the same
conditions, like the pure Ag NPs with the strongest absorption. It is well known that the particle
plasmon resonance of alloy NPs is located in between the resonance of the pure NPs depending on
their concentrations. Hence the particle plasmon resonance of Au is around 525 nm and of Ag around
370 nm the resonance of AgAu NPs is found in between this values, which is in good agreement with
the expected shift from the XPS measurements. The XPS measurements have shown for 25 sccm a Au
fraction of ~61 at% and for 60 sccm ~74 at%. This means that the PPR for 60 sccm should be redshifted
in comparison to 25 sccm. Even when the signal is realy noisy this trend is observanle. Assuming that
the NP formation does not differ that much between Ag and AgAu NPs these spectra are proving that
the PPR absorption is reduced by alloying, which causes less absorption for the same amount of NPs.
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Figure S2: In-situ UV-Vis Transmission spectra of AgAu NPs at different Ar flows and pressures after the discharge was
running for 30 s. The spectra have an offset of 2 %. The most intensive emission lines and all data points higher then 100%
are removed and the residual data points are linearly connected. The particle plasmon resonance is redshifted from low to
high pressures which is in good agreement with the XPS data, which are showing increasing gold content with increasing

pressure

Figure S2 shows absorption spectra for AgAu NPs obtained by four different flows at the closest
possible distance to the magnetron. The PPRis located in between the PPR of pure Ag and Au NPs. The
PPR undergoes a redshift with increasing flow / pressure which is in good agreement with the XPS data,
since the gold concentration is increasing with increasing flow.

Nevertheless the absorption is weak compared to pure Ag NPs and the noise plays a more important
role, if the absorption is reduced that much.. Since the PPR is also size dependent a specific
determination of the composition is impossible, except the size distribution and particle density is
known. Although our paper about the in-situ UV-Vis diagnostic about Ag NPs has shown that it is
possible to see the growth and transport of NPs in the GAS with this approach, it has also shown that
the particles are trapped at different positions in the GAS[1,2]. Hence in our experiments the
magnetron was adjusted in a way that the emission lines are most intense and not the absorption
related to the NPs, that explains why we have seen only weak absorption in our experiments.

Nevertheless it is helpful to use in-situ UV-Vis and not only record the OES because the signal is still
good enough to see if the NP formation is working. This approach works of course only with noble
metal NPs which are undergoing particle plasmon resonance. The strength of the emission lines do not
depend on the PPR, why our approach with the OES for the in-situ composition determination, is much
better suitable.
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SEM Analysis of the target

Figure S3: SEM images of four different AgAu NPs samples deposited with a power of 100 W and different flows. Top left 25
sccm (45.1 Pa), top right 60 sccm (100.4 Pa), bottom left 95 sccm (153.2 Pa) and bottom right 120 sccm (188.1 Pa).
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Figure S4: Size distribution of four different AgAu NPs sample deposited with a power of 100 W and different flows. From top
to bottom with flows of 120 sccm (188.1 Pa), 95 sccm (153.2 Pa), 60 sccm (100.4 Pa) and 25 sccm (45.1 Pa).

134




Results and Discussion

Setup of the system
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Figure S5: Schematic of the gas aggregation source with mounted UV-Vis setup and a schematic of the cluster formation.
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XPS Analysis
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Figure 56: Exemplary XPS spectra of the Ag-3d and Au-4d peaks for AuAg nanoparticles deposited at two different pressures,
The red curve shows the high resolution spectra for 182.0 Pa and the blue curve for 36.9 Pa. One can see directly that the Au
concentration is much higher for 182.0 Pa than for 36.9 Pa.

136




Results and Discussion

Time evolution of emission intensity
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Figure 7: The time evolution of the emission intensities of the Au and Ag line are shown. The target was conditioned by
running a deposition at a pressure of 92.4 Pa prior to the experiments which corresponds to broader sputter region and
afterwards the pressure is increased to 182 Pa which corresponds to a narrow region, nearly no changes in the emission
lines over time are visible because no redeposited material get sputtered.
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3.7 Publication F: A Novel Method for the Synthesis of Core-Shell Nanoparticles for
Functional Applications Based on the Long-Term Confinement in a Radio

Frequency Plasma

In this study, a novel method for the production of core-shell NPs is presented. First, Ag NPs are
produced with a HGAS and then these NPs are confined and coated in a secondary RF discharge. Other
groups have produced core-shell NPs also by a combination of a HGAS and secondary sputtering
process. But there the NP coating thickness depends on the time of flight through the coating region.
In our approach, the NPs are confined inside the RF discharge and can be hold there for extremely long
durations. The confinement as well as the coating process were monitored by in-situ FTIR
measurements and in-situ UV-Vis spectroscopy.

In the first part of the publication, it was proven with in-situ UV-Vis measurements that the Ag NPs can
be confined and trapped inside the second RF-discharge for 1 h without the loss of NPs. Since the
absorption of the LSPR was stable for the measurement time of 1 h, it is expected that the NPs can be
trapped for even longer time scales. In the second part of the study, the coating of the Ag NPs was
performed by injecting silane (SiH4) into the RF discharge. The UV-Vis measurements have shown that
the LSPR red-shifts during the whole coating time as long as silane is injected into the discharge. This
was attributed to the formation of a silicon dioxide shell around the NPs. The FTIR measurements have
shown increasing absorption due to the Si-O-Si bonds during the coating process which also confirmed
the shell formation. Additionally, samples were extracted out of the RF discharge for different coating
times. These samples were measured with a TEM and also EDX measurements were performed. It
turned out that the Ag NPs are not homogeneously coated for a coating time of 5 min, but the coating
became homogeneous for a deposition time of 10 min. The EDX measurements have also shown a
nonlinear trend of the silicon content in relation to the coating time. Unfortunately, it could not be
clarified without further research why the growth is inhomogeneous.

In summary, a novel production method for core-shell NPs was demonstrated. The very fast
development of this approach was only possible because of the in-situ diagnostic methods, which
enabled to find stable confinement and coating conditions without the extraction and ex-situ analysis
of samples. This is a perfect example which shows how in-situ diagnostics can be used to speed up the
process development. Furthermore, the in-situ diagnostics could be used in this publication to
demonstrate the high degree of process control. In the future, diverse types of core-shell NPs can be
produced by this method as long as the cores can be produced by the HGAS and a suitable precursor
is available for the desired shell material. Even multiple shells are possible.

Own contributions were the development of a new HGAS for this setup and the execution of UV-Vis
measurements. The writing of the manuscript and the interpretation of data was done together with
equal contributions from me and Oguz Han Asnaz.

This chapter is a reprint from the following publication:

Asnaz, O. H., Drewes, J., Elis, M., Strunskus, T., Greiner, F., Polonskyi, O., Faupel, F., Kienle, L., Vahl,
A., & Benedikt, J. (2023). A novel method for the synthesis of core—shell nanoparticles for functional
applications based on long-term confinement in a radio frequency plasma. Nanoscale Advances.
https://doi.org/10.1039/D2NA00806H
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A novel combined setup of a Haberland type gas aggregation source and a secondary radio frequency
discharge is used to generate, confine, and coat nanoparticles over much longer time scales than
traditional in-flight treatment. The process is precisely monitored using localized surface plasmon
resonance and Fourier-transform infrared spectroscopy as in situ diagnostics. They indicate that both
untreated and treated particles can be confined for extended time periods (at least one hour) with
minimal losses. During the entire confinement time, the particle sizes do not show considerable
alterations, enabling multiple well-defined modifications of the seed nanoparticles in this synthesis
approach. The approach is demonstrated by generating Ag@SiO, nanoparticles with a well-defined
surface coating. The in situ diagnostics provide insights into the growth kinetics of the applied coating
and are linked to the coating properties by using ex situ transmission electron microscopy and energy
dispersive X-ray spectroscopy. Surface coating is shown to occur in two phases: first, singular seeds
appear on the particle surface which then grow to cover the entire particle surface over 3 to 5 minutes.
Afterwards, deposition occurs via surface growth which coincides with lower deposition rates. Our setup
offers full control for various treatment options, which is demonstrated by coating the nanoparticles with
a SiO; layer followed by the etching of the part of the applied coating using hydrogen. Thus, complex
multi-step nanofabrication, e.g., using different monomers, as well as very large coating thicknesses is
possible.
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1 Introduction

Over the last few decades, noble metal nanoparticles (NPs)
attracted the attention of many researchers because of their
unique properties in comparison to their bulk counterparts.
These properties gave rise to various fields of applications such
as photocatalysis," optics,® resistive switching,”"* and
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sensors.'*"® The optical properties originating from the pres-
ence of localized surface plasmons'® open up applications in the
fields of, e.g., surface-enhanced Raman spectroscopy,” solar
cells,*® and absorber layers for solar thermal collectors.*
Furthermore, noble metal NPs and especially Ag NPs show
antibacterial properties because their high surface-to-volume
ratio enables fast ion release.”* Fine control over the ion
release rate of Ag NPs is of high importance for applications like
antibacterial coatings in medicine, construction industry,
clothing, or food packaging. This can be achieved via the
incorporation of Ag NPs into a polymer matrix, e.g., PTFE,
PMMA, or PA6 as the ion release rate depends on the matrix
material as well as on its thickness.*?* The optical properties of
Ag NPs are also tunable by changing the surrounding dielectric
medium, because the localized surface plasmon resonance
depends on the dielectric constant of the surrounding
medium.” Therefore, a precise control over the matrix proper-
ties and its thickness is critical to tune the ion release, anti-
microbial, and optical properties.
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The inter-particle distance is an additional important
parameter to tune the optical properties of absorber layers,*®
which is usually difficult to tune when the NPs and the matrix
are synthesized at the same time or after each other on
a substrate. In such cases, core-shell NPs are interesting
building blocks, as a precise control of their coating thickness
comes with control over the inter-core distance once the parti-
cles are closely packed. Ag@SiO, NPs (Ag core and SiO, shell)
exhibit interesting optical®® and antibacterial properties.*
Ag@SiO, core-shell NPs can be synthesized by different
methods. For the core, Ag NPs can be synthesized by chemical,
physical, or biological methods.** A chemical way is, e.g., the
reduction of silver nitrate with hydrazine. In order to form
Ag@SiO, core-shell NPs, the Stober method** can be applied to
coat the Ag NPs.** Such methods have the drawback that the
produced particles are in solution and it can be difficult to
remove all chemicals from the NPs to obtain high purity.

One particularly versatile approach to fabricate highly pure
noble metal nanoparticles without the need for any surfactant is
a magnetron-based, Haberland-type gas aggregation source
(GAS).* A Haberland type GAS consists of a vacuum chamber
equipped with a magnetron. The chamber is connected to
a deposition chamber via a small orifice with a diameter in the
range of millimeters. Due to the orifice the pressure in the GAS
is in the order of tens to hundreds of pascals, which is high in
comparison to conventional sputtering devices for the forma-
tion of thin films. The sputtered atoms can form NPs in the gas
phase due to the high pressure and are then transported to the
deposition chamber by the drag force of the sputtering gas.

GASs have also been successfully used to create core-shell
NPs. Huttel et al.*' use multiple magnetrons in the gas aggre-
gation volume and tailor the distance between each magnetron
and the exit orifice to create binary or ternary core-shell NPs.
This approach however is limited by the time of flight of the
particles and the length of the aggregation zone and is mostly
used for metal@metal nanoparticles. In a second approach by
Ahadi et al.* and Kylian et al,*® the Haberland type GAS is
combined with a secondary direct current (DC) magnetron
discharge to synthesize pure NPs in the GAS and then coat them
prior to deposition in the second discharge with a shell mate-
rial. The achievable coating thickness is limited by the
maximum power, which can be applied to the target and the
residence times defined by the strength of the gas flow. Inves-
tigations by Solaf ez al.*” on the exit velocity of NPs have shown
that for typical operating conditions even mean velocities of up
to 93 m s ' are possible. Therefore, special experimental
measures have to be taken in order to increase the residence
time of the particles in the secondary coating region, e.g., by
injecting additional argon gas. Moreover, the fabrication of
complex core-shell particles involving several layers is not
possible.

In this paper, we will present a combination of a Haberland
type GAS together with a secondary radio frequency (RF) plasma
discharge, in which Ag NPs are trapped for a secondary coating
process with SiO,. This setup circumvents the limitations of in-
flight coating, as the trapped particles can be treated over much
longer time scales and even over multiple processing steps
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independent of their synthesis parameters. On these time
scales, in situ diagnostics become powerful tools for very fine
control of the particle properties. Using both localized surface
plasmon resonance (LSPR) and Fourier-transform infrared
spectroscopy (FTIR) allows for creating core-shell particles with
a defined composition and thickness specifically designed for
their application. We will compare the two diagnostic methods
focusing on the insight into particle properties they offer. To
provide a ground truth for the in situ diagnostics, we are
extracting particles and using transmission electron microscopy
(TEM) and energy dispersive X-ray spectroscopy (EDX) as an ex
situ measurement.

2 Experimental setup and diagnostics
2.1 Experimental setup

The experimental setup shown in Fig. 1 is a modular vacuum
deposition setup consisting of two fundamental components:
a gas aggregation source (GAS) that generates metal NPs and an
RF plasma trapping setup, which holds them for further

a)
—._i
= B
Gas Aggregation Source |
Differential
pumping stage
Shutter
b)
Protective
argon flow
Fig. 1 (a) Side view of the experimental setup combining a gas

aggregation source (GAS) with a secondary treatment plasma setup for
long-term confinement. Particles are generated at the GAS at a higher
pressure, creating a flow directed through the feed pipe to the
differential pumping stage. Here, the buffer gas is pumped away
symmetrically to minimize the loss of particles. The particles then flow
through a second feed pipe through a shutter system directly into the
treatment plasma volume, where charging effects ensure their
confinement. While a coil electrode is used for the option of an
inductively coupled plasma, in this work it is only used in a capacitively
coupled mode. The plasma volume is surrounded by a grounded cage
for better confinement through higher electric fields. The hatched area
in red represents the IR/UV-vis beam area oriented perpendicular to
the sketch plane. (b) Top view of the treatment plasma chamber. The
IR/UV-vis beam path is shown in red. Argon is let in through the
marked nozzles to create a protective gas flow for the white cell
mirrors.
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treatment. The GAS is a custom-build Haberland type gas
aggregation source connected to the treatment plasma setup via
a differential pumping stage. The source was equipped with a 2-
inch height-adjustable and water-cooled DC magnetron (IX2U-
9A327-02; Thin Films Consulting). The height-adjustable
magnetron enables the tuning of the aggregation length, ie.,
the distance between the magnetron and the orifice of the GAS.
This distance was kept constant for all experiments. The
deposition was performed with a flow of 160 sccm Ar, which
corresponds to a pressure of about 170 Pa in the GAS. An MDX
500 from Advanced Energy was used as a power supply and was
operated in the power regulation mode with a power of 100 W.
An MKS flow controller (GE50 A) with a 500 scem range was used
for the gas flow regulation. To keep the operating pressure of
the GAS and treatment plasma independent of each other,
a differential pumping stage is used to remove a large portion of
the buffer gas. By pumping symmetrically from top and bottom,
the resulting deflection of the particle stream is minimized.
Additionally, the particles are guided with a feed pipe up to
a distance of 10 mm in front of the aperture, keeping the
particle stream focused and maximizing transfer into the next
stage. At this point, a shutter allows for interrupting the particle
stream and sealing the treatment plasma from the rest of the
setup, if necessary. Finally, using a second feed pipe, the
particles are injected directly into the plasma volume where
charging effects and the resulting electric field forces ensure
confinement of the particles.

The treatment plasma consists of a grounded bottom elec-
trode on a linear movement stage with a 142 mm diameter. The
upper electrode is a copper coil with 2 x 3 windings driven with
a Dressler Cesar 133 RF generator providing a power of up to
150 W at 13.56 MHz at its middle contact behind a borosilicate
glass cylinder, enabling both inductively coupled (ICP) and
capacitively coupled plasma (CCP) operation. For this experi-
ment, the CCP mode was used exclusively as the higher energy
density of the ICP mode disintegrates the silver particles very
quickly, seen as emission lines in the optical emission spec-
trum. Around the plasma volume, a grounded wire mesh with
a 1 mm wire diameter and 3 mm spacing is used to improve
particle confinement using high electric fields in the resulting
plasma sheath. In the mesh, openings are cut for the feed pipe,
for a multi-pass IR/UV-vis beam path, and for particle extrac-
tion. Additionally, a gas inlet for different reactive gases is
present at the treatment plasma chamber. Different MKS flow
controllers (GE50 A) are connected to control the precursor flow.
The flow controller for the SiH,/Ar mixture with 0.01% SiH, has
a range of 200 scem. Additionally, flow controllers with a range
of 10 scem are present for H, and O,.

FTIR and UV-vis spectra are always recorded in situ in the
treatment plasma chamber (see Fig. 1) using a multi-pass beam
setup consisting of a white cell (neoplas control GmbH) for up
to 20 passes, increasing the optical path through the plasma
volume to z;g = 20 x 142 mm = 2.8 m for the IR beam and zyy.yis
=4 x 142 mm = 0.6 m for the UV-vis setup. The beam path
crosses a region of about 10 mm height and 40 mm width. To
prevent deposition on the multi-pass cell and the windows, Ar
gas was injected at both sides of the multi-pass cell. The Ar flow

© 2023 The Author(s). Published by the Royal Society of Chemistry
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was controlled with an MKS flow controller (GE50 A) with
a range of 50 sccm and was set to 30 scem. The Ar gas flow is
shared by both gas inlets at both sides of the multi-pass cell. For
IR-spectrometric monitoring, a commercial FTIR spectrometer
(Bruker VERTEX 80v) is used with a liquid-nitrogen-cooled
DLaTGS detector. This setup has been previously used for
monitoring the growth and treatment of hydrogenated amor-
phous carbon (a-C:H) NPs generated from C,H, precursors.*
UV-vis spectrometry is performed using a deuterium-halogen
light source (Ocean Optics DH-2000-BAL) and a spectrometer
(Ocean Optics USB4000).

Particle extraction is realized with a load-lock setup bringing
in a 10 mm x 10 mm silicon wafer piece clamped underneath
a stainless steel metal plate with a circular cutout. By applying
a short 200 ms pulse of 170 V to the metal plate using a Keithley
SourceMeter 2400, particles are accelerated towards the sample
holder and stick to the silicon wafer for further ex situ analysis.
With the chamber being operated only in the high vacuum
range and residual air coming in through the load-lock, there is
enough residual oxygen in the system when using a gas mixture
of 0.01% SiH, in Ar for SiO, coating without active addition of
oxygen.

For transmission electron microscopy (TEM) analysis, the
nanoparticles were scratched off the silicon substrate with
a scalpel and transferred onto a copper grid with a carbon lacey
coating (Plano GmbH). Bright field imaging as well as selected
area electron diffraction (SAED) were performed with a FEI
Tecnai F30 STwin G* with 300 kV acceleration voltage. For
energy dispersive X-ray (EDX) spectroscopy, the microscope is
equipped with a Si/Li detector (EDAX System). The EDX spec-
troscopy data were processed with ES Vision (version 4.0.173).

2.2 Experimental procedure

In this chapter, the general experimental procedure will be
described in detail:

1. The system is pumped down with a turbo molecular pump
down to a pressure of 10~° Pa. Then the valve to the turbo pump
is closed.

2. Rough pumps for the differential pumping stage and the
rough pump of the treatment plasma chamber are started.

3. The Ar flow for the GAS (160 scem) and the multi-pass cell
(30 scem) are activated and the valves of the rough pumps are
opened. The pressure in the GAS, at the differential pumping
stage, and in the treatment plasma chamber stabilizes at values
of about 170 Pa, 16 Pa and 11 Pa respectively.

4. The CCP Plasma is switched on with an RF power of 188 W
and a reflected power of 88 W.

5. The UV-vis or the FTIR spectrometer respectively starts
recording along the line of sight through the treatment plasma
chamber.

6. The power supply for the magnetron of the GAS is switched
on with 100 W usually for 10 s which starts the synthesis and
injection of Ag NPs into the treatment plasma. Only for the long-
term confinement in Fig. 2 an on-time of 60 s is used.

7. The flow of the SiH, mixture (0.01% in Ar) is set to 20 sccm
and the Ar flow through the multi-pass cell is reduced to 10
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Fig. 2 (a) In situ UV-vis transmission spectra for 7 different times

during the NP injection. O s corresponds to the plasma ignition in the
GAS. At 60 s the injection of Ag NPs is stopped. Plasma emission lines
were removed from the spectra. (b) Long-term measurement of
injected Ag NPs, which are trapped for 1 h in the CCP plasma. The peak
position Aok corresponds to the wavelength of the minimum in the
transmission spectrum.

scem to keep the pressures constant. This flow creates precursor
densities below the critical point for silicon NP formation from
silane precursors, which was confirmed with prior FTIR
measurements in the absence of silver NPs.

8. Once the desired coating times of 1, 3, 5 and 10 min are
reached, the precursor flow is switched off by setting the flow
controller to 0 scem to stop the coating procedure.

9. In the case of extraction, after a short waiting time, the NPs
are extracted by opening the load lock and moving the extrac-
tion unit close to the plasma. After the voltage pulse (170 V and
200 ms) is applied, the extraction unit is moved back into the
load lock, which is then closed again.

10. Plasma and spectrometers are switched off.

3 Results

3.1 Long-term confinement of uncoated Ag NPs

Fig. 2a shows several UV-vis transmission spectra during the
injection process. Here, plasma emission lines were excluded
from the spectrum using a reference spectrum taken before the
injection. The main peak = 355 nm of the localized surface
plasmon resonance (LSPR) of the Ag NPs can exhibit a red shift
both for an increase in the NP size***' and for a surrounding
dielectric with a dielectric constant greater than unity.*”*>* In
Fig. 2b, the position of the main peak only shows a small red
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shift of 9 nm over one hour of confinement. This is unlikely to
come from a particle size increase due to agglomeration, as the
particles are charged in the plasma environment and repulse
each other. It is more likely that the presence of trace amounts
of oxygen causes an oxidation of the particle surface, effectively
changing the surface dielectric constant and thereby causing
the slight red shift. Therefore, this measurement can be
assumed as a reference measurement for an unperturbed
system without the usage of any precursor gas. The shift in the
LSPR is relatively small and still allows the detection of a shift of
the LSPR related to an additional coating of the Ag NPs, which
will be shown in the next section.

Looking at the absorption strength of the LSPR, a strong
increase can be seen during particle injection coming from the
increase in NP density. This increase is followed by a slight
decrease of about 5% in the first minutes of confinement after
which it stays very constant for the remainder of the experi-
ment, indicating that the NPs are well confined in the CCP
plasma. The small decrease also points towards oxidation, as
the oxide layer would effectively decrease the plasmonically
active diameter of the NP. After the CCP plasma is switched off,
the transmission over the entire spectral range goes back to its
initial value, showing that no NPs are deposited on mirrors or
windows in the optical path (see Fig. 1 in the ESIT).

Additionally, Fig. 2a shows a change in the peak shape. For
longer injection times a shoulder appears at higher wave-
lengths, which also stays after the injection is stopped. This
might stem from the coupling of LSPRs of multiple NPs. If
plasmonic NPs approach each other to a close distance of
around 30 nm or smaller, the LSPRs can couple which causes
additional resonances at higher wavelengths.” Assuming an
average particle diameter of 20 nm and resulting LSPR cross
section* of oy gpr = 2 % 10° nm” at the peak, we can use the UV-
vis spectrum to calculate a particle number density of n = 10"
m . This is in the same order of magnitude as the electron
density and therefore leads to a strong electron depletion,***
Particles are not being charged to their theoretical capacitive
limit determined by orbital motion limited (OML) theory, but
rather only carry very few elementary charges that fluctuate
stochastically. While the average inter-particle spacing at this
density is about 5 um, this reduction of repulsive forces leads to
a wide spacing distribution and particles regularly come close
enough for plasmonic coupling or even agglomeration to occur.
For the following investigations of coating of trapped NPs, the
injection time was limited to 10 s to lower particle densities and
thereby avoid plasmonic coupling phenomena.

3.2 In situ coating and in situ diagnostics of coating
thickness

Ag NPs were injected into the CCP plasma for treatment. Different
SiH, exposure durations were applied to control the thickness of
the dielectric shell around the Ag NPs. The recorded UV-vis
spectra can be seen in Fig. 3a. Over time, the main absorption
peak shifts towards higher wavelengths due to the LSPR from the
Ag NPs together with a general increase in overall absorption,
which is in line with the literature.*”**** Interestingly, a shoulder
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Fig. 3 (a) UV-vis absorption spectrum showing a LSPR peak shift. The starting time t = 0 s corresponds to the start of the coating treatment.

Plasma emission lines were removed from the spectrum. (b) Time evolution of the LSPR peak position for four different treatment durations. (c)
FTIR absorption spectrum with the inset showing a decomposition of the Si—-O-Si asymmetric stretching absorption and the sum of fits. (d) Time
evolution of the integrated absorbance and calculated Si-O-Si concentration in the plasma volume for four different treatment durations.

at higher wavelengths becomes stronger with increasing coating
times similar to the results for high particle densities reported in
the previous section. Therefore, it can be assumed that the LSPRs
of different NPs are coupled to each other in the coated case. The
addition of silane as an electronegative gas lowers the free elec-
tron density further,"” thereby lowering the average inter-particle
spacing. The agglomeration of coated particles could also lead to
the observed increased shoulder as even after agglomeration the
plasmonically active cores are electrically separated by their
shells. SEM pictures have shown that some agglomerates are
present on the samples (see Fig. 2 in the ESIT), yet it is unclear if
these agglomerates are formed in the CCP plasma or during the
deposition. Another study has also shown that agglomerates can
be formed already inside the GAS.*® Nevertheless, these agglom-
erates from the GAS would not affect the LSPR during the coating
period, as the GAS is switched off prior to the coating step.
Further investigations would be necessary to determine whether
agglomeration occurs in the treatment plasma.

Fig. 3b shows the time evolution of the main LSPR peak for
four separate treatments, differing from each other only in the
total coating time. Values smaller than 0 s correspond to the
pure Ag NPs before the SiH, was injected into the chamber. The
reproducibility of the experiment is very good, with the only
visible difference between the curves being the different points
atwhich the SiH, gas flow was turned off. In general, prior to the
treatment no significant changes are visible, which is expected

© 2023 The Author(s). Published by the Royal Society of Chemistry

and was shown in the previous section. Once the treatment
starts at 0 s, all curves show a strong redshift of the LSPR peak
position. Nevertheless, the trend is not linear. The slope
decreases until = 150 s, after which the LSPR shift shows
a linear dependency on the coating time until the SiH, flow is
switched off. The general redshift of the LSPR is explained by
the coating of the NPs with a dielectric medium, whereas the
change in the slope is more difficult to explain. It is known that
for thin coatings, the LSPR shift shows a linear dependence on
the layer thickness. For thicker coatings, the slope of the LSPR
decreases at some point before an asymptotic limit is reached
and the LSPR position does not change anymore with
increasing thickness. This is explained by the limited distance
to which the local electromagnetic field extends from the
surface of the silver NP into the coating.”” In this study, the
behavior is different indicating that most probably the coating
thickness is not increasing linearly with time or that the coating
of the NPs inside the CCP plasma is not homogeneous.

In situ FTIR experiments were additionally conducted to
differentiate between these options. A quantitative analysis of
the infrared absorption spectrum yields atomic Si densities for
the absorbing Si-O-Si bonds. The S8i-O-Si asymmetric stretch-
ing (ras) vibration in the 1300-900 em ' range splits up into
four separate lines. The first splitting occurs due to the AS
motion of two adjacent oxygen atoms being possible either in-
phase (vas) or shifted 180° (v,s,). Furthermore, the stretching
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Table 1 Used parameters for Gaussian line fits. Wavenumbers were
selected based on ref. 50

Excitation

mode wem ™! a/em™
Vasi LO 1208 + 13 10
Vas2 TO 1129 + 12 40
Vas2 LO 1098 + 11 15

Pas1 TO 1025 + 90 50

View Article Online

motion is possible in longitudinal optical (LO) and transversal
optical (TO) modes, which are coupled through long-range
Coulomb interactions leading to a second splitting.” The
positions and full width half maxima (FWHM) of these lines are
fitted following Fidalgo et al.** and Kirk* using bounds given in
Table 1 (see also Fig. 3 in the ESIf). An example decomposition
can be seen as an inset of Fig. 3c.

We obtain the absolute concentrations of Si in our observed
volume, by further considering the absorption intensities of the
Si-O-Si asymmetric stretching modes,*" see Fig. 3d. The
reproducibility of the subsequent experiments is similarly good
as in the previously described UV-Vis measurements with only
one treatment (5 minutes, shown in yellow) showing a slightly
delayed onset of the silicon layer growth. This indicates that as
the chamber was cleaned using an O, plasma before the five
minute treatment (first treatment of the measurement series),
the initial chamber conditions have an influence on the growth
rate of the coating. A detailed look at the 10 minute treatment
(see Fig. 4), which was done last in the series of experiments,
shows that the first 150 seconds of treatment show a higher rate
of growth of about 0.23 pmol L 's, whereas afterwards a rate of
0.17 pmol L' s~ is measured.

In Fig. 5, the long-term effects of confinement are shown for
slightly coated particles, as uncoated Ag particles are not visible
in the measured IR spectral range. The measurement shows
that after 90 s of coating, some slight increase continues in the
first 500 s likely due to residual precursors being used up and
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Fig. 4 Total concentration of Si determined through fitting the four
Si-O-Si stretching modes in the IR spectrum. The growth rate
changes after about 150 seconds from 0.23 umol L' s to 0.17 pmol
L ! s and is indicated with dashed lines.
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Fig.5 Prolonged argon plasma treatment of SiO,-coated Ag NPs. The
particles have been generated in the GAS and coated using silane
injection for 90 s (marked in grey) followed by an hour-long
confinement. Gas pressure: 11 Pa, CCP power: 100 W, and argon flow:
30 sccm.

some slight effects of the plasma treatment. Afterwards, no
further changes are seen. This and supplementary TEM
measurements (see Fig. 4 in the ESIT) show that it is possible to
confine the particles for tens of minutes without damaging the
coating, opening up possibilities for various treatments.

3.3 In situ observation of coating and etching of the coating

Finally, coating and etching experiments have been conducted
using both UV-vis and IR monitoring one after the other. In this
last section, the reliability of the particle coating and confine-
ment will be shown.

Here, Ag NPs were injected into the treatment chamber,
coated with SiO, for 200 s and then etched using H,. Fig. 6
shows the FTIR and UV-vis results of the coating and etching
experiments, measuring both the Si-O-Si concentration and
LSPR peak position. Looking at the change in the LSPR peak
position, a significant red shift is seen due to the coating
process in the first 200 s as discussed in the previous section.
Similarly, the IR absorption shows a linear increase of Si-O-Si
bonds indicating linear growth of SiO, on the surface. When the
SiH, flow was switched off at 200 s the IR absorption stops
increasing except for slight continuing growth while the
remaining precursors in the chamber are used up. In contrast,
the LSPR shows a continuing red shift albeit at a slower rate
than before the SiH, flow was switched off. At 250 s, H, gas was
injected into the treatment plasma chamber with a flow of 1
scem. Here, the LSPR peak shows an immediate blue shift due
to the H, etching, with a decreasing rate over time that is also
seen in the IR absorption. This indicates that the etching
reactions become slower over time, probably due to the
decreasing surface area of the particles. When the H, flow is
switched off, the IR absorption stays constant at its new level,
while the LSPR peak position shifts towards longer wavelengths.

While the IR absorption is mainly dependent on the Si-O-Si
concentration in the NP shell, the LSPR is also influenced by
other particle properties such as charge® and temperature.®
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Fig. 6 Deposition and etching experiment with SiO, coated Ag NPs.
Ag NPs were injected into the treatment chamber, coated using SiHa4
and subsequently etched using H, (both marked in grey). This
procedure was done once with UV-vis measuring the LSPR peak
position (right axis) and once with FTIR monitoring measuring the Si—
O-Si concentration (left axis). The increase and decrease in coating
can be clearly seen in both methods.

Changing the gas composition especially with electronegative
gasses like SiH, and H, can significantly affect the electron
density and temperature in the plasma which determines
particle charge. Furthermore, it also affects the processes
leading to selective particle heating for example through
recombination of ions or hydrogen atoms on the particle
surface.* Additional plasma diagnostics would be necessary to
separate these effects from the influence of the coating
thickness.

3.4 Ex situ TEM and EDX investigations

After the in situ UV-vis and FTIR results were presented, trans-
mission electron microscopy (TEM) and energy-dispersive X-ray
spectroscopy (EDX) investigations of the extracted NPs will be
discussed to confirm the conclusions reached. Fig. 7a-d show
TEM pictures for NPs with different coating times. For coating
times up to 5 min the Ag NPs are not homogeneously coated,
but SiO, particles are segregating at the surface of the Ag NPs.
For 1 min some NPs seem to be completely uncoated and other
NPs are only partially coated. For coating times of 3 and 5 min
some NPs seem to be completely coated and others appear to be
only partially coated. On the other hand for 10 min coating
time, the NPs are homogeneously coated with a coating thick-
ness of around 6 nm. This growth behavior of the coating on the
Ag NPs is schematically shown in Fig. 7e-h.

This observation supports our claims in the in situ UV-vis
and FTIR measurements, where at around 150 s several
changes of optical properties were observed, indicating the
closure of a previously inhomogeneous coating. There are many
possible explanations for this initial inhomogeneity, one of
which are different reaction cross sections for the primary
attachment of SiO, on the Ag surface, the SiO, growth along the
interface between uncoated and coated Ag surfaces, and the
surface growth on top of a Si layer. This could lead to different
growth mechanisms becoming energetically favorable over time

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 TEM micrographs for different coating times. It is visible that the
NPs are not homogeneously coated for 1 to 5 min. After 10 min the
coating looks homogeneous (a—d). The growth of the coating on the
Ag NPs is schematically shown (e—h). Additionally, an EDX map is
shown for a sample with a coating time of 10 min, which shows that
the particles have an Ag core and a SiO, shell (i-1).

and cause an inhomogeneous initial growth (so-called island
growth mechanism). With our novel setup capable of confining
the NPs for hours, the longer treatment times necessary to reach
a well-defined homogeneous coating are easily possible.

While the NPs are seen as agglomerates on the TEM images,
the particles have been scratched off the Si substrates and were
transferred onto TEM grids. This procedure is known to cause
particle agglomerations. Yet, particle agglomerates were also
seen on SEM images (see Fig. 2 in the ESIT), which makes it
unclear whether this agglomeration already occurred during
confinement in the plasma, as possibly indicated by the
coupling of LSPRs seen in an absorption shoulder at higher
wavelengths described in an earlier section.

To analyze the coating composition, EDX measurements
were performed on the samples. A STEM high angle annular
dark field micrograph and the corresponding elemental EDX
maps can be seen in Fig. 7i-1. The Ag core and surrounding shell
out of Si and O are very well visible. To give a statistically rele-
vant impression of the Si concentration in the samples,
multiple TEM EDX spectra were acquired from samples with
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Fig. 8 Atomic concentration of Si measured with EDX during TEM
measurements for extracted Ag@SiO, NPs with different coating
times. Ten different areas of the TEM grid were used for statistical
analysis. Only silver and silicon were taken into account to minimize
the influence of oxidation after extraction and the background carbon
support on the TEM grid.

coating times 1, 3, 5 and 10 min. The exact stoichiometry was
not shown because SiOx was most probably further oxidized as
the samples were in contact with air. Nevertheless, the atomic
concentrations of Ag and Si were measured, and are shown in
Fig. 8. The Si concentration increases steeper from 1 min to
3 min in comparison to the slope from 3 min to 10 min. This is
in agreement with the in situ FTIR and UV-vis measurements,
where different slopes were found from 0 s to 150 s in
comparison to 150 s to 600 s.

4 Conclusions

In this work, we have presented a setup capable of confining
nanoparticles over very long time scales, which allows a high
degree of freedom in the coating process with an additional
high degree of process control through in situ diagnostics. This
has been demonstrated by creating Ag@SiO, core-shell NPs for
functional applications. Using a Haberland-type GAS, Ag NPs
with diameters between 5 and 60 nm have been prepared and
subsequently confined in a secondary RF plasma for further
plasma treatment. Both UV-vis and FTIR spectroscopy diag-
nostics have been shown to measure the growth of the SiO, shell
very sensitively, allowing for fine tuning of the particle proper-
ties towards a specific application. For UV-vis, a red shift of the
LSPR peak as well as an increase of its absorption strength was
observed increasing with the shell size. Similarly, in the FTIR
spectrum, the addition of Si-O-5i on the NP surface is seen as
an increase in vibrational absorption of lines in the region from
1300-950 cm ™. These findings have been confirmed using ex
situ TEM and EDX analysis, showing a partial surface coverage
for short coating times with a full shell forming after about
5 min. The homogeneity of the coating process could be
improved by varying the parameters of the treatment plasma
such as plasma power. Here, further particle number density
measurements, e.g. by using extinction measurements, are
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necessary to differentiate between changes in the plasma envi-
ronment and the coating process.

As GASs are very versatile nanoparticle sources, different
metal types, alloys, inorganic compounds, and even polymers
can be used as a target to create NPs of various materials. It was
shown that it is possible to coat NPs and confine them over an
hour without any significant losses of NPs from the treatment
plasma. The limits of the confining plasma are only reached
when NPs grow to sizes on the micrometer scale, where the
gravitational force becomes relevant as it scales with « r* and
pushes particles into the lower sheath of the plasma. Our setup
overcomes the limitations of in-flight coating and enables
various forms of treatment even in multi-step processes
demonstrated here through the controlled growth and subse-
quent etching of an applied coating. This opens up many
possibilities for finely tuned particle preparation even of
complex core-shell nanoparticles with multiple shells for future
applications. One can even imagine creating NPs with a shell
with a compositional gradient consisting of different materials,
simply by adjusting the reactive gas injection accordingly.
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Fig. 1: UV-Vis spectrum of LSPR comparing signal before, during, and after 1 hour of particle confinement. In the spectrum
during particle confinement, plasma emission lines have been filtered out. The difference between the first and last
spectrum comes from a slight drift of the used light source over time.
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Fig. 2: SEM image of deposited Ag NPs coated for 3 min with SiH,. Well visible are agglomerates of NPs. It is unclear if the
NPs agglomerate during the synthesis or on the substrate during the extraction.
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Fig. 3 Top: Decomposition of FTIR spectrum at 2000 s of a long-term confinement measurement into its four constituting
vibrational lines. Bottom: Time evolution of fitted peak positions for each line with lower and upper bounds indicated with
dotted lines. For vas; we were unable to find parameters avoiding reaching the upper bound.
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Fig. 4: TEM images of particles after 90 s of silicon coating using SiH,. a) Extracted immediately after coating. b) Extracted
after an hour of Ar plasma treatment after coating. No significant effect of the plasma treatment can be seen.
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4 Conclusion

In this chapter it will be concluded, how the results of this thesis were able to contribute to increase
the fundamental understanding of the HGAS and to extend the scope of applications of the HGAS.
Therefore, the three different sub-questions will be answered first and then the main research
question.

1) Which in-situ diagnostic techniques can be utilized to investigate the growth, transport and
functionalization of Ag NPs inside and outside the HGAS to increase the understanding of
the method?

In this thesis, different in-situ diagnostic methods were used. It was possible to investigate the growth,
transport and functionalization inside the HGAS. From these results, a lot of knowledge is gained about
the dynamic processes inside the HGAS, e.g. trapping of NPs, the formation of vortices and periodic
expelling from the capture zone. All methods have in common that they use photons to obtain
information about the particles or atomic species in the plasma in a non-invasive way. However, all
these methods have different advantages and disadvantages which are summarized in table 1. The
SAXS technique provides good information about the size distribution and the density of NPs, but it
has the drawback of only 1-dimensional resolution. Furthermore, SAXS measurements at a
synchrotron cannot be performed routinely because of the limited accessibility. The UV-Vis technique
has the advantage that it is more accessible than a synchrotron, but it provides only 1-dimensional
resolution as well. The LLS technique can provide 2-dimensional resolution which helps a lot to
understand the dynamic processes inside the HGAS, e.g. formation of vortices and influence of gas
inlet. But the LLS technique provides no information about the size distribution and the density of NPs.
It turned out that the best solution for further investigations of the processes inside the HGAS is the
combination of the LLS technique with either the UV-Vis or the SAXS method.

Table 1: Advantages and disadvantages of different in-situ diagnostics techniques which were used in this thesis.

SAXS UV-Vis LLS OES FTIR

(VIS |
B, [N
| | g

Detection of NPs N/A

™,

Intesnity

Spatial resolution 1-D 1-D 2-D N/A 1-D

Size of NPs x N/A x
Independent of N/A
material x x

Composition of x Alloy NPs Depends on
NPs with LSPR bonding type
Handling and Difficult Good Good Good Medium
accessibility
Functionalization Needs x
by, e.g. coating complex

model
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Furthermore, OES was used to monitor composition changes during the synthesis of AgAu alloy NPs.
The method can predict the resulting composition in-situ after a calibration with XPS samples.
Therefore, the redeposition issue of the multicomponent target approach is solved by in-situ OES
which substantially increases the reliability of the approach.

Additionally, the functionalization of Ag NPs with a coating of SiO, was monitored successfully with
UV-Vis spectroscopy and in-situ FTIR outside the HGAS in an RF plasma. Here the in-situ diagnostic
methods demonstrate their strength in the acceleration of the experimental work. The in-situ UV-Vis
measurements allow to quickly find the optimum gas flow and discharge conditions to successfully
confine the NPs in the RF discharge. Without the in-situ UV-Vis, for each parameter set an SEM sample
would be necessary to see if the confinement is successful. Thanks to the in-situ diagnostic this is not
necessary and the in-situ FTIR enables also to detect that the coating with the desired chemical species
is achieved.

All in all, five in-situ diagnostic methods were used to investigate the processes inside the HGAS and
outside. In combination, the various in-situ methods allow deep insights into the transport and growth
of the NPs. These studies confirm that growth and transport are highly dynamic and connected.
Contrary to general understanding in the literature, it is not the case that the particles are transported
in a direct path from the magnetron to the orifice and grow steadily along this path. Rather, there are
regions in which the particles are trapped or lost. This depends on the gas velocity distribution and the
electromagnetic forces of the plasma. Therefore, this knowledge can help to develop new HGAS
sources with an increased deposition rate and reliability.

2) Which known and unknown parameters can be used to increase the efficiency of the NP
synthesis inside the HGAS?

The influence of the gas flow and pressure on the trapping of NPs inside the HGAS was investigated.
The performed CFD simulations have shown that loss regions with a gas velocity close to 0 m/s are
present in the HGAS geometry used. Therefore, the efficiency or deposition rate could be potentially
increased by the development of a HGAS which does not show low velocity regions to drag the NPs
more efficiently outside the HGAS. This development must be assisted by CFD simulations.
Additionally, the study about LLS has shown that also the gas inlet location has a drastic influence on
the trapping and the efficiency of the HGAS. Also, here CFD simulations can be used to find new types
of gas inlets at different locations inside the HGAS which form a homogeneous gas velocity distribution
without low velocity regions. Since in all studies a quick release of the trapped NPs was found when
the plasma was switched off, also pulsed sputtering can be an option to reduce the trapping of NPs.

In conclusion, this thesis has drawn the attention to the geometry of the HGAS, because this and the
gas inlet position have the strongest impact on the gas velocity distribution. Therefore, the most
important parameter for optimization is the HGAS design. Furthermore, this finding explains why
contradictory trends for the impact of the power on the NP size-distribution were observed. Since no
standard HGAS is existing, all results in the literature are only hardly comparable, because the gas flow
patterns and gas inlets are often extremely different.

3) How is it possible to functionalize NPs inside and outside the HGAS to extend the scope of
applications of the HGAS?

The multicomponent target approach is a known technique for the fabrication of functional alloy NPs.
This approach is only compatible with the HGAS, because in this synthesis technique the pressure can
be varied in a broad range. However, several of the here presented publications have shown that
redeposition often occurs on the target. Therefore, there is the danger of redeposition affecting the
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composition of the resulting alloy NPs. It was shown that a lot of Au was redeposited onto regions
where prior to the usage only pure Ag was found. Also, the deposited alloy AgAu NPs have shown that
the composition depends not only on the operating pressure but also on the target lifetime. Therefore,
the redeposition severely influences the synthesis of alloy NPs in this approach. Nevertheless, OES is
able to solve this issue, because it can be potentially used in a feedback loop which actively controls
the pressure to reach a desired composition. Therefore, it can be concluded that the multicomponent
target approach in combination with OES is able to fabricate functional alloy NPs with tailored
composition in a cost-effective way. The possibility to tailor the composition of alloy NPs in-situ with
high precision is a big advantage of the HGAS over other synthesis approaches.

Another way to functionalize pure NPs is to coat them to produce core-shell NPs. In the literature some
in-flight methods are known where NPs are coated with an additional magnetron either inside or
outside a HGAS. The problem of these techniques is the limited shell thickness which can be achieved.
In this thesis it is shown that a combination of a HGAS and a RF discharge is able to hold Ag NPs for an
extended time period. The combination with a second RF-discharge is only possible, because the HGAS
is a vacuum compatible NP synthesis method. This is a big advantage over other NP synthesis
approaches, e.g. chemical processes. The targeted trapping of NPs inside the RF discharge enables the
introduction of a precursor gas like silane to coat the Ag NPs with a shell of SiO,. This approach can be
used to tailor, e.g. the optical properties of the NPs. In comparison to the in-flight treatment approach
the maximum achievable shell thickness can be increased drastically. Even though no limit for the
coating thickness was found in the publication, from dusty-plasma experiments it is known that even
particles in the um range can be hold inside a plasma. Therefore, it is expected that the NPs can be
also coated with a theoretical shell thickness in the um range if this is desired.

How can the fundamental understanding of the HGAS be increased to extend the scope of
applications of the HGAS?

In summary, the results have shown that the current theory of a linear growth of NPs during the way
from the magnetron to the orifice is too much simplified. Trapping of NPs was detected with diverse
in-situ diagnostics confirming that the current description of growth and transport inside a HGAS needs
to be revised. If the HGAS should be applied in the future for industrial applications, a high deposition
rate, a high conversion of target material into NPs and outstanding properties of NPs must be achieved.
Therefore, the control of the trapping of NPs is essential for further improvement of the HGAS. The
trapping and the loss of NPs depends strongly on the gas velocity distribution. The velocity distribution
depends, on the one hand, on the HGAS geometry shown by CFD simulations. On the other hand, the
gas velocity distribution depends strongly on the gas inlet location shown experimentally with the LLS
technique. With this knowledge in the future a HGAS design could be developed with a high velocity
distribution everywhere inside the HGAS. This could avoid trapping and loss of NPs enabling the
industrial use of the HGAS.

To achieve outstanding properties of NPs, synthesis methods enabling functionalization are extremely
important. Two methods to produce functional NPs were improved or developed which have many
benefits over other synthesis methods for functional NPs. One is the synthesis of alloy NPs with in-situ
composition tuning and monitoring. The other is the synthesis of core-shell NPs with a combination of
a HGAS and an RF-discharge. No other synthesis methods are available which are vacuum compatible
and produce NPs with high purity, tailored composition and a tailored shell thickness. Especially the
tailoring of shell thickness in a broad range and the option to produce multiple shells or shells with
gradients was not possible with a HGAS before. This is a perfect example showing how an increased
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fundamental understanding of the HGAS together with in-situ diagnostics help to extend the scope of
applications of the HGAS.

Although, in this thesis the understanding of the growth, transport and trapping of NPs inside the HGAS
is significantly increased, more research has to be done to fully understand how the trapping of NPs
works in detail. Especially, the forces acting on the NPs must be identified in detail and their strength
has to be investigated. Therefore, a combination of plasma diagnostics, in-situ NP diagnostics and
simulations will be needed to fully understand the trapping behavior. In the next chapter as an outlook
different experiments are suggested to further increase the understanding of the HGAS and the
efficiency of the HGAS. After the processes inside the HGAS are completely understood, the trapping
can be either avoided or maybe exploited to increase the size of NPs up to a desired diameter.
Furthermore, if the trapping, the loss of NPs by redeposition onto the target or the walls and the loss
of sputtered atoms can be significantly decreased, the HGAS can be efficiently used for mass
production of functional NPs with a high purity and unique properties.
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5 Outlook

To further extend the understanding of the processes inside the HGAS the following experiments are
suggested:

Combination of UV-VIS or SAXS with LLS measurements

For the LLS technique it was not possible to determine the size and density of NPs, because the Rayleigh
scattering intensity depends on the size and density simultaneously. It would be interesting to establish
a setup in which UV-Vis spectroscopy or SAXS measurements can be performed simultaneously
together with LLS. This would combine the advantages of both techniques and could be used to
determine the size and density of NPs in different regions with a good spatial resolution.

Horizontal vs. vertical alignment of the HGAS

To learn more about the strength of the different forces acting on the trapped NPs, it would be
interesting to perform LLS on a HGAS which is once aligned horizontal and once vertical. If all working
parameters are the same in both alignments, all forces would stay constant except the gravitational
force. If the NPs which were observed with the LLS technique have a size in the order of hundreds of
nm, this could influence the position of the trapped NPs. In combination with CFD simulations, the
strength of the different forces acting on the NPs could may be better explored.

Simulation of the formation and trapping of NPs

In addition, further simulations, which incorporate not only the gas velocity but also the sputtering
process, the NP formation and the forces acting on the NPs, would be a great way to further explore
the processes inside the HGAS. Such simulations could be now validated with a broad variety of in-situ
diagnostics which were presented inside this thesis.

Combination of plasma diagnostics with LLS measurements

As a last point, plasma diagnostics like Langmuir probe measurements could be performed
simultaneously with LLS or other techniques to get an idea about the electron temperature, electron
density and electric potential in the trapping regions. This could increase the knowledge about the
trapping forces originating from the plasma. Nevertheless, the measurement itself can also disturb the
gas flow pattern and the NP growth and transport. Therefore, it is important to use LLS simultaneously
to see the impact of the probe onto the trapping of the NPs.
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To further increase the efficiency of the HGAS the following experiments are suggested:

Pulsed DC Power

Trapping of NPs inside the HGAS is in principle unwanted, unless it can be controlled. For some
applications it would be interesting to grow NPs much larger than, e.g. 20 nm. There trapping could be
helpful if it can be controlled and if the NPs can be deposited. Therefore, it would be interesting to use
a pulsed DC power supply, because the studies have shown that trapped particles are released
instantaneously if the plasma is switched off. During such pulsing experiments LLS or UV-Vis
spectroscopy could be used to see the influence of different frequencies and duty cycles on the
trapping behavior.

Complex gas inlet design

To reduce the loss of material inside the HGAS and to increase the efficiency of the HGAS, different gas
inlet designs can potentially help to achieve this. One could imagine to create a double-walled HGAS
where the gas is injected through the double wall and the magnetron. If the double wall would be
equipped everywhere with a high density of tiny holes in a well-defined and homogeneous pattern,
the gas velocity at the inner wall of the HGAS would be high and no loss regions should exist. The design
should be assisted by CFD simulations. Nevertheless, also the growth process has to be optimized,
because only NPs are effectively dragged by the gas. Single atoms could be still deposited onto the
wall. Therefore, also the growth conditions have to be optimized in a way that nearly all atoms are
incorporated into NPs.

Mesh on potential

Another possibility to reduce the loss of NPs to the chamber walls could be to insert a biased stainless-
steel mesh close to the outside walls. Since some NPs are charged, these charged NPs could be pushed
into the central region of the HGAS where the drag force is high enough to guide them outside. This
could potentially increase the efficiency and deposition rate of the HGAS. But one has to be careful
that the potential on the mesh does not impact the plasma at the magnetron too much.

The knowledge from this thesis together with these suggested experiments can substantially help to
make the HGAS an efficient tool for the production of NPs with a broad variety of applications.
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