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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@SiO2 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 großen Gegenstücken unterscheiden. Die Eigenschaften solcher NP können durch Anpassung 

ihrer Größe, Zusammensetzung, des Füllfaktors und des umgebenden Mediums im Falle von Kern-

Schale-NP beeinflusst werden. Daher ist ein Syntheseverfahren, das eine genaue Kontrolle über diese 

Eigenschaften der NP ermöglicht, sehr gefragt. Die Gasaggregationsclusterquelle (HGAS) vom Typ 

Haberland, die 1992 von Haberland et al. erfunden wurde, bietet die Möglichkeit, verschiedene Arten 

von NP zu synthetisieren und ihre Eigenschaften durch Variation der Prozessparameter der HGAS 

anzupassen. Obwohl die HGAS heute von vielen Gruppen für die Synthese von NP verwendet wird, 

sind die Prozesse im Inneren der HGAS bis heute nicht vollständig verstanden. Ziel dieser Dissertation 

ist es daher, das Verständnis für die ablaufenden Prozesse innerhalb der HGAS zu verbessern, da dies 

den Weg für neue Anwendungsfelder eröffnet. Um die HGAS besser zu verstehen, sind in-situ 

Diagnostiken mit einer guten räumlichen und zeitlichen Auflösung unerlässlich. Es wurden fünf 

verschiedene in-situ Methoden verwendet, die zusammen zu einem besseren Verständnis des 

Wachstums, des Transports und der Funktionalisierung von NP in einer HGAS beitragen. 

In-situ Messungen mit Kleinwinkel-Röntgenstreuung (SAXS) an einem Synchrotron haben gezeigt, dass 

die Ag-NP in unmittelbarer Nähe des Targets gefangen sind. Außerdem schwankten die Größe und 

Dichte der NP in der Einfangzone. Dies könnte durch ein periodisches Ausstoßen aus der Einfangzone, 

wenn eine kritische Größe erreicht wird, oder durch eine Rotation der NP-Wolke um die 

Magnetronachse verursacht werden. Beide Erklärungen konnten aufgrund der geringen räumlichen 

Auflösung der Methode nicht verifiziert werden. Um das Einfangen der NP weiter zu untersuchen, 

wurde die UV-Vis-Spektroskopie verwendet, da sie besser zugänglich ist als ein Synchrotron. Aufgrund 

der lokalisierten Oberflächenplasmonenresonanz (LSPR) von Ag-NP absorbieren sie Licht im sichtbaren 

Spektrum. Dies kann ausgenutzt werden, um die Absorptionsstärke mit der relativen Dichte der NP 

und die Wellenlänge des LSPR-Maximums mit der Größe der NP in Beziehung zu setzen. Auf diese 

Weise kann das Einfangen von NP in der HGAS in Abhängigkeit von verschiedenen Gasflüssen und 

Drücken untersucht werden. Die SAXS- und UV-Vis-Messungen haben jedoch nur eine eindimensionale 

Auflösung, was es unmöglich macht die genaue Position der gefangenen NP in der HGAS zu bestimmen. 

Daher wurde die Laserlichtstreuung (LLS) eingesetzt, die eine zweidimensionale Auflösung bietet. 

Aufgrund der Rayleigh-Streuung streuen die NP Licht, das von einer Kamera abgebildet werden kann 

und schließlich die Darstellung der NP ermöglicht. Die LLS-Ergebnisse haben gezeigt, dass 

unterschiedliche Gaseinlässe einen starken Einfluss auf die Regionen haben, in denen NP eingefangen 

werden können.  

Darüber hinaus spielt auch die Vielfalt der möglichen 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 Möglichkeit, die Zusammensetzung von Legierungs-NP in-

situ zu ändern, 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 möglich die Zusammensetzung der NP 

vorherzusagen. Darüber 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 bestätigt.   
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Durch die Kombination verschiedener in-situ-Methoden war es möglich dynamische Prozesse in einer 

HGAS zu untersuchen und dadurch neue Erkenntnisse über das Wachstum, den Transport und das 

Einfangen von NP zu gewinnen. Darüber hinaus konnte die Zuverlässigkeit des Multikomponenten-

Target-Ansatzes verbessert werden, was ihn zu einem hervorragenden Werkzeug für die Herstellung 

von Legierungs-NP mit maßgeschneiderter Zusammensetzung macht. Schließlich wurde ein neuer 

Ansatz für die Herstellung von Kern-Schale-NP in der Gasphase entwickelt, von dem erwartet wird, 

dass er neue Anwendungen für Kern-Schale-NP eröffnet, da er sehr zuverlässig ist und in Bezug auf 

Materialkombinationen äußerst flexibel ist.  
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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 [2ς6], resistive switching [7ς12], optics 

[13] and sensors [14ς18]. 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 [20ς22]. 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:  

¶ 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]. 

¶ 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. 

¶ 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 [29ς32]. 

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 µg/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 SiO2. 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.  



Theoretical Background 

 
4 

 

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: 

άNanotechnology 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).έ [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.  

 

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 [43ς45]. 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. [47ς49] 

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 10-3 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 Ғ50 %. 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] 

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

2. A ground cap, which acts as a counter electrode. 

3. Gas inlet. 

4. Permanent magnets.  

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

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]. 
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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] 

1. Vaporization of target material 

2. Irreversible nuclei formation 

3. Growth of NPs by condensation 

4. Coalescence of different NPs 

5. Sintering of NPs 

6. Transport through orifice and deposition onto the target 

In the following section, all steps will be described and all of these steps are schematically presented 

additionally in Figure 2-5. 

 

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 (p2). 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 ȹGsurf and the other term the volume contribution to 

the enthalpy ȹGvol. If the solid face is the stable face ȹGvol is negative, thus energy is gained by forming 

the nuclei. Then ȹGsurf is positive and represents the cost of energy for the creation of the surface. Both 

terms are shown below:[47] 

ῳὋ τ “ Ὑ ῳὫ  (2-1) 
 

ῳὋ
τ

σ
 “ Ὑ ῳὫ  (2-2) 

Here R is the radius of the growing nuclei and ῳὫ represents the enthalpies per unit surface or volume. 

The sum of both terms is the overall free enthalpy: [47] 

ῳὋ  ῳὋ  ῳὋ  (2-3) 

If the first derivative of ῳὋ 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] 

Ὑᶻ  
ς „ ὺ

Ὧ Ὕ ὰέὫὛ
 (2-4) 

Here „ is the surface energy, ὺ 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] 

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] 

ὢ ὢᴾὢ  (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 ῳὋ from the CNT: [47] 

ὢ ὢ 
Ὧ ὔ
ᴾ
Ὧ ὔ

   ὢᶻ 
ὴ ὔ
ᴼ ὢ  (2-6) 

Here Ὧ ὔ  is probability of complex formation (condensation of an atom on the nuclei), Ὧ ὔ  is the 

complex destruction and ὴ ὔ  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] 



Theoretical Background 

 
12 

 

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 [58ς60].  

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].  

 

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. Batková 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 Ғ60 at% to Ғ73 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 µm 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] 

1. Gravity  

2. Electric field force 

3. Ion drag force 

4. Thermophoresis  

5. Neutral drag  

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: 

Ὂ  ά  Ὣ  
τ

σ
 “ ὥ ” Ὣ (2-7) 

With g is the gravitational acceleration, ” 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 

ὥ. [66,67] 

The electric field force is: 

Ὂ  ὗ Ὁ τ “ ‐ ὥ ‰  Ὁ (2-8) 

Where ὗ  is the charge of the dust particle, ‐ is the dielectric permittivity of vacuum, ὥ particle radius, 

‰  is the floating potential of the dust particle and Ὁ 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. [66ς68] 

The ion drag force is:  

Ὂ  Ὂ  Ὂ  (2-9) 
The ion drag force consists of two different forces. One is the collection force Ὂ  and the other one 

is the orbit force Ὂ . 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 ὥ 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 ὥ on the particle 

size. Therefore, the ion drag force depends with ὥ 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: 

Ὂ  ‏ 
τ

σ
 “ ὥ ά  ὺ ȟ ὲ ὺ (2-10) 

Here ά  is the mass of the neutral gas atom, ὲ  is the density of the neutral gas atom and ὺ ȟ 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 

 ὥ 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:  

Ὂ  
σς

ρυ
 
ὥ Ὧ

ὺ ȟ
 ɳὝ (2-11) 

Here ɳ Ὕ is the temperature gradient of the neutral gas and Ὧ 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 ὥ 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 ǘƘŜ ŜƴǘƛǊŜ ǇƭŀǎƳŀ ǾƻƭǳƳŜΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ǎƻ ŎŀƭƭŜŘ άǾƻƛŘǎέ ŀǊŜ 

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: ” = 1500 kg/m³, Ὕ = 2 eV, ‰  = -4 V, E = 

1000  V/m, ὲ  ρπ ά , ὺ ȟ =  ὺ ȟ = 400 m/s, ​Ὕ 200 K/m, Ὧ = 0.016 kg m s-3 (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 ǿƻƴΩǘ be treated in detail. [70ς72]  

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. [70ς72] 
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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. [70ς72] 

 

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: 

1. Size of NPs 

2. Shape of NPs  

3. Dielectric surrounding of NPs 

4. Inter particle distance between NPs (Plasmonic coupling) 

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 hsph of a spherical particle can be 

described with the following equation: [70ς72] 
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‌ τ “ ‐ ὥ 
‐  ‐

‐  ς ‐
 (2-12) 

Here ‐  is the dielectric function of the sphere, ‐  is the dielectric function of the surrounding 

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 Iinc, the scattered power Iscat and the absorbed power Iabs.as follows: [70] 
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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] 
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Here k is the wavevector, which is related to the frequency  ̟and the speed of light in vacuum c by the 

following formula: [70] 

Ὧ  
‫

ὧ
 (2-17) 

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 ὥ and ὥ 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. [70ς72] 

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. [70ς72] 
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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  his 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: [70ς72] 
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Where ὖȟȟ are the depolarization factors in the different directions, ὒȟὒȟ ὒ are the different 

lengths of the ellipsoid, ‐  is the dielectric function of the ellipsoid and ‐  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. [70ς72] 

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 ŀƴŘ ƛǎ ŎŀƭƭŜŘ άƘƻǘ ǎǇƻǘέ sometimes. [70ς72] 

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. [70ς72] 

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] 
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(2-19) 

Where ‗  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: 
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Where ộὟỚ is the average velocity in a pipe, L is the characteristic length (the inner diameter for a pipe) 

and ‡ 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].  

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 

άComputational fluid dynamics for engineersέ [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] 
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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] 

 

 

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 SiO2. 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 

 
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 

only the 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: 

Ὁ Ὤ ’ (2-21) 

Where h is Planck´s constant and ˄ 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: 
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Where c is the speed of light and ˂ 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 

the thin film is closely related to the OES signal. [77ς80] 

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] 
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Where ˂  is wavelength of X-ray photons,  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] 

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] 
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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 q-axis needs to be calibrated. Like equation (2-23) shows, q 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 άLǊŜƴŀέ 

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: 

Ὅ ή  ȿῳ”ȿὛ ή ȿὊ ήȟὈ ȿὠ Ὀ Ὢ Ὀ ῳὈ  (2-24) 

Where the subscript i includes all bins in the size distribution and ῳὈis 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 ȿῳ”ȿ, 

the structure factor is Ὓ ή, the form factor is Ὂ ήȟὈ , the particle volume is ὠ Ὀ  and the 

volume size distribution is Ὢ Ὀ . 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 [86ς89] and others on 

Mie scattering [90ς92]. 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 [90ς92]. 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 [86ς89] 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:  
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The scattering Intensity I depends on the particle size a, the refractive index of the medium nmed, the 

intensity of the incident light I0, the distance from the scattering object to the detector d, the 

wavelength of laser light in vacuum ,˂ 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 
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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]. 

 

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) 
In Publication F, in-situ Fourier-transform infrared spectroscopy (FTIR) is used to 

analyze the functionalization of Ag NPs with a SiO2 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 

liquid 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] 

1. Radiation source (heated black body) 

2. Beam path (different kinds of mirrors for focusing and defocusing) 

3. Interferometer (consists of beam splitter, mirror drive, laser) 

4. Detector (black body which transfers the incoming photons into electrical signals) 

5. Computer (running measurement and Fourier-Transformation) 
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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-1) and located in the range between 700 and 5000 cm-1. 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 

SiO2 by injection of SiH4. Here it was possible to measure in-situ the amount of SiO2 bonds, which could 

then be used to monitor the shell thickness of core-shell NPs in-situ.  

 

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 Ғ1 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.  

 

 

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 Ғ20 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 hline at 1486.6 eV and magnesium with the 

Kh  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 Ὁ  which are excited from the X-ray beam depends on the X-ray energy Ὤ’, 

the work function of the sample   and the binding energy of the original state of the electron Ὁ ωχ: 

Ὁ Ὤ’     Ὁ  (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: 

¶ In what period of time do the particles grow? 

¶ Is there a spatial distribution of NP growth within the HGAS? 

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

¶ Where are the NPs transported to and can all NPs exit the HGAS through the orifice? 

¶ Are the NPs trapped or not inside the HGAS and how can the trapping be controlled? 

¶ 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.  
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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]. 

 

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. 
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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. SiO2 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 ά5ŜǳǘǎŎƘŜǎ 9ƭŜƪǘǊƻƴŜƴ-Synchrotroƴέ ό59{¸ύ ƛƴ IŀƳōǳǊƎΦ ¢ƘŜ ŀƛƳ ƻŦ ǘƘŜ 

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 Ғ80 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., DrewesΣ WΦΣ IŀƴǳǑΣ WΦΣ !ƭƛ-hƎƭȅΣ {ΦΣ bƛƪƛǘƛƴΣ 5ΦΣ {ƻƭŀǌΣ tΦΣ YǊŀǘƻŎƘǾƝƭΣ 
J., Vaidulych, M., Schwartzkopf, M., Kylián, 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), 1ς11. https://doi.org/10.1002/ppsc.201900436  
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