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Abstract

Abstract

Overthe last decadesanoparticles (NBsttracted the interest of many researchetsecause they

show properties which differ from their bulk counterparthis work is focused on the synthesis of Ag
NPs, AgAu alloy NPs and Ag@ side-shell N°s.The properties of such NPs can be influenbgd
tuning their size, composition, the filling factor and the surrounding mediuoaseof core-shell NPs
Therefore, a synthesis process which enables precise control over such properties of NPs is in high
demand. TheHaberland typegas aggregation cluster sourdd@AS), which was invented in 1992 by
Haberland et al., provides the opportunity to synthesize different types of &felstailor their
properties by adjusting the operating parameters of tHe AS Althoughnowadays theHGAS is used

by many groups for the synthesis of NBe& processes inside tHdGAS are not fully undeisbd until
today.Therefore, the aim of this dissertation is to increase the understanding of the ongoing processes
inside theHGAS because this opens the way for new fields of applicatiom®rder to gain a better
understanding of the HGA®-situ diagnosticswith a good spatial and temporal resolution are
essential. Five different isitu methods were used, which together contribute to a better
understanding of growth, transport and functionalization of NPs inside a HGAS.

In-situ small angle<ray scatteringSAXpmeasurementsat a synchrotrorhave shown that Ag NRse
trapped in the close vicinity of the target. Additionally, the size and density of NPs in the trapping zone
were oscillating That could be causdy periodic expelling from th&appingzone when a critical size
isreached or a rotation of the NP cloudraund the magnetron axisBoth explanations could not be
verified because of the low spatial resolution of the meth®d further investigate the trapping of NPs,
U\ Vis spectroscopy was usdakcause it ibetter accessible than a synchrotroDue to the localized
surface plasmon resonan¢eSPRYf Ag NPs, they absorb light in the visible spectrum. Tdmshe
exploited to relate the absorptiorstrengthto the relative densityof NPsand thewavelengthof the
LSPReakto the size othe NPs.Thereby the trapping of NPs in the HGAS as a function of different
gas flows and pressures can be studiddwever, the SAXS and Wit measurements hawanly a %
dimensionakesolution, which made itmpossibleto find the exact position of the trapped NPs inside
the HGASTherefore laser light scattering (LLS) was utiliaglich provides alimensional resolution

Due to Rayleigh scatteririige NPsscatterlight, whichcouldbe imaged by a camesnd finally enables

NP imagingThelLLSesults have shown that different gas inlets strongly influence the regions in which
NPs can be trapped.

Furthermore the variety of possible applicatiol a synthesis methodlsoplays a ciucial role e.qg.
the synthesis of alloy NPs or cesbell NPsTherefore, arinteresting option of he HGAS is the ability
to tailor the composition of alloy NRs$-situ, when the multicomponent target approach is usedhich
wasreportedby Vahlet al.in 2017 In this dissertatiortiturned out that the target lifetime has a strong
influence on the resulting compositimf the NPsBYy applying optical emission spectrosc¢ESas
an insitu diagnostic, it was possible to predict the compositid the NPs. Furthermore, m this thesis
a novelcombinedmethod for the productiorof core-shell NBwas inventedwhich combines BIGAS
with asecond RF discharge. The confinement and coating of the NPs was confirmesitoyJVis
spectroscopy anéh-situ Fouriertransform infrared spectroscop§TIRmeasurements.

Bycombiring different in-situ methods it was possible to investigate dynamic processebi@¥s and
thereby gain new insights intgrowth, transport and trapping of NPBurthermore, the reliability of
the multicomponent target approach coulte enhanced, which makes it an excellent tool for the
fabrication of alloy NPs with tailored compositidfinally a new approach for the production of i
shell NPs in the gas phasas developed, which is expected to open up new applications forsiuet
NPs because of its outstanding flexibility in terms of material combinatindseliability.




Kurzfassung

Kurzfassung

In den letzten Jahrzehnten haben-Ngnopartikel (NP), NP aus Aglegieungen und Ag@SiGRern
SchaleNP das Interesse vieler Forscher auf sich gezogen, da sie Eigenschaften aufweisen, die sich von
ihren groBenGegenstiicken unterscheiden. Die Eigenschaften solcher NP kdnnen duypalssfing

ihrer Grol3e, Zusammensetzung, dedlfekitors und des umgebenden Mediums im Falle von Kern
SchaleNP beeinflusst werden. Daher ist ein Syntheseverfahren, das eine genaue Kontrolle Uber diese
Eigenschaften der NP ermdglicht, sehr gefragt. Die Gasaggregationsclusterquelle (HGAS) vom Typ
Haberlnd, die 1992 von Haberland et al. erfunden wurde, bietet die Mdglichkeit, verschiedene Arten
von NP zu synthetisieren und ihre Eigenschaften diahationder Prozesparameter der HGAS
anzupassen. ObwohliglHGAS heute von vielen Gruppen fir die Syrehesn NP verwendet wird,

sind die Prozesse im InnerenrddGAS bis heute nicht vollstandig verstanden. Ziel dieser Dissertation

ist es daher, das Verstandnis flr die ablaufenden Prozesse innerhalb der HGAS zu verbessern, da dies
den Weg fir neue Anwendunigéder erdffnet. Um die HGAS besser zu verstehen, simslitu
Diagnostikenmit einer guten rdumlichen und zeitlichen Auflosung unerlasslich. Es wurden flinf
verschiedenein-situ Methoden verwendet, die zusammen zu einem besseren Verstandnis des
Wachstumsgdes Transports und der Funktionalisierung von NP inr¢il@AS beitragen.

In-situ Messungemit KleinwinkelRontgenstreuungSAXS) an einem Synchrotron haben gezeigt, dass

die AgNP in unmittelbarer Nahe des Targets gefangen sind. AuRerdem schwankterbfie @&d

Dichte der NP in der Einfangzone. Dies kdnnte durch ein periodisches Ausstol3en aus der Einfangzone,
wenn eine kritische GroRe erreicht wird, oder durch eine Rotation derfWwdke um die
Magnetronachse verursacht werden. Beide Erklarungen konntggrand der geringen raumlichen
Auflésung der Methode nicht verifiziert werden. Um das Einfangen der NP weiter zu untersuchen,
wurde die UWisSpektroskopie verwendet, da sie besser zuganglich ist als ein Synchrotron. Aufgrund
der lokalisierten Oberflachmplasmonenresonanz (LSPR) voriN&gabsorbieren sie Licht im sichtbaren
Spektrum. Dies kann ausgenutzt werden, um die Absorptionsstarke mit der relativen Dichte der NP
und die Wellenlange des LSRRximumsmit der Grofl3e der NP in Beziehung zu setzen. Aeded

Weise kann das Einfangen von MRder HGAS in Abhéangigkeit von verschiedenenflGasenund

Dricken untersucht werden. Die SAMSd U\WisMessungen haben jedoch nur eine eindimensionale
Auflésung, was es unmagglich macht die genaue Position dengerfi@n NP derHGAS zu bestimmen.

Daher wurde die Laserlichtstreuung (LLS) eingesetzt, die eine zweidimensionale Auflésung bietet.
Aufgrund der RayleigBtreuung streuen die NP Licht, das von einer Kamera abgebildet werden kann
und schlieBlich die Dardteng der NP ermdglicht. Die LE®ebnisse haben gezeigtiass
unterschiedliche Gaseinlasse einen starken Einfluss auf die Regionen haben, in denen NP eingefangen
werden kénnen.

Darlber hinausspielt auch die Vielfalt der mdglichen Anwendungen einer $gsemethode eine
entscheidende RolleBeispiele sinddie Synthese von Legieruny$ oder KeritchaleNP. Eine
interessante Option des HGAS ist daher die Moglichkeit, die Zusammensetzung von Lef€rimgs

situ zuandern wenn der MultikomponentefTargetAnsatz 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
Emissionsspekisskopie (OES) als-situ-Diagnose war es moglich die Zusammensetzung der NP
vorherzusagen. Dartber hinaus wurde in dieser Arbeit eine neuattmabinierte Methode zur
Herstellung von KerSchaleNP entwickelt, die eine HGAS mit einer zweiterBrdffadung kombiniert.

Das Einfangemnd die Beschichtung der NP wurde duioksitu-UV-VisSpektroskopie undn-situ-
FourierTransformationdnfrarotspekroskopie (FTIRYlessungen bestatigt.




Kurzfassung

Durch die Kombination verschiederiarsitu-Methoden war es méglich dynamische Prozesse inreine
HGAS zu untersuchen und dadurch neue Erkenntnisse Uber das Wachstum, den Transport und das
Einfangen von NP zu gewinnddariiber hinaus konnte die Zuverlassigkeit des Multikomponenten
TargetAnsatzes verbessert werden, was ihn zu einem hervorragenden Werkzeug fur die Herstellung
von Legierung®dlP mit mafRRgeschneiderter Zusammensetzung macht. Schlie3lich wurde ein neuer
Ansdz fUr die Herstellung von Ket®chaleNP in der Gasphase entwickelt, von dem erwartet wird,
dass er neue Anwendungen fir Ke3ohaleNP eroffnet, da esehr zuverlassig ist und Bezug auf
Materialkombinationen auf3erst flexibel ist.
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Introduction

1 Introduction

In the last decadesnetal nanoparticles (NPgpinedhugeattention in many research areas, because
they show properties which differ from their bulk counterpaiiese properties diiPsopenup their
application in many areasuch ascatalsis[1], photocatalysi$2¢6], resistive switchingi7¢12], optics
[13] and sensor§l4¢18]. Recently we used Cu NPs to fabricate a-fiiin broadband absorber, which
shows once more how manifold the applications fioble metal NPs arén general19]. For many of
these applications it is important to control properties of NPs such as sieedistribution, purity,
alloy composition and surrounding mediufor thethin-film broad band absorbewe showed that
e.g. the size distribution and the int@article distance strongly impacts tipesitionand the width of
the absorption in the electnmagnetic spectrunfl9]. Therefore,a good control over the synthesis of
NPs is essential for a variety of possible applicatibhas, the focus of this thesis is the synthesis and
the understanding of the formation of NPs.

An interesting techniquedor the synthesis of NPwith high purityin the gas phasés a so-calledgas
aggregation cluster source (GA@)ichis compatible to a broad range of vacutbraseddeposition
techniquesand typicallyallows a good control over the s& of the NPsDifferent kinds of cluster
sources were developed from the early 1970s on. The different types ofré)ASn, e.g. erosion
techniques, effusive methods and supersonic jet expang0g?2]. In 1992 Haberland et al. invented
another PVD &sed gas phase synthesis method based on high pressure sputtehiigdn is called a
Haberland type gas aggregation source (HG2%) In the HGASdirect current (DC) magnetron
sputteringis used to vaporiza target materialwhich creates a supersaturated vapomihichNPs are
formed bycondensaibn in the presence of an inert gaghis is a highly dynamic process in which
growth and transport of NPs are coupled to each ott&ince its initial descriptionybHaberland in
1992, a theoretical framework has been developed that qualitatively describes the nanopatrticle
formation ina HGAS:

9 Formation ofnuclei:For the nucleation, three-bodycollision of two sputtered atoms and one
gas atom is needed. Therefore, a high concatitn of sputtered atoms and gas molecules is
needed[24].

1 Growth of particlesThe nuclei formationenables further attachment of sputtered atoms
while the heat of condensation is transferred by collisions to the inert gas, which stabilizes the
particles.

9 Transport anchanoparticle beam formationthe gas flow also guides the NPs by the drag force
into the direction of the orifice Alongthis way from the target to the orifice (aggregation
length) the NPs can grow further by attachment of sputtered atomsoalescenc§25] with
other NPs. After they exit the orifi@eNP beam is formedhen the NPs can be deposited onto
various substratef23].

In such &HGASthe 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 detailedqualitative description on how different parameters afft the size and deposition rate
theoreticallycan be found irthapter2.1.5.2

However, nechanisms of growth and transport are intekad and not completely undstood 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 dapency of the NP size distribution will be presented
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On the one hand, Liu et.§26] found that the NP size decreases with increasing sputter power. On the
other hand, Stranak et aJ27] observed a decrease of the NP diameter for high powlarsgr than
130W). But Polonskyi et g28] found out that the NP size is increasing with increasing poer.
additional parameter, whichsinot completely understood so far, is the aggregation lengtinals
reportedseveral timesind consistentlyn the lterature that a longer aggregation length increases the
NP size simply because the time for growth by sputtered atom attachment incr¢28e32].
Nevertheless, Kousal et 3] found by insitu small anglé¢ray scattering SAXS) measurements that

a high density of big NPs (diametarger than70 nm) is found close to the targelt. was also observed
that the diameter and the @nsity of NPs decreases with increasing distance to the target. This is
contradictory to the simf@ description of the influence of the aggregation lengtlinerefore, the
currentdescriptionof the working principle of th&iGAS 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 ¢84].reported that the typical nanoparticle
throughput is in the order of fug/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 efficiencylTherefore,increasingthe deposition rates in high demandTo optimize the
nanoparticle throughputand to tailor the size distribution of NPa deeper understanding of
fundamental processes inside th&AShas to be accomplished

However forthe application of any NP source not only the effiwy 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 witte HGASa nonideal 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 appBeaduse of

the abovementioned issues and the high demand for functional NFs man research question of

this cumulative dissertations the following:

How can the fundamental understanding of th&lGAS be increased to extend the scope of
applications of theHGAS?

The main research question can be divided into trseb-questions:

1) Which insitu diagnostic techniques can be utilized to investigate the growthansport and
functionalization of Ag NPs insidand outsidethe HGASto increase theunderstandingof the
method?

2) Which known and unknown parameters can hased 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, differemtsitu diagnosticsvere utilized However,none of the insitu
techniques is able to answer all the questions aldf@r that reason, a combination of differentsitu
diagnostics wsused to investigate the growth, transport and functionalization of Mfildechniques

have used elecamagnetic radiation which has the big advantage that these methods are not invasive
for the synthesis process of NPs inside the H@&8.approach to study the growth and transport of
NPs inside the GAS isditu small angle<ray scattering (SAXE5]. In the framework ofhis 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 tdbgeails 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 -Bitu UMWVis spectroscopy36,37] In this thesis this method provided
information about the trapping of NPs and that the trapping locatiow aleposition 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. Heretirned out that the velocity distribution inside the HGAS is extremely
inhomogeneous and that also regions are existing, where the velocity is closa/s The velocity
distribution is highly dependent on the HGAS geometry, which was only rarely gatestiso far.
Detailsof these studiegan be found irthapter 3.3 and 3.4t turned out thatin-situ small angleX-ray
scattering (SAX$35] and in-situ U\-Vis spectroscopfB6,37]give good inghtsinto the growth and
transport of Ag NPs irde the HGAS and the trapping of NPs. However, they only provide 1
dimensional resolution whichs not adequate to fully describe the dynamics in the proeass
Therefore, in-situ laser light scattering (LL$38] measurements were conductegroviding 2-
dimensional resolutionMotivated by the CFD simulations, different gas inlet designs were developed
and measured with the LLS technigédthoughall parameters are kept constant except the gas inlet
design, a strog impact on the deposition rate and the NP size distribution could be observed. This has
shown ortemore how important the HGAS geometry is and it atslicatesthat new designs can help
significantly to increase the deposition rate of the HGHR& detds are presented i€hapter 3.5.

Photonbased insitu diagnostics can not only be used to investigate growth, transport and trapping.
Photontbased methods can also be used to study the properties of functional NPs, e.g. the composition
of alloy nanopartiles or to study the shell growth of coeshell NPs.Furthermore, the irsitu
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 HG#Ee optical emissiorspectroscopy
measurements (OES) were used to study the impact of redeposition on the alloy composition in the
multicomponent target approach/ahl et al[39] showed in 2017 that the alloy composition of NPs
produced with the HGAS can be tuneesitu 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 targetwere unknown Therefore, no longerm experiments andn-situ diagnosticsvere applied
during the synthesis of functional NPstheir study In the framework othis thesis,it turned out that
especially the redeposition effect brings own challengdor the multicomponent target approach
which is a target lifetime dependentomposition However, it was possible to enhance the
composition control of alloy NPs from the HGAS by applyisgunOE$40]. Thisshowed orce more

how helpful insitu diagnostics are not only for the fundamental understanding of a method but also
to increase the reliability of a metho@he details on this study can be founddmapter 3.6.

In addition, a novel method for the production of functional caieell NPs was developed as part of

this thesis using photehased insitu diagnosticsThis stdy is a perfect example on how-itu
diagnostics can enhance the development of new synthesis approaches. In this study a HGAS was
mounted toa vacuum chamber in which the Ag NPs can be confined by an RF plasma for an extended
time period[41]. To prod that NPs can be hold in the RF plastd®-Vis measurements/ere used.

There it was shown that the NPs can be hold farithout losing NPs. This enabled treatments with
Silane (Sik) as a precursor gas. BXisand FTIR measurements warsed to monitorthe coating of

the NPs with Si© 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 aR Bischarge an excellent tool for the gas phase synthesis osbeik
NPs.The details on this study are provideddnapter 3.7.
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2 Theoretical Background

In this chapterthe theoretical background of this thesis will presented. Firstly, the readeridedu
through different types of synthesis methods of NPs. Afterwards the GAS will be explained in detalil
because it is important for all publications inside this cumulative dissertation. Therefore, magnetron
sputtering will be introduced before the paranes, 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 essentid®ditatication EThen the holdingr trapping

of NPs inside dusty plasmas will be described, which is importaRufdication Fwhere particles are

hold in an RF discharge. Afterwards, the plasmonic properties of NPs will be introduced, which is highly
relevant forPublication B Cand F where UWis spectroscopy is used to monitor the absorption
causel by the plasmon resonance. Next, computational fluid dynamic simulations will be discussed,
because they are used Rublication Go determine the gas velocity distribution inside tRISAS. In

the last two chapters the ksitu and exsitu methods, which were used for the investigations of the
NPs inside and outside tH¥GAS will be introduced.

2.1 Synthesi®f 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 ptace 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

Nanotechnologys an interdisciplinary field and eomparable youngesearchdiscipline AithoughNPs
or even nanocomposites are known and ugedcenturies they attracted high attention in the last
decades. Before different synthesisutes of NPs will be discussed in detail the following sub
chapters, it has to be defined what N&sd nanotechnologyare.

TheDefinition from theU.S. National Nanotechnology Initiative (NiNBs follows:

oNanotechnology is the understanding and conwbimatter at dimensions of roughly 1 to 10én,

where unique phenomena enabl®vel applications. ().. At this level, the physicathemical, and
biological properties of materialdiffer in fundamental and valuable ways from tipeoperties of
individual atoms and molecules dnulk matter (Nanoscale Science Engineering @edhnology
Subcommittee2004).€ [42]

This definition already shows, on the one hand the aimasfotechnology 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/hichtheir bulk counterparts do not have. But the biggest problem

for the nanotechnology is to control matter at dimensions of roughly 1 to A®0

The control of matter at the nanoscale insideH&ASs the motivation of this thesi Only when all
processesriside theHGAS are reasonably understoad¢an be used to create new nanocomposites
with unique propertiesBefore theHGASwill be discussed in detail @hapter2.1.5 Ageneraloverview
about NPs synthesis methods will be given in followmigpter 2.1.2 afterwards magnetron
sputtering will be introducedh Chapter2.1.4to create the basis for theiscussioron the HGAS.
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2.1.2 DifferentNanoparticle Synthesis Methods
Before the different sythesis @proaches of NPs will be introduced, it is important to clarify what the
demands on an ideal NP deposition procass These important demands are illustratedrigure2-1.

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

Figure2-1: Demands on an ideahnoparticle deposition process.

High purity of NPs can be extremely important for applications in health science. The size distribution
the size in generalnd the composition (in case of allogg)oble metal NPs is very important for their
optical properties. If nanocomposites should be produced it is important to choose a methazh
enablesto tune the filling factor of the composiia the desired rangelhe impact on the environment

is also important and should be considered during #edection of the best suited NP synthesis
method.

Depending on the desired application of thiPs different synthesis methods of NPs are available,
which all have different advantages and disadvantagé®se methods range frofpiological, over
chemicalto physical approachdd3¢45]. In Figure2-2 different NP synthesis methods are shown and

the color indicates to which disciplines the methods assigned best. Not all methods will be
described in detail herebecause the main focus of this thesis is the inert gas condensation method,
whichis aphysical procesd hisleadsto 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.




Theoretical Background

Nanoparticle synthesis methoc

Co Hydrothermal Inert gas

precipitation synthesis condensationf  SPUtterng

Laser ablation

Microemulsion Microwave o O
in liquid

Template Biological

Ultrasound synthesis synthesis

Figure2-2: Different NP synthesis methods ranging from biological (green) over chemical (orange) tal phys&sses
(blue)[46]

2.1.3 DifferentTypesof Auster Sources

Different types of cluster sources were invented over the last degadkih are listed ifrigure2-3.

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 materitile cluster procesand inthe gas delivery. Some
sources are operated continuously and others are pulsed. In this chapter a short overview about the
different cluster sources will be givém place the sputter GAS or HGAS in the context of other PVD NP
synthesis methoddn the las part of this chapter the uniquadvantageof the HGAS over the other
GAS methods will be presentdeurthermore,the in-situ diagnostics which are used in this thesis to
investigate the growth and transport inside a HG#&/ have the potential to be trafierred to other

GAS types.

The seeded supersonic nozzle sourpeoduces 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 betweel0 and 100nbar. 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 behiratiffoe 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 productiorate of clusters[47¢49]

In the thermal GASthe 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 16 mbar, which is three aers 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 rosieddt p

to reach 200K, which increases the variety of possible mater[di8,48,50]
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Types of cluster source

Seeded
supersonic Thermal GAS Sputter GAS
nozzle source

Pulsed arc Laser ablation Pulsed
cluster ion source microplasma
source cluster source

Figure2-3: Different kinds of cluster sources.

In thelaser ablation sourcethe 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 mixedDuring the expansion through a nozzle, which rapidly cdoign the mixture the
clustering is accelerated\possibledrawbackis the high cost for the laser equipment. On the other,
hand, high cluster fluxes are possible with this kind of souf4é,48,51]

In thepulsed microplasmaluster sourcethe inert gas is injected with a pressuresefveral hundreds
of Pascalsbut the valve is only open fahort subsecond timepulse3he gas flux is directed onto a
target cathode, where a pulsed plasma is ignited. Due to the high pressthre close vicinity to the
target cathode, the sputter yield is increased. Thigh-pressuresputtering leads to the direct
sputtering of clusters, which can work as cluster seeds for further grg#ihb2]

The pulsed arc cluster ion sourcehowssimilarities 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 matewichtogether with a gas puésof an

inert gas starts theclustering process. Due to the vaporization method by arangig portion of

around 10% of clusters are charged. Therefore, it is possible to use chaayéidle analyzers ttailor

the sizes othe deposited\NPs[47,48,53]

In the sputter gas aggregatiosource 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 worl§R3]. The biggest advaage is that nearly every material can be sputtered

and can thereforde also used inside HGAS. Additionally, the ionized portion of clusters produced in
aHGASan beF50%. 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 inpaoison to the other methods, to in

situ control the composition of alloy NPs by applying the multicomponent target app{@a¢tD]




Theoretical Background

In thefollowing chaptermagnetron sputtering will be described in detail, because it is the initial step
for the cluger production inthe HGAS. Afterwardsn Chapter2.1.5the working principle ofhe cluster
formation insidethe HGAS will be described in details

2.1.4 MagnetronSuttering

In this chapter the magnetron sputtering will be introduced, which creates the basis for the discussion
on theHGAS in the next chapteFhe main difference in the operation of a magnetron for the purpose
of thin film production in comparison to the operation inside tHEAS for cluster production, is the
operating pressure. In this section the magnetron sputtering will be described elpssiith the
purpose of thin film production

Magnetron sputtering is widely used technique for the production of thin filniBhe fundamental
process of sputtering 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 mateadterwards [47,54,55]

For DC magnetron sputtering noble gas like Ar is used to ignite a pladghua.that purposea negative
bias voltage is applied to the targitat also acceleratethe inert gas ions onto the target surface. A
schematic of a magnetron and the sputtering process is showigure2-4. The main components of
a magnetron aref47,54,55]

1. The targetwhich is set to a negative potential during sputtering.

2. A ground capwhich acts as a counter electrode.

3. Gas inlet.

4. Permanent magnets.

5. Water coolingwhichpreventtarget melting and demagnetization of the magnets.

Typically,a voltage between150 to-400V isappliedto the target. The inert gas is injected to the
vacuum chamber through a small channel between the magnetron and the ground cap. Thefwidth o
the channel is smallethan 1 mm to prevent plasma ignition in this area. The permanent magnets
behind the target are used to generate a magnetic field above the tavgdth traps electrons in a
circular motion due to the Lorenz force. This area iedahce track. The trapping of electrons above
the target increases the electron density, which increases the ionization probability of neutral gas
atoms. Finall, this leads to an increased ion density and an increased sputter rate in this area.
Therefoe, much more material is removed in the race track region, where the synonymous name
erosion zone originates fronThe pressure can be reduced by using permanent magniteut
decreasing the ion flux. This increases the mean free path of sputtered atdmt) 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 preventedth the usage of fulface-erosionzone magnetrongs6]. 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 trencNot 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 d@l&d., 55]

In this chaper 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 duringgmedron sputtering is in

the range of hundreds of pascals in comparison to fractions of pascals.
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Figure2-4: Schematic cross section of a planar magnet®imown are the target, the ground cap, the gdstjrthe
permanent magnets and the water cooling. Additionally, the sputtering process and the ionization process are schematically
depicted. The figure is reprinted frahe book from Huttel eal. [47].
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2.1.5 TheHaberlandlypeGas Aggregation Cluster Soutd&AS)

In this chapter the working principle ofHGAS will be introduced. The chapter is structured imo t
parts. In the first partthe setup of aHGAS and the nucleation and growth processes insid¢i®AaS
will be distissed. In the second part the working parametavhich are affecting thedGAS will be
introduced

2.1.5.1 Nucleation andsrowth

Asit was mentioned before itthapter 2.1.3 the HGAS is a sputter GAS. It consists of a magnetron,
where the target material is vaporized small orificg(1-5 mm) connects th¢iGAS and the deposition
chamber Thesetup of aHGAS andhe NP growth is schematically shownRigure2-5. Toenable
condensaibn of sputtered atoms and to form NPshigh pressurdtens or hundreds of Papmpared

to sputterdepositionfor thin filmsisneeded. Since the inert gas, usually Ar, is inserted inside@A&S

and only the deposition chamber is pumped, a higher pressure iH®@¥%S is created, because the gas
flow condudance through the orifice is low. The process of NP formation inside H@AS can be
divided into six steps, which are also showikigure2-5: [47]

1. Vaporization of target material

2. lrreversible 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 athese stepsare schematically presented
additionally inFigure2-5.
step 1 1 step 2 1 step 3 | step 4

vaporization of target material Inuclei formationl condensation | coalescence
2M+Ar >M,+Ar 1 M +M>=M,, M, +M,>M,..,
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Figure2-5: Schematic of &iGAS and the growth of NPs. TH@AS consists of a height adjustable magnetron with an Ar
inlet, diagnostic ports for igitu investigations and an orifice, which is connected to the depositianlzdra Important is
that the pressure in thelGAS (p is muchhigherthan in the deposition chamberjp The 6 steps sputtering, nuclei
formation, condensation, coalescence, sintering, transport & deposition are also shown.




Theoretical Background

Step listhe vaporization of the target material or sputteringghichwas already described in details
in Chapter2.1.4

Step 2is the nuclei formationwhich can be describegartially 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 enthalgss.uand the other term the volume contribution to

the enthalpyg®.o. If the solid face is the stable faggs,o is negativethusenergy is gained by forming

the nuclei. Ten qissuris positive and represents the cost of energy for the creation of the surBath
terms are shown beloA7]

wO T°Y 0'Q (2-1)

T

wO 5 “Y ©Q (2-2)
HereRis the radius of the growing nuclei and @epresents the enthalpies per unit surface or volume.
The sum of both terms is the overall free enthalfgyZ]

w0 O wO (2-3)
If the first derivative ofw "@quals zerpthe radius is called the critical radiB. If the critical radius is
reached the particles are stable and can grow furthpt7]

. ¢,V
Here, isthe surface energyy is the atomic volume, S is the supersaturation ratio between the vapor
pressure in the gas phasedthe vapor pressure over a flat surface of the corresponding solid. In a
HGAS the supersaturation ratio is usually mudtigher than one. However, the CNT is too much
simplified because it assumehat the small NPs have the same properties as their bulk counterparts.
[47]

(2-4)

Therefore, another theory was developedhe kinetic nucleation theorylt uses a steady state
approximation to describe the formation of nucl&he basic assumption is that theabeus is stable,
if the probability for evaporation and condensation of one atbom or on thenucleus is the same.
The following equatiorcan be writtenp where X corresponds to the growing nucl|éi7]

A P ® (2-5)

When this reaction is extended by an intermediate step between the reactant, which is the gas, and
the product, which is the solidhe RiceRamsbergeKasseMarcus (RRKM) theorg formed The
transition state in the following formula corresponds to tleergy barriekp "@om the CNT[47]

Q0 n o

® W P W o (2-6)

Q0
Here™Q 0 is probability of complex formatiofcondensation of an atom on the nucléf) O is the
complex destructiorandr) 0 is the probability for stabilizationThe first step of this reaction is a
bimolecular reaction and the second step is a unimolecular reaction. lartineolecular reactionthe
nucleus is stabilized by the sputter gas or the buffer, gdsch takes up the released energy. As a
buffer gas typically He is used, becaudes a high mean velocjtyhich enables fast energy exchange
between the nuclei anthe chamber walls. Nevertheless, in this thesis no buffer gas is used, but the
sputter gas Ar can also serve as a buffer ghs.interested reader can find more details on this topic
in the text book of Yves Huttgl7]
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Theoretical Background

After the nucleation process watescribed, nowstep 3 the condensation, will be discussatthen

the formed nucleus is stable, it can grow further by collision and condensation of single atoms. The
condensation energy wistributed acrosshe internal degrees of freedom of the particlghich 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 tHdGAS. Therefore, mamyGAS sources are equipped with water or
liquid nitrogen cooled wallR28,57] A faster cooling rate of the particles lesih less reevaporation

of atoms from the particles and finally increases the growth speed. At this point of grovett NPs

are in a liquid stage because of the melting point depression of sma[bREB0].

The high flow of buffer gas inside thH&ASrom the magnetron to the orificbuilds upa laminar flow.
Due to the increasing size of tiNPs the collision rate between the gas molecules and the clusters is
increased. The resulting drag force transpatte NPs in the direction to the orifice. During the
transport of theNFs more and more atoms condesisn the NFsreducingthe atom density along the
path to the orifice. At some point no free atoms aedt which can bound to th&lPand the growth
stops.Nevertheless, somBlPs cannot follow the gas flow and diffuse to the side walls of HIEAS
where they get lost[47]

After the growth by condensation stppd, step 4 (coalescence) takes plac€oalescence is the
formation of twoNPs to onelargeNP. Ths process takes place close to the orifice, because in the cone
region theNPs are focused to the orifice, which increases the collision probability ofN#&0 This
process depends also on the inert gas pressure, the free atom densith@adgregatioriength.[47]

Another effect is the charging of NPs inside H@&AS due to the plasma environment. T™i&s collide
with ions and electronghat charges theNPFs either positive or negative. This can increase the
coalescence probability, because the individNBs are attracted by th&€€oulombforce, if theyhave
opposing chargesThe general assumption for charging\d®s in plasmas ithat they will charge up
negatively, because of the higherobility of electronscompared toions in the plasma-However in

the HGAS the patrticle density is so high thanyelectrons are bound to thBIPs disruptingthe quasi
neutrality of the plasmdocally. Furthermore, the ionand electron densiés far away from the
magnetronare much lower in comparisoto a region closer to the magnetroherefore NPs can
charge up positivelyar away from the magnetron by collecting ions or by phetectron emission
Thus, NPs can chargeth positively and negatively, but the larger the NPs, the more likely they are to
charge negatively due to the larger cresectional areaThe charging of th&lPs can also be utilized
for mass selection in quadrupole mass filtengich can be installetbehind the HGAS.There the
particles can be deflected in dependence to their mass and charge. This etiabéedraction of NPs
with a narrow size distribution on the cost of deposition rdf8,61]

If the melting point of theNPs is low enough or the temperature is high enoLtble coalesced particles
can rearrange or sintdiStep 5)to minimize the surface energy.

Step 6is the last step and is the transport and deposition of Miés onto the substrate. The pressure
in the deposition chamber is usually smallean 1 Pa. Therefore, the collision with gas molecuges
rare and theNPs form alinearbeam fromthe orifice to thesubstrate The speed of the particles can
reach200m/s depending on their sizand process parameters of the HG28. Since the kinetic
energy of theNPRs is low, they do not damage the substraie get damaged due to the impact.
Therefore, the NPs areleposited in theso-called softlandingregime.
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2.1.5.2 Parameter#ffecting theGrowth and theDepositionRate

After the setup of aHGAS was described and the different formation steps of NPs insidelGiAS
were introduced, in this chapter the/orking parametersof the HGAS which are affectinghe NP
growth will shortlybe described These parameters are shownhigure2-6.

One factor, which influences the size distribution of nanoparticles, isptihweer applied to the
magnetron.On the one handLiu et al[26] found that the NPsize decreases with increasing sputter
power. They attributed this effect to the higher ionizatidegree of sputteredatoms with higher
powers.Therefore, morgpositively and negatively charged ions are predenhigher powerswhich
increases the nuehtion rate because of the attraction abnswith opposite charge$26]. On the
other hand, Stranak et al. observed a decreaddldize for powers bigger than 130 and attributed
this effect to the evaporation of atoms from tHéRs as a result of # increasing temperatur§27].
Nevertheless, Polonskyi et al. found out that tiBsize is increasing with increasing poyweithout
giving an explanatigrbecause the focus of the work was not on the size depend§fefelt can be
concluded that thepower dependency of NPs from tidPsource is not fully understood until now,
but it is confirmed that the power influences the NPs growkherefore, imsitu diagnostics for the
processes inside theiGAS are in high demand. To fiaduitable insitu diagnostics for theHGAS is
one aim of this thesis.

Another influencing parameter of the NP size is the pulse frequency andycigof the magnetron,

if the appliedpower is pulsed It was found thathe relaxation time, which is the plasma off time, is
an important factor. If the relaxation time becomes longer, the cooliniylléf is more efficient and
they can growarger. At frequenciedelow 1 kHzand low duty cyclethe discharge is operated in the
so calledHighpower impulse magnetron sputteringdiPIM$mode. Here the ionization of sputtered
atoms becomes high and the positive ions are attracted back to the cafl2@iie

size & deposition rate
affecting parameters

e

Figure2-6: Working paameters of the HGAS which are affecting the size and the deposition rate of the resulting NPs.
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Fourmore size affecting parametarerelated to the gasCritical parameters are the gas flow, pulsing

of gas flow, the resulting pressure in tRSAS and the gas mixture. In general, a higfasrflowleads

to a higherdrag force on the particleand therefore to a higher velocity of the NRdence an
increasing gas flow with constant pressure would lead to smaller, Nl@sause the time for
condensation of atoms on thEPs becomes tsorter. Experimentally this is difficult to test, because
usually the orifice has a fixed size and therefore an increase ofabdlav always leads to a higher
pressure Batkova et al. measured the size of NPs for constant pressures with different flows by using
different orifice diameters. They were able to confirm that an increase in flow leads to smaller
particles, due to theeduced residence timg2]. Additionally, a higher gas flogftenleadsto a higher
deposition rate, because the NPs are dragged more efficiently towards the orifice and less particles get
lost to the chamber walls.

TheAr pressurein the HGAS influence also the NP growtiThe 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, #@re high
pressure is usually achieved by inciiegshe Ar flow and so the drag force on the NPs is increased.
Therefore generallythe higher Ar flow ag higher pressure reduces the residence time which reduces
the NP sizg29,63]

Another impacting factor on the NP growth is thémixture of Heas a buffer gas in addition to the Ar
flow. It was found that the He dsnot influence the sputtering processd the nucleation process so
much. On the other hand, the He influences mainly th® Wlocity. Therefore, a higher He flow
terminates the growth of NPs fastdsecause the NPs are swept out of the growing region inside the
HGAS fastel[29,63]

Thegas flow can also bpulsedin a HGAS like it is done, e.g. in a pulsed arc cluster ion smulieser
ablation sourceThe gas pulsing the HGA®vill also influence the Rsize and deposition rate. When

the gas flow is pulsed, the pressure insitle 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 operationDuring the highpressure period the particles are more effectively coolee d

to sufficient energy transfer which produces largéfs. Drache et al. found 8 times highgPmass

flux for pulsed operation in comparison to continuous operation. Here the constant pressure was the
same like the mean pressure during pulsed operati64]

Theaggregation lengtltof aHGAS can often be adjusted by theead aheightadjustable nagnetron

like it was shown ifrigure2-5. Here the distance between thmagnetron and the exit orifice care
adjustedeasily It was found that an increase in aggatign 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 environmen{29,63] But Kousal et al[33] found trapping of NPs in the close vicinity of the
target and also thatargerNPs are found close to the targasfar away from the targetTherefore,

the simple picture that NPs grow along their whole way throughHEAS to the orifice seems to be
more complex. This shows oa more, how important irsitu diagnostics are to fully understand the
growth and transport inside theIGAS.

The last size and deposition rate affecting parameter is the shape ohteetrack It could alsobe
saidthat the targetlifetime influences the growth process, because a strongly used target shows more
erosion than arecently installed target.Ganeva et al[65] found that with increasing lifetime or
increasing erosion the NP deposition rate and the size is firstly isiageaAfter a maximum, the size
and the deposition rate drops under the initial values. If the target is used even |[gdhgdormation

of NPs stoppedbruptly. Ganeva et al. attributed this finding to the angular dependence of the sputter

14



Theoretical Background

yield. With inceasing 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 weached at the pointwhere the size
distribution changed significantly. Therefore, the target lifetime is a critical parameter, which has to
be considered during the operation oHGAS[65]

Other factors, which are not discussed here are the influari¢be gas velocity distribution inside the
HGAS, the gas inlet configuratiaedeposition onto the targedind trapping of NP§.hese factorsvere
partially not considered in literature before the start of this thesis in 2018. Details about these
additional factors can be found i@hapter 3.4 and 3.5, where the publications dealing with these
subjects are presented.

2.1.6 In-situ CompositionTuninglnside aHGAS

To enable the gplication of theHGAS in the industry, not onthie efficiency and deposition rate are
important. Moreover, the ability of theHGAS 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 eal. [39] found a method where inside BiGAS the composition of AgAPs

could be varied irsitu without changing the target. They used a customized target, where a trench
was milled inside a pure Ag tardast and three gold wires were embossed into this treafterwards

They found out that by adjustment of the opei@at pressure of theHGASrom 36Pa to 191Pathe
resulting NP composition could be varied fré®0 at% tof73at% 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 pressue. Ahigher pressurgesultsin a shorter mean free path andherefore, 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 NIF9.

Neverthelessin this publication the influence of redeposition of sputtered material for a longer target
lifetime was not investigated. Therefore, in thisesis the multicomponent target approach was
investigated in more detail in terms of target lifetime. Heresitu optical emission spectroscopy was
applied to identify the sputtered atoms inside th&AS and relate this to the resulting composition.
More details on this subject can be found in thgblication E

2.2 ParticleHoldinglnside aDustyPlasma

Aplasma 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 moleculéparticles with a size from nm to um are present as
well, the plasma is called a dusty plasmhe particles can either grow by different mechanisms inside
the plasma or can be injected into the plasma. In this thedfsiblication Fa dusty plasma isreated

by the injection of Ag NPs fromHGAS 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 descril#ettiitionally, the forces which are discussed here can
potentially also act on NPs inside th&SAS~vhich is most probably the reason for the trapping inside
the HGAS.

In dusty plasmas the dust grains get charged primarily because they are collecting alesighn
positive ions. In g@lasma, electronfiave a highemobility in comparison to the ionsbecause they
have a much lower madsut hold one elementary charge as wetor that reasondust particlesare
usually charged negatively. Due to the charginghef particles, different forces are acting on the
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particles inside a dusty plasma which are finally dblérap particles inside a plasma. These forces
are:[66,67]

1. Gravity

2. Electric field force
3. lon drag force
4. Thermophoresis
5. Neutral drag

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

Thegravitational forces:

T
O @ Q - “HTQ (2-7)

With g is the gravitational acceleratiof, is the mass density of the dust particteis the radius of a
spherical dust particle. The gitational 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
 .[66,67]

Theelectric field forceis:

O 0 0 T1T“- 0% O (2-8)
Wherel is the charge of the dust particle, is the dielectric permittivity of vacuundparticle radius,
%o is the floating potential ofhe dust particle andis the electric fieldThe equation shows that the
electric field force scales linearly with the size of the partialkich is derived from therbit-limited
(OML) modelIn the plasma volume (outside the sheath region) @dynall electric fields present.
Therefore, the electric field is only able to overcome the gravitational force for small particles inside
the nanometer range[66¢68]

Theion drag forces:

"O "O "O (2-9)
The ion drag force consists of two different fosc®ne is the collection forc® and the other one
is the orbit forcéO . This model was introduced by Barnes et[G8]. 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 on theradiusof the particle. Therbit force has to be considered,
because if an ion is deflected in the fieldaotlust particle, the momentum of the ion changes the
direction, but the magnitude is conservethe orbit forcedepends in the end witld on the particle
size. Thereforgthe ion drag force depends withh on the size of the particle. For more details on this
theory the reader is referred to the original model by Barnes g68167]

Theneutral drag forcas:

0 1srda gk 0 (2-10)
Hered is the mass of the neutral gas atofn, is the density of the neutral gas atom aod; 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 reiftected
different ways e.g. diffuse,specular, etc. The pameter] 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

16



Theoretical Background

dust particle and slow the dust particle down, when it is moving. The neutral drag force depends with
@ on the size of the particl¢66,67]

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

Thethermophordic forceis:

o Q
— = n'y
puLL R
Heren"Y is the temperature gradient of the neutral gas ai@the thermal conductivity of the gas.
The thermophoréc 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 ga atoms from a colder side. Therefore, the force acting on the patrticle from the
side with the higher temperature exceeds the force from the colder side. The thermophoretic force is
especially important for nanometer sidearticles inside a plasmahis érce is present in a dusty
plasmabecause a plasma discharge is heating the gas. The thermophoretic force dependls ovith
the particle size[66,67]

(2-11)

After the most important forces, which can act on patrticles inside a plaamadiscussedin the
followingsection the interplay of thse forces which can finally lead to particle holding or trapping will
be discussed.

In Figure2-7 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 inclugedcause it is only of interest foraming
particles.lt 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 dischaltge.well visible that for low radii in the nanometer
range the dominating forces arthe electric field force and the ion drag force. Tthermophoretic

force for a gradient of 200 K/ris already noticeable. The gravitational force for particles in the
nanometer rangas negligible. The dust will move to a point where the electrical fieice balance

out the other forces. For small particlédse gravitational force is low, thusmaller electric fields are

able to levitate and trap the particlesinK S Sy GANB LI I aYl @2f dzySe® b S@SNI
existing in plasmas, whererparticles 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. Meryéhe 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 mplasma is utilized iffublication Fto confine NPs,which are
synthesized im HGAS, to coat them by the introduction of precursors into the RF plasma.
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Figure2-7: Shown are the forces acting on dust particles for the parameéters:1500 kg/m3;Y=2 eV%o =-4V, E =
1000 V/m, & pmmd ,0 f=0 ;=400m/s, "Y 200 K/mQ = 0.016 kg m&(Ar).The figure is reprinted frof67].

2.3 Plasmonidroperties ofNanoparticles

The plasmonic properties oioble metal NPare responsible for their unique optical characteristics.
In this thesisthe optical properties of NPare used to detect them inside theiGASwith in-situ UV

Vis spectroscopgPublicationB & O. 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 cdalleciscillatiors of conduction electrons in response to an
electric field, e.ga light wave. In general, three different kinds of plasmon resonances are existing:
Bulk plagnons, surface plasmons and localized surface plasmons.

Bulk plasmons are the resuwf an electromagnetic wave which are propagating through a material.
The field polarizes the medium and exciteplaysicalmovement of the charges. Therefore, the
excitationfield and thedisplacement of thecharges are coupled. Such a coupled excitaiocalled
Polariton. In this thesjsthe main focus is on the plasmonic properties of NPserefore,the
understanding of surface plasmons and localized surface plasmons is much more importardgsgor th
reasons bulk plasmons 2 yhe tieated in detail[70¢72]

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

Surface plasmon polariton§SPPstan be described as surface charge density waves which are
propagatng along a metadlielectric interface. An exemplary dispersion curve S&Pgblue-dashed
line)can be found ifFigure2-8. From the dispersion curves of light in vam (blacksolid line) and the

curve of the SPP follows that light cannot couple directly to a plasmon excitation of a flan§eite
surface, because energy and momentum cannot be conserved at the same time. Nevertheless, light
can also excite SPPs evhadditional momentunis provided. Different options are possible. One
option is tomodify 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 increaseatlemwnber and the
momentum so that the light can couple to the SHP8(72]
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Two configurations are possible. One is the Otto configuration and the other the Kretschmann
configuration[73]. In the Otto configuration, the light illuminates the wall ®@fglass prism and is
reflectedtotally 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 enangtvanescent wave

can interact with the metaligface and excite the SPP. In the Kretschmann configurdtiermetal is
directly evaporated onto the prism walln this case the evanescent wave penetrates through the
metal film.Thereforethe SPP is excited on the outer side of the metal fik8]

In contrastto the SPP of a flat sefifinite surfacethe plasmon is not propagating in a metallic NP.
Due to the small dimensions and the closed geomelry surface charge density can oscillate locally
(Figure2-8), which is called localized surface plasmon (L8R 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 fordée electron cloud is oscillatinghe finite geometry
doesnot 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 importaadjtest the optical
properties of these NPprecisely Nevertheless, differg other factors besides the size of NPs are
affecting the plasmon resonance, which will be described in the following sefiiagy.2]
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Figure2-8: The plot on the left side shows the dispersion curtieeolbulk plasmon (greedashed line) and surface plasmon
polariton (bluedashed line). Additionally, the curve of light in vacuum is displayed {&ddiddine). The red dots and red
dashed lines show schematically the additional momentum, which is néadeffiective 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 schematicndraivihe 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
particleis shown.The figure is reprinted frofi70].

Factors affecting the LSRea

1. Size of NPs

2. Shape of NPs

3. Dielectric surrounding of NPs

4. Inter particle distance between NFBlasmonic coupling)

To understand how theize and the surrounding mediuare affecting the LSkhe 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 appro&g¢ the dipolar polarizability spn of a spherical particle can be
described with the following equatiofi70¢72]
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e — (2:12)
Here- s thedielectric function of the sphere, is the dielectric function of the surrounding
medium, a is theadiusof the NP ad- isthe vacuum permittivityA spherical metaliPcan be treated

as a kind of optical antenna, because it converfeatively electromagnetic radiation from the far
field into the neasfield and vice versa. To describe the scattering and absorption hyheRsattering
and absorption crossections hae to be introduced. These crosgctions can be used to relate the
energy, which is send back to thefagld (scattering), to the energy, which is dissipated within the NP
(absorption). The scattering cressctionand the absorptiorcross section are related to the incident
power line, the scattered powelcand the absorbed powdgpsas follows]70]

| T

5 o (2-13)

5 o (2-14)
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For spherical NPs withradiusa, which issmaller than the incident wavelengtretardation does not
play a role and the scatterirand absorptiorcross sections are defined by the following formu[@6]
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Herek is the wavevector, which is related to the frequencgnd the speed of light in vacuuoby the
following formula[70]

Q %) (2-17)
From the equationg2-15) and (2-16) follows that with increasing size of thMPs the relative
contribution of scattering to theotal extinction increases because of ttie and ® dependence of
the scattering and absorption crossgctiors. It has to be mentioned that the quasistatic approximation
does not consider any size dependence of the spectral position of the TI8RRRhis approacttannot
explain the size dependence of the LSPR spectral pgsitignit explains how the scattering and
absorption contributions are changing. Additionally, it explains howstireounding mediumaround
the NPsnfluencesthe LSPRTherefore, e.g. thin shells of a dielectric material around metal NPs can
be used to tune the spatial position of the LSPBooé-shellNPs[70¢72]

In the following sulsection,the size dependencef the LSPR will be shortly discussédr particles

which are much smaller than the incoming wavelengtie 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 obttkia correctspectral position and intensity of the LSPR. The
solution of the modes in a spherical NP was obtained by GustaJMjeHere retardation in the
electro-magnetic interaction is considered. The solution of scattering and absorpasobtained by

an expansion of the fields in spherical harmonics. Here the scattering and absorptiosettess

are showing maxima at a specific resonance frequency, which depends on the size of the NPs.
general, the spatial position of the LSPR gets rétesh(higher wavelength), when the size of the NPs

is increasing.70¢72]
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After the size dependence of the LSPR was discussed, in this section the influencehapthweill be
describedexemplary with an elliptical NP. The maximum of the polarizability defines the resonance
condition of a metallic NP. For a sphere the polarizabhilisyisotropic and given by the formui2:12).
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 ellipticaihdRolarizability is defined by
a tensor thataddresses the optical response along several directions. For an elliptical NP elongated
along the zaxis within the electrostatic approximatipthe polarizabilities alongs symmetry axes is
asfollows:[70¢72]
T, . - -
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Where D ; are the depolarization factors in the different directions,fi) h0 are the different
lengths of the ellipsoid, is the dielectric function of the ellipsoid and is the dielectric function
of the surrounding mediumin the end, two different solutions of the dipolar LSPR are possible. One
solution for thelong axis polarizability and one for the short axis polarizability. It follows that an
extinction crosssection plot vs. wavelength for an elliptical NP shows two maxima: One maximum for
the short axis is found, which is commonly referred to as transv&SRI and is located atlower
wavelength. The second maximum is found for the long axis. This LSP is called longitudinal LSP and is
located ata higher wavelengthNowadayslithography methods have enabled complex shapes of NP
e.g. nanocubes, nanoshellsianorings, nanocups, nanostars, nanotriangles and others. Such
modifications in the shape of the NPs can be used to tune the location of the [ZSER2]

(2-18)

The last important factor affecting the LSPR isabepling of different NPslIf two or moreNPs are
approaching each othethe 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 surtaplasmons from each particle. The field in the gap
between the particles is enhancettonglyl Y R A & O f sorBeRmed[FO&78] & LJ2 U €

The arrangement of NPs in respect to the propagation direction of the incoming light is important for
the spectralresponse of the LSPR. Two different arrangements are possible, which are longitudinally
aligned (NPs are aligned in front of each other parall¢h&incoming lightand transversally aligned
dipoles(NPs are aligned orthogonal to the incoming light bganith decreasing separatiatistance,

the LSPR gets reghifted for the longitudinal couplingdowever, tansversally coupled dipoles exhibit

a blueshift when the inter particle distance is reduced. The effect of the longitudinal coupling is usually
much stronger in comparison to the transversal couplius, red shifts are usually observed in
experiments exhibiting decreasing interparticle distan¢égq72]

2.4 ComputationaHuid Dynamc (CFDHmulations

Nowadays virtual prototyping is the standamtkethod to develop new products. CFD simulations are
used to designe.g. new cars or aircraft with the aim to reduce their fe®nsumption Virtual
prototyping is cost effective and saves the environment, because less material and energy is needed
than buildingreal prototypeq36,75] Nevertheless, CFD simulations can be used in science to design
new chemical reactors ddGAS sourceas well. In this thesisCFD simulations were conducted by
Suren AHOglyfrom the Charles University in Pragieedetermine the gas velocity distribution inside

an existingdiGASSince the simulations are not performed by myself, this chapter will give aviewe

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, diffysand 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 becategorized ito laminarturbulent, steadytransient and singikphasemultiphase[75]. For the

HGAS under experimental conditions the flow was expected to be a steady, viscous laminat, single
phase flow[36].

To determineif a flow can be treated as a continuum ibthe flow behaves likeamolecular flow or

as a transitional flosthe Knudsen number can be used which is determined by the following equation:
[75]

o & =T (2-19)
Where_ is the mean free path andis a characteristic length of the geometry, e.g. a diameter of
a pipe.ForKn< 0.01 the flow can be treated as continuum, Korbetween 0.01 and 0.1 the flow can
be treated as transitional flow and fa&€n> 0.1 the flow can &t treated as molecular flow. For the
simulations in this thesjsnostly continuous flow is expected and only at the regions close to the
orifice, whereL becomes small, transitiondlow is expected. In these regions corrections must be
applied.[75]

To determine vinether a flow is turbulent or laminathe Reynolds number can be used. The Reynolds
numberRefor a flow through a pipe is defined by the following equation:

v @ (2-20)
Whered YO's theaverage velocity in a pipkis the characteristic length (the inner diameter for a pipe)
and 1 is the kinematicviscosity of the fluid. It was determinezkperimentallythat for Re> 2100 a
transition from laminar to turbulent flow occurs in a pipés]. TheReis the ratio of inertial force to
viscous forceWhen theReincreasest 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 relatedlistarbancein the
flow field and its amplificatiorf-or a high viscosity of a flyid disturbance can be dampesffectively
and the flow stays laminar. If the disturbance is not damped, it will be amplified and the flow changes
to turbulent[75]. In this studythe flow in theHGAS can be treated as laminar in tiydindrical part of
the HGAS36].

After it was shown with the help of the Knudsen number and the Reynolds number that the flow can
betreated as laminar continuous flow, in the following part the roadmap for simulations will be briefly
described.The CFD simulatioas a methods not in the focus of this thesibut the results from the

CFD simulations were extremely helpful to understand the processes insitH&Sth8 The interested
reader can find a detailed overview about the CFD method éntéixtbook fromBengt Andersson
oConputational fluid dynamics for engineérg5].

The roadmap of a CFD simulation is showFRigure2-9. All CFD simulatiorstart with a 2D or 3D
model of the geometry of a system. Usually any CAD program can be used tdidranitial design.
In this studythe geometry was predefined by thexistingHGAS[75]

The next step is the grid generation or meshing of the model. In CFD simsidt@equations of
momentum transport have to be solved. Therefore, the computational volume has to be discretized
because the equations are nonlineahelmeshing is really importajttecause improper meshing can
produce inaccurate results. Often the mesh is refined after preliminary results are obténséd.

After the meshingsdone, the model can be defined. For singlease laminar flowthe NavierStokes
equations can be solved directly. If turbulent flow or multiphase flowalldte simulated more
complex models are neede[¥.5]
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In the next stepthe physical properties fothe fluid must be defined. These properties are, e.g.
viscosity, density, temperature, composition and pressure dependence. Many commercial software
includesmateriallibraries contaiingthe physical propertied75]

The last step, before the CFD slations can be executed, $ettingthe boundary conditions and the
inlet conditions. Herge.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 bdieghp75]

Then the solver has to be choseng.segregated orcoupled solver. A segregated solver solves the
equations first for one variable for all cells before it solves for the next varidldeupled solver solves
for all variables and includedll of the coupling between the variables at ond&dditionally, the
acceptable quality of the solution has to defined by the convergence criféba.

During the posprocessing of the CFD resulthe quality of theresults has to be determined.
Therebre, it is necessary to check if the solution is independentea. the grid size and the
convergence criterion. If one hakeckedhe quality of the results, the final plots and information can

be created and extracted from the software. One can cr@gddee cutswhich are showing the velocity
distributions through this cut. Also streamlines from the inlet to the outlet can be dré&same
software also offers to insert small particles at specific points in the volume and track their position
over time.[75]

In this thess, velocity distribution plots were obtained which helpediézalizethe loss and trapping
regions of NPs insid@HGAS. More details on the used software and the simulations settings can be
found inChapters3.3and3.4. [36,37]

Geometry modelling

Grid generation

Defining models

Set properties

Set boundary and
inlet conditions

Solve

Postprocessing

Figure2-9: Roadmap for CFD simulatidia$].
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2.5 In-situ Diagnostic Methods Inside and Outside H{@AS

It was already reported that not all processes inside t#@AS are completely understooel.g. effect

of aggregation length and power on the NP skagrthermore Kousal et al[33] reported the trapping

of NPs inside th&HGAS, which was the result of-situ SAXS measurementdditionally, it was
reported that the biggest challenge for the implementation of tH8AS in industrial applications is

the low deposition rate. Thereforehé key for the optimization of thelGAS is the understanding of

all relevant processes inside th&AS Since the NP synthesis in the HGAS is a highly dynamic process,
spatial and time resolveth-situ diagnostis are needed to increase the understandinfthe NP
formation inside the HGAS herefore, in this chapter the five differentsitu 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 lWwbe introduced.To each technique a pictograis
attributed, which is shown ifigure2-10.

All techniques are using electromagnetic radiation to probe the growtlansport and
functionalization of NPs inside the HGAS. In the following section the motivation to use each technique
in this thesis will be mentioneshortlybefore all techniques will be described in detaithe following
sub-chapters

In the SAXSneasurements X-rays scatter with the NPs inside the GAS. The scattering signal contains
information about the NP density and size distribution idithensional resolution.

In the UV-Visspectroscopythe NPs absorb light in the W¥is 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 providesdimensional resolution.

TheLLSechnique utilize Rayleigh scattering of NPs. The scattered light is detected by a camera. The
signal contains-2limensional information about the location of NPs inside the HGAS.

TheOESuses thdightemission of atoms inside a plasma, like it is present during magmsputtering

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@at NPs with the multicomponent target approach.

TheFTIRcan be used to identify chemical bonds, which is used in this thesis during the coating of Ag
NPs with Si@ In this studythe increase in the coating thickness during the synthesis ofsloeiNPs
was monitored with the FTIR.

SAXS UWVis LLS OES FTIR

"“\ —

(Vs )

e S

Intesnity
s

Figure2-10: The five different isitu diagnostic methodssedare named and shown with their attributed bi?:tograﬁrom
left to right the pictograms for small angleray scattering (SAXS), WNsspectroscopy (UVis), 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 UMVisSectroscopy
. », ~~ T\ The electromagnetic spectruris divided into different regionse.g. Xrays,
: [,. VIS | ultraviolet (UV)visible (Visand infrared (IRjadiation. In UWis spectroscopy
Y \.___7 only the UV (starting at about 266n) and Vis (ending at about 68n) regions
' of the electromagnetic spectrum are probed. Taeergy of electromagnetic
radiation orphotonsEis given by the following equation:

0 Q (2-22)

Whereh s Planck’s constant amds frequency. Because radiation acts as a wiawan be described
by wavelengthor frequency. Wavelength and frequency are related to each other by the following
equation:

, W (2-22)

Wherec is the speed of light and is Wavelerngth. From equatiof2-21) and the abovementioned
equation it follows that the shorter the wavelength the higher the energy.

In a classical UWis spectrascopy setup in transmission modea sample is placed between the
incoming W-Vis radiation and a detector. When the light passes through the sample several processes
can occur, e.g. reflection, scattering, abstion, fluorescence/phosphorescence and phaitemical
reactions.ldeally during an U¥is measurement onlabsorptiontakes place. Since in this thesis
mainly plasmonic noble metal NPs are probed, aaibgorptiondue to plasmonicinteraction is
observedin most case$76]. Details on the interaction between photons and plasmon resonances of
NPs can be found thapter2.3. This chapter is named-8itu U\MVis spectroscopypecause théJ\-Vis

is mounted to aHGAS or another plasma chambduring the synthesis or functionalization of NPs
Usually thetransmittance is measured, which is thatio betweentransmitted and incident light
intensity. In practice prior to the experiment and ithout NPs in the light path a reference spectrum
is taken. This is then used as the incident radiation spectrum.

The technical information on the WVis detector, the UWis light source and the measurement
parameters used in this thesis are given in the corresponBirgications BC and F

2.5.2 In-situ (ptical Emission Spectroscopy (OES)
Optical emission spectroscopy (OES) isvell-known method to monitor the
compositional changes of thin films in conventional sputter deposition processes.
Theintensity in an OES spectrum is related to the number of excited atoms of a
specific element ithe gas phaselherefore the resulting elemental composition of

A the thin filmis closely related to the OES sigfiaf¢80]

Intesnity

The principal of OES relies on the excitation of gas and sputtered atoms by difesrergetic
collisionsinside a plasma pleptof electrons have sufficient energy to excite gas and sputtered atoms.
Also other plasma species, e.g. fast gases or ions, can excite sputtered &tones of thesexcited
atomsdecayby emission of characteristic lines, which are monitored during O&g8umementsThe
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 ofgibns emitted per sputtered atom andn the absorption of

these photons[81]
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Since in this thesis OES is used to determine the concentration of alloy-Bisiinthe gas phasef

a HGAS somedifferences to theuseof OES in comparison to conventional low pressure magnetron
sputtering for thin film production occurOne cannot be sure that all sputtered atoms, which are
contributing to the OES signalso contribute with the same fraction into the formation of NRss
possible that one element preferentiallyontributes to the particle growth and the other gst
preferentially lost to chamber walls. More details can be founthéChapter 3.6.

2.5.3 In-situ Small Angle-Kay ScatteringSAX%
In the Chapter 3.2 small angleX-ray scattering (SAXS) was used tgitn measure
the size distribution and the density of NPs insidel@AS. Therefore, a vacuum
chamber equipped with aHGAS was installed at the Deutsches Elektronen
Synchrotron (DESY) in HamburgP&ETRA .3SAXS is well-known technigue to
investigate structural properties of nanomaterialhefirst textbookson the SAXS
technique were published in the 1950%ut the technique became more widespread with the
development of synchrotron radiation, because the intensftganventionalX-ray tubes vastoo low.
[82]

SinceXrays have typical wavelength smaller thamrh, 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 (ondurag SEM or TEM
imageshaveto be taken to get statistically relevant information abpatg. size distributions of NPs.

The drawback of SAXS is that the obtained results mustnialyzed 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 ammhochromaticX-ray beam goes through a matal, whichis
inhomogeneousat the nanoscalgFigure2-11). This material can be auspensionof NPs orNPs
distributed in vacuumasit is the case in theilGASSome portion of the<ray beam is scatteredhithe
forward direction around the diredbeam with a small angle, typically smallkan 5 degrees. From
this fact the name small angl¥ray scattering originatesln the case of randomly distributed
nanoparticlesthe scattering pttern at the detector is independent of the azimuthal andlks allows

for a circular integration over the scattering pattern, allowing the scattered intensity to be obtained as
a function of the scattering anglé°ractically a beastop is used to prevent that the direct beam
approaches the detector. Thidlowsto measure with highek-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 requiresaskimg m
prior to the circular integration of the detector scattering pattef&2]

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

i *t (2-23)
_OEIl O OEI

Where<is wavelengthof Xray photons is half of the scattering anglb,is the Planck constant,is

the speed of light anéenis the Energy of th&-ray photons[82]

For SAXS measurements high intensitgnochrore and collimatedX-ray beamswith a small beam
sizeare needed, which can be found at synchrotroBEspecially the high intensity at synchrotrons
enables fast measurements, which increases the temporal resolutionsifuimmeasurementg82]
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X-ray beam
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X

aggregation chamber
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gas inlet

Intensity [a.u.]

detector

Figure2-11: Experimental setup of the SAXS measurements at DESY. The pathmaifytbeaén trough the HGAS, the SAXS
scattering at the NPs and therXy detection at the detector is shown. Additionally, the resulting scatteringsityevs. q
plot for Ag NPs inside the HGAS is shown. The Figure is reprintd83fom

Figure2-11 shows an exemplary scattered intensity vs. q plot gfMPs in ta HGASTo obtain the
particle sizethe g-axis needs to be calibrated. Like equat{@#23) shows qonly depends on scattering
angle and thephoton energy.Therefore,only the sample to detector distance has to be measured
accurately and the pixel size of the detector must be kno#hbeamling the calibration can be
performed with materials with a known-spacing(distance between parallel planes of atomis) this
thesiscollagenwith a dspacing of 6m was used to calibrate the sample detector distarit¢he
concentration ofNPs should be determined additionallgcattered intensities normalized to the
incident intensity are requiredThis can be donee.g. by using calibrated detectors to measure the
incoming photon flux and an area detector to register the scattering patteere it is important that
the quantum efficiency of the detector is knowg2]
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To obtain the size distribution from treattered intensity vs. glots, the commercial softwaré L NB y | £
is available, which is able to calculate the intensity of samadlle scattering from particles in multiple
populations ofscatterers based on the theory dbuinier & Fournef84]. The formula for the intensity
calculation is the following:

on W sYRp SONHO s® O QO O (2-24)

Where the subscriptincludes all bins in the size distribution a@ is the width of bin. The subscript
k representsdifferent populations. Each of these populations has its own binning iftdéX is the
dimension of particle, which is in this thesis the radius of the NPs. The scattering congdistss
the structure factor iSY 1 , the form factor iSO O , the particle volume iso ‘O and the
volume size distbution is"Q ‘O . Because the NP congteation inside theHGAS can len assumed
as relatively low, the structure factor was considered to be uf£,83,85]

More details on thenodeling of SAXS data can be founBublication A[35]andin the supplementary
information ofthis publication.

2.5.4 In-situLaserlight Sattering(LLS)

After insitu UMVis spectroscopy and isitu SAX were introduced as possible
methods to analyze the growth and transport of NPs insith&#AS, in this chapter
the laser light scattering (LLS) technique will be introducBdferent LLS
techniques were already applied in dygblasmas to investigate the growth and
transport of NPs. Some methods rely on Rayleigh scatt¢8Bg9] and otheson

Mie scattering[90¢92]. With Mie scattering techniques NPs of radii betweenZ®nm can be
detected and by evaluation of the polarizaticaso the size distribution of the NPs can be analyzed,
e.g. inside a dusty plasni@0¢92]. Since the limit between Mie scattering and Raylesgattering is
1/10 of the wavelength of the incoming lighbraHGAS typically only Rayleigh scattering is applicable
Sincethe typical size of NPs synthesized bHGAS is below 58m and the most widely used and
affordable laser sources have a wamjth of 532nm. Thereforein this thesis also a laser with a
wavelength of 532x1m is used and so only Rayleigh scattering is applicable.

In this thesis a laser plane through tREAS is creatednda camera with a color filter is mounted
a 90° configration to the laser planeThe color filter is necessary to prevent thiab muchemitted
light from the plasma, which was discussedhapter2.5.2, can enter the camer&he setup is shown
in Figure2-12. The scattered light by NPs can be detected with a good temporal and spatial resolution.
This methods commornin conventional RF dusty plasni86¢89] but not in aHGASThis method was
utilizedfor the first time for the investigation of NPs inside a HE38} In contrast to insitu SAX or
in-situ UMWVis, the LLS based on Rayleigh scattering can provide good spatial resolution but cannot
providea precise information about theizeof NPs. This is related to the general Rayleigh scattering
formula:

o ¥ 9 0% P gep

Q _ a p

The scattering Intensity depends on the particle size the refractive index of the mediumieq, the
intensity of the incident lighto, the distance from the scattering object to the detectdr the
wavelength of laser light in vacuusnthe particle relative refractive indew and the test anglé [93].
Accordinglythe scattering intensity dependsn the particle size to the power of siRecausehe

formula holds forthe scattering intensity for one particle, the scattering intensity depends linearly on

(2-25)
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the particle densitySince the intensity depends on the size and the density simultanemgsfyrecise
information about the sizand densityof NPs can be obtained.

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

laser 532 nm
laser grid
magnetron
CF63 cross with
‘\ 6 flanges
camera . orifice r g e w8

Figure2-12: Schematicepresentation of the LLS setup on H@AS. The setup consists of a magnetron, a CF63 cross with 6
flanges, an orifice, a laser, a laser grid and a camerafighee is reprinted fronfi38].

2.5.5 In-situ FourierTransforminfrared SoectroscopyFTIR)
B In Publication F insitu Fouriertransform infrared spectroscopy (FTIR) is used to
I v analyze the functionalization of Ag NPs with & Si@Il. Therefore, in this chapter the
method will be introduced. FTIR used to obtain information about the chemical
bonding types inside a sample.chin be performed for solid materials as well as for
v liquid or gaseous samme Usually in dispersive spectroscopy methods the
wavelength must be changed gradually to obtain a spectrum over the whole raogever during a
FTIR measurement photons ovéetwhole spectral range of the IR source are send to the sample at
the same time and the absorption is measuréthen the radiation interacts with the probed material
some specific wavelengtls absorbedbecause transitions between vibrational energy etatare
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 absorpbands 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[8#]

Radiation source (heated black body)

Beam path (different kinds of mors for focusing and defocusing)

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

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

aOrwbdPRE
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The most importat part is the interferometer which is often a Michelson interferometesdepicted
schematicallyn Figure2-13. In such an interferometer, the incoming beam iBtggd 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 interferogtzere the
maximum is located at the position where the mirtoeam splitter distance between both mirrors is
the same ¢onstructive interference). The obtained interferogram can be transferred into a
spectrogram by a Fourigransformation. The interaabin of the IR radiation inside the sample
originates from different IR absorption of chemical bonds. The IR frequencies are recorded in units of
wavenumber (cml) and located in the range between 700 ar@ad8cm™. In this energy rangesually,

no bond bre&ing occurs but the energy is sufficientitmlucevibrations like stretching or bending of
bonds.[94]

In this thesisthe FTIR is mounted to a RF plasma chamber where Ag NPs are trapped and coated with
SiQ by injection of Sild Here it was possible tmeasurein-situthe amount of Si@bonds, which could
then be used to monitor the shell thickness of cateell NPs$n-situ.

stationary mirror
I

IR source

N

beamsplitter

I moveable mirror

sample

detector

Figure2-13: Schematic representation of a Michelsoterferometer.
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2.6 ExsituCharacterizatiorMethodsof Nanoparticles

The insights from ksitu diagnostics are complemented by ex situ methods, sucBEdd, TEM, EDX

and XPSwhichare important for the verification of the iaitu diagnostic resultsin this thesis SEM

and TEM investigatiaof NPswere 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 corghell NPs. The targsurface of a multicomponent target was studied
with an SEM in combination with EDX to determine siigface morphologyand composition of the
target surface. In addition, XPS measurements were performed to analyze the chemical composition
of alloy NPs. Trefore, first the electron microscopes and the EDX technique will be introduced and
afterwards the XPS method.

2.6.1 ScanninddectronMicroscopy (SEM)

Visible light microscopes have a limited resolution, which is chiogehe wavelength of the photons

in the visible rangeTo increase the resolutiomlectron microscopes were developdd contrast to
conventional light microscopes, the accelerated electrons in a SEM have much lower wavelengths
Since in this thesis nrdy nanoparticlesare investigated, only electron microscopy techniques are
feasible for the measurements. Thaectron microscopes ardrequently usedin this thesis to
investigate the size distributions of nanoparticles synthesized byi®AS.

In a scaning electron microscope (SE®gctrons from a thermionic, Schottky or fiedaission gun

are accelerated through an electric field to an energy between 1 arkk%0 This electron beam is
focused by electromagnetic lenses to a probe siZ€laim andis 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 priany electron beamionizes and excites atoms due to high energy of the
electrons on its way through the sample. During these procefssselectrons are created which are
called secondary electrons. These secondary electrons are moving randomly threusgmiple and

are less energetic compared the primary electrons of around V. 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 crahie the first few atomic layers of the sampléusthe
secondary electronprovidea good topographic contrast and good lateral resolution. The interaction
volume of the primary electron beam is shownRigure2-14. It is well visible that the detectable
secondary electrons are originating close to faenplesurface and that the interaction area is defined

by the spot size of the primary electroredm. For thatreason,the resolution limitfor secondary
electron detection depensimainly on the spot size of the primary electron beam and the escape depth
of the secondary electronfo5]

Another important source of sample information is in thackscattered 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 andhe big interaction volumghe 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.hereforethe backscattered electronsan be used to some extend

to distinguish between different materialf@5]

Also,other electron interactions can take place which either praglAager electrons oX-rays. Auger
electrons are released if the primary electron beaxeitesan electron fom 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 emgy 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 thatason,the energy of Auger electrs is in the order of
hundreds of eYwhich 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 specieside the sampleg[95]

Furthermore, the energy difference of an electron changing from an outer to an inner shell, can be
released as characteristicrays Because the interaction of electrons with matter is much stronger
compared to Xays, the escapeapth of Xrays is much bigger compared to electrotighe energy of

the X-rays is detected, the method is called enedigpersivex-ray spectroscopy (EDX). This method
will be discussed in detail thapter2.6.3 [95,96]

The technical information on the SEM device and the measurement parameters used in this thesis are
givenin the correspondingublications.

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

electrons

X-rays Sample

Y

Figure2-14: Interaction volume of the primary electron beameifferent 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 Augengleétigs are also
able to leave the sample froevendeeper region$55]

2.6.2 TransmissiofectronMicroscopy (TEM)

In this thesis SEM investigations are often used to measure the size distributions of nanoparticles
synthesized with thaHGAS. The SEM is often sufficient for this purpose and the sample preparation
for the SEM is much easier in comparison to TEM investigations. Nelessghan SEM is not capable

to give information about the crystal structure and the coating thickness of core shell particles.
Therefore, TEM investigatisrare in high demand. The TEM is used in this thesis to investigate the
coating thickness of corghell nanopatrticles and their crystal structure.

In contrast to an SENh 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 200hm can be already thick enough to absorb all electrdrtserefore,for TEM
investigations the sample thickness has to be really sriafice in this thesis mainly ceséell

32



Theoretical Background

nanoparticles are investigated by THRNis requirement was easily ffilled, because the NP diameter
is in the range ofF20 nm. As substrate materigtopper grids with a thin carbon film on top are used.
These gridallow forsufficient electron transmissiof96]

The electron beam is created similarly to an SEMichwas described earlier iGhapter2.6.1 The
beam is accelerated to energies between k¥ and MeV. The beam is focused by electrostatic
lenses onto the sample. During the interaction of thecilon beam with the sample, the electrons
can be scattered, they can excite secondary electrmays and Auger electrong6]

After the electrons have passed the samml#ferent detection mo@s can be chosen in a TEM. One
mode is the bright field mode. In this case the beam is magnified@dé&tector. The produced image
shows a contrast depending on tléomic numberand the sample thickness at every point. Another
possibility is to investafe the diffraction pattern instead of an image of the sample. This is useful if
onewantsto investigate the crystal structure of the samp@6]

In this thesisonly the bright field mode is used to find out how big the shell of «brell 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 EnergyDispersivex-ray YoectroscopyEDX)

Energydispersivex-ray spectroscopy (EDXan be used either in a SEM or a TEM to determine the
chemical composition of a sample. This method is usekdffublications E and Eo investigate e.qg.,
the redeposited matdal onthe surface o multicomponentsputtertargetor to identify the elements
present in the core and the shell of ceshell nanoparticleq96]

In an EDX measurement the characteridti@ys that are emitted from a sample are investigated to
identify ard quantify the elements present in a samplgke described in the previous sections, if the
primary electron beam of an SEM or E&XXitesan electron from an inner shell of a sample atom, the
energy of an outer shell to an inner shell transition t& released in the form of characteriskeays.

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 similérayn
photon creates electrons and holes inside a semiconductor. The amount of electron hole pairs is
proportional to theX-ray energy. Inside the detectothe electrons and holes are separated and an
electron pulse can be measuresince the size of the band gap of the semiconductor is known, the
energy of the incomingé¢rays can be calculated from theumber of generated electrons. By this
method an EDX ggtrum can be created. From suabpectrum the different elementsiside a sample

can be identified anduantified [96]

2.6.4 XrayPhotoelectronSectroscopy (XPS)

To analyze the chemical structureagample surface and to quantify the elements presarstsample
surfaceX-ray photoelectron spectroscopy is a commonly used technique. In this (@& was used
to quantify the Au and Ag concentration in alloy nanopartidlesPublication E Especially for
nanoparticles the technique is useful becauséhefhigh surface sensitivity. In comparison to BbX
signal originates only out of the first nanometef&7]

The measurement principle drall necessary instruments for an XPS system are shoRigtiine2-15.
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Figure2-15: Working principle of an XPS measurement system.

A typical XPS system consistsXafay tube, whereXrays are generated. Frequtly used anode
materials are aluminum with the main emission on thdike at 1486.6eV and magnesium with the
K line at 1253.6&V. TheXray radiation can be filtered with a monochromator, which reduces the
intensity of theX-ray beam but increases ¢henergy resolution. Another important part of an XPS
system is the hemispherical electron enedyyalyzer. This analyzer is able to measure the energy of
the incoming electrons. During an XPS measuremeat fiast stage X-rays are generated and sent
onto the sample When the X-rays areinteractingwith the sample, they can excite electrons. The
electrons can travel through the sample and excite other electrgasscatteredor can leave the
sample Also Auger electrons can be produced like it wasugised before in sectiah6.1.The kinetic
energy of theelectronsO  which are excited fronthe X-ray beam depends on théray energyQ,

the work function of the sample and the binding energy of thariginal state of theelectronO w X:

(6] Q (6] (2-26)
The kinetic energy of the excited electrons is in the order of hundreds oés\Ming ina short mean
free path in the order of anometers. This is the origin of the highrfeice 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 witha 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 ¢ciimvesl
aliphatic carbon. Therefore, it is well suitable as refeef@7]

Charging of the sample is obseryéfdinsulating samples are investigated. SinceXhay 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 thensa manor.Therefore, the binding energy seems to be higher
than it is. Nevertheless, calibration can easily fix this iss{@7]

In the system used for the thesiso monochromatedX-ray source \as installed, whichwill cause
satellite peaks in the measurement spectrum. They are originating because the second weaker
radiation linesof the anode material are also irradiating the sample at the same time. Therefore, every
peak in the spectrum has a smaller peak wifixadbinding energy difference, which is called satellite
peak. Tlesesatellite peaks do not cause problems in most cases, because they can be easily identified.

34



Theoretical Background

Nevertheless, sometimes the satellite peak overlaps withain peak of another element. In such
cases the quantification is difficulbecause it is not clear how much of the intensity of the peak
originates from the main peak or the satellite pefk’]

If a measurement is charge calibrated and satellite peaks are not an issue, peaks can heddertif
alsoaquantification can be performed. For a quantificatitine area under one peak for each element
after background subtraction has to lalculated The area of each line has to be divided by an
element specifidine and system specific inteitg calibration factor. A good reference for such values
is the book from Moulder [98] and the database from the nationahstitute of standards and
technology99].

One of the biggest advantages of an XPS in comparison to an EDXisyseaddition&investigation

of the chemical bonding states of the elements present in the saniie.binding energy of an atom
is affected by its chemical surroundirigspecially the binding energy of atoms which are bound to
elements with a high electronegativite.g. O or F are shifted strongly by some eV. Bisbother
bonding partners can be identifiedlherefore, the peak of an element of interest has to be
deconvoluted into the portions of different types of bondifg7]

These give the option to distinghigasily betweene.g. pure metals and their respective oxidEs]
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3 Results and Discussion

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

How canthe fundamental understanding of theHGAS be increased to extend the scope of
applications of theHGAS?

1) Which insitu diagnostic techniques can be utilized to investigate the growth, transport and
functionalization of Ag NPs inside and outside the HGASnwrease 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, étw particles are trapped, they have most probably more time to
grow and the transport of NPs outside the source is limited. If, e.grémsport of NPs is increased by

a higher gas flows, the residence time in the HGAS is reduced, which decreasedethie grow.
Therefore, it is not enough to investigate the deposited NPs or the NP beam outside the HE&S. In
diagnostics are unavoidable to increase the understanding of the processes inside the HGAS.
Depending on the #situ diagnostic approach difent findings can be obtained, e.g. W5
spectroscopy and SAX®asurements can provide information about the size distribution and the
relative density of NPs with-dimensional resolution. LLS can providdi@ensional resolution but no
information alout density and size of the NPs. For that reason, a combination of differesituin
diagnostic methods was used to investigate the growth, transport and functionalization of NPs inside
and outside the HGAS.

In connection with the firssub-question, thegoal is to find out

1 Inwhat period of timalo the particles grow

Is there a spatial distribution of NP growth within the HGAS

How bigdo the NPsgrow at different placesvithin the HGAS

Where are the NPs transported to and can all NPs exit the HGa®ththe orifice?
Are the NPdrappedor notinside the HGAS and how can the trapping be contr8lled
1 Whatin-situ diagnostiomethods can beised to answer these questiohs

=A =4 =4 =4

Therefore, fivadifferent in-situ diagnostic methods were used to investigate thevgh, transport and
functionalization of NPs. To investigate the growth and transport inside the HGAS the following
methods were used: isitu SAXS, UVis spectroscopy and LLT$e insitu measurements revealed

that NPs are trapped inside the HGAS ated#ht locations because of a complicated interplay of
electromagnetidorces and the drag force originating from the inert gas flow. TH#tinSAXS and UV

Vis spectroscopy techniques have proddelpful information about the size and density of the NPs

at different distances to the magnetron but showed oniditnensional resolution. Therefore, it was

not possible tdfully comprehendhe complex dynamics inside the HGAS. That became possible with
the LLS technique, which finally providedlithensional resolution. With the LLS technique it was
possible fotthe first time to image NPs trapped in vortices inside the HGAS. Especially the LLS images
obtained for different gas inlet configuratiostiowtogether with CFD simulation that the gas velocity
distribution inside the HGAS plays a crucial role for the growth, transport and trappingafdite

the HGAS.
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Thisleadsto the second sulguestion regarding the operational parameters of the HGAS andthey
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 @df 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, differesearchgroups are using different
geometries, which results in different gas velocity distribusi@md 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 configuratibmerefore, the HGAS can most
probably be optimized furtherby 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 insitu diagnostics are not limited to investigate the growth, transport and trapping of NP insid
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,itu diagnostics canelp to answethe last subquestion.The multicomponent
target approach, which enables-#itu 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 solvesilty in
OES. The @Elines of the different atomic species inside the plasma can be used to predict the
composition of the alloy NR#uring the deposition

To extend the scope of applications of the HGAS furtherovel method for the production of core

shell NPs was developed in the context of this thesis. Here, t@urdiagnostic methods UVis
spectroscopy and FTIR enabled the fast development of the process. The diagnostics were used to find
optimal condiions 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 rangar Bpproach the Nfare
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 folowing chaptes 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 pag®im @f 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 inChapter8.
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3.1 Summary, Motivation ankhterconnectiorof the Different Publications

In this chapter the interconnecti@between the different publicationsf the thesiswill be presented
Furthermore, it will be shown how the results from earlier publications motivateabsequent
publications The interconnections are also shown graphicallyigure3-1.

Trapping of NPs inside a HGAS was reported the first time by Kousdl3d{ &dr Cu NPs. They used
in-situ SAXS measurements to investigate the growth and transport of Cu Né&ks ansiGAS. In
Publication A[35], the SAX&easurementsere 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 wasozshseen

it provides a good temporal resolution and information about the NPs size distribuamng this
study a confinementj.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 irsitu diagnostics with a bedr 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 #VI$\spectroscopy is applied
insteadof SAXSInPublication B[37] in-situ U\Vis spectroscopy was utilized for investigations of the
growth and transport of NPs inside GAS.This has the advantage that the experimerie
independent ofa synchrotronlt was shown that trapping of NRsside theHGASccurs In this study
also redeposition in the central region of the target was observed.

In PublicationBthe trapping of NPs was investigated successfully with/iggpectroscopy for a fixed
gas flow and pressur&o learn more abouthte trapping of Ag NPs inside the HGAS in dependence on
the gas flow and pressure a new series of\d¥measurements were conductedRablication J36].

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

1. Which in-situ diagnostic techniques

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

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

—

.---‘——

3. How is it possible to functionalize

NPs inside and outside the HGAS
to extend the the sope of
applications of the HGAS ?

Publication B

Publication A

VIS

Publication C Publication D

VIS

Publication E Publication F

VIS
[

s

but SAXS accessibility
and 1D resolution
are a problem.

NPs can be observed, |JUV-Vis works, but still
1D resolution.
How is the influence
of the Ar flow on the
trapping behavior?

Can LLS provide
2D resolution?
What is the effect of
different gas inlet
configurations?

Does the observed ¥ Can UV-VIS and FTIR
redeposition
affect the
composition of
alloy NPs?

help to develop a
novel method for
the production of

core-shell NPs?

1

Figure3-1: Schematic of the structure of the thesis. On the top is the main research question, which was structured into
three subquestions. The arrows from the sghestions to the publications are indicating which publications paveally
answered which sufjuestions. 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 Dlatr tjeaN P svith

a diameterof up to 70nm are present in th&dGAS Although suchlargeNPs were never observed
outside the surce. Furthermoreit was found that the deposition rate and the trapping highly depend
on the gas flow and pressur&o learn more about the growth and transport of NPs insideHBAS,
computational fluid dynamic (CFD) simulations were perfornieturned out that the gawelocity
distribution is highly inhomogeous and depends on the geometry of the HGAS and the location of
the gas inlet.

This motivatedPublication D[38] in which three different gas inlets with different gas flows and
pressures were tested. The preuspublications(Publication AC) have used irsitu SAXS and W¥is
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 interagtitume of the
photon beam. Therefore, iRublication Diaser light scattering (LLS) was appliethemHGAS. LLS uses

a laser beam which is expanded by a grid to a plane throughl®#S. Rayleigh scattering causes NPs
to scatter light which can be mowited by a camera. Therefore, the obtained information results from
one plane or cut through thelGAS, which gives in comparison to SAXS andi®¥/Measurements-2
dimensional information in comparison tedimensional information. It was found out that thgpe

of gas inlet heavily impacts the locatiamere 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 distiions were inpacted 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 H@#8ey can be
also used to investigate and develop the syasis of functional NR.g. alloy or corshell NPsIn the

case of alloy NPshe composition plays an important role, because, e.g. the plasmonic properties
depend on the compositiorin the multicomponent target approach developed by Vahhle alloy

NPs with tailored composition can be synthesized. In the approach a special target geometry is used
which enables compositiaimning by adjustment ofthe operating pressure in the HGA&wever, the
other publications have indicated thaxtensiveredeposition can occur on the target surface.
Therefore, inPublication §40] the resulting composition of thenulticomponent target approach was
investigated with irsitu OESor longer opeation timescomparedto the study by Vahl et al. It was
found that the composition of the NRgas not only dependent on the pressure, but also on the target
lifetime. This issue was solved by thesitu OE$neasurements, because it was possible to preitiet
composition of the NPs 4gitu.

Furthermore the synthesisof core-shell NPsan beinvestigated with irsitu methods tooHence in
Publication H41], aHGAS wasombined with azacuum chamber in which the Ag NPs can be confined
by an RF plasma ftong durationsThis is similar to the trapping of NPs inside the HGAS with the big
difference thathere the trapping is intendedThe experience from the previous publications on the
UWVis spectroscopy was used herepmof that NPs can be hold in the RF plasma for long times
without any losses. This enables the coating of NPs with,Si@by the injection of a precursor gas
like Silane (S The UWis spectroscopyas used tomonitor the coating processlo get better
insightinto the chemistry of the coating process;ditu Fouriertransform infrared spectroscopy (FTIR)
measurements were performeddditionally The publication is a perfect example on how-situ
diagnostis can speed up the development of novel synthesis methods. Because without-iiel in
diagnostis, much more time would be needed to find conditions were NPs can be confinatkd
andextracted
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3.2 PublicationA: Nucleation and Growth dflagnetronSputtered Ag Nanopatrticles

as Witnessed by TinfResolved Small AngleRay Scattering
Forthis publication irsitu time resolvedSAX6measurementsvere performed during the synthesis of
Ag NPs inside HGASat thed 5 S dzii 8 OK S aSy&lirdb E NBESY . 0 AYy | | YO dzNH®
experiments was tanvestigatethe growth and transport ofAg NPs inside théHGAS at different
distances to the magnetron surface.

In this publicationcapturing or trapping of NPs inside th#ASwas observedecause ba 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 &§Rhgrowth
inside the capture zone was investigatédaiditionally, large NPs with diameters df80nm could be
rarely found outside theHGAS on the substratealthough SAXS measurements confirmed their
existence inside the HGABut these NPs could be found on substrates placed insideHGAS. From
these observations it waoncludedthat smaller NPs have a better chancestzape from the capture
zone thanlargeNPs. SEM investigatisof the Ag target after the SAXS measurements have shown
NPs with a diameter of 9m in the central region of the tget. Additionally, a hill of NPs in the center

of the targetwas measured with a profilometemhis 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 ffom 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 rgtioiormation about the relative volume
fraction of NPs inside th&ray beam but also about the size distribution of NPs insidedite beam.

The biggest drawback of the method, is titagives only ddimensional information, because the data
originate from the wholeX-ray path through the source. Therefore, techniques which would enable
spatial resolved information about the NP growth and transport are highly neédethermore, SAXS
measurements at a synchrotraannotbe performed routinely and theffort 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 repriritom the following publication:

Shelemin, A., Pleskunov, P., KousaDreweE W® X |-h FUDT WpE bHBERAAGAYI 503
J., Vaidulych, M., Schwartzkopf, M., Kylian, O., Polonskyi, O., Strunskus, T., Faupel, F., Roth, S. v.,
Biederman, H.,& Choukourov, A. (2020). Nucleation and Growth of MagneB8pnttered Ag
Nanoparticles as Witnessed by ThResolved Small AngleR@y ScatteringParticle and Particle

Systems Characterizatig8i7(2), 1c11. https://doi.org/10.1002/ppsc.201900436
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Nucleation and Growth of Magnetron-Sputtered Ag
Nanoparticles as Witnessed by Time-Resolved Small
Angle X-Ray Scattering

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

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

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

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

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

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

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

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

NPs, The inert gas flow is typically created
to drag the NPs from the aggregation zone
into another vacuum chamber where they
can be collected on substrates.
The employment of highly nonequilibrium conditions favors
Dr. A. Shelemin, P. Pleskunoy, Dr. J. Kousal, Dr. . Hanus, S. Ali-Ogly, tailoring the morphc.ﬂogy _Df resu}tanF _NPS which stmngly
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Prof. H. Biederman, Prof. A. Choukourov the ambient gas.’% Furthermore, mixing of two or more metals
Department of Macromolecular Physics can be realized either simultaneously or sequentially giving rise

Faculty of Mathematics and Physics to a wealth of homogeneous or heterogeneous nanoalloys, unat-
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as well as in the central area of the target.

V Holesovickach 2, 18000 Prague, Czech Republic tainable by conventional means.['8 Despite great progress in
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the NP deposition on surfaces which is related to a generally
recognized issue of the loss of the NPs inside the aggregation

Deutsches Elektronen-Synchrotron (DESY) chamber before they leave it. Solving this problem is still quite
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the conditions of the magnetron discharge.

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

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

2. Experimental Section

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

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

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

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

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

3. Results

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

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

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

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

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

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

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

relative volume fraction were calculated for 12 axial positions
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Figure 3. Time dependence of a) the average Ag NP diameter d and
b) the relative volume fraction f, measured at different axial positions.
Time t = 0 corresponds to the ignition of the discharge. The dotted line
shows the example of the linear extrapolation of the data to the NP diam-

eter d = 0 nm, the time point taken as the moment at which the smallest
NPs are born (the NP appearance time).

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

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

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

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

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

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

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

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

In the beginning of the cycle, the scattering curves are readily
fitted by the monomodal lognormal size distribution (see Sup-
porting Information). The average NP diameter increases, the
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Figure 5. Cycling fluctuations of a) the average diameter d, b) relative
volume fraction fo, and c) relative number N 4 of Ag NPs occurring in
the GAS at x = 2.2 mm during the period of instabilities (period 2). The
second population of the NPs (open symbols) was added to the fit of
the scattering curves whenever the monomodal size distribution was not
sufficient to fit the data correctly (for details see Supporting Informa-
tion). Serial numbers designate the Nth cycle (N =1, 2, 3...). The dotted
line shows the sum of the relative volume ratios for the NP population
1and 2.
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