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Abstract

Nanoparticles hold unique properties such as high surface-to-volume ratios or quantum con-
finement e [edts, making them viable for countless applications in various scientific fields
such as biomedicine, catalysis, detectors and sensing, opto-electronics or energy storage and
harvesting. This work focuses on the synthesis and surface modification of silicon and me-
tal nanoparticles, as well as multi-elemental core-shell or Janus particles using atmospheric
plasma jets as a tool. Both a bottom-up approach in the form of gas phase synthesis using
the reactive gas silane as well as a top-down approach using solid state source materials are
demonstrated. As a first step, the HelixJet atmospheric plasma source is modified for a long
term operation at high admixtures of reactive gases. The gas flow inside the jet is simulated
using COMSOL® and the parameters of the jet are monitored closely. Particles synthesized
in the gas phase are analyzed using a Scanning Mobility Particle Sizer (SMPS) and their
crystallographic structure is made visible using Transmission Electron Microscopy (TEM).
For a suitable set of parameters, silicon nanocrystals with diameters in the range of 3 to
7nm are synthesized. Their crystallization is enabled by the admixture of hydrogen and the
consequent selective heating. Measurements in collaboration with the Institute of Physics in
Prague reveal a strong photoluminescence (PL) intensity in the visible red spectral region
for these silicon nanocrystals. The position of the PL maximum can be shifted between 650
and 750 nanometers depending on the synthesis conditions. The combination of silicon par-
ticle synthesis and a fly-through annealing stage results in the formation of Janus particles
with a special half-sphere structure containing a silicon-manganese alloy. This structure is
analyzed in collaboration with the group of Synthesis and Real Structure of Prof. Kienle
at the Faculty of Engineering in Kiel. With the design of a smaller version of the HelixJet,
higher power densities of around 530 Wem™2 are reached inside the plasma jet, diminishing
the need for hydrogen admixture. Introducing a source metal wire into the middle axis of
this jet, metal particles are produced even from high melting point metals such as tungsten.
The influence of plasma parameters, such as power and gas flow, on the particle morphology
and crystal structure is investigated using transmission electron microscopy, revealing that
the average size of the tungsten nanocrystals can be tuned between 12 and 25nm. Depend-
ing on the specific plasma parameters it is possible to synthesize monocrystalline tungsten
particles with both a- and [-crystallographic phases as well as tungsten oxide nanoparti-
cles. A short test combining both gas phase and source material synthesis results in the
formation of copper particles with a silicon shell opening up a potential synthesis method
for various silicon-metal-nanoparticles. Finally, two HelixJets are combined in a double jet
setup for the subsequent synthesis and surface treatment of the particles. A reflective setup
olerk the employment of in situ Fourier-transform infrared spectroscopy (FTIR) allowing
real time access to the chemical composition and surface modification, which are crucial to
tailor nanoparticles for their intended applications. Using a pulsed methane plasma in the
second jet, the formation of silicon carbon bonds is observed both in FTIR, as well as in
XPS. This last experiment acts as a stepping stone for the possible multi-step synthesis and
surface modification to tailor nanoparticles for their intended applications.



Kurzfassung

Nanopartikel verfligen Uber einzigartige Eigenschaften bedingt durch ihr hohes Verhaltnis von
Oberflache zu Volumen oder duch sogenannte Quanteeinschlussse [eKte im Fall von Halblei-
termaterialien. Diese Eigenschaften machen sie nutzbar flr unzéhlige Anwendungen in ver-
schiedensten Bereichen wie zum Beispiel in der Biomedizin, Katalyse, fiir Detektoren und Sen-
sorik, in der Optoelektronik oder fur Energiespeicherung. Diese Arbeit konzentriert sich auf
die Synthese und Oberflachenmodifikation von Silizium- und Metallnanopartikeln, sowie von
Multielement- und insbesondere Janus-Partikeln unter der Verwendung von Atmosphéaren-
druck Plasmajets. Zwei verschiedene Ansatze zur Synthese, einmal aus einem Festkorper und
einmal aus der Gasphase, werden demonstriert. Daflr wird zundchst die Plasmaquelle He-
lixJet modifiziert, um den Langzeitbetrieb auch bei hohen Beimischungen reaktiver Gase zu
gewahrleisten. Der Gasfluss innerhalb des Jets wird mit Hilfe von COMSOL® simuliert und
zeigt, dass die Modifikationen die Beschichtung verringern. Die GrofRe der in der Gasphase
synthetisierten Partikel wird mit einem Scanning Mobility Particle Sizer (SMPS) analysiert
und ihre kristallografische Struktur wird mit Transmissionselektronenmikroskopie (TEM)
sichtbar gemacht. Bei geeigneter Wahl der Parameter kdnnen so Silizium-Nanokristalle mit
Durchmessern im Bereich von 3 bis 7 nm synthetisiert werden. Durch die Beimischung von
Wassersto [uind das sogenannte selektive Heizen wird das Erreichen der Kristallisationstem-
peratur ermdoglicht. Messungen in Zusammenarbeit mit dem Institut fur Physik in Prag
(FZU) zeigen eine starke Photolumineszenz (PL) im roten Wellenldngenbereich fir diese
Nanokristalle. Die Position des PL-Maximums kann durch Anpassen der Syntheseparameter
zwischen 650 und 750 Nanometern variiert werden. Die Kombination der Synthese von Siliz-
iumpartikeln mit dem Durchlaufen einer Glihphase fuhrt zur Bildung von Januspartikeln
mit einer speziellen Halbkugelstruktur, die eine Silizium-Mangan-Legierung enthélt. Die
genaue Zusammensetzung dieser Partikel wird in Zusammenarbeit mit der Arbeitsgruppe
von Prof. Kienle an der technischen Fakultat Kiel analysiert. Durch die Konstruktion einer
kleineren Version des HelixJets konnen hohere Plasmadichten von bis zu 530 Wem ™ erreicht
werden, wodurch die Notwendigkeit der Wassersto [hdimischung entfallt. Wird ein Metall-
draht auf der Mittelachse eines solchen Jets eingebracht, konnen Metallpartikel selbst aus
hochschmelzenden Metallen wie Wolfram erzeugt werden. Abhédngig von den spezifischen
Plasmaparametern lassen sich monokristalline Wolframpartikel mit sowohl a- als auch (3-
kristallographischen Phasen als auch Wolframoxid-Nanopartikel mit Durchmessern zwischen
12 und 25 Nanometern erzeugen. Ein kurzer Test der Kombination von Gasphasen- und
Ausgangsmaterialsynthese fuhrt zur Bildung von Kupferpartikeln mit einer Siliziumhalle.
Fur die kombinierte Synthese und Oberflachenbehandlung der Partikel werden zwei Helix-
Jets miteinander verbunden. Ein reflektierendes Substrat ermdéglicht den Einsatz von in situ
Fourier-Transformations-Infrarotspektroskopie (FTIR), welche die chemische Zusammenset-
zung und die Oberflachenmodifizierung in Echtzeit misst. Durch den Einsatz eines gepulsten
Methanplasmas im zweiten Jet kann die Bildung von Silizium-Kohlensto [-Bindungen an der
Partikeloberflache sowohl im FTIR als auch mit XPS-Messungen beobachtet werden. Dieses
letzte Experiment dient als Grundlage fur die mehrstufige Synthese und Oberflachenmodi-
fikation, um Nanopartikel fur ihre beabsichtigten Anwendungen maRzuschneidern.
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1 Introduction

Nanoparticles are an integral part of nanotechnology and therefore modern material science.
Often overlooked by society, they already accompany us in many aspects of our daily life. For
example, TiO, and ZnO nanoparticles can be found in sunscreens due to their UV absorb-
ing and scattering properties, where they provide e ective protection against UV radiation
while maintaining transparency on the skin [1]. Silver nanoparticles are commonly used in
toothpastes, shampoos and sanitizer sprays for their antimicrobial and antibacterial e ects
[2]. Beyond personal care, nanoparticles are also often hidden in thin coatings, improving,
for example, the scratch resistance of exposed surfaces [3].

Many of these applications are not achievable with microparticles or the bulk material. The
reason for this can be found in the increased surface-to-volume ratio of the nanoparticles that
results in a drastic change of their properties. When taking a look at a silicon particle with
a diameter of1 m, less thenl % of the total number of atoms are located on its surface.
This ratio changes drastically with a reduction in size. For a silicon nanoparticle with a
diameter of4nm, 25% of all atoms are surface atoms [4]. Going further down,2nm silicon
nanoparticle consists o280 atoms, with 120 (43 %) of them being surface atoms [5]. Since
many potential reactions, as well as catalytic and sensing properties, depend on the material's
surface, the high surface area achieved in the form of nanoparticles is bene cial. Material
in the form of nanoparticles not only enhances these properties but also reduces the total
amount of material required.

Additionally, semiconductor nanoparticles with dimensions smaller than the exciton Bohr
radius are subject to quantum con nement e ects. These so-called quantum dots (QDs) are
characterized by a change in the energy state structure from continuous to discrete.

In addition, an indirect band gap becomes direct, which increases their quantum e ciency
and makes them suitable for opto-electrical applications in solar cells or light-emitting devices
[6, 7].

Metal nanoparticles also possess unique optical, electronic and catalytic properties, which
are highly dependent on their size, shape and surrounding environment [8, 9]. For example,
localized surface plasmon resonance (LSPR) observed in noble metal nanoparticles, such as
gold and silver, results in strong absorption and scattering of light at speci ¢ wavelengths,
enabling their use in enhanced spectroscopy, sensing and bio-medical imaging [10, 11].
Traditional methods for synthesizing nanoparticles such as silicon and metal nanoparticles
include chemical reduction, wet-chemical etching and thermal decomposition. These methods
often require high temperatures, toxic chemicals and extensive post-processing [12 14]. Since
the global nanomaterial market is rapidly growing, there is an ongoing search for more
cost-e cient methods to meet the growing demand [15 17]. Plasma-based methods o er
a promising alternative for the generation of nanopatrticles, with advantages such as reduced
environmental impact and room-temperature synthesis while maintaining precise control over
particle size and composition [18, 19].

The growth of nanopatrticles in low-pressure plasmas was rst observed as a source of contam-
ination in semiconductor processing in 1989 [20]. Since then, low-pressure plasma processes
have been studied for the synthesis of semiconductor and other material nanoparticles through
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gas phase synthesis [21], as well as sputtering methods [22]. The crystallization process is
in uenced by the local plasma temperature, selective heating and the availability of hydro-
gen, which acts as a surface passivant, preventing excessive coalescence and enabling the
formation of well-de ned nanocrystals [23]. More recent advances in this eld have focused
on improving the e ciency and scalability of low-pressure plasma systems. For example, re-
searchers have explored innovative reactor designs, such as ow-through systems and rotating
substrates, to enhance particle yield and uniformity while reducing energy consumption [24].
However, the reliance on vacuum systems in low-pressure plasma setups limits their advances
in terms of cost reductions and scalability. The need for extensive pumping infrastructure
and large-scale vacuum chambers increases operational expenses and limits throughput.
Atmospheric pressure plasmas can oer a cost-e ective and scalable synthesis technique
compared to conventional vacuum-based systems, where expensive pumping equipment is
required [25]. Their setups are also space-e cient and modular, making them ideal for inte-
gration into existing industrial production lines without signi cant modi cations [26]. Since

they operate under room temperature, the advantages of the plasma environment can be com-
bined into a treatment method that does not heat or alter the treated surface. Therefore,
they have already made their way into scienti ¢ elds where the treatment of sensitive sur-
faces is needed. Today, atmospheric pressure plasmas are already assisting modern medicine
with sterilization, wound healing and cancer treatment [27 29].

However, the synthesis of nanoparticles and especially nanocrystals using atmospheric pres-
sure plasmas can be quite challenging, due to several factors. The absence of a vacuum pump
inherently increases the concentrations of impurities such as oxygen og(Hwithin the sys-
tems. Additionally, atmospheric pressure plasmas with high admixtures of reactive gases can
be di cult to sustain. The high voltage needed for gas breakdown can often lead to arcing,

a result of the current not being limited by the external circuit. Another phenomenon in
high-pressure plasmas is lamentation. This instability is caused by a positive feedback loop
with a locally high electron density leading to a higher gas temperature. The gas density
decreases, leading to increased electron temperatures that increase electron densities even
further.

As a result, there are not many publications on the successful synthesis of silicon nanocrystals
in atmospheric pressure plasmas and most of them rely on the admixture of hydrogen [30 32],
or only produce amorphous silicon oxide material [33]. Publications also report on the issue
of material deposition within plasma sources with high deposition rates [30] that leads to
unpredictable plasma environments or the clogging of utilized plasma sources.

If understood and utilized well, atmospheric pressure setups can be tailored to produce a
wide variety of nanoparticles by adjusting parameters such as gas composition, power input
and the combination of precursor gases or solid source materials.

Atmospheric pressure plasmas can also facilitate the much-needed optionifositu analysis

of the nanoparticle synthesis process, since an atmospheric setup is more easily accessible
and can be connected to several measurement techniques, such as the scanning mobility
particle sizer for size distribution analysis. However, common measurement techniques for
low-pressure plasmas, such as probes or mass spectrometry, are di cult to deploy in atmo-
spheric pressure systems because of the limited spatial resolution.

A two-stage atmospheric pressure plasma system can facilitate subsequent nanoparticle syn-
thesis and surface passivation.

The goal of this work is to demonstrate the potential of atmospheric pressure plasmas for

2
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nanoparticle synthesis, with a focus on understanding the underlying mechanisms of nano-
particle formation, controlling particle properties and optimizing the plasma parameters to
achieve certain material characteristics. In this thesis, rstthe di erent types of nanoparticles
(semiconductor, metal and multielemental) with their speci c properties, applications and
common synthesis methods are introduced in chapter 2. Since the chosen synthesis method
in this thesis involved the use of atmospheric plasma, this chapter will also give an overview
of the plasma fundamentals. Additionally, the most common type of atmospheric plasma
source, the atmospheric pressure plasma jet, will be explained in greater detail. Combining
those fundamentals, the synthesis process by means of atmospheric plasma jets will be ex-
plained for both gas phase synthesis and the synthesis using a solid source material. Chapter
3 gives an overview of all diagnostics that were used in this thesis to investigate synthesized
nanoparticles. This includes the scanning mobility particle sizer (SMPS) for information on
the patrticle size, transmission electron microscopy methods (TEM) to investigate the particle
morphology, chemical composition analysis using Fourier transform infrared spectroscopyant
(FTIR) and nally photoluminescence spectroscopy. The design of the chosen plasma source
as well as the specially designed setups that can be used in combination with the atmo-
spheric plasma sources are highlighted in chapter 4. All ndings and results, also in the form
of peer-reviewed publications, are found in the chapters 5 to 8. Chapter 9 then summarizes
the ndings of this thesis and includes some prospects and ideas for future work.



2 Fundamentals

Within the framework of this thesis, nanoparticles (NPs) of di erent elemental compositions
have been synthesized using di erent synthesis methods. Synthesized NPs included semicon-
ductor (silicon), metal (tungsten) and multielemental NPs, such as Janus NPs and core-shell
NPs. This chapter will rst present NP properties in general and then speci c properties
for each type of NP that was synthesized in this thesis. Common synthesis methods and
possible applications are introduced. In addition, the importance of surface passivation and
functionalization is highlighted.

In the next section, an introduction to plasma properties and plasma generation is given,
since the scope of this thesis was to synthesize NPs using atmospheric pressure plasmas.
This general overview on plasmas is followed by a more detailed description of atmospheric
pressure plasma jets, the type of plasma source that was utilized in this thesis.

In the last section, plasma-assisted NP synthesis is highlighted for both the synthesis method
from a source material in solid form and the gas phase synthesis using a precursor gas. Here,
the important phenomenon of selective heating is explained in detail.

2.1 Nanoparticles

Nanoparticles are structures characterized by diameters of 1 to 100 nanometers [34, 35].
They can come in di erent shapes [36], but for this thesis the term will be used to describe
mainly spherical NPs. The small size of NPs drives physical and chemical properties that
are inherently di erent from those of the microparticles or the bulk material. Over the
last decades, research into NPs has expanded and spread from material science to various
other scienti c elds. The research e ort is driven by the extraordinary properties of NPs
that stem from their high surface area-to-volume ratio, quantum con nement e ects and
surface/interface phenomena, which make them highly versatile and adaptable for many
applications.

Quantum dots, for instance, are semiconductor NPs subjected to quantum con nement e ects
[37] which enable precise control over their optical and electrical properties, making them
suitable for applications in technical environments such as displays [38], solar cells [39, 40],
and biological imaging [41]. Similarly, metal NPs exhibit a phenomenon called localized
surface plasmon resonance (LSPR), making them NP antennas, which drives applications in
the areas of enhanced spectroscopy methods [42].

The NP properties have to be understood to be able to tailor them for their speci c intended
applications.

2.1.1 Properties

NP properties can di er based on their elemental composition and structure. One of the key
properties that all NPs have in common is their increased surface-to-volume ratio compared
to their bulk counterparts. To explain this characteristic in more detail, silicon NPs are taken
as an example, but these considerations are similar for all NPs.

4
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Figure 2.1: Crystallographic structure of silicon for a face centered cubic (fcc) structure. The
inter-atomic distance isa = 0:543nm.

Silicon most commonly appears in diamond cubic crystal structure. The diamond structure
can be described as an fcc lattice with a basis containing two identical atoms positioned
at each lattice point. In other words, the diamond cubic lattice can be thought of as two
overlapping face-centered cubic (fcc) lattices displaced by one quarter of the body diagonal.
The unit cell is shown in Figure 2.1. The lattice constant for silicon ig = 5:43A, which
represents the distance to the nearest neighbor corner atoms of the cube in Figure 2.1. The
unit cell contains four atoms fully enclosed within the unit cell volume (light blue), eight
atoms at the corners of the cube (gray), each contributing one eighth of an atom to the unit
cell, and six atoms centered on the cube faces (blue), each contributing half of an atom to
the cell. This adds up to a total numbern, of 8 atoms inside this cube.

To estimate the ratio of atoms located on the surface of an NP to the total number of atoms

in the particle, the NP is assumed to be spherical with a diameter of The presence of facets

is neglected. The NP can be visualized as being composed of small cubic cells with a side
length of a. The total number of atomsN, in the NP can then be estimated by calculating

the total volume of the particle V, and dividing it by the volume of one cubic cell, multiplied

by the number n. of atoms per cell:

oo, 4 .
a3 ° 3 ad
To estimate the number of atoms located on the NP's surface, a surface layer with a thickness
of ais assumed. This implies that all atoms located within unit cells at the NP's surface are
considered as surface atoms. Although some of these atoms may be located slightly below the
geometrical surface (e.g. a few fractions of a nanometer inside the particle), this assumption
Is reasonable because of potential surface reconstructions and the fact that interactions with
surface atoms often extend beyond the outermost atomic layer. For this calculation, the
volume of the surface layeW; is de ned as

N, = ng (2.1)

VAERVERVE (2.2)

5
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Figure 2.2: Surface to volume ratidS=V for a silicon NP based on calculations.

whereV, is the volume of the inner part of the NP.V; corresponds to the volume of an NP
with a reduced diameterr; = r a. Then the number of surface atom$N; in this surface
layer is

Ns = n¢ Vp 3Vi
a i
A I ()
¢ 3 a3 3 as
4 3r2a 3ra’+ a’
=nNe = : (2.3)

3 a3

The surface-to-volume ratioS=V can be thus calculated as a ratio of number of surface atoms
N to all atoms in the NP N,:

S _Ns_3rfa 3ra’+a
V. N, r3
2 3
o % s, s (2.4)

rr2 3’
This equation is plotted in Figure 2.2 and shows the increasing number of surface atoms in
relation to all atoms with decreasing NP size.

Properties of Semiconductor Nanoparticles

Apart from the high surface-to-volume ratio, which is characteristic for all NPs, semicon-
ductor NPs such as silicon are recognized for a speci ¢ set of properties related to quantum
con nement and the size dependence of the band gap.

The behavior of semiconductor nanostructures can be understood by looking at the energy
band structure. In isolated single atoms, electrons occupy speci c energy levels or orbitals
around the nucleus. These energy levels are discrete, corresponding to quantized amounts
of energy. However, when atoms approach one another, their atomic orbitals overlap and

6
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Figure 2.3: Band structure of bulk silicon determined using an energy-dependent nonlocal-
pseudopotential calculation on the left. The band structure shows the presence of an indirect
band gap with energyEy. Schematic sketch of a radiative recombination process assisted by
a phonon. Band structure adapted from [43].

the outer electron energy levels split due to interactions between the atoms. This splitting
creates new, closely spaced energy levels, forming what are known as molecular orbitals or,
in the case of solids, energy bands. In a solid, the large number of interacting atoms causes
these energy levels to merge into broad, quasi-continuous bands, accommodating all electrons
without violating the Pauli exclusion principle. The valence band is then the highest energy
band fully occupied by electrons, while the conduction band is the next higher band, which
may be partially lled or empty. The energy band gap between these bands is large for
insulators and non-existing for metals. Semiconductors have a smaller band gap, allowing for
limited electron ow at room temperature. At absolute zero T = 0 °K) there is no thermal
excitation and all electrons occupy the valence band. With increased temperature, electrons
gain thermal energy, and statistic processes also allow electrons to be found in the conduction
band. In bulk silicon, the position of the minimum of the conduction band is not found at
the same wave vector position as the maximum of the valence band.
This is called anindirect band gap and can be found for group IV semiconductors (Si, Ge,
-Sn) [44] and also for some of the compound semiconductors such as GaP or AISb [45].
Figure 2.3 shows the band structure of bulk silicon and its indirect band gap with the energy
Eq=1:1eV.
The indirect band gap results in the fact that an optical transition of an electron from the
conduction band to a hole in the valence band is only possible when a phonon participates
in the process to satisfy the law of momentum conversation [46]. The emission or absorption
of a phonon will shift the momentum in the direction of k, making the transition possible
but much less likely, since this process has a very low collision rate. This makes the radiative
recombination slower (e.g. with longer radiative lifetimes) and less probable in comparison
with non-radiative processes in indirect band gap semiconductors that do not require a third
particle (phonon). Therefore, bulk silicon shows only weak luminescence. In general, the
luminescence is often the desired feature of NPs as it 0 ers many applications in optics and
opto-electronics.
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Figure 2.4: Photographs of deep red740nm), orange €75nm), yellow (592 nm) and blue
(441 nm) light emission from Si-NCs after excitation by a UV lamp (365 nm). Image adapted
and reprinted with permission from [47].

When semiconductor NPs reach a radius close to or below the exciton Bohr radius, quantum
con nement starts to play a role. Semiconductor NPs with diameters below the exciton
Bohr radius are calledquantum dots(QDs). The con nement of electrons in nanoscale
semiconductor materials is similar to the con nement in the three-dimensional particle-in-a-
box model, where the quantum mechanically allowed energy levels in the box are changing
from a continuous distribution to a discrete one. As a result of the strong con nement in
all three dimensions, QDs carry properties between bulk semiconductors and discrete atoms.
Their properties change as functions of size and shape.

The most visible feature of silicon quantum dots that depends on their size is photolumines-
cence. When taking one more look at the band structure of silicon, electrons in the valence
band can be exited by photons, electrons or ions, bringing them to higher electronic states.
This process is possible if the energy transferred by the excitation source is su cient to sur-
pass the energy gap. If the source of the excitation was a photon, the relaxation process
is called photoluminescence (PL). When the excited electron relaxes into the valence band,
a photon is emitted, with a wavelength depending on the size of the energy ggg = h .
Since the size of the QD determines the size of the energy gap, the wavelength of the PL is
strongly connected to the size of the quantum dots. This can lead to a very colorful variety
in the emission spectrum of silicon nanocrystals, as shown in Figure 2.4. Larger silicon QDs
(5 6nm) emit longer wavelengths in orange or red, while smaller silicon QD2 ( 3nm) emit
shorter wavelengths in the blue and green spectral region. The recombination process can be
in uenced not only by the band gap structure, quantum con nement and factors a ecting the
presence of phonons but also by material properties such as the quality of the material and
the presence of defects. Impurities, unsaturated dangling bonds and adsorbed atoms on the
surface, as well as crystallographic defects, grain boundaries and the presence of surfaces in
general, introduce a wide variety of defects. Regardless of the choice of the synthesis process
for silicon NPs, defects can be found inside the NPs, in the matrix that embeds them and/or
at the interface between the NP and matrix. Defects often introduce energy levels within
the energy band gap, leading to electron and hole trapping. This can result in non-radiative
but also in di erent radiative recombinations localized at defect sites. Some defects can be
passivated, for example by binding hydrogen to them, thereby preventing their in uence on
excited electrons. In other cases, the presence of defects may actually be desirable to achieve
the desired luminescence.
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Surface passivation, if applied, not only a ects the defects on the surface but can also have
a direct impact on the entire NP and its band structure. As it has already been stated, the
band gap isl:1eV for bulk silicon, and can be found to increase up &2 eV for H-terminated
silicon NPs [48 50]. A closer look on the e ect of surface passivation and functionalization
for all types of NPs will be given later in this chapter, but this demonstrates again how
strongly the properties of NPs are linked to their surface. Therefore, an optimal synthesis
process also needs to be able to tailor the surface properties.

Properties of Metal NPs

The de nition of metal diers between the dierent scientic elds. Using the physical
de nition, a metal is an element that is capable of conducting electricity at a temperature of
absolute zero. Extending the story of energy band diagrams from the previous subchapter, in
case of metal, the last occupied energy band is not completely lled with electrons, allowing
electrons to ow freely. The highest occupied energy level dt = 0 K is named Fermi level
There are many metal properties that are sought in their applications and which can be en-
hanced or altered when approaching nanometer dimensions. An important argument for the
deployment of metal NPs is the same or increased e ectiveness of surface-related properties
while the amount of utilized material is drastically lowered. This reduces the cost, which is
especially important for certain expensive or rare metals. The quantum con nement in the
case of very small metal NPs alters the band structure in the same way as for semiconductor
NPs and can also lead to tunable light emission.
Many applications are based on common properties of metals, such as plasmon resonance,
chemical reactivity and catalytic activity, electrical conductivity, magnetic behavior and tox-
icity. Those properties are often strongly altered in case of NPs. The so-called localized
surface plasmon resonance (LSPR) a ects absorption, scattering and the color of metal NPs.
LSPR arises from the excitation of electromagnetic surface modes, which are also called lo-
calized surface plasmons (LSPs) [51]. These modes represent the resonant oscillations of the
surface charge density at the boundaries of the metal NP. In contrast to surface modes that
can propagate along metal-dielectric interfaces, LSPs are stationary oscillations along the
metal boundaries of the metal NP. When metal NPs are exposed to incident light, the free
electrons on the surface oscillate coherently in response to the electric eld of the light. This
optical response of the localized oscillation can be described through the particle polariz-
ability  that connects the strength of the incoming electric eldE, with the electric dipole
moment:

p= Ej: (2.5)

It is a frequency dependent value that depends on the dielectric function of the metal, on the
surrounding medium and most importantly on the particle geometry. For small NPs made
from noble metals, the LSPR is typically in the visible range of the spectrum, making it
responsible for the intense colors exhibited by metal NPs, such as the red color of gold NPs
or the bright yellow of silver NPs [11]. The LSPR frequency can be tuned by varying the NP
size and shape, making metal NP optical antennas that e ectively convert electromagnetic
radiation from the far eld to the near eld and vice versa [52]. A spherical metallic NP can
be considered the simplest optical antenna. Scienti c research in the dipolar surface plasmon
of NPs is driven by two main interests. First, the electromagnetic near eld of the plasmon
excitation is strongly localized to the nanometer scale, allowing for an e ective reduction
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of the electromagnetic eld oscillations to sub-wavelength dimensions. Second, the LSPR
can increase the local elds around the particles ranging from 5-500 times enhancement in
amplitude. This aect is used in many of the possible applications of NPs, such as eld-
enhanced spectroscopy or medical applications, which will be discussed later.

Some metal NPs, particularly iron, cobalt and nickel, exhibit magnetic properties and those
magnetic properties are also strongly size-dependent. These NPs can be superparamagnetic,
meaning that they are magnetically responsive in the presence of an external magnetic eld
but do not retain magnetization once the eld is removed. The magnetization per atom and
the magnetic anisotropy of NPs have been shown to be much greater than those of their bulk
counterparts [53].

Properties of Janus particles

Janus particles are a special subgroup of multielemental NPs. Their name originates from
the two-faced Greek god and was rst mentioned in a scienti ¢ context by Casagrandst

al. in 1989 [54]. Here, they presented spherical glass particles in the range50fto 90
micrometers, where one hemisphere was hydrophilic and the other was hydrophobic. Janus
particles are distinguished from core-shell particles by the fact that two or more elements
must be present on the surface of the particle. In other words, the surface has to have at
least two or more distinct physical properties. This unique surface structure enables di erent
types of chemistry to occur on the same particle. The properties of Janus patrticles are highly
dependent on the materials they consist of. Janus particles can consist of two materials
with opposing properties. In addition to the already mentioned amphiphilic properties [55,
56], the two surface materials can also exhibit di erent uorescent [57, 58] or magnetic [59]
properties. The most simple geometry for a Janus particle is a spherical particle combined of
two di erent elements, where each hemisphere consists of a di erent element. More complex
morphologies include the shapes of dumbbells [60, 61], snowmen [62 64] rods [65, 66] or disks
[67, 68].

2.1.2 Common synthesis methods

Countless works have been published in regard to nding a stable way for the synthesis of
well de ned and monodisperse NPs with controllable size and optical properties. Here, the
reproducibility of the synthesis process and the cost and e ciency are important factors. In
general, synthesis methods for NPs can be categorized into two classes:

bulk reduction methods (top-down)

assembly methods (bottom-up)
One of the most popular reduction methods is the electrochemical etching of silicon wafers.
Starting with a p-type silicon wafer, porous silicon (and later from this silicon nanowires or
NPs) can be achieved using electro-chemical etching. This method was rst presented in 1999
by Wolking et al., where hydro uoric acid was used [48]. The resulting porous silicon could
then be scraped o and the product in the form of a powder contained nanocrystals with
diameters as low a8nm. Silicon NPs produced with this method were also the rst ones to
have a reported room temperature PL. The degree of porosity and consequently the size of
the silicon NPs can be tuned via changing the concentration of hydro uoric acid and electric
current. This method is also very time consuming and requires both a voltage generator
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and a halogen lamp. Additionally, the production yield is limited and the photoluminescence
of the produced samples was achieved only by strict avoidance of exposure to air, which is
always a challenge in wet-chemical approaches.

Another top-down approach, which is commonly used for NP synthesis, is laser ablation.
In the case of silicon, NPs are synthesized by removing material from a monocrystalline
silicon wafer using short and intense laser pulses [69]. For this, the wafer is placed in a
stylene solution or water and then exposed to the laser, causing miniature explosions of
the material that expands into the solution. The created NPs remain solved within the
solution after the ablation process [70]. They then have to be extracted from the dispersion
using centrifugation, which is an inherent downside of this and other wet processes, as the
particles are not directly available after the synthesis process. However, with synthesis rates
approaching grams per hour [71], it is a competitive method, even though the purchase and
maintenance of a laser is very cost-intensive. The method of laser ablation has also been used
in the synthesis of metal particles as early as 1998 [72], where gold, silver and even permalloy
particles could be synthesized using laser ablation. This method for NP production has been
improved and is now considered ecological, since no stabilizing molecules or other chemicals
are needed anymore [73]. Another method that does not require chemicals is ball milling,
which is a very inexpensive top-down approach, where usually a high purity metal powder
[74] or silicon oxide powders [75] are nely ground into NPs.

In contrast to those bulk reduction methods, the assembly methods (bottom-up) use mostly
chemical routes. Using the rapid chemical expansion of supercritical uids, the group around
Korgel et al. used the decomposition of a silicon-containing precursor in solvents that were
heated and pressurized above their critical points to create silicon NPs [76]. Although this
method results in very monodisperse NPs, the chemical composition is di cult to control and
the resulting NPs already obtained an alkoxy-termination during the growth process [77]. The
synthesis method using supercritical uids can also be used for other semiconductor materials
and metal NPs [78, 79].

The so-called colloidal synthesis is a solution-based chemical bottom-up approach. In the
case of silicon, it involves mixing of several precursors and stabilizers in a certain order.
Subsequent heating of the mixture is required to result in the growth of nanocrystals [80]. In
the case of colloidal synthesis of metal particles, metal ions are reduced to form small metal
nuclei that can then grow into large NPs [81].

Multielemental NPs such as Janus particles are most often synthesized using such bottom-up
approaches. The most simple method for Janus particle generation is surface modi cation.
Here, a part of an initially homogeneous particle is protected using some form of mask,
while the unprotected part is modi ed [82]. Other methods to synthesize Janus particles in-
clude micro uid synthesis, where two di erent heated liquid monomers are brought together,
forming Janus droplets that later cool down into NPs [83].

Di erent synthesis methods come with their own set of advantages and disadvantages, but
their overall requirements are the ability to synthesize NPs with a targeted size distribution
with a certain overall reproducibility. An ideal method for the synthesis of NPs would
address these requirements while also producing large amounts of pure elemental NPs in a
short time, using low-cost, non-hazardous precursors and starting materials. A method that
could possibly ful ll these requirements is the use of an atmospheric pressure plasma, as
was done in this thesis. Therefore, a detailed explanation of the NP synthesis routes using
atmospheric pressure plasmas will follow in section 2.3.
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Surface termination, functionalization and passivation

Depending on the type of synthesis method and the chosen conditions, NPs always obtain a
certain surface termination. Such a termination can in uence the properties of NPs and/or
passivate them, protecting them from the environment to which they are exposed. The
terms "termination”, "functionalization” and "passivation" are often used interchangeably in
the literature, also because certain terminations can serve as both passivation and functional-
ization. Termination refers to chemical species or groups directly bonded to the surface atoms
of a particle, typically replacing the dangling bonds of undercoordinated surface atoms. It
de nes the immediate chemical identity of the surface. The most common types of surface
passivation upon silicon NPs are hydrogen termination and oxygen termination. In the case
of porous silicon, a hydrogen termination is already established during the synthesis process
using wet chemistry [84]. However, also low-pressure plasma systems that form silicon NPs
have been shown to be capable of producing H-terminated silicon NPs [85]. Here, the pos-
sibility of the use of ultra-high vacuum systems can eliminate oxygen impurities. If silicon
NPs are created in low-pressure plasmas, the coverage of the NP surfaces is often obtained
from the dissociated atoms of the Si-containing precursor during synthesis. The use of the
precursors SiH [86] and SiC}, [87, 88] was reported to lead to the formation of NPs with
hydrogen and chlorine termination, respectively. Both termination types are not very stable
upon being exposed to air and especially water vapor. The hydrogen-terminated surface was
fully oxidized after a time of ten minutes and the chlorine termination was even less stable
[88]. Although Si-H bonds are stable in air, they do not protect strained Si-Si back bonds
[89] from reaction with oxygen-containing species [90].

Liquid-phase functionalization describes methods that o er stable protection of NPs from
both agglomeration and oxidation. In these methods, the NPs are either directly created
or dissolved in a colloidal solution, where their surface can react with the species present
in the system. For example, Mangolinet al. have presented a way to graft several organic
ligands such as octadecene, dodecence and styrene on the surfaces of plasma-generated silicon
nanocrystals, which improved their photoluminescent properties with quantum vyields of up
to 70%[91, 92]. This method is ideal for improving the optical properties of silicon NPs
and to prevent them from agglomeration. Even after long-term storage, when particles
may aggregate and separate from the solution through sedimentation, they can always be
redispersed by sonication. But in the sense of scalability, this is a rather unpractical approach.
In addition, most of these methods require the handling of toxic chemicals.

Overall, termination can be short-lived. To sustainably prevent oxidation, ensure stability
and to improve the NP properties for their intended purposessurface passivationis often
used. In the scope of nanomaterial science, surface passivation describes the coating of NPs,
making them passive meaning that they are less likely to interact with their environment or
other materials. Additionally, certain passivation can also restrict agglomeration, which is
often undesirable in NP production. Passivation can occur in the form of an outer layer that
is formed purposely (coating) or through exposure to ambient air (oxidation).

In the case of silicon nanocrystals, a passivation with a thin layer of silicon oxide has been
shown to increase the intensity of PL [93, 94]. Silicon NPs initially show no visible photo-
luminescence under UV illumination but develop it over hours to days as surface oxidation
presumably passivates dangling bonds that act as non-radiative recombination centers. The
same behavior has been observed in this thesis, where the prepared NPs originally did not
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show any signi cant PL signal directly after deposition but the PL signal increased after
surface oxidation occurred upon exposure to ambient air. Similarly, metal NPs are often
coated with oxide shells either of their own metal or other metals, to enhance for example
their suitability for catalytic applications [95, 96].

Plasmas can help facilitate the passivation process, usually by combining two reactors. One
reactor will be responsible for the particle synthesis and the second one for the subsequent
surface passivation. For low pressure systems, this has been already demonstrated by Man-
golini and Kortshagen [97]. Here, they presented a two-step plasma process at low pressure
(200 Pa) in which surface functionalization was performed immediately after synthesis by
plasma-assisted in- ight grafting of organic molecules in a second plasma chamber. The rst
reactor consisted of a quartz tube with two ring electrodes operated a8:56MHz and with
silane as a precursor. The NPs synthesized here were led by a gas ow to a second parallel
plate plasma reactor, with a gas ow passing through a bubbly containing the liquid organic
precursors. Reactive radicals of organic ligands such as 1-dodecene have been formed through
electron impact dissociation in the plasma, which then enabled the reaction of these ligands
with the surface of the silicon nanocrystals.

A setup for the subsequent synthesis and surface passivation of NPs using atmospheric pres-
sure plasmas will be presented in this thesis in chapter 8.

2.1.3 Applications

Considering the large amount of nely tunable surface properties, it is not surprising that
NPs nd applications in various scientic elds. They can be roughly separated into ve
main categories, as shown below.

Medicine and biotechnology

In the scientic eld of medicine and biotechnology, gold, silver and iron oxide particles
are mostly studied. One of the most prominent applications, popularized by the spread
of diseases such as SARS-CoV-2, are the antimicrobial properties of silver NPs. They are
e ective against a wide range of bacteria and are used in wound dressings, medical device
coatings, and as components in antimicrobial textiles such as face masks [98, 99]. Mesoporous
silicon NPs [100] and functionalized metal NPs [101] have been used as drug carriers to
target specic cells or tissues. Similarly, NPs of gold, silver and iron oxide can be used
in targeted drug delivery systems to improve the e ectiveness of chemotherapy drugs while
minimizing their side e ects [102]. Both metal (gold and silver) as well as silicon NPs are
used in diagnostic techniques such as biosensing and medical imaging. Gold NPs improve
contrast in medical imaging techniques, allowing the detection of diseases in the early stages
[103]. Superparamagnetic iron oxide NPs (SPIONSs) are used as contrast agents in magnetic
resonance imaging (MRI), improving image quality for better diagnosis of diseases such as
tumors or cardiovascular problems [104]. Janus particles also nd applications in biomedical
environments. For example, polymer-polymer Janus particles have been tested for their
ability to encapsulate two di erent drugs in each compartment of a spherical particle, where
the di erent hemispheres exhibit di erent degradability for di erent pH values, enabling
sequential drug release under varying conditions [105].
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Catalysis

Various metals are widely used for their catalytic properties. In real applications, the stability
and non-toxicity o ered by noble metals, such as gold, are particularly important. Never-
theless, gold was long time considered a poor catalyst, with theoretical calculation even
highlighting its noble behavior on the example of hydrogen dissociation at the surface of gold
[106]. However, this changes when gold NPs are used [107, 108]. The high surface-to-volume
ratios as well as the presence of steps, edges and corner sites on gold NPs [107] make them
ideal for catalysis, since more surface atoms are available for the interaction with reactants.
Gold NPs show, for example, high catalytic activity for CO oxidation at temperatures as low

as 200K [109] or enhanced photocatalytic degradation of various organic pollutants [110].
Apart from gold, mainly NPs of other noble metals such as platinum and palladium are used
for heterogeneous catalysis [111]. Platinum NPs are commonly used in automotive catalytic
converters to convert harmful gases such as carbon monoxide and nitrogen oxides [112, 113].
They can also function as catalysts in hydrogen membrane fuel cells, where they enhance the
e ciency of oxygen reduction at the cathode [114, 115]. Metal oxide NPs such as Ti@nd

ZnO are e ective photocatalysts that use sunlight to drive chemical reactions. They have
been shown to increase the reactions of water splitting for hydrogen production [116] or the
degradation of organic contaminants in water [117].

Energy Harvesting and Storage

NPs can enhance light absorption and charge separation in solar cells. Quantum dots [39,
40], perovskite NPs [118, 119] and plasmonic NPs [120, 121] have already been integrated
into solar cells to increase their overall e ciency. They can absorb di erent parts of the solar
spectrum and help reduce energy losses, making solar cells more e cient and cost-e ective.
Another research topic that is focused on sustainability is the development of thermoelec-
tric materials that can directly and reversibly convert heat into electric energy. Here, the
nanostructuring provided by NPs reduces the thermal conductivity while maintaining the
electrical conductivity. Therefore, NPs have been proven to enhance this thermoelectric ef-
fect, reducing the losses in the waste heat of commercial energy consumption [122, 123]. In
lithium-ion batteries, silicon or F&sO, NPs acting as anode materials can enhance parame-
ters such as energy density, charging rates and lifespan [124, 125]. Nickel oxide NPs used as
electrode material increase the performance of supercapacitors and electrochromic devices,
enabling them to achieve higher energy densities than traditional capacitors while retaining
fast charge and discharge capabilities [126, 127]. Metal hydride NPs can absorb and release
hydrogen more e ciently, making them suitable for portable and renewable hydrogen-based
energy storage systems [128, 129].

Optics and opto-electronics

As already discussed, metal NPs exhibit optical properties due to LSPR, which occurs when
conduction electrons on the NP surface oscillate in response to incident light. An important
application in this eld of plasmonics is the development of substrates that can amplify the
Raman scattering signal of molecules placed near their surface [130]. This e ect is called
surface-enhanced Raman scattering (SERS) and has been studied already since 1985 [131].
Surface-enhanced spectroscopy enables ultrasensitive detection of even single molecules [132].
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Arrays of metallic NPs can enhance not only Raman scattering but also infrared absorption
[133]. Metal NPs can also guide light by creating highly con ned electromagnetic elds. In
2003, Maieret al. published on plasmonic waveguides based on a chain of NPs, which allow
the transfer of optical signals in a lateral mode con nement below the diraction limit of
light [134, 135]. This can not be achieved using conventional waveguides or photonic crystals.
In a similar manner, the so-called plasmonic lenses made from a curved chain of metal NPs
can focus light below the di raction limit of conventional optics [136].

When a small voltage is applied, the optical properties of a NP assembly can be modulated,
e ectively controlling the light transmission. This fast switching capability is essential for
high-speed optical communication where data is transmitted by modulating light signals in
the eld of ultra-fast all-optical switching [137] which can be used in optical computing and in
ber-optic based communication networks. Here, mainly silver NPs [138] and ZnO NPs [139]
can be used. Light-emitting diodes (LEDs) based on silicon nanocrystals [140] or silicon QDs
[7] can be tailored for speci ¢c emission colors by using monodisperse, size-separated NPs.

Detection and Sensors

The surface plasmon resonance of metal NPs is often used to detect small changes in the local
refractive index, enabling highly sensitive detection of biomolecules, toxins or environmental
pollutants. The aggregation of NPs leads to a visible color change, which can indicate the
presence of speci ¢ molecules. Gold NPs, for example, are used in biosensors to detect speci ¢
biomolecules. In the context of environmental monitoring, Wanegt al. have shown that gold
NP-based sensors can be used to detect toxins, inorganic and organic pollutants and heavy
metals in water with high sensitivity [141]. Glucose sensors equipped with di erent metal
NPs can be used to non-invasively monitor blood sugar levels in diabetes patients [142, 143].
Since hydrogen-based storage systems as sustainable energy carriers are becoming more and
more common, sensors are needed that detect leaks in hydrogen fuel lines. Here, palladium
NPs are often used due to their high a nity for hydrogen molecules [144 146)].
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2.2 Plasmas

The term plasma was rst introduced by Irving Langmuir in 1928 [147]. Plasmas are often
referred to as thefourth state of matter Taking the phase transitions of water as an example,
phase transitions from ice to water and from water to vapor occur when energy is transferred
into the system. When a gas is supplied with energy, the gas atoms can become ionized. If the
degree of ionization is high enough, a plasma state is reached. There are di erent examples
of plasmas in nature; in fact, more than 99% of the visible matter in the universe is in the
plasma state [148]. This includes stars but also less dense interstellar matter. Prominent
examples on Earth range from simple res such as the ame of a candle, over the lightning
striking between clouds and Earth during thunderstorms to more colorful phenomena such
as the aurora borealis also known as northern lights [149, 150]. This section will give an
overview of the basic properties necessary to describe a plasma and how to generate it. For
a deeper insight, the reader is referred to text books such as [151 153].

2.2.1 Plasma properties

A plasma is an ionized gas composed of free electrons, ions and often also neutral particles,
depending on its degree of ionization. The most important parameters to describe a plasma
are the densitiesn and temperaturesT of both electrons e, Te) and ions (;, T;), which
determine their dynamics and interactions.

Unlike in a neutral gas, where temperature is a measure of the average kinetic energy of
particles, electron and ion temperatures can dier signi cantly in a plasma due to their

di erent masses and energy exchange rates. Under the same conditions, electrons can reach
higher energies and, therefore, higher temperatures than the heavier ions. The disparity in
temperatures between electrons and ions serves as a basis for distinguishing betwsemal

and non-thermal plasmas.

Thermal plasmas are typically high-temperature plasmas in which electrons and ions are

in thermal equilibrium (T,  T;), or close to it. An example are fusion plasmas, where
temperatures of the species can reach over 100 million Kelvifi,ff  10keV) [154].

Non-thermal plasmas, on the other hand, are oftetow-temperature plasmas, where the
electron temperature is increased, while ions and bulk gas remain relatively cdgl T;'

Tgas. These plasmas are often used in industrial applications such as semiconductor processing
and surface treatment, where typical electron temperatures range from 1 to 10eV [155],
while the ion and gas temperatures stay close to room temperature. Despite the low degree
of ionization, these plasmas still carry enough energy in the electrons to initiate chemical
reactions.

An important characteristic of a plasma is often referred to as theollective behavior The
collective behavior is a result of the Coulomb forces for electrostatic interaction between
particles which scale with/ r 2 compared to/ r © for the Van der Waals forces in neutral
gases. If, for example, a point-like negative space char@g is introduced into the plasma, a
positive space charge zone of the same magnitude is formed around it, shielding the charge
from its surroundings. This shielding is known as Debye shielding. The space charge problem
can be solved using the Poisson equation:

: ..10[Qs () en(®)+ en(s) ; (2.6)
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where describes the electrostatic potential;y the electric eld constant in vacuum, the
delta function and n;(¥) and n¢(+) describe the local electron and ion densities around the
charge Qs. For a small perturbation (g | kg T) the approach from Debye and Hickel
[156] results in the potential:

(r)= 4?Sorexp( r’=p); (2.7)

with the electric eld constant "y and the distance to the space charge The so-calledDebye
length p describes the combined shielding action of electrons and ions. It consists of the
individual electron Debye length pe and ion Debye length p;:

p=( pet+ o) % (2.8)

which can be expressed using the temperatures and densities of those species:
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For an increased density of the shielding particles, the shielding is more e cient and the
disturbed volume will be smaller. At the same time, with an increase in temperature, the
shielding becomes less e cient. Using the Debye length, a sphere with radiug can be
de ned, outside of which only 1=e of the initial space charge potential is present. Debye
shielding can only be e ective, if the number of charged particleblp inside the sphere is
su cient:

4
Np = neé D 1: (210)

Outside of this sphere, the plasma is considered to be quasi-neutral, meaning that the overall
number ofg times positively charged ions of densitpj is similar to the chargese on electrons
with density ne: X
ene + gnik O: (2.11)

k
The sum contains all variously charged ions of both positive and negative charge.
A second important aspect of the collective behavior that a plasma exhibits, is the time scale
on which information, such as the presence of a point charge, is propagated. Assuming again
a small perturbation, the average velocity of an electron is not signi cantly a ected by the
potential and can be still considered to be its thermal velocity:

q___
Vth;e = kB Te:me: (2.12)

The typical response time is given by the time needed for an electron to travel the cor-
responding Debye lengths = pe=Mnh.. A similar consideration can be applied for ions
analogously. In the eld of plasma physics, the reciprocal of these responses are more com-
monly used, which are theplasma frequencies

s s
. N.€2 i n;e?
D pie = Thie — and !p;= L Tl (2.13)
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Those plasma frequencies di er greatly for ions and electrons. To ful ll the criterion of collec-
tive behavior, the motion of both electrons and ions has to be dominated by electromagnetic
forces, rather than by collisions:

y t>1; (2.14)

with  t describing the average time between collisions.

While the atmospheric pressure plasmas utilized in this thesis ful ll the criteria ofjuasi-
neutrality (eq.2.11) andcollective behavior(eq.2.10) in regard to Debye-shielding, it has
to be noted that the collision rate in atmospheric plasmas is signi cantly increased, due to
high particle densities. Electron-neutral collision frequencies in atmospheric pressure plasmas
are typically in the order of THz (10*?s 1) [157]. Atmospheric plasmas are driven by DC
to microwave frequency, which is many orders of magnitude below the collision frequency.
Under such conditions, electrons collide with neutral gas atoms or molecules during every
oscillation of their motion. These collisions cause the electrons to lose energy while exciting
and ionizing the gas atoms, creating more plasma species. In radio-frequency (RF) driven
plasmas, typically operated at 13.56 MHz, electrons are able to follow the external excitation
and, through frequent collisions with neutrals, sustain the ionization processes. In contrast,
ilons, being much heavier than electrons, do not follow the oscillations of the electromagnetic
eld and mainly drift under the in uence of time-averaged electric elds. Together, these
mechanisms support successful plasma generation.

2.2.2 Plasma generation

In a laboratory environment, there are several ways how to generate a plasma. All of them
transfer energy into a gas. To understand the physics behind the plasma generation, a text-
book example of a DC discharge can demonstrate the processes that happen in an RF plasma.
For this model, a parallel plate reactor consisting of cathode and electrode separated by a
distanced is assumed. The inter-electrode volume is lled with the noble gas argon. There
are typically few low-energy electrons already present inside the volume that are generated
due to cosmic radiation. These electrons can be accelerated by an electric &g, their
velocity v obtained after a certain timet can be described using the equation:

ek
t) = t; 2.15
v = (2.15)
and subsequently, their kinetic energy will be:
1 eEo)?

Using this, the timet;,, that is required until an electron reaches a kinetic energy high enough
to ionize an argon atom is given by:
P
2rneEion

tion = eiEo; (2.17)

using the ionization energy of the gas atorii,,, which can be for examplel5:76eV for the
rst ionization energy of argon. This time tj,, iS connected to the distance o, an electron
needs to travel until it reachesEqn:

_ Eion )

ion — eEo . (2.18)
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If the mean free path g is smaller than oy, the electron will most probably collide with
another atom before reaching the energy that is su cient for ionization to take place. For a
given neutral gas densityn, and the cross section of elastic collisions of electrons with neutral
argon atoms o, the mean free path can be calculated using:

1

mfp = . 03 (2.19)

At room temperature and atmospheric pressure, this results in a mean free path in the range
of mp = 75nm for argon [158]. If an electron reaches the energy needed after passing
through the mean free path for ionization j,, and hits another atom, the ionization process
generates an ion and a new electron that is now also following the electric eld, creating an
electron avalanche. Some of the electrons in excited atoms will fall back into the ground
state, emitting a photon of the corresponding wavelength, resulting in the typical violet
argon plasma light. The process of this electron avalanche can be described statistically. The
number dne of newly generated electrons in an intervaldis

dne= n dz; (2.20)

with the gas multiplication factor = ! introduced by Townsend [159]. This leads to

exponential growth of the number of electron®¢(z) = ne(0)e*. In a coordinate system
wherez = 0 marks the cathode andz = d marks the anode, the electron ux at the anode
can be described using

e(d) = ne(d) <E; (2.21)
with the electron mobility .. Since an equal amount of electrons and ions is generated in
the avalanche process, the ion ux at the cathode is given by, = e(d)+ ¢(0). Therefore,

i(0)= ¢0) e’ 1 : (2.22)

Given by the ratio of emitted electron ux to incoming ion ux, a coe cient can be used to
describe the probability to release a secondary electron from the cathode during ion impact:

«(0)
X 2.23
i(0) (2.23)
A gas breakdown occurs, when the number of newly generated electrons is higher than the

losses from processes such as recombination and collisions with the chamber walls and the
avalanche process can maintain itself. This state is described by the balance equation:

ed 1 =1: (2.24)
An empirical law to describe depending on the electric eldE was derived by Townsend
|
—=A exp B . (2.25)
p E=p ' '

where A and B are gas-speci ¢ constants [159]. Combining equations 2.24 and 2.25 and
de ning the breakdown voltageU,q = Epqd yields the Paschen's law

B

U= Pod Ay ma+ ) (2.26)
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which was derived by Friedrich Paschen in 1889 [160]. Figure 2.5 shows the Paschen curves
for di erent gases for a value of =10 !. All of these curves exhibit a pronounced minimum.
Left of this minimum, there are not enough atoms for the ionization of the gas used. On
the right side of the minimum, the energy gained over the mean free path is not enough to
maintain the electron energy that is needed for ionization. Both e ects would need to be
compensated for by using a higher electric eld, leading to a higher breakdown voltage. It
has to be noted that these curves are describing the gas breakdown in DC discharges. For
RF discharges, the Paschen curves look slightly di erent, but show the same pronounced
minimum [161 164]. Using this Paschen law, it can be seen that in order to ignite a plasma
at atmospheric pressure, the interelectrode distanakneeds to be decreased to reach a su -
cient breakdown voltage. One subtype of plasmas ful lling these conditions are atmospheric
pressure plasma jets (APPJs).

Figure 2.5: Paschen curves showing the breakdown voltaggy for =10 ! as a function of
the product of pressurep and electrode distancel for di erent gases.

2.2.3 Atmospheric pressure plasma jets

Atmospheric pressure plasma jets are a subgroup of cold atmospheric non-equilibrium plas-
mas. Unlike traditional plasma systems that operate under conditions of reduced pressure
achieved by using vacuum pumps, APPJs operate at or near atmospheric pressure, making
them a cost-e cient alternative for practical applications that require small and modular
setups. There are several di erent types of atmospheric pressure plasma jets used in various
research groups and described in literature. A good overview can be found in [26]. This
section will focus on the most common types of plasma jets that show the greatest potential
in medical and industrial applications.

All APPJs are a form of gas discharge, where the plasma is generated between two electrodes,
often also including a dielectric material in between [165]. One of the key advantages is
their ability to generated a localized controllable plasma environment at room temperature.
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This makes them suitable for surface treatments such as sterilization, cleaning or surface
modi cation, without causing damage to sensitive materials [27]. Due to this characteristic,
plasma jets have also shown promising results in medical applications like wound healing
and cancer treatment [28, 29]. Here, the reactive species generated by the plasma, such
as reactive oxygen species (ROS) and reactive nitrogen species (RNS), have been found
to exhibit antimicrobial properties and can be bene cial for tissue regeneration [166]. In
materials science, APPJs are utilized for the surface modi cation of polymers, textiles or
metals to improve adhesion, wettability and biocompatibility [167 169]. In manufacturing
applications, APPJs are used for the cleaning and activation of surfaces before bonding or
coating processes, ensuring strong adhesion [170]. They can also be used in the fabrication
of thin Ims with deposition rates higher than most other atmospheric and low-pressure thin

Im deposition processes such as spray pyrolysis and physical sputtering [171]. In addition,
they are compatible with combined deposition processes such as plasma-enhanced chemical
vapor deposition (PECVD) [172]. APPJs o er exibility in the choice of gases often mixing
noble with reactive or precursor gases. The setups of atmospheric plasma jets can be divided
into various subcategories depending on the speci cs of the discharge. One important group
of atmospheric plasma jets ar€apacitively Coupled Plasma Jets (CCPJs) They utilize an
electric eld generated between two electrodes. The discharge can be either generated using
a direct current (DC) or an alternating current (AC). DC-Jets are comparatively simple in
design and operation, making them ideal for surface treatment applications such as cleaning
of surfaces and polymer or water activation [173 175]. On the other hand, a DC current is
not desirable in the medical eld, due to a higher risk of injury for patients. This has two
reasons: For a DC current, the e ective cross-sectional area through which a DC-current
ows is equal to the overall conductor cross-section. If a person comes in contact with a DC
electrode, the current would pass through the whole body, prioritizing areas with the lowest
resistance such as veins and the heart. For a high frequency AC current, the skin e ect [176]
Is bene cial since it mitigates current-related injuries. Here, the magnetic eld produced
by the current inside the conductor directs the current to ow towards the outer surface of
the conductor causing the current density to exponentially increase from the conductor core
to its surface. As a result, the electric current ows mainly at theskin of the conductor
between the outer surface and a level called thekin depth . With increasing frequency,

the skin depth decreases. If a subject were to touch an AC-powered electrode, the current
would mostly run through the most outer layer of the body, leaving vital organs una ected.
Therefore, high frequency plasma jets are more suitable for medical applications due to this
inherent safety feature.

The frequency in AC-Jets can be chosen to be in the area of radio frequency (RF) that is in
the range of kHz to MHz, or microwaves (GHz). Microwave plasmas can reach high plasma
densities, uniformity and straight forward scalability making them suitable for large-scale
industrial processes like plasma-assisted combustion, chemical synthesis and materials pro-
cessing [177 179] but their operation requires high powers. One of the more cost-e ective
choices, and thus often utilized in research and industrial applications, are radio frequency
plasma jets operating in the kHz to MHz range. A very common choice of the driving fre-
quency of the electric eld generated between two electrodesli856MHz and its harmonics,
since they are part of the ISM-bands (Industrial, Scienti c and Medical), which are approved
for license-free usage in these elds. Typically, one of the electrodes is powered by the chosen
frequency, while the other one is grounded. In some cases, the second electrode can also
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be oating, decreasing the voltage needed for plasma ignition [180]. Often the electrodes
are separated by a dielectric barrier (DBD) such as glass, quartz, a ceramic or a polymer
[181]. The subgroup of radio frequency discharges can be further speci ed by the geometry
of the electrodes as well as the orientation of the electric eld between them in relation to
the gas ow. Assuming a standard parallel plate reactor setup for the electrodes, a so-called
cross- eld jet has an electric eld perpendicular to the gas ow opposing to garallel- eld

jet [32]. This terminology is also applicable to other electrode geometries. The geometry of
the electrode can be chosen from a wide variety, ranging from a parallel plate reactor [31] to
ring electrodes [182] to more complicated geometries like the HelixJet [183]. This HelixJet is
the atmospheric plasma jet that was used for the majority of this thesis. It is a capacitively
coupled discharge that is operating at an RF 0f356MHz and will be described in detail in
section 4.1.
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2.3 Plasma-assisted nanoparticle synthesis

The investigation of nanopatrticle growth in plasmas started in the middle of 1980, but picked
up speed and interest after ndings from Selwyret al. in 1988, where the formation of
particles was observed as unwanted contamination in the processing of semiconductor wafers
[20]. Therefore, the investigation of nanoparticle formation in plasmas was mainly driven
by the goal to avoid particle formation in plasmas overall. With more research and time,
both low-pressure and atmospheric pressure plasmas have proven to be a tool to facilitate
the synthesis of various NPs. This chapter will demonstrate the synthesis processes for two
di erent approaches. The rst way generates particles in an approach that resembles a top-
down method starting with a source material in a solid form. However, that material is
evaporated or sputtered, depending on the method, and then individual atoms or clusters
grow into NPs. The second method synthesizes particles through a bottom-up approach from
the gas phase, utilizing reactive gases like silane for silicon NPs or acetylene for carbon NPs.

2.3.1 Synthesis from a source material in solid form

Since Pfund's discovery in 1930 [184], it has been known that the thermal evaporation of
metals under higher pressure leads to the deposition of porous layers. Such porous structures
can reach sizes below 100 nanometers [185]. Magnetron plasma sputtering provides a more
controllable transfer of material from the solid to the gas phase. One plasma-based method
for the synthesis of NPs, in which a source material is used, is called the gas aggregation
source (GAS). The idea dates back to work done by Haberlaret al. in 1992, where they
presented a procedure to generate thin Ims from the deposition of charged clusters as the
result of a sputtering process [186]. Today, it is often used for the synthesis of metal and metal
oxide NPs [187]. The GAS involves the condensation of vaporized material into NPs within a
chamber lled with inert gas. It is a bottom-up approach, in which the source material to be
synthesized into NPs is vaporized through magnetron sputtering, where atoms or molecules
from a solid target are ejected by bombarding the target with gas ions. The vaporized atoms
enter a condensation zone at a speci ¢ pressure usually in the range of 10 to 100Pa. The
elevated pressure is necessary to promote frequent collisions between the sputtered atoms and
the gas molecules, enabling e ective cooling, nucleation and aggregation of NPs. Depending
on the residence time, the size of the resulting NPs can be nely tuned [188]. The method
even allows the production of multielemental particles or metal alloy NPs, as has already
been shown by Vahl et al. in 2017 for the example of AgAu alloy NPs [189].

An interesting approach combining atmospheric pressure plasmas with a source material for
the synthesis of NPs was presented in 2006 by Shimietial. [190]. Using a consumable metal
wire and etching it inside an Q/Ar microplasma, tungsten oxide nanoparticle material could

be produced and deposited on a localized surface area below the microplasma jet. For this
"wire spray technique”, a tungsten wire with a diameter 0100 m was placed in the nozzle

of an atmospheric microplasma generator consisting of a quartz capillary with a copper coll
electrode. The microplasma was operated at ultra high frequencies and with a poweR0WV.

The tungsten reacts with oxygen and is etched by oxygen species in the plasma. For lower ow
rates (5 to 10 sccm), most NPs were observed to nucleate and grow on the wire surface and
then were later transported downstream. The authors hypothesized that slight evaporation
and recondensation at the plasma-wire interface results in the growth of particles here. The
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particles were heated and fully oxidized in the plasma, leading to the downstream deposition
of WOz NPs. At higher ow rates (20 to 40 sccm), the dominant process mechanism was the

condensation from the vapor phase on both the inner wall of the capillary and the substrate.

In a repeating process, the surface of the wire was oxidized by the oxygen in the plasma,
the oxide layer was then volatilized and scaled o, revealing a new tungsten layer for the

oxidation process. Due to the nature of the experiment, this approach could not be used to
produce oxygen-free metal particles.

2.3.2 Synthesis from a gaseous precursor

This section describes a method for producing NPs or materials from a gaseous precursor
material using chemical reactions and physical processes in the gas phase. Initial application
oriented works on the synthesis of silicon from silane as a precursor was focused mainly on
the deposition of amorphous silicon Ims, which were needed for photovoltaic applications.
One of the rst to report on the formation of silicon NPs from a low pressure argon-silane
plasma was the group around Rotlet al. in 1985 [191]. Here, light scattering on silicon
NPs synthesized from silane in a low-pressure plasma RF discharge was published. Since
then, several other research groups/researchers studied the generation of NPs from silane as
a precursor and helped identifying important steps in the particle growth process [21, 192
194].

The current understanding of nanopatrticle fabrication is shown in Figure 2.6, which shows
the growth process of silicon NPs inside the gas phase using silane as a precursor. The
growth process can be separated into four steps. In the beginning, the precursor silane is
decomposed. This can happen either thermally or via plasma decomposition, where silane
is dissociated by electron impact [195]. The thermal decomposition of mono-silane starts
already at 400°C [46] and highly reactive monomers such as Sithre formed. As a next
step, nucleation occurs, where the monomers can come together to form clusters. The initial
nucleation is followed by a third step, coagulation into small particles, which then grow in
size due to the surface deposition of radicals (4th step). To keep the nucleation process
running, a constant supply of precursor material is needed into the reaction volume and its
continuous dissociation. The synthesized particles can further coagulate and the synthesized
material leaves the reaction volume in the form of single NPs and/or agglomerates. The
details of the clustering process have been investigated by several research groups, where the
guestion of the dominant pathway for silicon hydride clustering in silane plasmas has always
been the center of discussion. Watanabet al. concluded in their studies that the species
dominantly contributing to the nucleation are short lifetime neutral radicals such as SiH

(x = 0::3), especially SiH, which was found to have the highest generation rate among all
and the fastest insertion reactions [196]. In their experiments, they observed the Siahd
particle density pro les for di erent radio frequencies and concluded that short-lived neutral
radicals are involved in many steps of the polymerization chain, suggesting that clustering is
driven by SiH, insertion reactions.

Hollensteinet al. conducted mass spectroscopy measurements and partial depth modulation
experiments on capacitive coupled plasmas synthesizing silicon NPs. Here, they observed
that particle formation was progressing as long as the negative ions remained trapped inside
the plasma. Therefore, they suggested a pathway dominated by anion-neutral reactions [193,
194].

24



Chapter 2. Fundamentals

Figure 2.6: Growth process of silicon NPs in a plasma. The gaseous precursor is decomposed.
Initial nucleation is followed by coagulation into small particles. The aggregate state of
reactants and products is noted as either gaseous (g), liquid (I) or solid (s). Figure adapted
from [46].

Bhandarkar et al. published a study in 2000 that modeled the formation of NPs from silane as
a precursor in more detail [197]. The zero-dimensional chemical kinetic nucleation simulation
was done for a low-pressure plasma with a pressurel®@OmTorr (  13Pa), even though the
model itself was based on the mechanism for the clustering of neutral species in atmospheric
pressure thermal CVD of silicon from silane. Important reactions in this plasma model were
the electron dissociation and attachment reactions, anion-neutral reactions, and all reactions
involving silyl and H radicals. The anionic pathway was found to be the main pathway for
silicon hydride clustering. SiH insertion in neutral clusters was found to be important only
among the small silicon hydrides with up to three or four silicon atoms.

The currently most favored investigations done by De Bleeckest al. in 2004 [198] are
based on one-dimensional uid model simulations of a parallel-plate capacitively coupled RF
discharge for a pressure agfOPa at a power of5W. The model contained 68 di erent species
and the formation of silicon hydrides containing up to 12 silicon atoms. They found that the
early stages of particle formation start primarily from the anions silyl (SiH) and silylene
(SiH, ), which are formed through the dissociative attachment of Sik

SiHy+e ! SiH; +H; (2.27)

SiHy+e ! SiH, +2H: (2.28)

The dominant negative ions SiH and SiH; are the rst species of particle formation and
can undergo the following anion-molecule chain reactions which then start the clustering:

SiH, +SiH4! SibH, +Hj; (2.29a)
Si2H4 + SIH4 ! Si3H6 +H 2, (229b)
: (2.29¢)
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A similar reaction sequence can also start from SiH

SiH, +SiHs ! SibHg +Ho; (2.30a)
Si2H5 + S|H4 ! Si3H7 +H 2, (230b)
: (2.30c)

The enthalpies of reactions of the rst four steps in the clustering process are are:07,
+0:07, +0;07 and 0; 00eV, respectively. According to Friedmanret al., this thermoneutral
and even slightly endothermic nature of some reactions from the chain would result in an
energy barrier or even a kinetic bottle neck [199]. De Bleecket al. considered in their
simulations also vibrationally excited molecules, which bring the necessary internal energy
to overcome this energy barrier. The vibrationally excited molecules Sﬁﬁ-l“) and Sil—|(41 3
enhance the anion-neutral reactions. It was found from these simulations that the anion
SiH; is the most dominant primary precursor in the formation of particles. Over 90 % of the
gas phase synthesis process undergoes the silyl anionKi$i,; ) pathway, starting at SiH;,
while only 10% proceeds through the silylene anion (J#,,) pathway, starting from SiH, .
The involvement of vibrationally excited silane molecules S ¥ and SiH{ ¥, as well as
the role of SiH; radicals in the particle formation process depends on the exact rate constant
of anion-groundstate SiH reactions, which is so far unknown [198]. Simulations for di erent
reaction rate constants show that the pathway distribution can vary. For a rate constant of
10 ¥m3s 1, about 38% of the anions would react with Si groundstate molecules36%

of anions would proceed through the Sijgl K pathway and over25% would react with SiH;
radicals. The authors favor an increased reaction rate closer i® ®m3s 1, at which the
contribution of radicals and vibrationally excited species drop radically belod% and leave
the anion-groundstate SiH reactions as the most dominant pathway.

Although most of these simulations have been done for low-pressure plasma systems, it is
assumed that the general reactions and pathways are the same for atmospheric pressure
plasmas.

Experimentally, gas phase synthesis using low pressure plasmas dates back to 2005, where
Mangolini and Kortshagen demonstrated a quartz tube plasma reactor lled with an argon-
silane gas mixture operated aROOW and at a frequency of27.12MHz over two copper ring
electrodes [200]. Silicon NPs with diameters &nm a photoluminescence maximum in the
red spectral region could be produced using this system. Subsequent publications include
changes to lower powerssQW) and frequencies {356 MHz), while increasing the mass yield

of luminescent silicon powder to up tdb0 mg=h [24, 91, 97]. A good review on the topic of
low-pressure non-thermal plasma synthesis of semiconductor nanocrystals can be found in
[23].

In comparison, the silicon nanoparticle synthesis using atmospheric pressure plasmas has
been much less frequently investigated. Moreover, the synthesis of silicon nanocrystals with
optical properties in atmospheric pressure plasmas is more complex. Due to the high a nity
of silicon for oxygen and the overall susceptibility of atmospheric pressure systems for oxygen
impurities, the production of optical-quality material is challenging. Sankararmt al. reported

in 2005 on the synthesis of silicon NPs with diameters of up ®nhm using a continuous ow
atmospheric pressure micro-discharge reactor [33]. Supplementary TEM images of this study
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show that the particles were amorphous. Therefore, the blue PL that was reported here
can most likely be traced to silicon oxide [201 203]. In 2007, Nozakt al. published a
study on an atmospheric pressure microplasma reactor operated at a very high frequency
of 144MHz for the synthesis of silicon nanocrystals with sizes below 3nm [30]. Here, the
admixture of hydrogen was necessary to turn the particles crystalline, possibly due to the
reductive nature of hydrogen. It was also demonstrated that the increased admixture of
hydrogen etches the particles smaller and has therefore a strong in uence on the position of
the PL maximum. Other works focused on atmospheric plasma synthesis include the studies
from Barwe et al. who presented the synthesis of silicon nanocrystals in a DC atmospheric
microplasma jet [31, 32]. Sakaret al. demonstrated that the synthesis of crystalline silicon
NPs is also possible in atmospheric pressure low-temperature microplasmas without hydrogen
admixtures [204]. Combining theoretical and experimental approaches, the authors concluded
that gas temperatures well below the crystallization threshold of silicon are su cient for the
formation of silicon nanocrystals due to a phenomenon calleglective heating

Selective Heating

The most important factor in the synthesis of silicon nanocrystals is the temperature. The-
oretical calculations [205] and subsequent experiments showed that small amorphous silicon
structures with diameters belowlOnm can be turned into nanocrystals at temperatures be-
low the melting point of bulk silicon. For instance, particles with diameters oft and 8nm
crystallize when their temperatures rise over70 and 1200K, respectively [206]. With the
reported gas temperatures of low-pressure plasmas reaching only as highb@8K, it was
surprising that the requirements for the synthesis of nanocrystals had still been reached. An
explanation for this phenomenon was reported by Mangolirgt al. under the term selective
heating [24]. NPs in plasmas are preferentially heated through mechanisms such as collisions,
ion recombinations and chemical reactions of plasma species on the particle surfaces. These
reactions release energy that can be transferred to the particle, where it contributes to an
increase in temperature.

The process of selective heating was described as follows: A stochastic Monte Carlo simulation
was used to study the particle temperature inside a plasma. The model uses a non-steady
description of the energy balance of a spherical particle with radiug and temperatureT,:

ﬂ-rSC%

3 dt
where and C are the density and speci ¢ heat of silicon, which are assumed to be equal to
those of the bulk material. G describes a heat generation and a heat sink term. For the
simulation, it was further assumed that the particle temperature equilibrates instantaneously
through a particle. The termL is calculated as:

=G L; (2.31)

Vv
u
1 kg T,
L= Tngst HeTee 3

4 m gas 2

Ke (Tp  Tgas) (2.32)

and describes the heat conduction losses to a background gas with densiy and tempera-
ture Tgas, Which was assumed to be argon in this publicatiorS describes the surface area of
the particle. For this term, only heat conduction via neutral collision with the background
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Figure 2.7: Heating and cooling events occurring on the surface of a silicon nanopatrticle.
Heating events are indicated in red, cooling events in blue. The electron ion recombination
energy is equal to the argon ionization potential of 15.76 eV. Dangling bond passivation,
hydrogen abstraction and hydrogen recombination deliver energies of 3.1 eV, 1.41 eV and
4.51 eV, respectively. Cooling events mainly are usually induced from collisions with colder
gas atoms, with the exception of thermal desorption of hydrogen with an energy loss of 1.69
eV for each desorbed hydrogen molecule. Figure adapted from [207].

gas is considered, since they occur more frequently than collisions with ions or radicals. Fur-
thermore, radiation was neglected, since the time scale for radiative cooling is longer than
the timescale of heat transfer processes considered for this simulation.

The heat generationG is caused by recombinations and chemical reactions on the surface
of the particle. Figure 2.7 shows the possible events that occur on the surface of a silicon
nanoparticle that contribute to its heating or cooling. The following section explains these
events in more detail. Possible recombinations and chemical reactions include ion-electron
recombinations, which release an energy corresponding to the ionization energy or the re-
action of two atoms/radicals forming a molecule and releasing the corresponding binding
energy. Silicon NPs are typically generated in an atmosphere of inert gas (Helium, Argon)
combined with silane (SiH) as a precursor. With silane in the plasma, a surplus of hydrogen
Is to be expected. Therefore, exothermic and endothermic reactions of hydrogen with the
particle surface need to be also considered. Collisions of electrons and ions with the surface
of a particle in a plasma can be estimated via the respective collision frequencies, as given
by the orbital-motion-limited (OML) theory [208], which is suitable for particles smaller
than 10nm [209]. The collision with an argon ion will lead to an electron-ion recombination
on the particle surface atom, releasing the equivalent of the ionization potential of argon
at 1576¢eV. Collisions with atomic hydrogen can result in di erent energy transfer mech-
anisms depending on the fractional hydrogen surface coverage which is the number of
already present hydrogen surface atoms divided by the number of available hydrogen surface
sites. If a hydrogen atom collides with a dangling bond (an unterminated surface site), the
sticking coe cient is 1, which always results in the release 08:1¢eV, equal to the binding
energy of the St-H bond. If a hydrogen radical collides with a fraction of the surface that

is already hydrogen-terminated, it has a probability ofL1 % of abstracting another hydrogen
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atom from the surface as described by the Eley-Rideal mechanism [210]. This releases an
energy ofl:41eV, which is equal to the binding energy of the hydrogen moleculd:61eV)
minus the energy of the broken SiH bond (3:1 eV). In the other 89 %of cases, hydrogen will

be physisorbed and di use along the particle surface. The di usion coe cienD of atomic
hydrogen on a hydrogen-terminated silicon surface is given by

D =Do exp( Ep=ksTp) ; (2.33)

following an Arrhenius expression. The activation energifp and prefactor D, can be esti-
mated via simulations to be 5 = 0:1eVand Dy =2:27 10 “cn?=s[211]. If the lifetime p

of the physisorbed atomic hydrogen is small compared to the time until the next hydrogen
hits the surface ( ty), the hydrogen is able to di use along the surface until it reaches a
surface dangling bond and release an energy®1 eV there. If p > ty, the physisorbed
hydrogen atom can recombine with the new incoming radical instead, releasi®1 eV. For
high particle temperatures above900 K, thermal desorption of hydrogen can occur via the
Langmuir-Hinshelwood mechanism [212]. Here, a-HH bond is formed, while two Si-H
bonds are broken, resulting in a total energy loss df69 eV for this process.

Overall, the results of the simulation of Mangoliniet al. for silicon NPs synthesized in
Ar/SiH 4, plasmas show that the average temperature of NPs in a plasma environment is
roughly 100 K higher than the gas temperature. This e ect is independent of the patrticle
size, because both cooling and heating e ects scale in the same manner with the particles
surface area. However, the energy coming from an interaction with species in the plasma (e.g.
ion recombination, reaction with hydrogen atoms) has a bigger in uence on smaller particles.
Here, the model shows a rapid short-term increase in the particle temperature. These spikes
in temperature are greater for smaller particles. WhildO nm particles remain almost at a
constant value of around400 K, smaller particles can temporarily reach temperatures of up
to 700K for a 3nm particle and up to 1100K for a 2nm particle. These results show that
the particle temperature inside a plasma can easily exceed the crystallization temperature
needed for the synthesis of silicon nanocrystals.
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3 Diagnostics for nanoparticle charac-
terization

The following chapter summarizes the material diagnostics that were used in this thesis for
the analysis of NPs synthesized by various experimental methods. These methods result
in information about the nanoparticle size (SMPS, TEM), morphology (TEM), chemical
composition (FTIR, TEM) and their optical properties (PL).

3.1 Scanning Mobility Particle Sizer (SMPS)

The Scanning Mobility Particle Sizer (SMPS) is a device that is used to measure submi-
crometer particles in aerosols. It is commercially used to measure particulate matter in car
exhausts [213, 214] or to detect NPs in cigarette smoke [215]. The device exploits the fact
that the di erential electric mobility of a spherical particle is dependent on its diameter. The
great advantage of di erential mobility analysis is the fact that the particles remain airborne
without any manipulation in the form of sample preparation. A typical SMPS consists of a
neutralizer to establish a known charge distribution, a di erential mobility analyzer to carry

out the sorting and a particle counter for the subsequent counting of the sorted particles.
In order to sort particles by their di erential mobility, their charge distribution has to be
known. Aerosol particles are charged as a result of collisions between ions and patrticles, i.e.
through bipolar di usion charging. If the particles in the aerosol are exposed long enough
to positive and negative ions, the bipolar charged particles will achieve stationary charging
as a function of their size [216]. The equilibrium charge distribution can be calculated using
the Boltzmann formula in the continuum regime and the Fuchs charging theory [217] in the
transition and free molecular regimes. Several methods for the unipolar and bipolar charging
of particles have been reported, such as corona discharges, ionization chargers [218] or the
use of radioactive sources such &&'Am or 8Kr [219]. Corona discharges can generate a
high concentration of unipolar ions, but have the downside of generating ozone, as well as
other unwanted material through erosion and gas-phase reactions that occur in the strong
electric eld on the discharge electrodes [220]. Radioactive sources require expensive safety
measures and often underlie severe legal restrictions. Moreover, their limited ion concentra-
tions inhibit their charging e ciency as the particle concentration increases. The alternative

to these methods is using a source of soft X-rays. It can be handled more safely and, unlike
a radioactive source, can be turned on and o on demand. Because of these safety reasons
and the ability to produce a large amount of bipolar ions, soft X-ray ionization is the most
common method for establishing a known charge distribution in aerosols for particle size
measurements.

3.1.1 Aerosol X-ray Neutralizer

In this thesis, an Advanced Aerosol Neutralizer (Model 3088) was used. It contains an
X-ray source, which produces soft X-rays with an energy betweéhand 9:5keV, with a
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Figure 3.1: Equilibrium charge distribution applied to the aerosol by the neutralizer as
calculated from [221]. Most particles receive a neutral charge while only some bigger particles
can obtain up to six positive or negative charges.

maximum at the tungsten L -line (8:4keV). These X-rays create both positive and negative
ions from the inherent air. Those ions are then attracted to particles of the opposite charge.
Such a neutralizer can neutralize particle concentrations of up td0’ cm 3. The particles
achieve a known charge distribution. The charge distribution is shown in Figure 3.1 and
was calculated from the expanded theoretical model published by Wiedensohdgral. [221].

For small particle diameters, the charges are mostly neutral, with only a small percentage
on single positive or single negative charges. When the particle size increases, the charge
distribution function broadens and particles with up to six elementary charges can be found.

3.1.2 Di erential Mobility Analyzer (DMA)

Particles with a known charge distribution function then enter the core part of each scanning
mobility particle sizer, the so-called dierential mobility analyzer (DMA). As the name
indicates, particles are sorted here in regard to their electric mobility. Figure 3.2 shows a
cross section of the DMA. It consists of two cylindrical electrodes with radii; and r, and
length L. The inner cylinder can be charged positively in a wide voltage range. For a certain
voltage U, only particles of electric mobility have a tting trajectory and can pass through
the device. The ratio between voltage and mobility is

U= Q In [t ;
2L
where Q describes the gas volume ow. If spherical particles are assumed, their diameter
and electric mobility are correlated by the Stokes' Law:
_ neC
3d°’
with the number n of elementary charge® on a particle, as well as the dynamic gas viscosity
. C describes theCunning slip correction which can be found in [222].

(3.1)

(3.2)
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Figure 3.2: Sketch of the di erential mobility analyzer (DMA). A polydisperse aerosol enters
at the top together with sheath air. The NPs inside the aerosol are sorted by di erential
electric mobility via a high voltage. A monodisperse aerosol exits the device and can be
counted.

In this thesis, two di erent DMAs have been used. The long DMA can resolve particles in
the size range oflOnm to 1 m. The second mobility analyzer is the 1nm-nano-DMA. As
the name indicates, it can resolve particles down ténm with an upper limit at 150nm.
Here, the high inlet ow and short inlet passage reduce residence time and therefore lower
particle di usion losses [223]. After passing the DMA, the aerosol is now considered to be
monodisperse and ready to be detected.

3.1.3 Condensation Particle Counter (CPC)

There are various options to detect particles optically. When trying to detect particles
below a size o60nm, conventional optical techniques fail. Condensation Particle Counters
(CPCs) are one of the most common particle counters used in combination with DMAs
inside a Scanning Mobility Particle Sizer [224]. They are using a detection principle, where
the particles inside an aerosol are rst enlarged (using them as nucleation centers for the
creation of droplets in a supersaturated gas) and then counted. The CPC used in this thesis
was the Model 3750 from TSI. It usesi-butanol as a working uid. The aerosol to be
sampled is drawn continuously through a heated saturator, in which the butanol evaporates
into little droplets and di uses into the sample stream. The butanol vapor and aerosol
sample then enter a cooled condenser, in which the vapor becomes supersaturated and ready
to condense. The supersaturation in the condenser is usually between 100 and 200 %, because
the vapor pressure over a convex surface is less than over a plane, requiring a greater content
of vapor in air for supersaturation criteria. The needed supersaturation level increases for
smaller particles. The critical diameter for which condensation can occur at a certain level of
saturation is calledKelvin diameter [225]. However, if the supersaturation level is increased to

a level of around300 % homogeneous nucleation can cause liquid molecules to form clusters
when they collide [226, 227]. This can result in false counts. Particles in the aerosol serve
as condensation nuclei. Particles larger than a certain threshold diameter will grow quickly
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into larger droplets. After this growth process, particles are measured via optical detection
using an opaque meter. This optical sensor consists of a laser diode, several lenses and a
photodiode detector. A second photodiode is used as a reference to keep the laser power
output at a constant level. The temperature of the housing is kept at a higher level than
the saturator itself, to avoid condensation on all lens surfaces. In single count mode, the
detection limit for the CPC is 10° particles per cn¥. For higher concentrations, the CPC
uses a live-time coincidence correction to maintain accuracy. Coincidence occurs, when one
particle obscures another one, resulting in an undercounting error. Using this, the CPC is
able to detect airborne particles with a concentration up td.0’ particles per cn? and down to

a diameter of7nm. If smaller particles should be detected, this device needs to be combined
with a Nano Enhancer. The Nano Enhancer (Model 3757) is a pre-stage that can be inserted
into the scanning mobility particle sizer in front of the CPC. Its working principle is similar

to the one described for the CPC. It uses diethylene glycol instead of butanol to activate
particles as small ast nm and make them grow to a size around0OOnm, which makes them
easy to be detected with the traditional condensation particle counter.

3.1.4 Statistic description of the charge distribution

Standard statistics based on normal Gaussian distribution functions are not suitable for most
airborne particles (aerosols). Even though there is no theoretical reasoning for it, log-normal
distributions have proven empirically to be the best t for single source aerosols [228, 229].
Therefore, when statistical analysis is applied to the size distributions as measured by a scan-
ning mobility particle sizer, log-normal distributions are used. They are most useful, when
the data range (the di erence between the smallest to biggest measured diameter) is greater
than 10in ratio. If the data range is narrow, the log normal distribution will approximate

a normal (Gaussian) distribution. The SMPS measures a continuous size distribution by
discrete size intervals yieldingn numbers forNy, (1 k m) with the total concentration

xn

NtOt = NK . (33)
k=0
The log normal distribution for discrete size channel®p is de ned by:
|
dN Niot (logDpx |09Dg)2.
= p— e ‘ 3.4
s~ PZD pun 0P 2(0g o2 G4

In many cases, the size distribution given by an average sifg, and a spread 4 is more
practical to work with. For log-normal distributed aerosols with the geometric mean siz@
is used as de ned by:

(3.5)

In aerosol log-normal distributions, the logarithm of the particle diameter is normally dis-
tributed. The well known linear based standard deviation is replaced with the standard
deviation of logarithms, thegeometric standard deviation :

P #1=
Nk(logDpx logDg)? =z
Ntot .
An aerosol can be considered monodisperse fgr 1:25 and polydisperse otherwise.

log 4 = (3.6)
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3.1.5 Limitations of the SMPS

The scanning mobility particle sizer is an optimal tool to measure size distribution functions
of particles in atmospheric pressure plasmas, since the out ow of the jet can be directly
connected to the inlet of this measuring device. Nevertheless, there are certain limitations
connected to its deployment. One limitation is related to the particle concentration. As dis-
cussed in the previous section the SMPS can reliable measure particles to concentrations up
to 10’ particles per cn?, limited by capacity of the X-ray neutralizer. For high concentration

of reactive gases in the plasma jet, particles in the center of the size distribution are often
synthesized with a concentration that exceeds this limit. As a result, the measured size distri-
bution will be saturated, leading to a cut-o in the center of the log normal distribution with
only the left and right ank being measured correctly. During this thesis several attempts
have been made to reduce the particle concentration for example by separating the ow into
two parts and discarding one half via a pumping system. Measuring of the reaming half
showed that these attempts do not reduce the concentration homogeneously, but selectively.
The measured size distributions were shifted to greater or smaller particles depending on the
type of modi cation done to the aerosol stream.

The second limitation of the SMPS is correlated with the term of size. In mobility analysis,
the particle size is representative for single spherical particles, but that is not always the case.
In aerosol technology, several equivalent diameters are used to describe irregular shaped
particles or particle agglomerates. Theesquivalent circle diameter typically used in TEM
image analysis, is the diameter of a sphere, of which the projected area equals the one
of the measured particle. TheStokes diameteris the diameter of a sphere with the same
settling velocity and the same density as the respective particle. In contrast, ttaerodynamic
diameter is the diameter of a sphere which has the same settling velocity as the particle and
a density of1g/cm?3, which is used when the material and therefore the density are unknown
[230].

In mobility analysis, such as used by the di erential mobility analyzer, the particle size is
represented by the size of a sphere with the same di erential mobility [231]. This equivalent
diameter is called themobility diameter. It is determined via the relation between the
magnitude of an electrical eld and the velocity of the particles, which is constant, when
the drag force and the Coulomb force are of the same magnitude. If agglomerates enter
the SMPS, a mobility diameter for the agglomerate will be measured and presented as the
diameter of a single spherical particle. Therefore, it is crucial to always combine SMPS
measurements with microscopy methods such as Transmission Electron Microscopy.
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3.2 Transmission Electron Microscopy (TEM)

Microscopic methods can be used to access more detailed information on the composition of
NPs. This includes the size and morphology of the nanoparticles and information concerning
their chemical composition, the spatial distribution of elements (e.g. interesting for core-
shell or Janus-type morphologies) and crystallographic information (e.g., crystalline phase,
orientation and structure) on nanoparticles agglomerates or even single particles with down
to atomic resolution. With various detectors t to the products of the interaction of electrons
with the sample, the TEM presents a full-featured analytic tool revealing valuable information
about synthesized NPs. The spatial resolution of an optical system can be calculated by the
Rayleigh criterion [232]. Two point-sized objects in distanca can still be resolved if

a= & (3.7)

n sin()

where is the wavelength of illumination, the angle of incident andn the refractive index
of the medium between lens and picture. By decreasing the wavelength, the resolution can
be increased. For visible light at a wavelength d600 nmand a refractive indexn = 1 for
air, this results in a resolution of around0:2 m. Therefore, it is impossible to access the
information of nanostructures by optical microscopy. In 1925 the wave-like characteristics of
electrons were postulated by Louis de Broglie:

= - (3.8)

with the Planck constanth and momentump, meaning that the wavelength of electrons can
be calculated from their kinetic energy. An electron passing the electric potential di erence of
1V gains an energy ol eV. Assuming electrons with an energy &0 keV, their wavelength is
around 0:05A, which is 10° times smaller than the wavelength of visible light. In 1926 it was
found by H. Bush that an electromagnetic eld can be used to focus and manipulate the beam
of electrons. Together, these ndings led to the development of the rst electron microscope
in 1932 by Ernst Ruska and Max Knoll [233]. Since then, technology has improved rapidly.
Today's TEMs are capable of resolving single atoms. The theoretical resolution o ered by
the electron light source is now only limited by e ects such as lens aberrations described
in section 3.2.1. For this thesis, a Tecnai F30 Gfrom FEI as well as a JEM-2100 and a
JEM-ARM200F "NeoARM" from JEOL were used to analyze the samples.

3.2.1 Setup of a TEM

Although the di erent transmission electron microscopes di er from each other in design,
arrangement of individual elements and control, they are very similar in principle. A TEM
consists of an electron source, a tube with electromagnetic lenses and apertures, a sample
holder and various detectors. All of this is placed in a high vacuum environment, which
ensures undisturbed electron movement and reduces contamination of the sample and detec-
tors. Figure 3.3a shows a schematic sketch of a typical transmission electron microscope.
The electron source (electron gun) inside a TEM consists of an electron emitting cathode
and an anode that accelerates them by a voltage. For an electron to be emitted from the
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Figure 3.3: a) Schematic sketch of the basic setup of a transmission electron microscope.
b) The primary electron beam interacts with the specimen resulting in several scattering
processes, emitting detectable signals such as characteristic X-rays or secondary electrons.
Figures adapted from [234].

cathode, it needs to overcome an energy barrier of the work functiony . The electrons are
extracted from the cathode using thermionic emission or eld emission. During thermoionic
emission, the source material, for example a Tungsten or LaBament, is heated to tem-
peratures high enough to overcome the work function. However, eld emission works either
at room temperature (cold FEG) or with a slightly heated tip (Schottky emitter). Here, a
sharp tip results in an increased electric eld. If a potential is applied to the tip, w Is
lowered and electrons can tunnel out of the material through eld emission. In comparison
with thermionic emission, FEG emits electrons from a very small area with a very low energy
dispersion. After emission, electrons are attracted towards the positively charged anode by
a high acceleration voltage. The acceleration voltage determines the energy and velocity of
the electron beam, a ecting the resolution and penetration depth. Typical electron energies
range from 30 to 300 keV, although lower and higher acceleration voltages are also possible
and used for their own applications.

The electron beam can be manipulated using di erent apertures and lenses. Electromagnetic
lenses in a transmission electron microscope have a function similar to glass lenses in optical
microscopes, and the electron beam is focused along the desired axis. Inside an electron
microscope, electromagnetic coils generate a eld that can focus or manipulate the electron
beam with the Lorentz force. Apertures can be inserted and removed from the electron
beam depending on the desired operation mode. Electron lenses have three di erent kinds of
aberration that are impossible to eliminate completely. These lens aberrations are spherical
and chromatic aberration, as well as axial astigmatism.

3.2.2 Sample beam interaction

The primary electron beam emitted from the electron source can interact with the sample in
numerous ways. Figure 3.3b shows an overview of the possible interactions. A part of the
beam passes through the specimen without almost any interaction, while the rest undergoes
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a set of di erent scattering processes. Some of the scattered electrons leave the specimen in
a forward direction (scattering angle< 90 ). Electrons found under a scattering angle 90

are called back scattered electrons, which are de ned by energress0 eV, compared to the
less energetic secondary electrons 60 €V), which are generated by inelastic scattering of the
primary electrons in the specimen. TEM imaging methods are using unscattered and both
inelastically and elastically scattered electrons. When electrons are de ected, bremsstrahlung
Is emitted. Characteristic X-rays are generated in the relaxation process, after a beam
electron excited inner-shell electrons. Instead of X-rays, the relaxation process can also
occur without any emitted radiation, where an Auger electron of the corresponding energy
will leave the sample instead. These characteristic photons and electrons can be used to
access the chemical composition of the sample using energy-dispersive X-ray spectroscopy
(see section 3.2.4).

3.2.3 Imaging Modes

Imaging modes in a conventional TEM (C-TEM) can be generally divided intdright eld
mode and dark eld mode They are achieved by inserting di erent apertures into the beam
path. For bright eld mode, a contrast aperture is inserted into the beam path allowing only
unscattered electrons and small angle electrons to contribute to the image. In dark eld mode,
the primary beam is Itered out by tilting the specimen to a certain angle, allowing only a
selected di racted beam to pass through the aperture. Thus, additional information will be
obtained using this mode only for crystalline specimens, where certain di raction patterns
can be highlighted with increased contrast. To obtain a high resolution TEM (HRTEM)
image, several di raction beams are used to create the image and interference e ects become
more pronounced in the resulting image [234].

Similarly to a scanning electron microscope, the beam can also be converged and used to
systematically scan the sample. The image is constructed by the detection of scattered
electrons. This mode is called Scanning TEM (STEM). Depending on the detector used,
subcategories in this imaging mode open up: Inelastically electrons, or elastically scattered
electrons with a small scattering angle belod0 mradare detected using a bright eld detector
(BF-STEM). For scattering angles betweerllO and 50 mrad an annular dark- eld detector
(ADF-STEM) is used. At angles above50 mrad a special high angle dark eld detector
(HAADF) is used. In ADF- and HAADF-STEM images, heavy elements and thicker areas
of a specimen generate a bright image, whereas it is the opposite for bright eld CTEM and
STEM. For this reason, HAADF-STEM was mainly used for the analysis of metal NPs in
this thesis.

3.2.4 Energy-dispersive X-ray spectroscopy (EDX)

As described in section 3.2.2, an inelastic scattering event induced by the electron beam
will stimulate the X-ray emission of the sample. In the Bohr model, electrons move on
discrete energy levels (shells). These shells are named either by their main quantum numbers
(n=1;2;3...) or often referred to as K-shell i = 1), L-shell (n = 2) and so on. An electron
from the ground state can be excited and jump into a higher shell. After this, an electron
from the outer shell will then fall back to the ground state, releasing energy in the form of
an X-ray. The energies of these X-ray photons are well de ned and are characteristic for
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Figure 3.4: EDX spectrum of silicon NPs on a copper TEM grid and the related STEM
HAADF image. The silicon particles are big in diameter and as a result only very slightly
oxidized. The measured copper lines are measured from the grid.

every element. These X-ray photons can be detected by inserting an energy-sensitive photon
detector into the TEM column above the specimen.
A typical EDX spectrum of silicon NPs synthesized in atmospheric plasma and measured
after transfer through air is shown in Figure 3.4. Several peaks are visible which correspond
to the elements O, Cu and Si. The nomenclature is as follows: Transitions are named after
the shell in which the electron ends. Greek letters are used to denote the shell where the
electron originated, in approximate order of intensity (-transitions are more intense than
-transitions). The highest peak belongs to K-silicon, as the particles are very large, fully
crystalline silicon NPs. EDX measurements allow also for quantitative analyses. The weight
ratio of two elements in a sample can be obtained using the Cli -Lorimer equation [235]. In
the case of this sample, the oxygen content in this sample is very low wiliatm% silicon
versus only6atm% oxygen. The reason for this is the large diameter of the particles. Since
oxygen is located at the surface and the surface-to-volume ratio for large particles is smaller,
the oxygen content will also decrease.
Some of the primary electrons are scattered and can then hit the TEM grid. This is called
stray radiation. Stray radiation also causes an X-ray signal that is generated by the material
of the TEM grid, in this case Cu. Since the collimator on the EDX detector is pointing at
the measured sample, the X-ray signal coming from the stray radiation should be minimized,
however it can not be avoided completely. X-ray photons with higher energy (Cu K-line) can
reach the detector better than ones with lower energy (L-line), therefore, the Cu-L peak will
be smaller in case of stray radiation and larger, if Cu is a component of the sample. Typical
sample depths of EDX range fronl0to 100 nm, which means that, in the case of NP, the
full particle volume will be included in the results of the analysis of this technique.

3.2.5 Selected Area Electron Di raction (SAED)

Crystalline samples can be analyzed inside a TEM using Selected Area Electron di raction
(SAED), where the user can select an area of the sample. This method uses the fact that
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Figure 3.5: a) Diraction of wave between the lattice planes of a crystal. Adapted from
[234]. b) SAED spot pattern for monocrystalline silicon. ¢) SAED ring pattern for randomly
oriented silicon nanocrystals. The di raction patterns were taken by Martin Mdller.

electron waves are di racted on the crystal lattice due to their small wavelength. The di rac-
tion is similar to light di raction on a grid. Figure 3.5a shows the path di erenceAB + BC
of two waves with wavelength that are di racted at adjacent lattice planes in distanced.
Constructive interference of the ordemn and will be observed under angles, following the
Bragg condition:

2dsin , =n (3.9)

This equation allows to access information about the distance between lattice plartessince

is known from the electron energy and the angle can be measured. The diraction
pattern recorded by the TEM is strongly correlated to the topology of the sample. If the
beam has been re ected by a single crystal or a small number of single crystals, a spot
di raction pattern will be observed (Figure 3.5b). This pattern can be used to determine
lattice constants and the distances and angles between crystallographic planes. These are
often distinctive for materials, allowing the user to distinguish between materials using this
technique. If the illuminated area selected by the user contains many di erently oriented
crystals, the diraction patterns of all these crystals superimpose and form an image of
concentric rings, as shown in Figure 3.5c. This is the case for nanocrystals, since they are
always present on the sample in a random orientation. The diameter of each ring then
corresponds to the interplanar distance of a plane system present in the sample.
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3.3 Fourier Transformed Infrared Spectroscopy (FTIR)

Fourier Transformed Infrared Spectroscopy (FTIR) is an analytical method that provides in-
formation about the chemical composition of a sample by using the characteristic frequencies
of molecular vibrations. The basic principle uses a black body radiation source, which emits
a beam of photons in the spectral region, typically ranging from000to 400 cm . This light

can then be absorbed by the molecules present in the sample and induce vibrational and
rotational transitions here. The following section introduces the basic principles of molecular
vibrations as well as the experimental setup of a commercial FTIR spectrometer.

3.3.1 Molecular vibrations

The theoretical aspects of molecular vibrations can be explained using classical Newtonian
mechanics as well as quantum mechanics. Considering the ideal case of harmonic oscilla-
tions, the potential V can be estimated from the solution of Hooke's law as a parabola. A
molecule absorbs electromagnetic radiation of a certain ener§y= h , which then excites

the molecular vibrations from the ground state § = 0) to the rst excited state (n = 1).

The necessary energi can be calculated from solving Schrédinger's equation:

-~ _+V = E ; (3.10)

using the reduced Planck constant = 21 For a diatomic molecule with atomic massen;
and m,, the reduced mass is calculated as
mim-,

= —~— 3.11
—— (3.11)

Assuming a harmonic oscillator with force constarit, the potential can be written asV = %xz.

The solution of the Schrédinger's equation delivers energy states with quantum number

n=0;12:: s
k .

~

(3.12)

NI =

1
E,= n+é h = n+

A system will be excited by a photon of energfe = h , if this energy is equal to the
energy di erence of two neighbored states with n = 1. In this case, the frequency of the
incoming photon will be equal to the vibrational frequency of the molecule. AnN -atomic
molecule has3N degrees of freedom, since each atom contributg@slegrees of freedom with
its movement in x-, y- or z-direction. From these8N degrees of freedom, three correspond to
the translation of the whole molecule in the direction of the three Cartesian axes. For non-
linear molecules, three more degrees are reserved for the rotational movements. The linear
molecule is invariant under rotation around the molecule's axis, therefore only two rotational
degrees of freedom are accounted. This leavéd 5 for linear and 3N 6 for non-linear
molecules as the degrees of freedom for vibration. Vibrational modes are classi ed in two
main classes: valence vibrations §| which are characterized by a change in the binding
lengths and deforming vibrations (, , ), indicated by a change of binding angle [236].
The valance vibration (or stretching modes) can be further classi ed by their symmetry as
symmetric (s) and asymmetric (as).
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Figure 3.6: Dierent types of stretching and bending modes on the example of a SiO
molecule. The oxygen atoms are bound by double bonds, shown as a thick black line here.
Valence vibrations are shown at the top, deforming vibrations at the bottom.

Figure 3.6 shows the di erent types of vibrational modes for the example of a Siénolecule.
The two double bonds to the oxygen atoms are indicated by a thick black line. Valence vi-
brations are shown at the top, deforming vibrations at the bottom. For symmetric stretching
(top left), the change in dipole moment is zero (p= 0), while for asymmetric stretching (top
right) it is greater than zero ( p > 0). This gure also distinguishes the possible deformation
modes, namely scissoring J, rocking ( ), wagging ( ) and twisting ( ).

Although FTIR spectroscopy is a commonly used and wide spread analytic method, it is not
applicable without limitations. Depending on the type of the induced vibrations, they can
be classi ed as either IR-active or IR-inactive. A vibrational mode is classi ed as 'IR-active'

if it changes the dipole moment of the molecule [237]. For this reason, symmetric molecules
such as nitrogen (N) and oxygen (Q) cannot be observed using this technique.

For all other molecules, the frequencies of these vibrations are characteristic. Valence vibra-
tions need more energy to be excited than deforming vibrations. Therefore, they are found
mainly at wavenumbers abovel500cm !, while deforming vibrations are found at smaller
wavenumbers.

Each molecule has a characteristic ngerprint pattern in the infrared spectrum, which is why
FTIR is such an excellent tool to determine the chemical composition of a sample. Reference
values in the literature (e.g. Socrate®t al. [238]) can help identify molecules present in the
sample, as they list the positions of the strongest absorption peaks.

3.3.2 FTIR spectrometer principle of operation

The operation principle of most interferometers that are used for today's infrared spectrom-
etry is based on the two-beam interferometer designed in 1891 by Albert A. Michelson [239].
The Michelson-Interferometer divides a beam of radiation into two paths, which recombine

after a path di erence has been introduced. As shown in Figure 3.7 the IR beam generated
by an IR-source is focused onto a beam splitter. Half of the beam is directed onto a xed mir-
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Figure 3.7: Schematic setup and functional principle of an FTIR spectrometer.

ror and then re ected, while the other half is directed onto a movable mirror and is re ected
there. The distance between the moving mirror and the beam splitter can be varied. Depend-
ing on the distance of the beam splitter and the movable mirror, constructive or destructive
interference takes place when the split paths are reunited. The resulting interferogram is
the sum of all frequencies. This reunited beam now passes through the sample, where it is
absorbed by the molecules and induces vibrations. A liquid-nitrogen-cooled MCT detector
detects the remaining IR radiation by transferring optical signals to electrical signals. Using
Fourier transformation, the summed up frequency information from the interferogram can be
divided into single frequencies and then be displayed as an IR-spectrum. This process will
be explained now in greater detail.

3.3.3 Generating a spectrum

To understand the process of spectrum generation, an idealized situation should be consid-
ered, where a source of monochromatic radiation produces a perfectly collimated, narrow
beam of wavelength (, with wavenumber

0= i: (3.13)

0

The intensity corresponding to this wavenumber is denoted dg ;). Furthermore, the beam
splitter is considered ideal, which means that the re ectance and transmittance are exactly
50% A typical interferogram displays the signal intensityl {) measured at the detector
as a function of the beam path dierence and is shown in Figure 3.8a. If both xed
and movable mirrors are equidistant from the beam splitter, the two beams are perfectly in
phase upon recombination. At this point, the beams interfere constructively, meaning that
the intensity of the beam passing to the detector is the sum of intensities. This leads to
the so-calledcenter burstobserved in the interferogram. If the movable mirror is operated
at a constant velocity, the signal at the detector will vary sinusoidally. A maximum in the
detector will be registered every time that the path di erence is an integral multiple of
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Figure 3.8: Steps in the generation of an FTIR spectrum. a) Interferogram displaying the
mirror displacement and the corresponding measured signal with two center burst (inset) at
zero path dierence =0 . b) Source emission spectrum as a result of the Fourier transform
of the interferogram. c) Transmission spectrum showing the absorption lines after division
of two measurements.

the wavelength o. Therefore, the intensityl {) measured in the detector will be equal to
I( o) when = n (n=1;2;3:). At all other values of , the intensity of the beam at the
detector can be calculated by:
I#
1
19) = é|(0) 1+cos 2 — (3.14)
0
It can be seen that this equation is composed of a constant component and a modulated
component. The term interferogram speci cally corresponds only to the modulated cosine
term. Applying a Fourier transform F to this equation brings:

S()= B(ocos(2 o) ; (3.15)

where the parameterB( o) provides the intensity of the source at wavenumbery, modi-

ed by the instrumental characteristics. The spectrumS() is therefore calculated from
the interferogram using the cosine Fourier transform, giving this spectroscopy method its
name. The Fourier transform of a single cosine wave interferogram is a single wavelength,
or wavenumber of radiation. Mathematically, the entire spectrum fronDto +1 (in cm %)
could be measured at in nitely high resolution. But to achieve this in reality, the moving
mirror would need to travel an in nitely long distance. Since only a limited value of is
experimentally possible, the resulting spectrum also has a nite resolution. Typical spectra
measured in this thesis were collected in a wavenumber range780 4000cm ! with a
resolution of4cm 1. The resulting source emission spectrum after a Fourier transform has
been applied to the interferogram can be seen in Figure 3.8b. This spectrum is considered to
be the "raw" source emission spectrum. Since the NPs are most often collected on a wafer,
a comparison with a background reference spectrum is needed. Therefore, an FTIR mea-
surement always includes the measurement of a background reference as a rst step. The
measured background spectrum is stored and as a last step of spectrum processing, the mea-
sured spectrum (Figure 3.8b) is divided by the background spectrum. Figure 3.8c displays
the result as the nal transmission spectrum calculated from the ratio of measured spectrum
and backgroundT=Tgs for silicon NPs measured on a silicon waver background. Here, the
strongest line of absorption at1100 cm * corresponds to the stretching vibrations in Si-O-Si.
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Additional post-processing of the spectrum for display can typically include the subtraction
of a baseline if needed and the calculation of the absorption spectrum.

3.4 Photoluminescence spectroscopy

The photoluminescent properties of silicon nanocrystals can be analyzed using photolumines-
cence (PL) spectroscopy. There are two di erent methods. In steady-state PL spectroscopy,
the particles are continuously excited with a light source, and the emitted light is analyzed
to determine the wavelength-dependent intensity. This technique o ers information about
the energy levels and the band gap of the SINCs. A broad emission spectrum can be re-
lated to their size distribution and surface passivation [240]. Time-resolved PL spectroscopy
extends the capabilities of steady-state analysis by providing temporal resolution of the lumi-
nescence decay after excitation. This method reveals the dynamics of exciton recombination
and non-radiative processes. For SINCs, time-resolved PL spectroscopy is particularly useful
for distinguishing between surface-related recombination and quantum con nement-induced
radiative lifetimes.

3.4.1 Steady-state photoluminescence spectroscopy

Steady-state PL spectroscopy uses a photon source to excite electrons in the sample material.
After radiative recombination processes, a photon is generated and emitted as it has been
already described in section 2.1.1. In this thesis, a Helium-Cadmium UV laser with a wave-
length of 325 nmand Pyax = 2:3mW or 442 nmand P = 17 MW was used as the photon
source. The light emitted by the sample material after excitation by the laser was collected
via an optical ber at a 45° angle and detected with an imaging spectrograph Shamrock 300i
(Oxford Instruments) coupled with a CCD camera (Newton 971, Oxford Instruments). A
low-pass Iter was used to suppress wavelengths bele88 nm leading to a sampled wave-
length ranging from500to 1050nm. For one spectrum,200accumulations at an acquisition
time of 0:2s were used. Using this setup, dry powder samples on a substrate and also wet
samples, where the NPs are dispersed in a liquid, can be measured. For this thesis, only
dry samples were used. Therefore, the resulting PL spectra have to be corrected for the
substrate material. These corrections then allow for the direct comparison between di erent
samples, even though the measurement of PL intensity gives only relative information about
PL e ciency.

3.4.2 Time-resolved photoluminescence spectroscopy

Compared to steady-state PL spectroscopy, the time-resolved measurement allows access to
information about the timescales of the recombination process with a resolution of hundreds
of picoseconds. Because the lifetime of photoluminescence that originated from a NP's crys-
talline core is typically several orders of magnitude longer than that of the PL decay from
defects, this method can be used to identify the origin of the PL signal. Several experimental
technigues can be utilized to characterize the PL decay [241]. In this thesis a direct char-
acterization method was used that requires only an optical excitation source and an optical
detector. The excitation source was a pulsed femtosecond laser (Pharos SP) with a pulse
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width of 150fs The pulse duration of the laser can be adjusted in accordance to the charac-
teristic lifetime of the decay process. The signal was excited by pulses3dt3nm with a 1kHz
repetition rate and an intensity of 65 J/cm? which corresponds to approximatelyl:2 10
photons per cni. The angle between the detection and excitation paths we@0°. The PL
decay was detected using streak camera and the decay of the PL intensity signal can be tted
with a stretched-exponential function:

=1, e () (3.16)

wherel g is the initial intensity, t is the time, is the life time of the decay [242]. The average
decay time as a function of emitted wavelength can be obtained using the following equation:

2
w( )= — 2 () (3.17)
)

where is the lifetime of a state at emission wavelength, ( x) is the Gamma function and
is the dispersion parameter.
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4 Experimental setup

Several plasma sources with di erent electrode geometries have been tested during the course
of this thesis. The most promising ones have been utilized and improved continuously. The
publications related to this thesis use mainly one type of atmospheric pressure plasma jet,
the so-called HelixJet, in two di erent size variants. The following chapter will rst give an
overview of the utilized plasma sources, with their speci cations and intended purposes. A
simulation of the gas ow using COMSOL Multiphysics is presented. After that, then situ
FTIR setup and the annealing stage are explained in detail. The chapter concludes with a
demonstration on how two of these plasma sources can be connected to realize, for example,
the combined synthesis and surface modi cation of NPs.

4.1 Atmospheric Plasma Source: HelixJet

The initial design of this plasma source was developed by Jan Schéderl. in 2019 [183]. In
this publication, the HelixJet is a capacitively coupled atmospheric plasma source operated
at radio frequency, which is applied to two helix electrodes forming a double-helix. The helix-
shaped electrodes are placed around a quartz glass tube with an inner diameteO:Gfcm
and a total length of 12cm. The gas, in this case argon, can be fed into the jet from the
top with a varying gas ow between100and 2000sccm. The electrodes are made from a at
copper wire 6mm) with the helix consisting of nine total turns at an inclination of57° and a
distance of5mm. The special geometry of the electrodes was constructed to address a known
problem of atmospheric pressure plasma jets, namely lamentation. Filaments are discharge
channels inside the plasma that cause a steep gradient of all plasma parameters involved,
such as electron density, temperature, or electric eld [243]. Since the applications of these
plasma jets include medical applications, a controlled homogeneous discharge is essential.
Several studies of atmospheric plasma jets report on the formation of laments inside the
discharge. Several studies have also been devoted to understanding the formation and sub-
sequent movement of these laments experimentally [244] and through uid modeling [245,
246]. For most atmospheric plasma sources, the formation of the lament is often chaotic and
unstable in nature. For a plasma jet that is driven in the so-called "locked mode" [247, 248],
they usually form equidistantly around the inner walls of the capillary and rotate around
the symmetry axis. This phenomenon was observed in argon, krypton and neon, but not
in helium [249]. For a cylindrical capillary with two ring electrodes, a stable solution could
be found which contains three plasma laments that incline inside the jet in a helix shape
and rotate around the symmetry axis. The rotation frequency and the angle of inclination
of the laments are correlated. Small variations of the utilized gas ow and/or RF power
were proven to result in instabilities of the lament's movement [244]. The electrodes of the
HelixJet were constructed perpendicular to these inclined laments. Although this helical
structure complicates the structure of the resulting electric eld, the resulting discharge was
lament-free and mostly homogeneous [183].

An additional advantage of helix-shaped electrodes is the possibility to easily scale-up this
setup. By simply adding more revolutions to the helix and therefore covering a longer part
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of the capillary, the plasma volume can be easily increased. The resulting plasma will still
be homogeneous along the middle axis of the capillary. In contrast to the case of ring elec-
trodes, where the plasma will always be stronger around the rings and an increased distance
between them requires much higher power to ignite or sometimes cannot be ignited at all.
Other geometries involving more than two ring electrodes or parallel plate reactor setups
o er scalability options, but at the cost of homogeneity.

This HelixJet design from Schafeet al. was initially used for plasma-assisted additive man-
ufacturing [183]. For this, the running jet was fed from the top with a polyamide powder.
Particles introduced into the jet this way were melted and deposited below the jet. An anal-
ysis of the resulting samples revealed that the plasma-assisted process combined the features
of laser sintering and heat treatment. The initial design of the jet was kindly made available
for this thesis by Jan Schéfer. As a rst step, two modi cations have been carried out to
improve the jet's ability to synthesize NPs from reactive gases.

4.1.1 Modi cations to the jet

The HelixJet has been modi ed to optimize its operation for the synthesis of silicon NPs from
the reactive silane gas. Since silane is a very electronegative gas, it depletes the plasma of
electrons [250]. When high admixtures of silane are used, this e ect weakens and ultimately
extinguishes the plasma discharge. Additionally, high admixtures of silane into the general
gas feed of the HelixJet will lead to increased deposition of silicon on the jet walls. Deposition
Is an unwanted e ect in atmospheric plasma jets, as a thin layer of material can in uence
the plasma properties negatively. For smaller capillary dimensions, increased deposition
can even clog the capillary, although this e ect has been reported to be the strongest for
powder deposition [251] or small-dimensional plasma jet nozzles [252]. A combination of two
modi cations is introduced to combat these two problems: First, the admixture of noble and
reactive gases is split. In the original version of the HelixJet, noble and reactive gases had
to be premixed and fed into the jet.

Figure 4.1. CAD drawing highlighting the two modi cations in the form of an additional
grounded electrode and a ceramic tube for the on-axis injection of reactive gases. The addi-
tional electrode is placed inside the glass tube and cut to the same angle as the neighboring
driven Helix electrode.

As it can be seen in Figure 4.1, a ceramic tube with a diameter 4finm and a wall thickness
of 0:7mm has been placed on the middle axis of the jet. Noble gases such as argon or helium
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are now fed on the outer part close to the jet walls and the reactive gas silane is now only
introduced to the jet on the middle axis.

For a certain combination of ows for each inner and outer capillary, a laminar ow without
vortexes can be established, which consequently reduces the di usion of reactive gas and
particles towards the jet walls. As a result, wall deposition is reduced. The ow inside the
modi ed HelixJet has been simulated using COMSOL Multiphysic®in the following section.
The placement of the ceramic tube has an additional advantage which is in relation to the
second modi cation: An additional grounded electrode in the form of a thin metal sheet is
placed inside the quartz glass capillary in close proximity to the rst driven helix electrode.
The metal sheet was cut at the same angle as the helix electrodes. This placement should
ignite a rst strong plasma between the additional electrode and the rst helix revolution,
since only noble gases are present here. Radiation and electrons from this plasma help to
maintain the plasma downstream of the jet, which then also contains the reactive gas.

4.1.2 Simulations of the gas ow

The modi cation of the on-axis gas injection of the reactive gases is only able to e ciently
reduce the deposition on the jet walls for a con guration, in which the ow established inside
the capillary is laminar. For a laminar ow, the inner ow of the reactive gas is shielded by
the outer ow and, therefore, cannot reach the walls. The chosen values for the ow in the
inner ; and outer , capillaries will depend on the diameters of the capillaries. To estimate
ow values that result in laminar ow, a uid ow simulation was performed. This was
realized by a 2D axis-symmetric model in COMSOL Multiphysi&5.1. The model geometry
depicts the gas channel formed by the outer and inner capillaries. Two domains for the carrier
gas ow (helium) and for the reactive gas ow Q:01 %silane in argon) were established. The
uid equations are solved using the nite element method. Therefore, the model geometry is
discretized to a mesh on which the equations are solved. The mesh used for the model is a
so-called physics-controlled mesh witB23914elements. The model parameters are the ows
in both the inner ; and outer , capillaries.

To calculate the uid velocity eld, the so-called "low Reynolds k*" ow model [253] is used,
which can depict ow oscillations. However, in case of a vortex free and laminar behavior of
the ow, the model is also suited to describe this uid velocity eld. To validate the use of a
low Reynolds number model, the Reynolds numbd®e can be calculated using the following
equation:

Re= — = —; (4.1)

whereu is the ow speed, the density and the dynamic viscosity of the uid. L describes

a characteristic length. Since the Reynolds number is di erent for the di erent parts of the
jet, it will be calculated for the most critical part, which is the ceramic tube that has the
smallest diameter. ThereforeL will be the inner diameter of the ceramic tube. Using the
density ( = 1:6617kg/m?3) and dynamic viscosity ( = 2:2294 10 5kg/ms) for argon and
the highest possible uid velocity for a ow of 800sccm @:5m/s) this equals a Reynolds
number of 486 which can be still considered as low, since the transition between laminar and
turbulent occurs at a Reynolds number betwee@000and 13000[254].

The study of the uid velocity eld is based on several boundary and initial conditions as
well as physics-based equations. The initial conditions are de ned based on a stable state
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with a prede ned stable ow into the jet. The problem is solved using the time-independent
incompressible Navier-Stokes equations for conservation of mass and momentum:

r-u=0; (4.2)
(ur)=r " pl + (ru+(r u)T)I: (4.3)

With and again being the density and dynamic viscosity of the respective gas (argon or
helium), p is the pressure and represents a unit diagonal matrix.

Figure 4.2: a) CAD cross-section view of both capillaries of the jet. The area in which ows
are simulated is highlighted with a dashed blue line. b) Simulation results for the velocity
eld with input ows of inner and outer capillary being the same ( , = ; =400sccm). A
ow eld with vortexes can be observed. c¢) Simulation results with an optimized ratio of
inner and outer ows ( ; =100sccm; o =700sccm).

The simulated velocity elds are shown in Figure 4.2. Figure 4.2b shows the velocity eld
for both inner and outer ows at 400sccm. The established velocity eld shows a vortex as
can be seen on the white stream lines, which form clear vortexes directly after the exit of
the ceramic capillary. Additionally, the overall peak ow with 3m/s is high compared to the
ow pro le shown in Figure 4.2c. Here, the outer ow was chosen to b&00 sccm compared
to the inner ow of 100sccm. Under optimized ow conditions, the resulting velocity eld is
vortex-free and the overall peak velocity never crosses a valueOof m/s. Based on this rst
simulation step, the resulting velocity eld can be used for a time-dependent simulation of
the transport of admixed species by convection and di usion. The conversation of mass of a
species can be described using

T(! +r (= JiRi; (4.4)

with !; describing the number densityj; the corresponding di usive ux and R; the reaction
rate expression of each species. The simulation was performed using a mixture-averaged
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