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Abstract

Nanoparticles offer a range of desirable properties compared to their bulk material
counterparts. Their nanoscale dimensions result in extreme surface-to-volume
ratios as well as quantum confinement effects, which make them prime targets
for applications in various fields such as catalysis, biomedicine, opto-electronics,
or neuromorphic computing.

This work is concerned with the synthesis and treatment of carbon and silicon
nanoparticles, as well as silver-silicon core-shell nanoparticles using plasma dis-
charges with a special focus on their in situ diagnostics. Continuous in situ mon-
itoring via Fourier-transform infrared spectroscopy (FTIR) and localised surface
plasmon resonance during the plasma treatment allows for fine-grained control
of the nanoparticle properties such as size, chemical composition, or surface func-
tionalisation, which are key for various applications. The results are confirmed
by extracting particle samples for ex situ transmission electron microscopy.

As a stepping stone, carbon particles with diameters of about 500 nm are pro-
duced and confined in the Suleika Nano experiment, which is a prototypical setup
in the field of dusty plasmas for the study of the interactions between dense dust
clouds and a plasma. The mass change of particles noted by previous experi-
ments is traced back via FTIR analysis to impurities of ambient air leading to
the incorporation of oxygen into the particle.

After this initial experiment, the synthesis and treatment of the particles
is separated into two systems, giving independent control over their conditions.
For the experiments on silicon semiconductor nanoparticles, an external capaci-
tively coupled plasma source is used to generate small particles in the range of
nanometres. They are then injected into a secondary inductively coupled plasma
discharge in E-mode for confinement and further hydrogen treatment. Isotopic
studies via FTIR using deuterium show addition of deuterium in the bulk of the
particles while existing hydrogen bonds are replaced on the surface instead.

Finally, in collaboration with the Chair for Multicomponent Materials of Prof.
Faupel at the Faculty of Engineering, silver nanoparticles are produced in an
external Haberland-type gas aggregation source and injected into the secondary
plasma to create silver-silica core-shell nanoparticles. While island growth is
observed initially, longer treatment durations yield a homogeneous silica coating
with a thickness of 6 nm. This experiment acts as a proof of principle for the
possibility of multi-step nanofabrication of specifically tailored nanoparticles for
various applications.
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Zusammenfassung

Der Übergang von Bulkmaterialien zu Nanopartikeln eröffnet eine Vielzahl an neuen
Eigenschaften. Durch ihre Größe im Nanometerbereich besitzen diese ein extremes Ver-
hältnis von Oberfläche zu Volumen und zeigen Quanteneinschlusseffekte, die in vielerlei
Anwendungen zum Einsatz kommen, wie zum Beispiel der Katalyse, Biomedizin, Opto-
elektronik oder bei neuromorphen Systemen.

Diese Arbeit beschäftigt sich mit der Erzeugung und Behandlung von Kohlenstoff-,
Silizium- und Silber-Silika-Kern-Schalen-Nanopartikeln in einer Plasmaentladung mit
besonderem Fokus auf die in-situ Diagnostik. Durchgehende in-situ Kontrolle durch Fou-
rier-transformierte Infrarotspektroskopie (FTIR) und Oberflächenplasmonenresonanz
(LSPR) während der Plasmabehandlung erlaubt eine exzellente Kontrolle der Partikel-
parameter wie ihrer Größe, ihrer chemischen Zusammensetzung oder ihrer Oberflächen-
funktionalisierung, die von zentraler Bedeutung für die verschiedenen Anwendungen
sind. Die Ergebnisse aus diesen Untersuchungen werden durch Extraktion von Proben
und ex-situ Transmissionselektronenmikroskopie fundiert.

Als ersten Schritt werden Kohlenstoffpartikel mit etwa 500 nm Durchmesser im Su-
leika Nano Experiment produziert und eingefangen. Dieses ist ein prototypischer Auf-
bau im Feld der staubigen Plasmen und dient der Untersuchung der Interaktionen von
dichten Staubwolken mit einem Plasma. Eine Massenveränderung, die von vorherigen
Experimenten berichtet wurde, wird mittels FTIR-Analyse auf Unreinheiten aus der
Umgebungsluft zurückgeführt, die zur Aufnahme von Sauerstoff in das Partikelmaterial
führen.

Nach diesen anfänglichen Experimenten wird die Synthese und Behandlung der Par-
tikel in zwei separate Systeme aufgeteilt, welches die unabhängige Kontrolle der System-
parameter ermöglicht. Für die Experimente an Silizium-Halbleiter-Nanopartikeln wird
eine externe, kapazitiv gekoppelte Plasmaquelle genutzt. Die Partikel werden anschlie-
ßend in eine sekundäre, induktiv gekoppelte Plasmaentladung im E-Modus gespiesen
und dort für die weitere Behandlung eingefangen. Eine Isotopenuntersuchung mittels
FTIR zeigt, dass Deuterium sich im Bulkmaterial an vorhandene Wasserstoffgruppen
anfügt, während es diese Gruppen auf der Partikeloberfläche stattdessen ersetzt.

In Kollaboration mit dem Lehrstuhl für Materialverbunde der Technischen Fakultät
von Prof. Faupel werden abschließend Silbernanopartikel in einer externen Gasaggrega-
tionsclusterquelle vom Typ Haberland produziert und in die sekundäre Plasmaentladung
gespiesen, um dort Silber-Silika-Kern-Schalen-Nanopartikel zu produzieren. Während
zunächst Inselwachstum beobachtet wird, führen längere Behandlungsdauern zu einer
homogenen Beschichtung der Partikel mit einer 6-nm-dicken Silikaschale. Dieses Expe-
riment dient als Grundsatzbeweis der Möglichkeit von mehrschrittiger Nanofabrikation
von speziell angepassten Nanopartikeln für die verschiedenen Anwendungsfelder.
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Résumé

Les nanoparticules se distinguent des matériaux bulk par une série de nouvelles proprié-
tés. Leurs dimensions nanométriques sont la source de rapports surface-volume extrêmes
et d’effets de confinement quantique. Ils ont donc des nombreuses applications dans di-
vers domaines tels que la catalyse, la biomédecine, l’optoélectronique et les systèmes
neuromorphiques.

Cette thèse concerne la synthèse et le traitement de nanoparticules de carbone, de
silicium et de type cœur-coquille d’argent-silice à l’aide de décharges de plasma, avec
un accent particulier sur leur diagnostic in situ. Le monitorage continu in situ via la
spectroscopie infrarouge à transformée de Fourier (FTIR) et la résonance plasmonique
localisée de surface (LSPR) pendant le traitement au plasma permet un contrôle précis
des propriétés des nanoparticules telles que leur taille, leur composition chimique ou leur
fonctionnalisation de surface, qui sont essentielles pour leurs diverses applications. Les
résultats sont confirmés par l’extraction d’échantillons pour la microscopie électronique
en transmission ex situ.

Pour commencer, des particules de carbone d’un diamètre d’environ 500 nm ont été
produites et confinées dans l’expérience Suleika Nano, une installation prototypique dans
le domaine des plasmas poussiéreux pour l’étude des interactions entre des nuages de
poussière denses dans un plasma. Le changement de masse des particules constaté par
des expériences antérieures est attribué, grâce à l’analyse FTIR, aux impuretés de l’air
ambiant qui entraînent l’incorporation d’oxygène dans les particules.

Après cette expérience initiale, la synthèse et le traitement des particules sont sépa-
rés en deux systèmes, permettant un contrôle indépendant de leurs conditions. Pour les
expériences sur les nanoparticules de semi-conducteurs en silicium, une source externe
de plasma à couplage capacitif est utilisée pour générer de petites particules de l’ordre
du nanomètre. Elles sont ensuite injectées dans une décharge secondaire de plasma à
couplage inductif en mode E pour être confinées et traitées à l’hydrogène. Des études
isotopiques par FTIR utilisant du deutérium montrent l’ajout de deutérium dans le ma-
tériau bulk des particules tandis que les liaisons hydrogène existantes à la surface sont
remplacées.

Enfin, en collaboration avec la chaire des matériaux multicomposants du prof. Faupel
à la faculté d’ingénierie, des nanoparticules d’argent sont produites dans une source à
agrégation gazeuse externe de type Haberland et injectées dans le plasma secondaire afin
de créer des nanoparticules cœur-coquille d’argent-silice. Alors qu’une croissance en îlots
est observée initialement, des durées de traitement plus longues permettent d’obtenir un
revêtement de silice homogène d’une épaisseur de 6 nm. Cette expérience constitue une
démonstration de faisabilité de la nanofabrication en plusieurs étapes de nanoparticules
spécifiquement adaptées à diverses applications.
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Introduction

When reducing the size of objects from the macroscopic scale to the nanoscale, a
whole range of new properties emerges. A look at crystalline silicon nanoparticles
shows, that for a particle with a diameter of 1 µm less than 1 % of atoms are
located on its surface. Scaling it down to a size of 2 nm, the particle now consists
of only 280 atoms, 120 of which are located on its surface [1, 2]. With these
extreme surface-to-volume ratios, surface effects such as reactions with other
surfactants [3], non-linear optical properties [4], and catalytic reactions [5] are
strongly amplified.

Plasma synthesis of nanoparticles from precursor gasses has distinct advan-
tages over the various other possible pathways. Compared to gas-phase chemical
routes which require very high temperatures, the plasma can make use of in-
herent heating processes such as selective heating through ion recombination.
Especially for nanoparticles this can create instantaneous particle temperatures
up to 1000 ◦C above the gas temperature without the need for an additional heat-
ing setup [6]. Liquid-phase chemistry is often limited by the choice of solvents,
which cannot reach temperatures high enough to create crystalline nanoparti-
cles [7]. Finally, there are top-down approaches such as wet chemical etching
of silicon wafers to obtain crystalline silicon nanoparticles. While these create
particles with well-defined size and properties, the plasma approach offers better
significantly scalability towards higher throughput [8].

Another strength of the plasma synthesis of nanoparticles is the possibility of
using the plasma for further treatment steps. Low temperature plasmas provide
a large flux of hot electrons as well as excited or ionised species and photons
which enable a variety of possible plasmachemical reactions. Plasma treatments
of nanoparticles can operate within seconds compared to liquid-phase treatment
options which typically require reaction times of tens of minutes [1]. With these
quick reaction times, in-flight treatments are a potent option for flow-through
synthesis systems to create functionalised surfaces in the few seconds where the
particles pass through the treatment plasma [9]. It is even possible to create
coatings for core-shell nanoparticles [10–12], but the thickness of these shells is
limited significantly by the residence time in the treatment plasma.

The goal of this work is to provide insight into the underlying processes during
plasma treatment and improve on the previous in-flight techniques by confining
particles in a plasma discharge over much longer time scales. Particles inside a
plasma quickly gain a negative charge and are then confined in the ambipolar
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CHAPTER 1. INTRODUCTION

electric field of the discharge, allowing residence times in the order of minutes to
hours. It is then possible to slow down the treatment process through limiting
the flow of treatment gasses and observe changes to the nanoparticles in detail.
Monitoring is performed via Fourier-transform infrared spectroscopy (FTIR) and
additional localised surface plasmon resonance (LSPR) spectroscopy for metallic
nanoparticles. These techniques allow measuring changes to the nanoparticle
surface over the course of the treatment and give precise control over the resulting
particle properties.

The long confinement times open the door for treatments that are difficult to
achieve with in-flight methods. Shells with several nanometres of thickness are
easily realised and multi-step processes with several shell layers, surface func-
tionalisations, and even gradual changes in composition are possible as a result
of this work. One particularly promising application that was explored by our
collaborating Chair for Multicomponent Materials of Prof. Faupel at the Faculty
of Engineering is the use of silver-silica and silver-carbon core-shell nanoparticles
for applications in neuromorphic computing. The metallic particles are usually
embedded in an insulating matrix and show memristive behaviour once a critical
particle density is reached [13–15]. By coating the nanoparticles directly with an
insulating silica shell, the need for a matrix is removed opening the possibility
for truly three-dimensional networks of nanoparticles.

Furthermore for semiconductors, when particle dimensions become smaller
than the exciton Bohr radius, quantum confinement effects play a significant role
in their optical properties. Lowering the dimensionality from 3-d bulk material
towards 2-d thin films, 1-d nanorods, and finally 0-d quantum dots leads to an
increasing discretisation of energy states and changes in the band structure [16].
For silicon nanoparticles in particular this can change the previously indirect
band gap into a direct one, increasing the quantum efficiency of the particles by
several orders of magnitude and enabling applications, e.g. in solar cells [17, 18]
or light-emitting devices [19, 20].

Photoluminescent silicon nanoparticles have seen intensive research efforts
in the last 20 years with the goal of producing light-emitting devices [7, 21–25].
The photoluminescence quantum yield of such particles is very dependent on its
properties, such as size [26], crystallinity [23], or surface functionalisation [27].
Furthermore, nanoparticles can be used in biomedicine for sensing, drug delivery,
or imaging applications, where once again the particle’s size and surface func-
tionalisation determine the efficiency of cellular uptake [28]. Seeing the plasma
not as a black box, where particles are put in and treated particles come out, but
rather having a fundamental understanding of the plasma interactions allows
fine-grained control of these particle properties and makes it possible to tailor
the nanoparticles precisely for their specific application.

This work is structured as follows: The fundamental principles behind plasma
discharges, dusty plasmas, and the formation, treatment, and diagnostics of
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nanoparticles are presented in chapter 2. An overview over the different experi-
mental setups for creating carbon and silicon nanoparticles, as well as silver-silica
core-shell nanoparticles is given in chapter 3. In chapter 4 the results obtained
with these experimental setups are presented for the three different particle types.
The work concludes in chapter 5 with a summary of the presented results and
short-form conclusions are drawn.
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2

Fundamentals

The field of plasmas deals with what is often called the fourth state of matter [1],
describing a partially or fully ionised gas of electrons and ions. There are a wide
range of plasmas ranging from the high-pressure, high-temperature regime in
astrophysics to low-pressure non-equilibrium laboratory systems. This chapter
will not attempt to give a full overview over the entirety of the field, but rather
present a selection of fundamental aspects of the low pressure, low temperature,
non-equilibrium plasmas that were used in this work for the synthesis and treat-
ment of nanoparticles. For a more comprehensive overview, the reader is referred
to common textbooks such as [2–4].

This chapter first gives an overview over the fundamental principles behind
plasma discharges in general and the typical capacitively and inductively coupled
laboratory plasmas in particular. It then describes the effects of the plasma on a
cloud of nanoparticles brought into the volume, which typically charge up in the
electron-rich environment and can even deplete the plasma of a significant por-
tion of its electron population. From these physical effects, the focus then shifts
towards chemical considerations of the plasma-surface interactions with its dif-
ferent reaction mechanisms and effects such as selective heating that specifically
occur for nanoparticles given their small thermal mass. Afterwards, focusing
closer on each individual nanoparticle, the photoluminescence of semiconductor
nanoparticles caused by their nanoscale dimensions and the synthesis mecha-
nisms for creating carbon, silicon and noble metal nanoparticles in a plasma are
described. The chapter closes with the fundamental concepts behind the different
in and ex situ diagnostics used in this work.

2.1 Plasma discharges
In contrast to a neutral gas, where particles interact via the Van der Waals force
scaling with the distance ∝ 𝑟−6, the charged components of a plasma interact
via the Coulomb force scaling with ∝ 𝑟−2. This difference leads to the so-called
collective behaviour as the particles can interact over comparably long distances.
When a point-like charge 𝑄 is brought into a plasma, it creates a displacement
of the charge distribution in the system. Like-charged plasma components will
be repelled, whereas unlike-charged particles will be attracted, creating a net
space charge shielding the charge 𝑄 from the rest of the plasma. If we assume
𝑄 is placed in origin of the coordinate system and the plasma only consists of
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CHAPTER 2. FUNDAMENTALS

singly-ionised particles, we can express the system with a Poisson equation:

ΔΦ = − 1
𝜀0

[𝑄𝛿(®𝑟) − 𝑒𝑛e(®𝑟) + 𝑒𝑛i(®𝑟)] , (2.1)

where Φ is the electrostatic potential, 𝜀0 the vacuum permittivity, 𝛿 the Dirac
delta function, and 𝑛e,i(®𝑟) the local electron and ion density around the charge 𝑄.

The solution of this equation, assuming a small perturbation 𝑒|Φ| ≪ 𝑘B𝑇, is
the Debye-Hückel potential

Φ(𝑟) = 𝑄

4π𝜀0𝑟
exp

(
− 𝑟

𝜆D

)
, (2.2)

where𝜆D is the Debye shielding length, which describes the typical length scale of
this shielding interaction. It consists of the individual electron and ion shielding
lengths 𝜆De, 𝜆Di and can be described using the unperturbed electron density 𝑛e0
and the temperature 𝑇e,i of electrons and ions:

𝜆−2
D = 𝜆−2

De + 𝜆−2
Di =

𝑒2𝑛e0
𝜀0

(
1

𝑘B𝑇e
+ 1
𝑘B𝑇i

)
, (2.3)

where 𝑒 is the elementary charge. To enable this collective behaviour the defini-
tion of a plasma often requires that the extent 𝐿 of the plasma is sufficiently larger
than the Debye shielding length: 𝐿 ≫ 𝜆D. Furthermore, the Debye sphere, i.e.
the sphere with radius 𝜆D, needs to contain a sufficiently large number of charge
carriers to be able to propagate the information needed for collective behaviour:
4
3π𝜆

3
D𝑛e,i ≫ 1.

While the charge distribution in a plasma can be disturbed locally, it maintains
neutrality on scales larger than the Debye shielding length. This property is
called quasineutrality and can be expressed globally for a system containing ions
of various charges 𝑞𝑘 as: �����−𝑒𝑛e0 +

∑︁
𝑘

𝑞𝑘𝑛i0,𝑘

����� ≪ 𝑒𝑛e0 , (2.4)

where 𝑛i0,𝑘 describes the density of ions carrying 𝑞𝑘 elementary charges. In the
case of singly ionised ions this simplifies to the common expression of quasineu-
trality as 𝑛e0 = 𝑛i0. If charged dust particles are present in the system, the
quasineutrality expression needs to be modified accordingly:�����−𝑒𝑛e0 +

∑︁
𝑘

𝑞𝑘𝑛i0,𝑘 + 𝑞d𝑛d

����� ≪ 𝑒𝑛e0 , (2.5)

where 𝑞d is the charge on a single dust particle and 𝑛d describes the particle
number density.

Up to this point, the reaction of the plasma to the point-like charge 𝑄 was
only considered electrostatically. The shielding also has a temporal aspect as the
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information about the perturbation needs to be propagated through the plasma.
Once again assuming a small perturbation 𝑒|Φ| ≪ 𝑘B𝑇, the typical velocity of an
electron is determined by its thermal velocity 𝑣th,e ≈

√︁
𝑘B𝑇e/𝑚e. To propagate

the information of the perturbation into the plasma, the electron needs to move
to its new position a typical length scale 𝜆De away. This movement takes a typical
response time 𝜏e ≈ 𝜆De/𝑣th,e. The same consideration applies analogously for ions
and can be expressed as the plasma frequency:

𝜔p 𝑗 =
𝑣th, 𝑗

𝜆D 𝑗

=

√︄
𝑛 𝑗0𝑒2

𝜀0𝑚 𝑗

, with 𝑗 = e, i . (2.6)

This frequency is significantly different for electrons and ions. In typical labo-
ratory plasmas with densities in the range of (0.1–5) · 1015 m−3, the ion plasma
frequency is in the range of 0.3–2 MHz, whereas the electron plasma frequency
is in the range of 90–600 MHz. For this reason, radio frequency (RF) plasmas
are typically operated in the ISM radio band at a frequency of 13.56 MHz or its
first harmonic at 26.12 MHz. While ions are too heavy to follow this excitation,
electrons are affected by it leading to collisional ionisation as the basis of plasma
formation. The next section will explore these dynamics further.

2.1.1 Plasma generation
For a plasma discharge to be sustainable, power needs to be coupled in to offset loss
processes, e.g. through photon emission or fluxes towards walls. RF capacitively
coupled plasmas (CCPs) provide this power through currents driven by a quickly
oscillating voltage between the electrodes. This leads to the formation of sheath
regions in front of the electrodes with large voltage drops that limit the applied
power to the plasma. Inductively coupled plasmas (ICPs) circumvent this by
inducing the current directly in the plasma itself leading to a significantly lower
voltage drop across the sheath. An ICP discharge can reach plasma densities
several orders of magnitude higher than comparable CCP discharges.

Capacitively coupled plasma discharges

The prototypical form of a CCP discharge is the parallel plate discharge depicted
in fig. 2.1a. It consists of two plates between which the plasma is generated by
applying an oscillating RF voltage. Given a driving voltage with a frequency𝜔2 ≫
𝜔2

pi, the ions cannot follow the oscillation and only react to the time-averaged
potential, whereas the electrons can follow as 𝜔2

pe ≫ 𝜔2. A sheath forms in front
of each electrode, which is a space charge region where the quasineutrality of the
plasma breaks down due to the ion and electron fluxes to the electrode. As the
oscillating potential on the electrode acts on the electrons, the resulting sheath
width oscillates.

Two heating processes describe the power influx into the plasma which keeps
the discharge stable. Ohmic heating occurs due to the ohmic resistance of the
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Figure 2.1: a) Sketch of a capacitively coupled plasma. An RF voltage is applied
to two parallel plate electrodes, creating a discharge with sheaths in front of the
electrodes. b) Sketch of an inductively coupled plasma at low powers. Coupling
occurs via electric fields propagating through the dielectric barrier indicated in
blue. c) Sketch of an inductively coupled plasma at high powers. Coupling occurs
via magnetic fields inducing ring currents in the skin layer of the plasma. Adapted
from [3, 4].

plasma. Microscopically, this is caused by collisions of the moving electrons with
the neutrals in the plasma. Its impact depends on the plasma density as well as
the electron-neutral collision frequency dictated by the neutral gas density.

The oscillating nature of the sheath further leads to stochastic heating. Here,
electrons are reflected by the large changing fields in the high-voltage sheath,
often compared to the reflection of a ball on a moving tennis racket. In the matrix
sheath model, the energy gain from this heating process is frequency dependent
and scales with𝜔2/𝜔2

pe. Therefore, by changing the excitation frequency, the ratio
of ohmic to stochastic heating can be varied.

Inductively coupled plasma discharges

When higher plasma densities are needed, inductive coupling presents a plasma
setup capable of producing densities several orders of magnitude higher than
achievable using capacitive coupling at comparable powers. An ICP discharge
uses a coil to create fields that couple into the plasma similar to a transformer,
where the plasma acts as the secondary coil with a single turn. Depending on

10



2.2. EFFECTS IN DUSTY PLASMAS

the applied power two operational modes exist: the E-mode at low powers and the
H-mode at higher powers (see figs. 2.1b and 2.1c).

In the E-mode, the coupling is dominated by the electrostatic fields of the RF
potential differences between the windings of the coil. The plasma density is low
enough for the fields to fully penetrate the plasma region, creating a discharge
similar to a CCP. Increasing the supplied power leads to a sudden transition into
the H-mode characterised by a significantly higher plasma density. Here, the
energy is deposited directly in the first layers of the plasma due to the skin effect.
A ring current is induced in this skin layer with opposite phase of the exciting coil.
Heating occurs both through ohmic heating and a collisionless stochastic process,
where electrons are reflected by the quickly changing inductive fields similar to
the stochastic heating in the CCP case.

While this work was performed on an ICP setup, it was exclusively operated in
the E-mode for nanoparticle treatments. A transition into the H-mode led to the
dissociation of any nanoparticles brought into the plasma, which will be shown
in detail in section 3.5.

2.2 Effects in dusty plasmas
This section gives a short overview over the aspects of dusty plasmas most rele-
vant for this work. It largely follows arguments which can be found in scientific
textbooks on this topic such as references [4, 5]. First, the orbital motion limited
(OML) model will be presented as the central way of describing the charging of
particles in a plasma using the incoming fluxes of electrons and ions and its lim-
itations seen in the Havnes effect in high particle density situations. Then, the
possibility of confining particles in the plasma will be shown through an exami-
nation of the various forces acting on charged particles leading to a force balance
capable of holding the particles in the plasma volume for extended durations.

2.2.1 Charging of particles in a plasma
When particles are brought into a plasma, they are charged by the incoming flux
of electrons and ions. In a typical laboratory situation, the flux of electrons is
higher than that of ions because of their lower mass and the resulting higher
average velocity1, leading to a net negative charge on the particle. This situation
is described by the orbital motion limited (OML) model, which gives the collision
cross section 𝜎c for a particle with surface potential Φ as:

𝜎c = π𝑏2
c = π𝑟2

d

(
1 − 2𝑞Φ

𝑚𝑣2

)
, (2.7)

where 𝑏c is the collection radius, 𝑟d the particle’s radius, and 𝑞 the charge of the
incoming charge carrier with mass 𝑚 and velocity 𝑣. For 𝑞Φ ≤ 0, e.g. for positive

1Even before considering their significantly higher temperatures in a non-thermal plasma.
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Figure 2.2: Collection radius 𝑏c of an incoming particle for a) a repulsive and b)
an attracting potential. Adapted from [4].

ions on a negatively charged particle, the particle’s collection radius is larger than
its geometric cross section, and respectively smaller for electrons (see fig. 2.2).

Assuming a Maxwellian velocity distribution for both electrons and ions which
interact with a particle of radius 𝑟d < 𝜆D and disregarding collisions, the current
of electrons and ions on a negatively charged particle can be derived as:

𝐼e = −𝑛e𝑒𝑣th,eπ𝑟
2
d exp

(
𝑒Φ

𝑘B𝑇e

)
,

𝐼i = 𝑛i𝑒𝑣th,iπ𝑟
2
d

(
1 − 𝑒Φ

𝑘B𝑇i

)
,

(2.8)

with 𝑣th,j =
√︁

8𝑘B𝑇 𝑗/(π𝑚 𝑗) the thermal velocity of electrons and ions ( 𝑗 = e, i re-
spectively). In the repulsive case, the Boltzmann factor exp [𝑒Φ/(𝑘B𝑇e)] describes
the effect of the potential barrier for electrons presented by the negatively charged
particle. For ions, the attractive potential simplifies the underlying integral to
result in the so-called OML factor [1 − 𝑒Φ/(𝑘B𝑇i)].

Once the system equilibrates, the particle reaches the so-called floating poten-
tialΦf l where ion and electron currents are equal. The resulting implicit equation
can be solved numerically and only depends on the temperature ratio 𝑇e/𝑇i and
mass ratio 𝑚e/𝑚i. Using the particle’s floating potential, its charge 𝑞d can be
determined by modelling the system as a spherical capacitor with capacitance 𝐶:

𝑞d = 𝐶Φf l = 4π𝜀0𝑟d

(
1 + 𝑟d

𝜆D

)
Φf l . (2.9)

For nanoparticles the radius is sufficiently smaller than the Debye length, so that
𝑞d ∝ 𝑟d.

While this model works well for microparticles, it breaks down for very dense
nanoparticle clouds as the particle density 𝑛d approaches 𝑛e0/𝑞d. The Havnes
parameter 𝑃 is a good measure for this depletion of electrons [6–8]:

𝑃 = 4π𝜀0𝑟d
𝑘B𝑇e
𝑒2

𝑛d
𝑛i0

. (2.10)
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With increasing 𝑃, a larger portion of the available electron population is
located on the nanoparticles, which raises the question of how the plasma can op-
erate under highly electron-depleted conditions. In reality, the dust does not only
reduce the electron density, but also strongly influences other parameters such
as the electron energy distribution function and the density of excited states [9,
10], which in turn keeps ionisation rates high enough for the plasma to continue
operation, i.e. 𝑛i becomes greater than the initial 𝑛i0 used in the definition of the
Havnes parameter.

Even further, for 𝑃 ≳ 1 charging does not follow the OML model any more,
as the incoming electron current breaks down. For a typical laboratory situation
with a particle diameter of about 400 nm, ion densities in the order of 1015 m−3,
and dust densities in the order of 1013 m−3, dust charges of around 20 elementary
charges were measured, whereas the OML model would predict 1600 elementary
charges for particles of that size [11]. In the theoretical limit 𝑃 → ∞, where all
electrons are located on the particles, the electron density reaches zero. Using
the adjusted quasineutrality condition in eq. (2.5), the dust charge is then solely
determined by the ion and dust densities, yielding 𝑞d = 𝑛i/𝑛d for a singly ionised
plasma.

2.2.2 Confinement of charged particles
There are a number of forces acting on a charged particle with radius 𝑟d in a
plasma environment (see fig. 2.3):

Gravitational force 𝐹g ∝ 𝑟3
d

In all earthbound plasma experiments, the gravitational force acts on the
particle. It is proportional to the particle’s mass 𝑚 ∝ 𝑟3

d, compared to the
other forces which scale with 𝑟2

d or 𝑟d. This leads to it being the dominant
force for microparticles whereas often being negligible for nanoparticles.

Neutral drag force 𝐹n ∝ 𝑟2
d

Moving particles experience a drag force caused by collisions with the neu-
tral gas; a situation that is described by Epstein friction [12]. The magnitude
of this friction force is determined by the neutral gas density and its ther-
mal velocity, the type of reflection (specular vs diffuse) of the neutral gas on
the particle surface, as well as the particle’s geometric cross section, which
results in a dependency ∝ 𝑟2

d.

Ion drag force 𝐹i ∝ 𝑟2
d

Flowing ions, e.g. from the ambipolar electric field that develops in a con-
fined system, lead to a drag force on the particles. As both ions and the
particles are charged, momentum can be transferred both through collisions
or the bending of ion trajectories. These separate phenomena are typically
split up into the collection force and the orbit force, which together constitute
the ion drag force.
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Figure 2.3: a) Sketch of a typical parallel plate discharge containing a dust cloud
depicted in yellow. The gravitational, electrostatic, and ion drag forces acting
on the particles are shown as arrows. The balance between ion drag force and
electric field force leads to the formation of a dust-free region marked as the void.
b) Sketch of the slightly different ion and electron density profiles 𝑛e,i leading to
the formation of an ambipolar electric field. Adapted from [4].

Thermophoretic force 𝐹th ∝ 𝑟2
d

When a temperature gradient is present in the neutral gas, the different
momentum transferred from the hotter gas on one side compared to the
colder gas on the other side of the particle leads to a net force scaling with
the geometric cross section ∝ 𝑟2

d.

Electrostatic force 𝐹el ∝ 𝑟d
The presence of electrostatic fields leads to a force on the charged particles.
This is dependent on the particle charge, which according to eq. (2.9) is
proportional to 𝑟d(1 + 𝑟d/𝜆D). As the Debye length in typical laboratory
plasmas is in the order of millimetres, this results in a net proportionality
∝ 𝑟d for micro- and nanoparticles.

Interparticle force 𝐹Y
Finally, in a system with more than one particle, interparticle forces exist
between each pair of particles. This interaction is shielded by the presence
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of the plasma as described in section 2.1, modifying the Coulomb potential of
each particle to the so-called Yukawa potential which considers an additional
exponential shielding length that in the isotropic case in the bulk of a plasma
is equal to the Debye length. The Coulomb force between two particles
carrying charges 𝑞1,2 in a distance 𝑟12 from each other is therefore modified
to yield:

𝐹Y(𝑟12) = − 𝑞1𝑞2

4π𝜀0𝑟
2
12

(
1 + 𝑟12

𝜆D

)
exp

(
−𝑟12
𝜆D

)
. (2.11)

In most dusty plasma situations where particles are present in the entire plasma
volume, i.e. microparticles in microgravity experiments [13] or earth-bound nano-
particle experiments such as the one presented in this work, a dust-free region
forms in the centre of the discharge called a void (see fig. 2.3). In a typical parallel
plate discharge, the void forms because of the electric field caused by ambipolar
diffusion. The field acts on the particles both directly through the electrostatic
force as well as indirectly through generating streaming ions which lead to an ion
drag force. The balance between outward facing ion drag force and inward facing
electrostatic force defines an equilibrium point around which the dust cloud fills
up, leaving the dust-free void in the middle and defining a outer boundary that
provides the confinement of the dust cloud.

2.3 Plasma-surface interactions
The interactions in a low-pressure non-thermal plasma are well known and can
be described from multiple perspectives such as kinetic and statistical approaches
focusing on particle ensembles and the self-consistent description of the electric
and magnetic fields they cause, or hydrodynamic approaches viewing the ions
and electrons as macroscopic fluids [14]. Once that plasma comes into contact
with a surface, the situation becomes disproportionately more complicated with
many unknown quantities depending on the specific materials involved. It is com-
paratively easy to describe the surface processes by listing macroscopic system
quantities such as used gas mixture, discharge power, or geometry that result in
macroscopic film or particle properties like surface roughness, composition, stress,
hardness, and so on. A deeper understanding of the underlying processes neces-
sitates a microscopic view of the involved plasma-surface interaction processes
and the particle and energy balances involved on both sides. While macroscopic
descriptions have lead to a variety of technological applications, the underlying
microscopic processes are yet to be fully examined and understood [15].

The central process in plasma-surface interactions is a particle (electron, ion,
neutral, radical, or metastable) from the plasma volume impinging the surface.
While electrons mainly play a role in the charge and energy balances, the imping-
ing larger species interact with the surface in varied ways. Depending on their
kinetic energy, they can adsorb at the surface at low energies, cause sputtering
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Figure 2.4: Overview of the various pathways for plasma interactions on a silicon
nanoparticle. Atomic hydrogen and ions from the plasma can perform selective
heating through recombination processes on the surface. Furthermore, passi-
vation can be obtained through oxygen injection, generating an oxide layer or
addition of other reactive groups depositing a thin film shell on the nanoparticle.
Used with permission from Jan Benedikt, private communication.

at high energies, or be reflected at the surface in the intermediate energy region,
causing heating of the substrate. An example for the possible passivation reac-
tions for silicon nanoparticles is given in fig. 2.4. This chapter will provide insight
into the various microscopic processes involved in these interactions.

2.3.1 Adsorption
Adsorption differentiates into two stages: physisorption and chemisorption [16].
Physisorption describes the trapping of the impinging particle mediated by elec-
trostatic forces with the released adsorption heat being comparatively low with
𝐸ads < 0.5 eV, whereas chemisorption is mediated by valence forces leading to co-
valent bonds with larger amounts of released energy. Often, impinging molecules
first need to lose a part of their kinetic energy in the collision with the surface to
be able to be bound in a physisorbed state. Afterwards, they may diffuse along
the surface or even into the solid, until they either become desorbed or form a
chemisorbed bond at a fitting site.

An incoming molecule may also undergo dissociative chemisorption. Here,
the molecule breaks apart after physisorption, leaving two parts that can each
undergo chemisorption afterwards. Depending on the energy levels of the involved
states, an activation barrier may lie between the physisorbed molecular state and
the chemisorbed state of its parts. Both the kinetic energy brought in by the
incoming molecule and the thermal energy of the surface can aid in overcoming
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this barrier and lead to chemisorption. One prototypical example of this process
is the dissociative chemisorption of molecular hydrogen on a silicon surface [17].

The absorption process is summarized by the sticking coefficient 𝛾, which
describes the probability of an impinging particle to be trapped on the surface. In
most experiments, the sticking coefficient is inaccessible and only the surface loss
probability 𝛽 can be measured, which is the probability of loss of an impinging
particle in surface reactions, which includes sticking but also reactions that create
volatile non-reactive compounds, e.g. the abstraction from a surface hydrogen
SiH3(s) + H SiH4(g).

In the binary collision approximation, the maximal energy 𝑇max an impinging
projectile with kinetic energy 𝐸kin can transfer to the surface is determined by
the masses 𝑚p,t of the involved projectile and target:

𝑇max = 𝐸kin
4𝑚p𝑚t(
𝑚p + 𝑚t

)2 . (2.12)

This energy is then transferred to the surface and dissipated via phonon excitation.
For a light projectile such as atomic hydrogen the transferable energy is small,
leading to a low sticking coefficient for most materials, as the fraction of the energy
distribution function below the chemisorption bonding threshold is low.

Up to now only the adsorption of a single projectile was considered. Looking
at the entire flux 𝑗 of impinging species, the surface coverage Θ = 𝑛ads/𝑛0 plays
a significant role, i.e. ratio of the surface density 𝑛ads of adsorbed particles to the
total density of available surface sites. The overall rate of adsorption is therefore
described by

d𝑛ads
d𝑡

= 𝛾 𝑗 𝑓 (Θ) , (2.13)

with 𝑓 (𝜃) describing the ability of the surface to accommodate another adsorbant.
In the simplest case, this can simply be defined as the fraction of unoccupied sites
𝑓 (Θ) = 1 − Θ.

To get a more realistic picture of the adsorption rate, time-dependent processes
can be included in this equation such as the desorption time scale 𝜏des, after
which particles desorb and return to the plasma, or the time 𝜏chem it takes for the
chemisorption reaction to occur:

d𝑛ads
d𝑡

= 𝛾 𝑗 𝑓 (Θ) − 𝑛0Θ

𝜏des
− 𝑛0Θ

𝜏chem
. (2.14)

As these time scales tend to also be temperature-sensitive, the surface temper-
ature plays a significant role in this model. An increased surface temperature
leads to thermal desorption overcoming the chemisorption reaction and slowing
down the deposition, e.g. of epitaxial Si on a crystalline Si substrate [18].

If the impinging particle can only transfer a small fraction of their kinetic
energy, but is still weakly bound to an adsorbed state, it can diffuse on the sur-
face as a so-called hot precursor. It performs a random walk along neighbouring
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chemisorption sites with a small chemisorption probability at each. This pro-
cess competes with the thermal desorption back into the plasma volume and the
average distance between unoccupied surface sites determines the chemisorp-
tion probability in this case. One common scenario is the adsorption of atomic
hydrogen on a hydrogen-terminated silicon surface [19].

Depending on the specific reactions that occur while a species is adsorbed at the
surface, growth or etching of material can be observed [20]. If, e.g. in the case of
amorphous hydrogenated silicon (a-Si:H) deposition, a SiH3 fragment adsorbs at
the surface, it may react with other nearby SiHx molecules forming H2 which then
desorbs. When a large enough number of hydrogen molecules is formed, the silicon
atom remains bound to the surface and film formation is observed. Similarly, an
etching compound such as atomic hydrogen can adsorb at the surface, react with
a SiH3 molecule to form volatile SiH4 which then desorbs [21]. Macroscopically,
this results in the etching of the silicon film and is sometimes also referred to as
chemical sputtering.

2.3.2 Surface reaction mechanisms
While more complex interactions are possible, the main relevant surface reactions
are those, where exactly two species meet at the surface. These can be funda-
mentally divided into two categories based on the thermal state of the incoming
species prior to the reaction: the Langmuir-Hinshelwood (L-H) process and the
Eley-Rideal (E-R) process [16, 22]. In both processes, two incoming species A and
B react at the surface to form a molecule AB which then desorbs.

In the Langmuir-Hinshelwood process, both A and B first adsorb at the surface
and thermalise prior to reacting with each other. This leads to the reaction obey-
ing second-order kinetics, i.e. the reaction rate being proportional to the surface
coverage ΘA and ΘB of the two species. As both species are thermalised before
the reaction, the leaving molecule AB has a kinetic energy matching the surface
temperature. The reaction with surface sites S can be described as following:

A(g) + S(s) AS(s) ,

B(g) + S(s) BS(s) ,

AS(s) + BS(s) AB(g) + 2 S(s) .

(2.15)

The Eley-Rideal process describes a situation, where A directly reacts with B
without adsorbing first. This leads to the reaction primarily obeying first-order
kinetics in A, i.e. being proportional to the flux of incoming species A, with a
more complex dependency on the surface coverage ΘB. As the incoming species
does not thermalise prior to the reaction, the desorbing product AB carries part
of that kinetic energy and is itself not thermalised. In general, this reaction has a
significantly smaller cross section than the L-H process, as the incoming species
needs to break the chemical bond of B with the surface in time scales of molecular
vibrations compared to the much larger interaction times at the surface in the L-H
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process. Furthermore, as the incoming species carries significant momentum, the
resulting reaction cross sections are dependent on the specific isotope, especially
in the case of hydrogen and deuterium abstraction at a surface. Here, the reaction
with a surface site S can be described as following:

B(g) + S(s) BS(s) ,

A(g) + BS(s) AB(g) + S(s) .
(2.16)

Due to the flux of ions from the plasma, ion bombardment can play an addi-
tional role depending on the electric potential of the substrate. Energetic ions
impacting the surface lead to the physical sputtering of material and can cre-
ate defects if the momentum of the incoming ion overcomes the surface binding
energy of the substrate. For a-Si:H films, this is typically not desirable as the
defects act as recombination centres that hinder the transport of electrons [16].
On the other hand, for amorphous hydrogenated carbon (a-C:H) films, the sub-
plantation of energetic ions with energies above 90 eV leads to the formation of
a diamond-like structure [23, 24]. These effects do not play a significant role for
nanoparticles positioned in the plasma bulk with floating potentials of only a few
volts.

2.3.3 Selective heating and crystallisation
One inherent effect of non-thermal plasmas on very small particles is selective
heating. Due to their small heat capacitance, a single heating event can increase
the temperature of a small particle in the range of nanometres by several hun-
dred Kelvin above the gas temperature for very short durations [25, 26]. This
makes non-thermal plasma treatment ideal for the annealing of group IV and
III-V semiconductors to obtain nanocrystals.

Experiments using a type of flow-through reactor using a capacitively coupled
low pressure non-thermal plasma have shown the generation of silicon nanocrys-
tals [27]. The crystallisation temperature of small silicon particles of sizes be-
tween 4–10 nm lies at 500–1000 ◦C, far above the measured gas temperature of
only 150–250 ◦C. Yet, particles appear to have reached conditions for crystallisa-
tion.

Mangolini et al. [28] provide a possible explanation for a plasma-based heat-
ing mechanism backed by a self-consistent stochastic Monte-Carlo simulation.
For the heat loss term, only heat conduction through neutral collisions with the
background argon gas is considered, as radiative effects are significantly slower
than conduction. Furthermore, it is assumed that the particle temperature equili-
brates instantly, as solid state heat transfer happens on much shorter time scales
than all other involved heat transfer processes.

The heat generation happens through collisions with ions, where a collision
with an argon ion leads to recombination on the particle surface, releasing en-
ergy equal to the ionisation potential of argon of 15.76 eV. Collisions with atomic
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hydrogen have multiple pathways. If the collision surface site is a dangling bond,
the hydrogen ion has a 100 % probability of binding to the site, releasing the
binding energy of an Si H bond of 3.1 eV. On a hydrogen-terminated surface site,
there is an 11 % probability of abstraction through the Eley-Rideal mechanism
(see eq. (2.16)) releasing an energy of 1.41 eV. The remaining cases are physisorp-
tion of the hydrogen, which given enough time can diffuse to a dangling bond,
reacting there for a release of 3.1 eV. Otherwise, it recombines with an incoming
radical instead, releasing 4.51 eV. Finally, at high particle temperatures above
900 K, thermal desorption through the Langmuir-Hinshelwood mechanism (see
eq. (2.15)) becomes relevant, leading to a loss of 1.69 eV through the removal of
two hydrogen atoms from the surface.

Collisions with ions and electrons also lead to changes in the particle charge,
which in turn changes the collision rates calculated using the OML model (cf.
section 2.2.1). The changes in particle charge are tracked over the collision events.

The simulations show that the average particle temperature stays constant at
about 400 K for all particle sizes. On the other hand, the instantaneous particle
temperatures become increasingly unsteady for smaller particle sizes with mo-
mentary temperatures reaching 1000–1100 K for a 2 nm particle, due to its small
heat capacitance. The authors introduce the particle temperature density func-
tion (PTDF) as the fraction of time the particle spends above a given temperature
and show that it becomes wider for smaller particle sizes.

Finally, the effect of an increasing particle density is investigated, where the
Havnes effect (see section 2.2.1) limits the available particle charge as a significant
portion of the available electrons are located on the nanoparticles. The authors
show that the width of the PTDF as well as the average particle temperature drops
to about half when increasing the particle density from 1015 m−3 to 3 · 1016 m−3,
while the Havnes parameter increases from about 0.1 to 2.

2.3.4 Surface passivation and functionalisation

The classic way of treating the surface of nanoparticles is liquid-phase function-
alisation [29–34]. In this process, nanoparticles are either created or dissolved
in a colloidal solution where they then react with various substances to create a
passivation or functionalisation of the particle’s surface. There is a large body
of work regarding the treatment of silicon nanocrystals as the goal of creating
silicon-based photonic applications has attracted a lot of research on this topic.

A 1 nm oxide shell can already increase photoluminescence of silicon nanocrys-
tals [35, 36]. Using organic capping of the silicon surface can further increase
photoluminescence significantly in porous silicon [30, 31] and free-standing silicon
nanocrystals in colloidal solution [32–34]. These methods are based on the hy-
drosilylation of the Si H surface bonds to create a Si C covalent bond. While they
can achieve nanocrystals with excellent optical properties, this method presents a
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number of drawbacks. The liquid-phase hydrosilylation reactions are slow with re-
actions taking several hours and requiring precise conditions in nitrogen-purged,
oxygen-free, heated systems. As the boiling points of precursors become lower
with shorter organic chains, the viable reaction temperatures decrease, in turn in-
creasing reaction times even further. Additionally, solvent and organic precursor
need to overcome the van der Waals forces that hold particles together in agglom-
erates for reactions to occur, which limits the ability to use shorter organic chains
as well. In-flight aerosol-based processing presents a much faster processing al-
ternative and has a larger range of usable precursors [37]. Yet, these methods
require high-temperature furnaces for the thermal aerosol-phase reactions and
have problems due to particle agglomeration.

Plasma-based techniques overcome all of these drawbacks. Oxygen impurities
can be eliminated by using systems capable of ultra-high vacuum conditions.
Agglomeration is inherently suppressed by the charging and resulting repulsive
Coulomb forces of particles in dusty plasma systems. Plasmas also provide the
necessary energy to overcome thermal activation barriers and the presence of
excited species can further aid the functionalisation process.

Mangolini et al. [38] have performed plasma grafting of silicon nanocrystals
resulting in organically functionalised surfaces with a wide range of organic com-
pounds. They used a two-stage setup, where particles are first synthesised in a
flow-through plasma reactor and then treated in a secondary continuous flow re-
actor operated at very low power (10–15 W), where organic compounds are added
through a bubbler system. Fourier-transform infrared spectroscopy (FTIR) of
particles treated with 1-dodecene shows excellent results comparable to liquid-
phase functionalisation, but achieved in less than 1 s of residence time in the
treatment plasma compared to several hours using liquid-phase chemistry. The
authors have also successfully grafted a wide variety of compounds on the par-
ticle surface ranging from long chained 1-dodecene (H3C (CH2)9 CH CH2) to
very short ethylene-glycol (HO CH2 CH2 OH), which usually is inaccessible via
liquid-phase chemistry.

2.4 Nanoparticles
Shrinking dimensions from the micro to the nanoscale brings about fundamen-
tal changes in material properties which have enabled discoveries and applica-
tions in microelectronics, photonics, photovoltaics, biotechnology, and many other
fields [39]. This section centres on different aspects of nanoparticles, starting with
the quantum effects of silicon when reducing its dimensions to the nanoscale as
an example of a group IV semiconductor. Afterwards, synthesis options for car-
bon and silicon nanoparticles from reactive gasses in a low pressure non-thermal
plasma discharge are presented. A different approach is used for noble metal
nanoparticles, which can be created in a gas aggregation source (GAS).
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Figure 2.5: Theoretical band structure for bulk silicon from an energy-dependent
nonlocal-pseudopotential calculation [40]. The electronic transition across the
band gap between the conductive band above and the valence band below (with
forbidden regions marked in grey) is only possible in a three body process between
an electron, a hole, and a phonon to mediate the necessary change in wave vector
Δ𝑘 (red). The phonon receives an energy of Δ𝐸phonon (white) with the remaining
energy being released in the form of a photon with energyΔ𝐸photon (blue). Adapted
from [40].

2.4.1 From bulk silicon to quantum dots
While bulk silicon is the main material used for microelectronics today, its band
structure does not lend itself well for photonic applications. The recombination
of an electron in the lowest unoccupied molecular orbital (LUMO) near the X
point with a hole in the highest occupied molecular orbital (HOMO) at the Γ point
necessitates a significant change Δ𝑘 in wave vector (see fig. 2.5). To cross this
indirect band gap in an electronic transition a three body process between an
electron, a hole, and a phonon mediating the wave vector change is needed. Such
a process has a very low collision rate leading to long radiative lifetimes, which
are competing against non-radiative processes.

The luminescence efficiency 𝜂 is determined by the comparison of radiative
processes with non-radiative ones:

𝜂 =
𝜏nr

𝜏r + 𝜏nr
, (2.17)

where 𝜏r,nr are the lifetimes of radiative and non-radiative processes respectively.
There are various relevant non-radiative processes for silicon semiconductors:
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Shockley-Read-Hall recombination occurs at a defect or impurity site, which rep-
resents a trap for electrons (and/or holes) creating a localised state [41, 42]. Elec-
trons and holes can recombine at such a site with the transition energy being
emitted in the form of a phonon. Auger recombination is the electron-hole recom-
bination transferring the energy and momentum change onto another electron
and/or hole [43]. Especially for nanoparticles, surface mediated recombinations
can also play a significant role. The rates of all these processes are dependent on
a number of factors like the quality of the surface passivation or doping / impurity
concentrations of the silicon material. Typical non-radiative lifetimes are in the
order of microseconds or lower, several orders of magnitude faster than the radia-
tive lifetimes of the indirect band gap transition with a lifetime of milliseconds,
compared to typical direct band gap semiconductors with lifetimes in the order
of nanoseconds. This leads to bulk silicon having a very low quantum efficiency
for photonic applications.

These properties change drastically when restricting the physical dimensions
of the semiconductor from three to lower dimensions in the form of 2-d thin films,
1-d nanowires or 0-d quantum dots [44]. The relevant size parameter is the exciton
Bohr radius, i.e. the physical separation of the electron and hole comprising the
exciton, which for silicon is about 5 nm. When the dimensions of the semiconduc-
tor are in the order of the exciton Bohr radius or smaller, quantum confinement
effects start playing a role and increase the overlap of electrons and holes in 𝑘-
space. This decreases radiative recombination times significantly, leading to a 3
to 4 orders of magnitude higher luminescence efficiency, which has made silicon
nanocrystals the subject of very intensive studies [45–48].

Another property of nanocrystals is their large surface-to-volume ratio. A 2 nm
icosahedral silicon nanocrystal contains about 280 Si atoms, 120 of which (43 %)
are making up its surface [49]. With these immense surface-to-volume ratios,
the properties of nanocrystals depend strongly on their surface functionalisation.
While the specific mechanisms of photoluminescence of silicon nanocrystals are
the topic of ongoing research, clear differences between surface functionalisations
can be observed. For example, while the physical dimensions of a nanocrystal
tend to increase the band gap from 1.12 eV in bulk silicon to higher values, the
increase is limited to about 1.6 eV for O-terminated silicon nanocrystals. For a H-
termination on the other hand, this can be extended to about 2.2 eV [50–52]. Fur-
thermore, functionalising the surface with compounds containing carbon-carbon
double or triple bonds can strongly inhibit photoluminescence efficiency, with
aromatic compounds even completely quenching the emission [30, 53]. Precise
control over the surface quality of nanoparticles is key for their optical application.
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Figure 2.6: Sketch of the particle growth process in a reactive plasma using the
example of acetylene to form a-C:H nanoparticles. Particle formation happens
in three distinct stages: nucleation from precursors, coagulation, and surface
growth. Adapted from [54].

2.4.2 Synthesis of carbon and silicon nanoparticles from
reactive gasses

The synthesis of nanoparticles can fundamentally be classified into two categories:
the top-down and the bottom-up approach [45]. In the top-down approach, bulk
material is processed to create nanoparticles. One such widely used method
is the wet chemical etching of crystalline silicon wafers in hydrofluoric acid to
create porous silicon. This can yield various nanomaterials such as nanowires or
nanocrystals, depending on the subsequent processing steps.

While this approach can yield nanoparticles of excellent quality and narrowly
defined size distributions, the bottom-up approach scales up more easily towards
higher production rates. Here, particles are build from precursors via liquid or
gas phase chemical routes. These approaches provide fine control over the re-
sulting particles and modifications such as doping are easily performed. Plasma
synthesis offers a significant improvement over the classical gas phase options
by particles accumulating negative charge in the plasma and therefore suppress-
ing agglomeration of particles. Furthermore, the plasma chemistry allows for
a variety of physical and chemical processes to occur that would otherwise need
significantly higher temperatures.

Particles are generated in a reactive plasma in three three distinct phases [55]:
Nucleation, coagulation, and accretion (see fig. 2.6). The process of nucleation
can be abstractly described in two steps following Yasuda and Hsu [56]: initiation
where reactive precursors are generated, and propagation where the precursors
interact and form bigger molecules. The precursors can be ions of both positive or
negative charge, excited molecules or free radicals, which in our typical plasma
environment are primarily generated via electron impact reactions. Larger poly-
mers are then formed in reactions of precursors either with each other or with
other present molecules. The crucial part is that this product can then be initi-
ated again and propagate further, leading to continuous growth in a repeated
process.

The nucleation process creates clusters in the order of a few nanometres in
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size, which are mainly neutral but in a plasma can undergo charge fluctuations
to carry at most one positive or a few negative elementary charges depending on
their size [57]. As confining forces in the plasma only apply to negative species,
positively charged clusters are lost to the ion drag forces (see section 2.2.2) and
neutral clusters slowly diffuse out of the plasma volume. Furthermore at this
size, the previous growth mechanisms become less effective [58], leading to slower
growth of the clusters from this point onwards.

Where previous models suggested a critical cluster density to enter the coag-
ulation phase [54, 55], more recent investigations suggest that nucleation does
not stop, but continues in dust-free regions [59]. The particle size distribution
becomes bimodal as two species emerge [60, 61]: 1. large particles that have grown
to sizes between 10–20 nm and carry several negative elementary charges, and
2. freshly generated clusters up to 2 nm from nucleation in the dust-free region.
Here, coagulation becomes the dominant growth process, as large negative parti-
cles attract both the positively charged clusters and the more abundant neutral
clusters through an enhancing effect of induced image potentials [61]. The now
quickly growing particles start accumulating more charge and spread through
stronger ion drag forces, quenching the nucleation in the discharge and stopping
this process.

At this point, the particles have a size of about hundred nanometres and we
enter the accretion phase. Surface growth becomes the dominant process as the
generated ions and neutrals (mainly radicals) attach to the particle’s surface.
This phase is characterized by linear growth of the particle radius, which can be
derived assuming only neutral radicals contribute to the growth. In this case, the
acquired mass per unit of time is proportional to the radical density 𝑛r and the
particle’s surface area 4π𝑟2 [55]:

d𝑚
d𝑡

∝ 𝑛r𝑟
2 , (2.18)

d𝑚
d𝑡

= 𝜌
d𝑉
d𝑡

= 𝜌
4π
3

d(𝑟3)
d𝑡

= 4π𝑟2𝜌
d𝑟
d𝑡

, (2.19)

⇒ d𝑟
d𝑡

∝ 𝑛r
4π𝜌

, (2.20)

showing the linear growth of the particle’s radius.

Finally, the reaction rates are dependent on the gas temperature. Temper-
atures between 250–500 K show a variation of dust production of over an order
of magnitude, as many of the involved reactions are temperature dependent for
silane, methane, and acetylene plasmas. This effect was used to delay or speed up
the onset of particle formation in silane [58, 62–64], acetylene [65] and methane
plasmas [66].
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Carbon nanoparticles

Based on their original technological application in etching plasmas for micro-
electronic devices, some of the most thorough investigations of plasmas creating
carbon nanoparticles are discharges operated using fluorocarbons like CF4 or
C2F6. A different commonly used class are hydrocarbons, which see a wide range
of applications in plasma enhanced chemical vapour deposition (PECVD) systems
using gases like methane (CH4) or acetylene (C2H2). Both are producing a variety
of precursors that lead to particle formation in a plasma environment but show
significant differences especially during nucleation. Acetylene plasmas lead to
fast polymerisation under a wide range of parameters, whereas methane and sim-
ilar hydrocarbons either fail to generate dust at all or need specific circumstances
for initiation.

Investigations using mass spectrometry and FTIR [67, 68], as well as chemical
kinetic simulations [69–71] have lead to a deeper understanding of the main reac-
tion pathways of particle growth [72]. For acetylene, as the C C triple bond has
a high dissociation threshold, typically even carbon numbers in C2nHm are seen
as products during nucleation. The modelling of De Bleecker et al. [70] presents
three main pathways for polymerisation: 1. the Winchester mechanism consist-
ing of anion-acetylene collisions 2. the cation-acetylene reaction pathways, and
3. collisions of neutral acetylene with radicals.

As anions are confined by the electrostatic forces in the plasma environment,
they play a large role in the plasma chemistry even as their generation rates
through electron impact dissociative attachment are about three to four orders of
magnitude lower than their cationic counterpart. The main reaction pathway for
anions is called the Winchester mechanism and consists of a chain of polymerisa-
tion reactions involving ever larger C2nH– anions:

C2H– + C2H2 C4H– + H2 ,

C4H– + C2H2 C6H– + H2 ,

...

C2nH– + C2H2 C2n+2H– + H2 .

(2.21)

In this reaction, acetylene is continuously appended to the end of the chain re-
leasing a hydrogen molecule. This generates almost pure carbon ions that are
bound to only a single hydrogen atom. This reaction keeps the triple bond of the
acetylene molecule intact, creating an ever longer chain of alternating single and
triple bonds between the carbon atoms.

A second pathway consists of cation-acetylene reactions mainly starting with
C2H +

2 ions present in the discharge. At each step acetylene is added to the ion in
a condensation reaction, sometimes releasing a hydrogen molecule depending on
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the number of carbon atoms and specific stability of the intermediate product:

C2H +
2 + C2H2 C4H +

2 + H2 ,

C4H +
2 + C2H2 C6H +

4 ,

C6H +
4 + C2H2 C8H +

6 ,

C8H +
4 + C2H2 C10H +

6 + H2 .

...

(2.22)

This creates carbon clusters with much larger hydrogen content than in the Winch-
ester mechanism.

Finally, there are neutral collisions with ethynyl (C2H) radicals that are cre-
ated through dissociation of acetylene. The ethynyl radical is a very reactive
intermediate product and is part of a polymerisation process through continuous
insertion into ever larger clusters:

C2H + C2H2 C4H2 + H ,

C2H + C4H2 C6H2 + H ,

...

C2H + C2nH2 C2n+2H2 + H .

(2.23)

This pathway create chains of alternating single and triple bonds with a very
low hydrogen content similar to the Winchester reaction. At later stages, the
cluster itself can become a C2nH radical through electron induced dissociation.
Furthermore, insertion of atomic hydrogen can lead to the formation of C2nH3
radicals and higher.

Silicon nanoparticles

Silicon nanoparticles can be synthesised in a low-temperature plasma similar to
carbon particles using silicon-containing molecules as precursors. The simplest
form is silane (SiH4) which unlike its carbon equivalent methane is already very
reactive in a plasma environment and can initiate particle generation on its own.

The reaction kinetics of silicon nucleation are fundamentally different than
those of carbon molecules. While carbon exhibits relevant cation reactions even
at higher cluster sizes, the silane has a “kinetic bottleneck” at Si3H +

7 preventing
the formation of larger cation clusters [70, 73–75]. The main pathway in silane
discharges are anion-silane collisions, where both silyl (SinH –

2n+1) and silylene
(SinH –

2n) anions undergo chain reactions forming ever larger clusters:

SinH –
2n+1 + SiH4 Sin+1H –

2n+3 + H2 , (2.24)
SinH –

2n + SiH4 Sin+1H –
2n+2 + H2 . (2.25)

The enthalpies of these reactions are around thermoneutral ranging from
−0.07 to 0.07 eV [58]. The slightly endothermic reactions present an energy bar-
rier that would make the process unfavourable. Numerical simulations by De
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Bleecker et al. [74] take vibrationally excited silane molecules into account be-
sides ground state molecules, ions, and radicals, as they play a vital role in the
initial stages of particle formation. The vibrational excitation brings in the nec-
essary internal energy to overcome the energy barrier. Furthermore, the dis-
sociative attachment reactions into silyl (SiH*

4 + e– SiH –
3 + H) and silylene

(SiH*
4 + e– SiH –

2 + 2 H) are the main reaction pathway for creating the silyl
and silylene, which start the anion-silane chain reactions. The reaction cross sec-
tions of these reactions are an order of magnitude larger for vibrationally excited
silane than for their corresponding ground state species. Finally, the vibrational
excitation of silane also presents a major source of energy loss for electrons in
electron-silane collisions that needs to be taken into account.

Comparing the two anion-silane pathways, the simulations [74] show that 90 %
of particle formation occurs through the silyl pathway and the silylene pathway
comprises only the remaining 10 %. A further pathway are collisions between
anions and SiH3 radicals, which can have a significant impact on the formation
of dust particles. Simulations grouping up both silyl and silylene clusters into a
single species and including SiH –

m radicals have shown an increase of a factor of
1.8 in dust formation compared to simulations ignoring radicals.

The impact of anion reactions with SiH3 radicals and excited SiH*
4 species

depends on the rate constant of the reaction between anions and ground state
SiH4, which is not well known. De Bleecker et al. [74] have shown that the relative
contribution of the different reactions varies strongly and can be between 40 %
ground state, 35 % excited state, and 25 % radical reactions at the lowest examined
reaction rate to an almost completely ground state dominated reaction at the
highest reaction rate. The authors conclude that as the general consensus in the
literature indicates an importance of vibrationally excited species, the reaction
rate is more likely to be located towards the lower bound.

2.4.3 Synthesis of noble metal nanoparticles through gas
aggregation

Following the initial work by Haberland et al. [76], the GAS has become a staple
for the generation of nanoparticles. The most common setup consists of a planar
direct current (DC) magnetron source with a metal target from which sputtered
material is carried away into the condensation zone using a laminar inert gas
flow [77].

There are two requirements for the condensation of this supersaturated metal
vapour: low temperature and condensation germs. The cooling is provided by
a comparatively high background gas pressure of several tens to a few hundred
Pa. Furthermore, ions and charged clusters formed in the magnetron discharge
pose very effective condensation germs because of their 𝑟−4 polarisation interac-
tion between an ion and a neutral particle compared to the van der Waals forces
with 𝑟−6 between two neutral particles [77]. Magnetron discharges also tend to
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produce a higher number of dimers, which helps to overcome the higher energy
barrier of the initial stages of nucleation [78]. The residence time in this con-
densation zone defines the final particle size and can lead to a variety of size
distributions depending on the geometry of the particular setup. Nearly monodis-
perse size distributions with full-width half-maximums of 20 % are possible, but
other configurations producing producing multi-peaked size distributions have
been reported [77, 79, 80].

While the main use case of a GAS is the generation of metal nanoparticles,
changing the target composition allows for the generation of nanoparticles of a
wide range of materials such as different metals, alloys, inorganic compounds,
and even polymers [81]. The localisation of sputtering, which happens primarily
on the so-called racetrack due to the magnetic field configuration, can be used to
create alloy nanoparticles with tunable composition [82]. By placing Au wires in
the racetrack of an Ag target, Drewes et al. [82] were able to tune the Au/Ag ratio of
the resulting nanoparticles by varying the used gas pressure, which determines
the width of the erosion zone. Further effects from material redeposition on
the target need to be taken into account to reliably recreate the desired particle
composition.

2.5 In situ and ex situ diagnostics of
nanoparticles

This section presents the fundamental principles behind the diagnostics used
in this work: Fourier-transform infrared spectroscopy (FTIR) for the analysis of
the chemical composition of the nanoparticles, localised surface plasmon reso-
nance for the sensitive measurement of changes to the particle’s surface, and
electron microscopy for the ex situ imaging. The technical details on absorption
spectroscopy and its data analysis follow in section 3.1.

2.5.1 Fourier-transform infrared spectroscopy
Explanations in this section follow scientific textbooks on infrared spectroscopy
such as [83–85].

Working principle

While the term Fourier-transform infrared spectroscopy (FTIR) simply refers to
one specific method of measuring infrared spectra, it has become synonymous with
the act of measuring an infrared spectrum itself and one can find many references
to “FTIR spectra” throughout the scientific literature. It is an indicator for the
incredible improvement that FTIR spectrometers represented over the traditional
grating monochromators, being able to scan a large range of wavenumbers in the
same time it previously took to measure one small slice of it.
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Figure 2.7: Sketch of a Michelson two-beam interferometer setup, where the light
from a source is split into two paths. One path leads to a fixed mirror, while the
other hits a movable mirror. After recombination, the light is passed through the
sample and then measured with a detector.

This is achieved by using a two-beam interferometer setup similar to the well-
known Michelson-Morley experiment where a beam is split into two paths using
a beam splitter as depicted in fig. 2.7. One of these paths leads to a fixed mirror,
while the other hits a movable mirror, with both mirrors reflecting the beam back
onto the beam splitter. Whereas in holography the object to be studied would be
put into one of these beam paths to record its impact on the wave fronts, with
FTIR, the sample is placed after the recombination of both beam paths. The re-
sulting recombined beam is finally measured using a detector. In this way, the
interferometer acts as a special sort of wavelength filter, where the interference
between the two beams creates different spectral patterns depending on the posi-
tion of the movable mirror. This process encodes the spectral information of the
sample as a function of the mirror position.

A typical interferogram obtained by this method is shown in fig. 2.8a. When
both mirrors are placed in the same distance from the beam splitter, all wave-
lengths interfere constructively leading to the formation of the so-called centre
burst. A displacement of the movable mirror by a distance Δ/2 leads to a beam
path length difference of Δ and therefore to constructive interference for all wave-
lengths that fulfil Δ = 𝑛𝜆 for positive integers 𝑛. As half of the initial intensity
𝐼0(𝜆) passes directly through the beam splitter, the complete interference record
𝐼(Δ,𝜆) measured after the beam splitter is given by:

𝐼(Δ,𝜆) = 1
2
𝐼0(𝜆)

[
1 + cos

(
2πΔ

𝜆

)]
. (2.26)

The term interferogram refers specifically to the cosine term in eq. (2.26).
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Figure 2.8: Processing steps of a measured interferogram. a) Bi-directional in-
terferogram showing two centre bursts at the zero path difference crossings. The
interferogram is measured both in forward and backward direction. A small inter-
val around Δ = 0 is shown as an inset. b) Fourier transform of the interferogram
giving the sample spectrum. c) The ratio of sample and reference spectrum gives
the transmission spectrum.

Applying a Fourier transform to the interferogram yields:

𝑆(𝜈) = F
{
cos

(
2πΔ

𝜆

)}
=

1
2

[
𝛿

(
𝜈 − 1

𝜆

)
+ 𝛿

(
𝜈 + 1

𝜆

)]
. (2.27)

The various wavelengths of light and their respective differently spaced intensity
patterns have now been separated into their spectral components resulting in
the spectrum 𝑆(𝜈). The mathematical operation of a Fourier transform involves
an integral from Δ = 0 to +∞ and works on the continuous function 𝐼(Δ). In
practice, the available movement range of the mirror is finite and the function
𝐼(Δ) is measured in discrete steps, which present the resolution and bandwidth
limitations of this method.

Maybe counterintuitive at first glance, the limited range of the mirror defines
not the bandwidth but rather the resolution of the spectrum. The implications of
the Fourier transform are understood better, if one assumes the movement of the
mirror to be linear (as is the case in many commercially available FTIR spectrom-
eters) with a mirror velocity of 𝑉 . The interferogram for a mirror displacement
Δ = 𝑉𝑡 can now be seen as a temporal signal rather than a spatial one. All effects
known from the spectral analysis of temporal signals do apply in this case, e.g.
the spectral resolution is being defined by the length of the sample. Similarly,
the temporal resolution of the signal determines the bandwidth of the spectrum
according to the Nyquist theorem.

When using the rapid scan functionality of the Bruker VERTEX 80v as de-
scribed in section 3.1, the mirror is moved at relatively high speeds. Here, the
maximum sampling rate of the analogue-to-digital converter limits the available
bandwidth to about 4000 cm−1. Any spectral components above this wavenumber
will undergo aliasing, i.e. the spectrum will be folded back into the available
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bandwidth. This is avoided by using an optical long wave pass filter which cuts
off all spectral components above the Nyquist limit.

Overall, the application of the Fourier transform brings two big advantages
over traditional grating spectrometers called the multiplex (or Fellgett’s) and
throughput (or Jacquinot) advantages. This also applies for other methods such
as Fourier-transform nuclear magnetic resonance (FT-NMR) compared to its pre-
decessor of the continuous-wave nuclear magnetic resonance spectroscopy (NMR).
The multiplex advantage describes the fact that measuring the entire spectrum
at once leads to a higher signal-to-noise ratio compared to a grating spectrometer
at the same parameters (resolution, integration time, optical throughput, etc.).
This advantage scales with the square root of the number of resolution elements
in the spectrum. Typical measurements performed in this thesis use a spectral
range of 0–4000 cm−1 with a resolution of 2 cm−1 and take about 15 s. To reach
the same signal-to-noise ratio on a grating spectrometer, the measurement time
would need to be increased by a factor of 2000 = 4000 cm−1/2 cm−1 to over 8 h.

An FTIR spectrometers throughput is limited only by the effective area of
the interferometer mirrors, whereas a grating spectrometer uses a small slit to
create its spectral resolution. The throughput advantage of FTIR over grating
spectrometers scales with 𝜈2, giving a factor of about 10–30 for 0–1000 cm−1 and
about 150–250 for 3000–4000 cm−1 for the typical gratings used in infrared spec-
trometers.

While these advantages are significant in the infrared range and have led to
FTIR spectrometers being the go-to solution for infrared spectroscopy, these types
of two-beam interferometers see little use in the optical and ultraviolet range. The
underlying reason is the effect of shot noise, which describes the effect of discreti-
sation of the energy flux into single photons and scales with the square root of
the incident radiation power. This exactly counteracts the multiplex advantage,
where increasing the number of resolution elements is equivalent to splitting up
the incident power into increasingly smaller parts. The only remaining advan-
tage of two-beam interferometers in shot-noise limited situations is the absolute
wavenumber precision given by the usage of a reference laser to determine the
mirror position.

Vibrational transitions of molecules

The absorptions visible in infrared spectra are the result of vibrational transitions
of molecules. In a molecule with 𝑁 atoms, each atom has 3𝑁 degrees of freedom
by translating in any of the three cartesian axes. The number of vibrational
degrees of freedom is equal to 3𝑁 − 6, subtracting the three translations and
rotations of the entire molecule around the coordinate axes. For linear molecules,
this number changes to 3𝑁 − 5 as the rotation around the molecule axis does not
displace any of its atoms. A diatomic molecule like CO therefore has one vibra-
tional stretching mode, representing an oscillation of the bond length, whereas
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Figure 2.9: Different types of molecular vibrations shown on the example of a
methylene group CH2. Vibrations can generally be differentiated into stretching
modes (symmetric 𝜈S / asymmetric 𝜈AS depending on the phase of the separate
oscillations) and deformation modes (scissoring 𝛿 / rocking 𝛾, twisting 𝜏 / wagging
𝜅) and are sometimes denoted by Greek letters in scientific literature.

tri-atomic molecules such as CO2 or H2O have three vibrational modes. For larger
molecules, it is often sufficient to examine the vibration of a local group, e.g. a
CHx group in a longer hydrocarbon chain, as only a few atoms show strong dis-
placements whereas the others stay mostly stationary. Vibrations are typically
described using a set of six vibrational modes, which are further sub-divided into
stretching and deformation modes as shown in fig. 2.9. Furthermore, so-called
skeletal modes can be observed in larger molecules, which are large-scale oscilla-
tions of e.g. the carbon backbone of a large hydrocarbon. These are often found
towards the far-infrared region ≤ 400 cm−1 but can also reach up to 1600 cm−1.

Vibrational potentials can often be adequately described with a simple har-
monic oscillator and typically the strongest absorption lines in the infrared region
correspond to a vibrational transition from the ground state to the first excited
state. Vibrational excitations are only capable of absorbing infrared radiation if
they result in a change in dipole moment. This results in symmetrical diatomic
molecules such as O2 or N2 being completely infrared inactive and the absorp-
tion strength of the oscillations depending strongly on the specific molecule. As
the absorption ratios between the different vibrational modes of the groups in a
molecule are very characteristic for that particular arrangement, infrared spectra
are often used by chemists to identify compounds and large reference works exist
for the characterisation of organic compounds [83, 84, 86].

Transitions do not only occur between vibrational states, but can also simul-
taneously happen between different rotational states. These ro-vibrational tran-
sitions lead to the formation of a band structure, which can be very prominently
seen in CO2 and H2O vapour present in ambient air (see fig. 2.10). While rota-
tional transitions also occur in larger molecules, the separation between different
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Figure 2.10: Transmission spectrum of ambient air. Ro-vibrational absorption
bands can be seen from CO2 (2290–2390 cm−1) and H2O (1300–2000 cm−1).

rotational absorption lines is typically smaller than the resolution of the spec-
trometer.

Whereas the frequency of the different oscillations of organic molecules is read-
ily found in reference works, their oscillator strengths are not so well documented.
Many original sources are more than half a century old and specify values using
various different definitions and units. Wexler (1967) [87] offers a solid reference
work for hydrocarbons, which defines integrated absorption intensity in so-called
“practical units”2 in L cm−2 mol−1 and gives typical conversions from other often
found units. Using this definition, the measured integrated intensities can be
converted into amount concentrations 𝜇 of a specific vibrational excitation mode,
i.e., the bond concentration of that particular bond in the observed volume. The
specific implementation of this conversion will be presented in section 3.1.2. In
this system, the integrated intensity 𝐴 is defined as the area underneath the
curve of absorbance 𝜖𝜈 over wavenumbers 𝜈:

𝐴 =

∫
𝜖𝜈 d𝜈 ,

=
1
𝑑

∫
log10

𝑇0
𝑇𝑖

d𝜈 = 𝐵𝑖𝜇 ,

(2.28)

where 𝑑 is the optical path length, 𝑇0/𝑇𝑖 the ratio of incident intensity and trans-
mitted intensity of a specific vibrational mode 𝑖, 𝐵𝑖 the calibration factor for that
vibrational mode in practical units, and 𝜇 the amount concentration (also called

2These were called “practical units” as they were a description of the integrated absorption
intensity that only needed the maximum absorbance 𝜖max and the FWHM Δ𝜈1/2 as described by
Wexler, which were both particularly easy to determine manually from measurements at the time.
While this is not a concern any more today, these units still provide a useful definition as a basis
that other definitions in literature can be converted into.
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molarity) in units of mol L−1. Other definitions can differ in a variety of ways
for two main values: using the natural logarithm ln instead of the decadic log-
arithm log10 in the definition of the absorbance and specifying the vibrational
frequency axis in frequencies d𝑓 , logarithmic wavenumbers d ln𝜈, or wavelengths
d𝜆 instead of wavenumbers d𝜈.

2.5.2 Localised surface plasmon resonance
This section aims to present the basic concepts and ideas behind localised surface
plasmon resonance (LSPR) to provide an overview over the topic. More detailed
descriptions can be found in scientific textbooks on the topic such as [88–90].

A surface plasmon is a dielectric eigenmode of a free electron gas at the bound-
ary between two dielectrics. It is the solution of Maxwell’s equations under the
conditions that the electric field E is divergence-free and irrotational, i.e.

∇ · E = 0 ,

∇ × E = 0 .
(2.29)

As the electric field is the gradient of a potential 𝜙, we arrive at the Laplace
equation

Δ𝜙 = 0 . (2.30)

The solution to this equation is a wave that is localized to the interface at 𝑧 = 0
with

𝜙(𝑥, 𝑧, 𝑡) = 𝜙0e−𝑞|𝑧|ei(𝑞𝑥−𝜔𝑡) (2.31)

leading to electric field lines as shown in fig. 2.11 that are described by

𝐸x = 𝑞𝜙0e−𝑞|𝑧| cos(𝑞𝑥 − 𝜔𝑡) ,
𝐸𝑧 = −𝑞 sgn(𝑧)𝜙0e−𝑞|𝑧| sin(𝑞𝑥 − 𝜔𝑡) .

(2.32)

The frequency of this wave can be determined by following the dielectric dis-
placement D = 𝜀0𝜀

(±)
𝑟 (𝜔)E across the boundary between the dielectrics with the

relative permittivity 𝜀
(±)
r (𝜔) in the positive and negative half space respectively.

We define the boundary condition such that the normal component 𝐷𝑧 must be
continuous across the interface 𝑧 = 0:

𝐷𝑧 = −𝜀0𝜀
(−)
r (𝜔) 𝜕𝜙

𝜕𝑧

����
𝑧↗0

!
= −𝜀0𝜀

(+)
r (𝜔) 𝜕𝜙

𝜕𝑧

����
𝑧↘0

. (2.33)

As the potential is at least 𝐶1-continuous across the boundary, it follows that
𝜀
(−)
r (𝜔) = −𝜀(+)r (𝜔). For our typical case of the boundary of a particle in a vac-

uum, the permittivity of the positive half space equals unity and so the condition
reduces to

𝜀r(𝜔) ≡ 𝜀
(−)
r (𝜔) = −1 . (2.34)
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Figure 2.11: Sketch of a) a propagating surface plasmon on a metal-vacuum inter-
face and b) a localised surface plasmon on a metallic nanoparticle. The metallic
material is shown as a hatched area. The local electrostatic potential resulting
from the surface charge is shown with red for positive and blue for negative values.
The resulting electric displacement is shown as field lines. Note that there is no
electric displacement field inside of the metal.

Inside the metal, the electric field induces a polarisation wave counteracting
the electric field, i.e. P(𝑧 < 0) = −𝜀0E. Therefore, the induced charge distribution
𝜌P can be obtained using eq. (2.32)

𝜌P = −∇ · P
= 𝜀0∇ · E

= 𝜀0

[
−𝑞2𝜙0e−𝑞|𝑧| sin(𝑞𝑥 − 𝜔𝑡) − 𝑞𝜙0 sin(𝑞𝑥 − 𝜔𝑡) 𝜕

𝜕𝑧

(
sgn(𝑧) · e−𝑞|𝑧|

)]
= 2𝜀0𝑞𝜙0e−𝑞|𝑧| sin(𝑞𝑥 − 𝜔𝑡) · 𝛿(𝑧) . (2.35)

The charge distribution resembles a delta-function in 𝑧-direction, i.e. it represents
a surface charge wave on the boundary between metal and vacuum.

The Drude model gives the dielectric function of a free electron gas in a metal
as

𝜀(𝜔) = 1 −
𝜔2

p

𝜔2 + i𝜀0𝜔𝜔
2
p/𝜎(𝜔)

, (2.36)

where 𝜎(𝜔) is the conductivity and 𝜔p the plasma frequency as described in
section 2.1. Neglecting damping from a finite conductivity, i.e. 𝜎(𝜔) = ∞, and
applying the permittivity constraint from eq. (2.34) results in the resonance fre-
quency of the surface plasmon

𝜔s =
𝜔p√

2
. (2.37)

The theoretical considerations above were performed for the interface between
a semi-infinite metal surface and vacuum. Under those circumstances, it is im-
possible for light to directly couple to surface plasmon excitations, as energy and
momentum of the photon cannot be conserved simultaneously. The dispersion
curves for bulk and surface plasmon as well as the light dispersion curve in vac-
uum are shown in fig. 2.12.
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Figure 2.12: Dispersion relation curve for both bulk plasmons (green), surface
plasmons (blue) and light in vacuum (black). Plasma frequency 𝜔p and surface
plasmon resonance frequency 𝜔s are marked. Photons can normally not couple
to surface plasmons because of a momentum mismatch. The small dimensions of
the nanoparticle resemble a momentum provision Δ𝑘 that can mediate and allow
coupling between photons and localised surface plasmons. Adapted from [89].

In the metallic nanoparticles used in this work, the finite geometry of the
nanoparticle allows localised excitation modes of the surface charge density. The
limited extent of the particle with diameter 𝑑 provides quantised amounts of
momentum roughly approximated by Δ𝑘 ≈ 𝑛2π

𝑑
depending on the order 𝑛 of the

localised surface plasmon mode [89]. This momentum provision allows coupling
light directly to the LSPR.

These modes can also be understood as optical antenna resonances with the
lowest mode representing a dipole excitation of the electrons in the particle. For
the dipolar excitation mode of a spherical particle with radius 𝑎 smaller than the
incoming wavelength, the polarisability 𝛼 is given by

𝛼 = 4π𝜀0𝑎
3 𝜀(𝜔) − 𝜀med
𝜀(𝜔) + 2𝜀med

, (2.38)

where 𝜀 is the dielectric function of the particle and 𝜀med that of the surrounding
medium. The LSPR is defined by the pole of 𝛼 at 𝜀(𝜔) + 2𝜀med = 0. For a particle
in vacuum with 𝜀med = 1, and using the Drude model for a free electron gas given
in eq. (2.36) the resonance frequency for the spherical dipolar surface plasmon
follows as

𝜔res =
𝜔p√

3
. (2.39)

Compare this to 𝜔s = 𝜔p/
√

2 obtained in eq. (2.37) for the resonance of a surface
plasmon.
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2.5.3 Electron microscopy

In the course of this work, both scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) measurements were performed on nanoparticle
samples. Both methods image the sample by directing an electron beam onto it,
but where SEM measures mainly secondary electron emission signals, TEM mea-
sures the primary transmitted electrons directly [91, 92]. The resolution limit of
microscopy is given by the Abbe diffraction limit [93], which results in hundreds
of nanometres for light in the optical range. For electron beams in the range of kV,
the corresponding de Broglie wavelength is only a few Å, allowing a resolution in
the sub-nanometre regime.

An SEM uses multiple stages of demagnification of an electron beam to cre-
ate a spot on the sample with a diameter of 1–10 nm that is then scanned over
the sample to create an image. Commercial SEM systems can measure multi-
ple different signals, such as secondary electrons (SE), backscattered electrons
(BSE), and energy-dispersive X-ray spectroscopy (EDX). The SE consists of sec-
ondary electrons with most probable exit energies of 2–5 eV and surveys the top
few nanometres of the sample’s surface. The BSE consists of scattered primary
electrons with energies that can range from 50 eV to the energy of the original
beam of up to 30 kV. The depth of the region probed by BSE is much deeper with
0.1–1 µm depending on the beam energy. With EDX, the electron beam stimu-
lates the emission of characteristic X-rays from the sample at depths of 1–10 µm
which allows determining its elemental composition.

The contrast of the resulting image for both SE and BSE depends on multiple
factors, such as the surface topology and relative angle of incidence of the electron
beam, mean atomic number of the target material, orientation of crystalline sam-
ples, and electrostatic and magnetic fields near the surface. For non-conductive
samples such as carbon and silicon nanoparticles, charging effects can further
lead to imaging artefacts. Often, a thin conductive coating is applied to eliminate
this effect.

A conventional transmission electron microscopy (CTEM) uses an electron
beam with higher energies of 100 keV to 1 MeV. Instead of focusing down to a
single spot, a larger area of a thin sample is illuminated by the electron beam.
The transmitted electron beam is then focused to create a magnified image of the
sample on a screen or detector.

The scanning transmission electron microscopy (STEM) relates to the CTEM
via the principle of reciprocity, which states that assuming elastic scattering the
propagation of electrons is time-reversible. This means that the beam path of the
CTEM can also be followed in reverse, i.e. replacing the original electron source
with a detector and the original detector with an array of electron sources does
not change the measured intensities. This is the foundational idea behind the
STEM, where a single focused spot with a typical size of 50–200 pm is scanned
over the sample to create a high resolution image of the sample. The STEM setup
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can more easily fulfil the requirements of a perfectly coherent plane wave, giving
a technical advantage over the conventional method. Special techniques such as
high-angle annular dark-field (HAADF) imaging allow taking larger scattering
angles into account to increase the contrast especially of materials with differ-
ences in their atomic number 𝑍 and allow the central transmitted beam to be used
for simultaneous EDX measurements. Furthermore, electron diffraction methods
such as selected area electron diffraction (SAED) can be used to determine the
lattice-plane spacings in crystalline nanoparticles.
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3

Experimental setups and
diagnostics

The crucial parameter for the treatment and coating of nanoparticles is their
residence time in the treatment region. Prior works using in-flight treatment
setups were able to increase the residence times from a few milliseconds to the
order order of seconds [1–4]. This is achieved by increasing the pressure in the
deposition region to several tens of Pa to decelerate particles through collisions
with neutral gas from the 10–100 m s−1 at the gas aggregation source (GAS) to
values in the order of tens of cm s−1. With deposition rates in the order of nm s−1,
this gives enough time to create coatings of a few nanometre thickness during
the residence time in the deposition region.

One option for larger shells is the inclusion of a reactive gas directly inside the
GAS. Solař et al. [5] demonstrated the generation of silver-polymer multi-core-
shell nanoparticles through the addition of hexamethyldisiloxane (HMDSO) in
front of the sputter target. The resulting nanoparticles consisted of multiple silver
cores inside of a single polymer shell. The cores were significantly smaller than
under operation without HMDSO, as the injection of the reactive gas drastically
changes the conditions for condensation.

Larger shells through longer residence times can be achieved by using a sec-
ondary plasma discharge. One proof of principle setup was described by Libenská
et al. [6], using a circular antenna in a secondary chamber to create a radio fre-
quency (RF) deposition plasma. This plasma was not used for depositing new
material onto the particles, but rather annealed the previously amorphous iron
carbide nanoparticle to become crystalline cementite (Fe3C) covered by a thin
hydrocarbon shell. Given their setup, particles need to naturally leave the sec-
ondary discharge to be deposited for extraction. This led to the choice of pulsing
the RF plasma at 100 Hz with a duty cycle of 75 %. The authors show that par-
ticles become trapped in the secondary discharge for at least 24 s, although the
exact mechanisms of how the particles leave the discharge are not investigated
in detail.

The primary goal of this work is the creation of a secondary plasma system ca-
pable of confining particles for minutes to hours. This enables various options for
controlled treatment, monitoring, and extraction of nanoparticles that would oth-
erwise not be possible. The first section of this chapter presents Fourier-transform
infrared spectroscopy (FTIR) which is used as the main diagnostic tool to analyse
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and monitor the chemical composition of the particles and the applied surface
treatments. Where section 2.5.1 focused on the operating principles of an FTIR
spectrometer, here, the actual setup will be described. After the treatment of the
particles, an electrostatic extraction system is used to prepare samples for ex situ
analysis. The second section describes the different setups used for extraction.
The final three sections describe the different setups used in this work to pro-
duce different compositions: carbon and silicon nanoparticles, and silver-silica
core-shell nanoparticles.

3.1 Infrared absorption spectroscopy
The central piece of the infrared absorption spectroscopy setup is the commer-
cial Bruker Vertex 80v FTIR spectrometer. It is equipped with a potassium bro-
mide (KBr) beam splitter for operation in the mid-infrared (MIR) range from
10 000–380 cm−1. The measurements in this work make use of its rapid scan op-
tion, which increases the mirror velocity to record up to 11 scans per second at
a resolution of 2 cm−1. Typically 64 spectra are averaged to give one data point,
resulting in a time resolution of one spectrum every 6–7 s. To avoid aliasing ef-
fects as described in section 2.5.1, an optical long wave pass filter is installed in
the filter wheel to cut off any incoming spectral components above 3861 cm−1.

For the measurements in this work, the right exit of the spectrometer is used
to obtain a collimated infrared beam with a diameter of 40 mm. It is then focused
down to a spot of about 5 mm diameter using a converging mirror lens with a long
focal length of 𝑓 = 1106 mm. The entire beam path is encased in two aluminium
boxes connected via a sealed aluminium tube, which is constantly flushed with
dry nitrogen gas to limit the absorption by CO2 and H2O in ambient air.

Using a system of two mirrors, the focus point is positioned on the KBr entry
window of a commercial multi-pass cell (also called a White cell) by neoplas control
GmbH that was custom made for the exact dimensions of the plasma chamber
with a flange distance of 283.3 mm. It consists of two CF40 flanges with the field
mirror on the entry/exit window side and the two object mirrors on the opposing
side. Additional gas inlets provide a protective argon flow over the mirrors to avoid
possible particle depositions. After passing through the entry window, the beam
defocuses again until being reflected at the object mirror, which is a reflective
lens focusing it back to a point on the field mirror. This is the reason for using a
long focal length for the initial converging mirror lens, as the beam diameter at
the object mirror should not exceed the mirror’s dimensions and so the numerical
aperture of the focusing lens needs to be chosen very small.

The geometry of the cell allows for 4𝑛 reflections before the exit window is hit
and the number of reflections can be set dynamically from outside the vacuum
chamber via a thumb screw. As the mirrors only have about 96.5 % reflectivity
in the infrared and about 95 % in the ultraviolet-visible (UV-Vis) range, the exit
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intensity becomes lower with an increasing number of reflections.
After exiting the multi-pass cell, the beam is focused using a zinc selenide

(ZnSe) lens onto a liquid nitrogen cooled mercury cadmium telluride (MCT) detec-
tor. The detector has a spectral range of 12 000–850 cm−1, determining the final
usable spectral range of the entire setup to be 3861–850 cm−1 with the upper
bound determined by the LWP filter and the lower bound set by the detector.

3.1.1 Adaptation for UV-Vis spectroscopy
The setup can quickly be converted for UV-Vis measurements of localised surface
plasmon resonance (LSPR) measurements which were described in section 2.5.2.
A combined deuterium / halogen light source (OceanOptics DH-2000-BAL-TTL-
24V) is used to perform the UV-Vis spectroscopy and provides a balanced output
in the range from 210–2500 nm by specifically filtering the deuterium D𝛼 emis-
sion lines leaving a continuous spectrum that does not lead to saturation in the
measured spectra. The light is coupled into the setup via a vertical arrange-
ment of a glass fibre adapter with collimation optics and 45◦ mirror that is placed
in the dotted region in fig. 3.1. This places the collimated white light onto the
same beam path as the infrared beam from the FTIR to minimise adjustments on
the remaining setup, making it possible to switch between UV-Vis and infrared
measurements with minimal effort. The beam is then decoupled by replacing
the mirror after the exit of the multi-pass with a focusing lens and a glass fi-
bre adapter, which then is connected to an Ocean Optics USB4000 spectrometer
capable of measuring the spectral range from 200–1100 nm.

As the LSPR leads to comparatively strong absorption, the multi-pass cell is
set to the lowest setting at 4 reflections in this case. This low number of reflections
already leads to a peak absorption intensities of up to 80 % for the highest silver
nanoparticle densities shown in section 4.3.1 giving an excellent signal-to-noise
ratio of 𝐴/Δ𝐴 = 50.

3.1.2 Spectral decomposition
An FTIR measurement consists of taking two spectra: a reference (labelled with
Rf in the OPUS software) and a sample spectrum (labelled with Sm). The refer-
ence spectrum is taken prior to the start of the experiment in an empty chamber
without nanoparticles to determine the spectrum of the IR source and the detec-
tor sensitivity curve. The transmission spectrum is then calculated by taking
the ratio of sample spectrum to its reference spectrum as shown in the previous
chapter in fig. 2.8c.

To obtain quantitative data from the measured infrared transmission spectra,
a fit-based approach is used, which decomposes the spectrum into its constituting
vibrational excitation modes. As particle densities can reach the order of 1013 m−3

and particles can grow to diameters up to hundreds of nanometres, significant
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Figure 3.1: a) Top view sketch of the infrared beam path. The beam originates in
the Bruker Vertex 80v FTIR spectrometer as a collimated beam with a diameter
of 40 mm. It is then be focused down to a point of about 5 mm diameter using a
converging mirror lens with a focal length of 1106 mm and a set of two reflective
mirrors that guide the beam through a tunnel setup into the secondary box. The
focused beam enters the multi-pass cell through a KBr window and is reflected
back and forth, each time being defocused on the way to the object mirrors and
refocused on the way to the field mirror. After 4𝑛 reflections it exits the multi-pass
cell through another KBr window and is reflected onto a ZnSe optical lens which
focuses the beam onto the liquid nitrogen cooled MCT detector. The entire beam
path outside of the plasma chamber is enclosed in a nitrogen-flushed aluminium
box to avoid atmospheric absorptions from ambient air. Alternatively for UV-Vis
measurements, a collimated beam from a broad white light source can be coupled
in at the marked spot coming from above the drawing plane and being reflected
into the drawing plane with a 45◦ mirror. The mirror in front of the exit of the
multi-pass cell is replaced with a focusing lens and a glass fibre adapter connected
to an UV-Vis spectrometer. b) Picture of the side view into the plasma chamber.
A green laser beam was used with the UV-Vis coupling system to trace the beam
path through the chamber. The green light is scattered by carbon nanoparticles
created in the capacitively coupled plasma (CCP) discharge.

50



3.1. INFRARED ABSORPTION SPECTROSCOPY

Figure 3.2: Schematic overview of the data analysis procedure. a) Measured trans-
mittance data 𝐼/𝐼0 with fitted Rayleigh-Mie background shown in black. Regions
used for fit are marked in grey. b) Corrected absorbance data after subtraction
of background. Overlaid are 29 different Gaussian functions for each visible vi-
brational excitation mode with the sum of all fits shown in black. c) Calculated
bond concentrations from the performed fit shown over time. The spectrum of the
previous figures was taken at the time indicated by a dotted line.

Rayleigh-Mie scattering can occur in the infrared region. Absorption spectra are
therefore processed by first fitting a Rayleigh-Mie background in regions without
vibrational absorption lines, as shown in fig. 3.2a. The resulting background-
corrected absorption curve now only contains the vibrational absorption lines
and bands from different bonds and molecules.

To differentiate and quantify them, Gaussian functions are fitted to this data
obtaining a spectral decomposition1. Depending on the pressure and temperature
range, the absorption lines can show both Doppler and collision broadening and
the use of other profiles such as a Lorentzian or Voigt profile (the convolution of a
Lorentzian with a Gaussian profile) may be necessary. The position and width of
the resonance of the individual oscillators in the particle depends on their local
environment. In some cases such as amorphous hydrogenated silicon (a-Si:H)
nanoparticles, this allows for the differentiation between bulk and surface bonds,
where surface bonds show significantly narrower absorption peaks than their
bulk counterparts, sometimes at slightly shifted wavenumbers. As the composi-
tion of the material can change over time, reference works often give ranges for
absorption peak positions and widths, which need to be considered during the
fitting process.

The spectral decomposition is done using the FTIR Suite [7] created as part of
this PhD work. It is a collection of classes written in MATLAB for the processing
of absorption spectroscopy data from the Bruker OPUS .0 format with the steps

1In the literature, this is often called spectral deconvolution. It is an incorrect application
of the term “deconvolution” found in signal processing to describe reverting the mathematical
convolution of the underlying signal with the instrumental profile. In the present case of a super-
position of multiple absorption peaks, no convolution is involved. Therefore, I decided to use the
less common, yet more correct term decomposition for describing this processing step.
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Figure 3.3: Region edit view of the OverviewFitAnalysis class of the FTIR Suite.
A number of gaussian and polynomial functions are listed to be fitted to the
spectrum. The measured data is shown in blue, while the sum of fitted lines
is overlaid in black.

shown in figs. 2.8 and 3.2. It performs the necessary background corrections and
provides a user interface for manipulating the different Gaussian peaks during
spectral decomposition (see. fig. 3.3).

The analysis for a single curve is done in an iterative process. First, all entered
peaks are fitted to the given data. Then, if negative absorption intensities are
found, which can often occur for noisy data and narrow peak widths, all negative
entries are removed from the collection of functions to be fitted, and the fit is run
again. The removal of negative peaks is preferable to setting a lower bound to
their amplitude as it adds numerical stability to the fitting routine. This process
is repeated until no further negative absorption intensities are obtained. This
entire procedure is then repeated for each single measurement in a series to
obtain the time evolution of the integrated absorption of each absorption peak
shown in fig. 3.2c.

In the last step, the integrated absorption along the line-of-sight of the infrared
spectrometer needs to be converted into bond concentrations. Both the path length
through the particle cloud and the specific oscillator strength of the respective
vibrational excitation need to be known (see section 2.5.1). For the silicon and
silver-silica core-shell experiments described in sections 3.4 and 3.5, a confining
mesh was used, clearly defining the extents of the particle cloud, whereas for
the carbon experiments in section 3.3 the extent of the dust cloud needs to be
estimated. Furthermore, as the central void (dust-free region, see section 2.2.2)
can be present in the beam path, the measured integrated absorption will vary
when the void changes its size during the experiment, e.g. when electronegative
reactive gasses are introduced, increasing the ion wind force on the particles.
This effect was not corrected for and is present as an artefact in the processed
absorption time evolutions.
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Table 3.1: Assignment of absorption peak positions 𝜈̄ and widths 𝜎 for the de-
composition of absorption spectra of amorphous hydrogenated carbon (a-C:H)
nanoparticles. Absorption lines in the second half of the table were not used for
further analysis in this work.

Excitation mode 𝜈̄/cm−1 𝜎/cm−1 Reference

sp2CH2 olef. asym. str. 3085 20 [8–10]
sp2CH arom. str. 3035 23 [8–10]
sp2CH olef. sym. str. 3000 16 [8–10]
sp2CH2 olef. sym. str. 2975 18 [8–10]
sp3CH3 asym. str. 2955 20 [8–10]
sp3CH, sp3CH2 asym. str. 2920 16 [8–10]
sp3CH3 sym. str. 2885 28 [8–10]
sp3CH2 sym. str. 2855 40 [8–10]

H-bonded OH str. 3320 100 [10, 11]
C=O str. 1710 25 [10]
cyclic C=O str. 1670 13 [10]

Not used in further analysis
sp1CH str. 3300 18 [8]

CC skeletal str.


2180 70 [8]
1630 70 [12]
1592 18 [12]
1300 120 [12]

sp3CH3 asym. bend. 1480 15 [8, 9]
sp3CH2 asym. bend. 1450 13 [8, 9]
sp2CH arom. bend. 1430 12 [8, 9]
sp2CH2 olef. bend. 1415 11 [8, 9]
sp3CH3 sym. bend. 1375 8 [8, 9]

C2H2



3310 21 [13]
3257 22 [13]
1740 20 [13]
1351 11 [13]
1303 16 [13]

unidentified C2H2 product
{

1251 6 —
1232 6 —

unidentified 1493 5 —
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Figure 3.4: Decomposition of an infrared absorption spectrum of argon-treated
a-C:H nanoparticles shortly after generation. Gaussian peaks were fitted to the
data according to table 3.1. An additional linear background is applied in the
region from 1900–1000 cm−1 (marked in purple).

3.1.2.1 Line assignments for carbon bonds

The absorption spectra of a-C:H material shows two large features in the mea-
sured region: CHx stretching vibrations [8–10] between 2800–3100 cm−1 and the
region below 1900 cm−1 with CHx bending [8–10], C O stretching [10], and H-
bonded OH stretching vibrations [10, 11], as well as skeletal vibrations of the
underlying C C bonds [12]. Peak positions 𝜈̄ and corresponding widths 𝜎 were
kept constant for all fits and can be found in table 3.1. An exemplary decomposition
of an absorption spectrum is shown in fig. 3.4. Integrated absorption intensities
for the analysed lines are given by Wexler [10, 14] with an additional correction
for the refractive index of the used solvent described by Ristein et al. [15].

Carbon in its different hybridisation states can be differentiated in infrared
spectra, i.e. sp3-hybridised carbon with four single bonds has a different oscil-
lation frequency than sp2-hybridised carbon with a double bond and two single
bonds. In this work, the ratio between sp2 and sp3-hybridised CH bonds in the
infrared spectra is used to show the effects of various treatments. Such anal-
ysis needs to be performed with care, as a metastudy for diamondlike carbon
(DLC) films comparing results from nuclear magnetic resonance spectroscopy
(NMR), forward recoil elastic scattering (FRES), electron energy loss spectroscopy
(EELS), ion beam analysis (IBA), and combustion analysis has proven infrared
spectroscopy based results to be unreliable for measuring parameters such as the
H-content of a film or the ratio of sp2 to sp3 bound carbon sites [16]. These are
relevant parameters for the characterization of DLC films for, e.g. their optical
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gap, electrical resistivity, or mechanical properties.
One source of this uncertainty is the assumption of constant oscillator strengths

for the different CHx groups over the course of the treatment. As the structure of
the film changes, the individual dipole moments can change depending on their
local environment, which leads to the misestimation of concentrations. Further-
more, as the infrared analysis can only detect hydrogenated carbon, i.e. carbon
atoms bound to hydrogen. Any unhydrogenated site will not be accounted for.
For DLC films it has been shown that a significant portion of hydrogen of up to
50 % can be present in an unbounded state trapped interstitially in the film struc-
ture [17]. While almost all sp3 hybridised carbon atoms are bounded to hydrogen,
only a third of sp2 carbon is hydrogenated. The infrared analysis therefore can-
not be used to determine the proportions of the three phases of sp3 carbon, sp2

carbon, and hydrogen in the film. As was suggested by Grill et al. [17], in this
work, infrared analysis is therefore only used to identify changes to the material
during the various treatments rather than make absolute statements about the
carbon fractions.

During oxygen treatment, CO2 and CO absorption bands appear between
2300–2380 cm−1 and 2060–2220 cm−1 respectively. The integrated absorbance
of these bands was converted into concentrations using calibration factors by
Ventura et al. [18] for CO2 and Buback et al. [19] for CO.

3.1.2.2 Line assignments for silicon bonds

The decomposition of the various silicon hydride and deuteride bonds in absorp-
tion spectra is performed following the work of Agarwal et al. [20] (see fig. 3.5).
They assign peaks in the region 1900–2300 cm−1 to the vibrational stretching
excitation of hydrides and the region 1400–1600 cm−1 to deuterides as detailed
in table 3.2. The different peak positions for hydrides and deuterides stem from

Figure 3.5: Decomposition of an infrared absorption spectrum of silicon nanopar-
ticles into hydrides, deuterides and Si O Si bonds. Gaussian peaks are fitted to
the data according to table 3.2. An additional linear background is fitted to the
data (marked in purple).
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Figure 3.6: Sketch explaining the infrared absorption of a SiH2D group. The two
3-bonded hydrides absorb one unit of radiation at 2135 cm−1 each and the one
3-bonded deuterides absorbs 1/1.93 units at 1555 cm−1 according to the ratio of
reduced masses of SiH and SiD. Using calibration factors from literature, this
is converted into the concentration of hydride and deuteride sites with 3-bonded
hydrides being counted in two parts and 3-bonded deuterides counted in one part.

of a factor of 1/
√

2 between vibration frequencies due to the 1:2 mass ratio of
H2 and D2. The peaks are further differentiated by their number of bonded hy-
drogen / deuterium atoms. Another distinction can be made depending on their
surroundings in the surface or bulk of the material as the vibrational excitation
of the bond depends on its surrounding dielectric. A bond on the particle’s surface
therefore has a narrower response than in its bulk as well as a slightly shifted
peak position.

While the excitation frequency of the stretching vibration of individual hy-
drides or deuterides shifts with the total number of bonded hydrogen (and/or
deuterium) atoms to the silicon atom, their oscillator strength is not correlated,
i.e., each SiH bond oscillates with independent strength. [23, 24]. Therefore, a
single calibration factor 𝐵 = 3.83 · 103 L cm−2 mol−1 can be used to cover all hy-
drides from SiH to SiH4 [25]. For SiD bonds, this factor needs to be approximately
halved, as the oscillator strength is inversely proportional to the reduced mass
𝜇SiD = 1.93𝜇SiH of the bond. Unfortunately, this calibration factor is not available
for species on the particle surface. Lacking this distinction, this work will follow
Kessels et al. [23] and apply the same calibration factor for both surface and bulk
species.

As the deuterium treatment generates partially deuterated groups, we intro-
duce specific nomenclature to refer to the different groups: A silicon site with a
total of 𝑛 hydrogen and deuterium atoms will be called an 𝑛-bonded silicon atom2.
The term hydride refers to any silicon group containing hydrogen, while deuteride
refers to silicon groups containing deuterium. This means that, e.g. an SiH2D
group can be referred to as both a 3-bonded hydride and a 3-bonded deuteride,
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Table 3.2: Assignment of absorption peak positions 𝜈̄ and widths 𝜎 to silicon
absorption lines. Hydrides and deuterides both on the particle surface and in
bulk material assigned following Agarwal et al. [20]. Asymmetric stretching of
Si O Si following Kirk and Fidalgo et al. [21, 22].

Surface Bulk

Species 𝜈̄/cm−1 𝜎/cm−1 𝜈̄/cm−1 𝜎/cm−1

Hydride stretching

SiH 2069–2084 10–20 1995–2002 80–105
SiHxD2–x 2106–2112 29–35 2095 55–70

𝑥 = 1, 2

SiHxD3–x 2130–2140 10–30 2135–2140 40–50
𝑥 = 1, 2, 3

SiHxD4–x — — 2170 60
𝑥 = 1, 2, 3, 4

Deuteride stretching

SiD 1510a 10–30a 1460–1470 65–70
SiHxD2–x 1523–1527 23–28 1520 50

𝑥 = 0, 1

SiHxD3–x 1540–1570 10–20 1550 45
𝑥 = 0, 1, 2

SiHxD4–x — — 1595–1600 30-35
𝑥 = 0, 1, 2, 3

Unassigned 1638 25–35

Si O Si asymmetric stretching

𝜈AS1 LO — — 1195–1221 40
𝜈AS2 TO — — 1117–1141 40
𝜈AS2 LO — — 1187–1109 15
𝜈AS1 TO — — 935–1115 50
a Agarwal et al. did not observe this peak, but expected it at
this position. In this work, the width is assumed following
the width of SiH bonds but leaving a slightly wider range
of possibilities for the fit.
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depending on whether the focus lies on the SiH or SiD bond.
To convert from the absorbance of SiH and SiD bonds in the infrared spec-

trum to the concentration of hydrogenated or deuterated Si sites, the measured
concentration for a given SiHxDy hydride needs to be divided by the number 𝑥 + 𝑦

of hydrogen and deuterium atoms bonded to a silicon site. Note that these silicon
site concentrations can be misleading for partially deuterated silicon atoms. For
example the SiH2D group shown in fig. 3.6 gets counted in two parts towards
the 3-bonded hydride and one part towards the 3-bonded deuteride concentration.
Furthermore, note that this approach cannot detect pure Si sites, as Si Si bonds
are inactive in the infrared. Therefore the term “hydrogenated (or deuterated) Si
site” is used to specifically refer to the measurable quantity.

After oxidation, further Si O Si asymmetric stretching absorptions appear
in the spectrum and are assigned following the work of Kirk and Fidalgo et al. [21,
22]. This vibrational excitation is split into four separate absorption lines. One
splitting occurs as the asymmetric stretching motion of two adjacent oxygen atoms
can happen either in phase (𝜈AS1) or shifted by 180◦ (𝜈AS2). Furthermore, the
stretching vibration is possible both in longitudinal optical (LO) and transversal
optical (TO) mode, coupled to each other through long-range Coulomb interactions.
Calibration factors given by Zamchiy et al. [26] are used to convert into absolute
concentrations.

3.2 Particle extraction
To perform ex situ measurements of the nanoparticles created in the system,
an extraction setup is necessary. The simplest way of extracting particles is by
placing a sample (e.g. a silicon wafer) on the bottom electrode and turning off the
plasma. Without the electrostatic confinement forces, the particles fall onto the
bottom electrode and can be then be removed by opening up the vacuum chamber
and taking out the sample. This was done, e.g. by Groth et al. [27] to obtain
reference particle sizes. This method has the disadvantage of disrupting the
plasma discharge as well as the vacuum system and therefore making multiple
measurements of a single treatment cycle very difficult. The experiment needs
to be repeated for each extraction and the initial conditions need to be kept the
same to ensure repeatability. Furthermore, when using an isolating material
residual charges on the sample can repel the charged particles, leading to an
uneven coverage of the sample.

Other prior works used the thermophoretic force by a cooled probe [28], the
drag from a neutral gas flow [29] or the electrostatic force through biased sub-
strates [30] to directly attract particles onto a substrate for extraction. Similarly,

2In the existing literature, authors avoid directly referring to this number and typically write
of mono-, di-, or tri-hydrides. For the sake of brevity as well as precision (as this work examines
both hydrides and deuterides that can even be in overcoordinated or interstitial 4-bonded states),
I decided to introduce the term “n-bonded” to describe this property instead.
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during the course of her master’s thesis, Maren Dworschak [31, 32] has built the
electrostatic particle extractor (EPEX), which uses an electrostatic pulse extract
the charged particles from the plasma volume (see fig. 3.7a). The EPEX consists
of an octagon wheel, where up to 8 samples can be placed. The samples are held
in place by a metallic front plate, onto which a voltage pulse is applied. Typical ex-
tractions of large nanoparticles with a diameter of 100 nm use a voltage of −170 V
applied for 200 ms. The octagon wheel can be rotated from outside the vacuum
vessel via a rotary vacuum feedthrough that is connected to a chain transmission.
This way, up to 8 samples can be extracted before the vacuum needs to be broken
to retrieve the samples.

It was shown that the EPEX presents a minimally invasive method as the
electrostatic pulse only briefly interferes with the plasma [32]. Therefore, multiple
samples can be extracted from the same particle cloud during a single plasma
treatment. The only limiting factor is the amount of particles extracted with each
sample, as the particle density should not be allowed to drop significantly through
the extraction. This ensures comparability of the different samples and allows
closely measuring the impact of various treatments such as growth processes or
particle surface treatments.

The EPEX was used for extracting the particles in the carbon nanoparticle
experiments, whereas the silver-silicon core-shell particles were extracted using a
simpler holder with only one sample as the adapter to connect the EPEX to a CF63
flange was not ready in time for the measurements. The simpler holder consists
of a polyether ether ketone (PEEK) block on which a silicon wafer is fixed with a
stainless steel plate similar to the EPEX front plates (see fig. 3.7b). This holder
has a smaller diameter and fits through a KF40 flange. It is placed on top of a
hollow rod with 8 mm diameter in a linear vacuum feedthrough and an electrical
vacuum feedthrough on one end for the extraction voltage. A KF40 T-piece was
used to create a provisional load lock setup that can be closed off using a gate
valve connected to port 3 of the SFB chamber (see fig. 3.10 in section 3.4). The
holder is brought near the plasma for extractions and is then pulled out through
the load lock, which is then closed off to leave the vacuum undisturbed.

A more advanced version of this sample holder was created in the course of
Florian Ziegler’s master’s thesis [33]. This system allows for either a capacitor
stack of two brass rings (see fig. 3.7c) or a single contact holder to be used with
special patterned wafers. The brass rings act as an electrostatic lens when a
voltage is applied to the bottom ring, while grounding the top ring, guiding the
particles to the centre of the circular aperture. The resulting extraction quality
can be seen in fig. 3.8. The single contact holder is used with special lithographi-
cally patterned wafers with 8 platinum contacts that lead to 10 µm wide legs that
meet in the middle in a 30 µm wide gap. Each of the contacts can be addressed
separately, allowing to specifically attract incoming particles to each individual
leg. First measurements have shown that ground should not be applied to a leg,
as the ion bombardment from the plasma leads to significant damaging of the
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Figure 3.7: a) Sketch of the EPEX. It consists of an octagon wheel with 8 sam-
ple holders. A potential is applied to the metal face plates shown in yellow to
attract particles onto the sample. Used with permission from [31]. b) Simple
provisional holder used for experiments with Ag@SiO2 particles. Used with per-
mission from [33]. c) Capacitor stack holder with two brass rings. The outer ring
is connected to ground potential while the other ring is on the extraction potential
to create a lens effect, focusing particles on the centre of the sample. Used with
permission from [33].
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Figure 3.8: Side-on scanning electron microscopy (SEM) image of a wafer coated
with the capacitor stack arrangement. Particles were produced by injecting silver
particles for 60 s and then coating them with 60 s of 20 sccm Ar/SiH4(0.01 %). A
layer of Ag@SiO2 particles of over 1 µm thickness can be seen on top of the wafer.
Extraction was performed 10 pulses each of −170 V and 200 µs and the entire
process was repeated a total of six times. The sample was created by Florian
Ziegler in the course of his master’s thesis and SEM micrograph was taken by
Alexander Vahl.

structures on the wafer. Instead, legs not be coated with particles should be left
at floating potential, whereas a negative voltage is applied to the other legs to
achieve a good coating. More details on this extraction process can be found in
Florian Ziegler’s master’s thesis [33].

3.3 Carbon experiments: Suleika
Before beginning work on an entirely new chamber setup that will be described
in the next section, the Suleika Nano3 chamber was used as a well-characterised
system to gain experience using the multi-pass infrared setup. The goal of the
experiments was to investigate the mass loss during plasma exposure that was
known from previous works on both microparticles [34–37] and nanoparticles [27].

The chamber is cylindrical stainless steel vessel with a height of 200 mm and
a diameter of 147 mm (see fig. 3.9). It has four access ports on its sides that can
be equipped with windows or adapters for different applications. In this work,
two opposing ports were used for the multi-pass cell. With a port distance of

3SUpraLEItender-Magnet-KAmmer zur Untersuchung von NANOstaub
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Figure 3.9: a) Side-view sketch of the Suleika chamber. The multi-pass cell is
mounted on two opposing ports of the chamber with gas inlets for the protective
argon flow. The infrared beam path is shown in red. An adapter is needed to reach
the necessary flange distance for the multi-pass cell. Electrodes are mounted with
vacuum feedthroughs and consist of a grounded shield and a driven electrode.
Reactive gasses are injected through the gas inlet on the top of the chamber.
Pumping is done at the bottom electrode feedthrough to ensure a symmetric gas
flow. b) Sketch of the electrical setup. The RF power is coupled through a matchbox
for impedance matching into a balun (balanced-unbalanced). This creates two
RF voltages with 180◦ phase difference, which are fed into the upper and lower
electrode. c) Sketch of the vacuum setup. Argon is let in through the multi-pass
optics (mpo), while the reactive gasses use the separate inlet on the top of the
chamber. Both flows are controlled through mass flow controllers. The pressure
in the chamber is measured with a capacitive gauge. Pumping is done via two
pumps, which are each connected through a ball valve: a turbomolecular pump
for use without nanoparticles and a scroll pump, which can be regulated using
a butterfly valve. An additional full range pressure gauge and a vent valve is
located near the pumping.
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173 mm, the Suleika chambers are smaller than the SFB chamber for which the
multi-pass cell was designed. An additional adapter flange was used to reach the
necessary flange distance of 283.3 mm needed for the multi-pass cell. An aperture
was mounted inside the adapter flange to confine the plasma inside the chamber
and further protect the windows from damage.

The electrodes are mounted using vacuum feedthroughs on the top and bottom
flange. They consist of a circular plate with a diameter of 58 mm inside of a
grounded shield. Electrode and shield are isolated from each other with a Macor
holder. The electrode gap is set to 30.8 mm to avoid parasitic discharges towards
the chamber walls.

A port on the top flange is used to let in the process gasses argon and acetylene
via mass flow controllers (MFCs). Two vacuum pumps are connected laterally on
the bottom feedthrough to pump the system. This placement ensures that the
gas flow is symmetrical around the bottom electrode, largely avoiding asymmet-
rical forces on the dust cloud. A turbomolecular pump Pfeiffer HiPace 80 with a
diaphragm pre-pump is used for continuous pumping of the chamber outside of
nanoparticle operation reaching a final pressure in the order of 10−1 Pa. During
nanoparticle generation, a scroll pump Edwards 6i is used instead with a final
pressure of 3 Pa. This pump can be throttled using a butterfly valve for setting
the desired pressure while keeping gas flows constant. The pressure is measured
with a Pfeiffer Vacuum PKR 251 compact full range gauge located near the pumps
and a Pfeiffer Vacuum CMR 263 capacitive gauge located near the chamber.

The RF power is supplied by a Coaxial Power RFG300-13 power generator at
13.56 MHz connected via a matching network MMN300-13 for impedance match-
ing. A balun (balanced to unbalanced, 1:1 transformer) is used to generate two RF
voltages with 180◦ phase difference to operate the electrodes in a push-pull mode.
The centre connector of the secondary coil is grounded so that both voltages are
symmetric with respect to ground. The power was set to 5 W for all experiments.

3.4 Silicon experiments: SFB chamber with
external ccp source

After the proof of principle measurements with the Suleika chamber, the setup
was completely reworked to use the ultra-high vacuum capable SFB chamber4.
The SFB chamber is a cylindrical vessel with an inner diameter of 200 mm and
several welded-on access ports on its sides for various uses (see fig. 3.10). In
its configuration for this work, ports 5 and 6 are used for the multi-pass setup
previously described in section 3.3. The vacuum system consists of a turbomolec-
ular pump Pfeiffer HiPace 80 attached at port 4 and a rotary vane pump Pfeiffer
Duo 030A attached at port 8. While the system was never operated at ultra-high

4Short for silicon forming box, a backronym as a throwback to the rejected collaborative re-
search centre (Sonderforschungsbereich) that it was initially built for.
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Figure 3.10: Front and back view sketch of the SFB chamber with all available
ports labelled with numbers for referencing.

vacuum because of the use of Viton seals in several ISO-KF flanges for easier
configurability, base pressures of 3 · 10−5 Pa are achieved using the turbomolec-
ular pump. During experiments, only the rotary vane pump is used to prevent
nanoparticles contaminating the turbomolecular pump.

The bottom electrode is a stainless steel plate with a diameter of 142 mm and
a thickness of 10 mm mounted via a connecting piece on a large M8 threaded rod.
For experiments with a driven bottom electrode, the connecting piece is replaced
with a MACOR ceramic piece for isolation from the grounded rod and a hole for
connecting the driving voltage is placed on the electrode. This allows for another
option of using the grounded electrode together with a vertically mounted isolated
metal pin to which a direct current (DC) or RF voltage can be applied though a
electrical feedthrough at port 14. This was used to bias the plasma potential
with respect to ground in an attempt to improve the confinement capabilities of
the system. To be able to vary the electrode gap during operation, the direct
connection was replaced with a membrane bellow with a stroke of up to 80 mm.

The upper electrode is a copper coil with two windings separated from the
vacuum by a glass cylinder which powers an inductively coupled plasma (ICP).
While the coil is hollow and can be flushed with air or water cooling, the system is
operated at a relatively low maximum power of about 150 W which is sustainable
without additional cooling. The position of the upper coil and glass cylinder can
be adjusted with three spacers with a thickness of 2 × 10 mm and 1 × 30 mm.
The typical chamber setup did not use any cylinders and used a bottom electrode
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Figure 3.11: a) Cross-sectional side view schematics of the experimental setup
using an external CCP particle source. Yellow circles indicate different pressure
measurement points. The distance 𝐿 between glass tube and shutter was typically
kept at 10 mm. By using spacers, the distance 𝑧 can be chosen between 0–50 mm.
The height ℎ indicates the distance between the injection tube and the bottom
electrode. A bias voltage 𝑈B can be applied to an isolated vertical rod in the
bottom electrode. Particles are extracted through a hole in the cage using an
electrostatic extractor setup. b) Schematics of the gas setup. Numbers at the
MFCs indicate the RS485 address of the controller.
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Figure 3.12: Floating potential measurement using a Langmuir probe mounted on
a one-dimensional stage. The measurement was taken in the mid-plane between
lower and upper electrode and 𝑥 = 0 denotes the centre of the electrode. The
stainless steel mesh is located at 𝑥 = ±75 mm (shown with dotted lines). The
measurement was performed in an argon plasma at a power of 70 W in the H-
mode at a pressure of 6.2 Pa. For the third measurement, a DC bias of 12 V was
applied to the metal pin in the bottom electrode.

height of 90 mm measured from the bottom of the chamber to the top surface of
the electrode, resulting in a distance between bottom electrode and glass cylinder
of 43.2 mm.

Initially, particles could only be detected during their fly-through through the
beam path with no confinement at all. To improve the confinement properties, the
volume between upper and lower electrode was encased in a cylindrical stainless
steel mesh cage. The cage sits in a groove on a grounded connector piece mounted
on the bottom CF160 flange of the chamber. Later experiments showed that
an increased gas pressure of about 50 Pa in the secondary plasma slowed down
injected nanoparticles enough to enable confinement as well. Yet, the cage still
improved the confinement of particles further and experiments described in this
work were performed exclusively using the cage. Measurements without the cage
performed in the course of the master’s thesis of Arthur Fabritz showed that about
20 % of particles are lost in half an hour of confinement, whereas next to no losses
are seen over an hour of confinement with the cage.

The stainless steel mesh has a wire diameter of 0.1 mm and openings of a
width of 0.3 mm. The top of the cage is held in its shape by a circular stainless
steel part. Four holes are cut out of the mesh, two on opposite sides to allow the
beam of the multi-pass cell to pass through, one for the external particle injection
and one for particle extractions. One-dimensional Langmuir measurements were
performed to verify the improved electric fields for particle confinement. The
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floating potential was measured as an indicator of the electric field and showed
a significant increase of the electric field around the mesh location (see fig. 3.12).
While applying a DC bias to the plasma increases the confining field even fur-
ther, this step was not needed to confine particles and was not used during the
experiments.

An external capacitively coupled plasma (CCP) source is used for the creation
of silicon nanoparticles that are injected into the SFB chamber for further con-
trolled treatment. It was built following the work of Müller et al. [38] and Galář et
al. [39] from the collaborating Group Silicon Nanophotonics at the Czech Academy
of Sciences, describing a flow-through non-thermal plasma reactor for Si and SiC
nanoparticles used in photoluminescence experiments. The source consists of a
750 mm long glass tube with an inner diameter of 7 mm and an outer diameter of
10 mm. Two 90 mm× 50 mm copper plates are mounted as electrodes outside the
tube for a CCP with one driven and one grounded electrode operated at typical
discharge powers between 70–150 W at 13.56 MHz using a Coaxial Power RFG
300-13 with a MMN 300-13 matching network. The electrodes are surrounded by
a cage made from two perforated stainless steel sheets to limit electromagnetic ra-
diation with an opening for a large cooling fan to keep the electrode temperature
below 70 ◦C. The tube is mounted via two O-ring sealed glass tube connectors: up-
stream to the gas inlet and a capacitive pressure gauge Pfeiffer MKS 127AAX with
100 mbar range, downstream over a membrane bellow to a differential pumping
stage. Attached on the end of the glass tube is an aperture made from anodised
aluminium foil with a central hole of 2 mm diameter. This constricts the gas flow
and creates a focused nanoparticle beam. The glass tube is mounted in a system
of two x-y and two z-stages with in combination with the membrane bellow allows
for precisely adjusting the position and alignment of the particle beam onto the
injection aperture of the SFB chamber.

The differential pumping stage is used to independently set the gas pressures
in the SFB chamber and the external ccp source. It consists of a cross piece that
makes it possible to connect the pump over two flanges on its top and bottom
to create a symmetrical gas flow to keep the particle beam straight. A roots
pump Edwards EH250 with a rotary vane pre pump E2M40 is connected to the
stage and can be throttled via a butterfly valve to set the resulting pressure
independently from the chosen gas flows. A capacitive pressure gauge Pfeiffer
CMR263 with 10 mbar range is connected at a fifth flange and used for monitoring
the gas pressure. Typical pressures were around 500 Pa at the start of the glass
tube, 100 Pa at the differential pumping stage and at least 40 Pa inside the SFB
chamber during injection to create enough friction with the neutral gas to slow
down particles and facilitate confinement.

Hydrogen plays a crucial role in the creation of silicon nanoparticles. It is
produced naturally through the dissociation of silane, but can also be additionally
admixed to slow down nucleation and achieve higher crystallinity [40, 41]. To
check the effect of hydrogen etching on the inside walls of the glass tube of the
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Figure 3.13: Comparison between a used and a clean glass tube of the external
ccp source. A flow of 50 sccm H2 and 90 sccm Ar was used to create a discharge
at a pressure of 550 Pa in the external ccp at a power of 150 W. The differential
pumping stage was used to pump a large part of the exhaust, leaving a partial
pressure of 23 Pa that was injected into the SFB chamber for FTIR analysis.

Figure 3.14: Cross-sectional side view sketch of the particle shutter. The mech-
anism has multiple layers to avoid particle deposition on the sealing surfaces.
When the shutter is pushed in, first the cover (red) moves over the aperture, shut-
ting off the particle flow. Then, the plug (violet) pushes against the stop (yellow)
and is pressed down on the sealing surface.

external ccp source, comparative measurements between a used and a clean tube
were performed. While no difference could be seen on the particles produced in a
clean vs a used tube, a small silane signal can be seen in the exhaust of a pure
hydrogen discharge in the external ccp (see fig. 3.13).

A shutter connects the differential pumping stage to the SFB chamber (see
fig. 3.14). It was built into a standard CF100-CF40 adapter flange with a 6 mm
aperture in its centre that can be sealed off with a sliding mechanism. Coming
from the opened state, the slider first brings in a cover that protects the sealing
surfaces from nanoparticle contamination to then bring in the Viton seal, which is
then pressed onto the sealing surface. It is operated using a membrane bellow for
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Figure 3.15: Measured integrated absorbance between 950–1300 cm−1 of a silicon
cloud under variation of the bottom electrode height. The measurement was
performed over a period of 10 min starting from ℎ = 0 mm. Returning to the
initial height after the variation resulted in the same absorbance, confirming
that the cloud was confined well throughout the experiment.

linear movement with 3d printed parts for holding the shutter in the fully opened
or fully closed position. With the shutter in the closed position, the differential
pumping stage can be vented with atmospheric pressure creating only a slight
increase of pressure in the SFB chamber under continuous pumping. When the
shutter is closed during an experiment, pumping via the differential pumping
stage is continued to minimise leaks of ambient air into the SFB chamber.

Three gas inlets bring the necessary process gasses into the system (see
fig. 3.11b): one for the external ccp source, one for the protective argon shield-
ing of the multi-pass optics, and one positioned at port 13 of the SFB chamber
for the additional gasses. The external ccp source was operated following the
procedures given by Müller et al. [38] at a flow of 90 sccm Ar/SiH4 at a concentra-
tion of 1 %. For the protective argon shielding a typical flow of at least 10 sccm
of Ar was used. A mixing setup is connected via a switching valve to either the
SFB chamber or the external ccp source with two exchangeable gas bottles for Ar,
H2, D2, O2, and CH4. The setup further contains a mixing vessel for preparing
very low concentration mixtures of the bottled gasses that can then be used via a
separate MFC. When dilution is not needed, a bypass valve allows direct access
to the bottled gasses. To avoid the settling period when switching gas flows via
MFCs, during experiments, the gas flow was set constant on the respective MFCs
with the pumping valve directing the flow towards a separate membrane pump.
After settling on a constant flow, the pumping valve was then switched to direct
the reactive gasses into the reaction chamber without a drop in flow rate.
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The bottom electrode is mounted on a linear movement stage to allow adjusting
the electrode height during the experiment. Moving the bottom electrode up
increases the absorption measured with FTIR, reaching its maximum when the
bottom electrode touches the injection nozzle at ℎ = 0 mm (see fig. 3.15). During
measurements a height of ℎ = 35 mm is used, which places the injection nozzle
and multi-pass beam path in the mid-plane of the bottom electrode and the bottom
plate of the glass cylinder of the upper coil as shown in fig. 3.11a. While this beam
positioning includes the void which can change its size during a measurement,
it avoids artefacts from the lower edge of the cloud which can shift in reaction to
plasma parameter changes.

As the chamber walls and especially the confinement mesh regularly get coated
during treatments, they need to be considered as part of the entire plasma system.
Proper conditioning of the chamber is therefore vital for reproducibility of results.
One main coating process of the chamber walls and mesh occurs during H2 and
D2 treatments, where etching of the particles creates SiH4 which then redeposits
silicon layers on the walls. These layers can introduce a contamination to the
treatment plasma as SixHy precursors can be re-emitted from the coating layer
through ion bombardment [42]. Even further, the silicon layer can oxidise pas-
sively after venting with ambient air [43] or actively through small leaks in the
system during plasma operation [44], introducing a source of oxygen-containing
Si precursors.

A cleaning procedure is done regularly before treatments to control the influ-
ence of the walls in the holding chamber. It consists of hydrogen etching followed
by in situ particle generation using silane. The hydrogen etching is done using
40 sccm of Ar and 5 sccm of H2 with the plasma operated in H-mode at 100 W for at
least half an hour to etch contaminants off of the electrodes and the confinement
mesh. It is followed by injecting 20 sccm of Ar/SiH4(2 %) directly into the holding
chamber operated at 60 W in E-mode for at least 15 min, creating and trapping a
silicon nanoparticle cloud. These particles act as a sort of getter pump capturing
oxygen contaminations in the system. The plasma also deposits a new layer of
silicon on the walls, sealing off remaining contaminants. Figure 3.16 shows the
absorption spectra of injected particles in a chamber contaminated with D2 or
ambient air in comparison to a chamber after the cleaning procedure.

3.5 Silver-silica experiments: SFB chamber with
external GAS

Core-shell particles of organic and inorganic compounds are widely used in bio-
medicine, catalysis, electronics, drug delivery, and many more fields. They are
typically created using a wide variety of physical and chemical methods [45–48].
More recently, non-thermal plasma-based approaches have been explored, as they
can yield excellent results at much faster processing times and without the need
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Figure 3.16: Comparison of absorption spectra of silicon nanoparticles injected
into a chamber after the cleaning procedure and into contaminated chambers
after D2 and ambient air exposure. All measurements are taken 2 min after
particle injection. Absorption lines from SiD and Si O Si bonds appear in the
contaminated chamber without addition of reactive gasses. Slight oxidation still
occurs in the clean chamber but at a significantly lower rate than for the air
contaminated chamber.

for any additional chemicals like solvents [49].
For these particles, the setup described in the previous section was converted,

replacing the external ccp source with a Haberland-type GAS. This source was ex-
tensively characterised and used by Jonas Drewes during his PhD thesis [50–54]
prior to the measurements in this work. It consists of a 2-inch height-adjustable
water-cooled DC magnetron (IX2U-9A327-02 by Thin Films Consulting) that is
powered by an MDX 500 power supply by Advanced Energy. The aggregation
length was kept constant throughout the experiments at setting 5. The mag-
netron discharge was operated in power regulation mode at a power of 100 W.
The particles are guided by a feed pipe leading from the aperture of the GAS
to 10 mm in front of the 6 mm aperture of the shutter to the SFB chamber. The
buffer gas is pumped away in the differential pumping stage while minimising
nanoparticle losses over the short distance.

The SFB chamber is prepared with the same preconditioning procedure de-
scribed in the previous section. Afterwards, it is first pumped using the turbo-
molecular pump down to a pressure of 10−5 Pa to then switch to the rotary valve
pump for operation with nanoparticles. During generation, a flow of 160 sccm of
Ar was set using a MFC resulting in a pressure of about 170 Pa inside the GAS.
Similar to the silicon experiments in the previous chapter, the differential pump-
ing stage allowed controlling the pressure inside the SFB chamber separately.
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Figure 3.17: Optical emission spectrum of the ICP discharge in H-mode before and
after injection of silver nanoparticles from the GAS. Immediately after injection,
emission lines of neutral silver appear. The ICP discharge in the SFB chamber
was operated at 20 W power.

Particles were confined in the SFB chamber at a pressure of 11 Pa using an Ar
flow of 30 sccm. During the creation of a SiO2-shell, the Ar flow was reduced to
10 sccm with an additional flow of 20 sccm of 0.01 % SiH4 diluted in Ar. It is impor-
tant to keep a small Ar flow as it provides the protective gas sheet in front of the
multi-pass optics, while the reactive Ar/SiH4 mixture enters through a different
inlet.

The discharge in the SFB chamber is operated at a power of 100 W keeping
the plasma in E-mode. While the system was designed for operation in H-mode
and it can easily be achieved by adjusting the matching of the system, this leads
to an immediate dissociation of the nanoparticles seen through optical emission
lines of neutral silver shown in fig. 3.17. A similar experiment injecting silane
into the discharge shows no infrared absorption signal as long as the plasma is
in H-mode. These findings indicate that energy densities in the ICP discharge
are too high for nanoparticles to persist. To avoid the deposition of any further
contaminations on the multi-pass optics, no further experiments were performed.
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4

Synthesis and treatment of
nanoparticles

In this section, the results from three experiments are described, where different
synthesis setups are used to create carbon and silicon nanoparticles, as well as
core-shell silver-silica nanoparticles. All experiments have in common that a
holding plasma is being used to confine particles using the electrostatic forces
acting on them in the plasma environment (see section 2.2.2). This allows for very
long confinement durations in the order of hours, during which treatments can
be performed and monitored using, e.g. infrared absorption spectroscopy with a
time resolution in the range of several measurements per minute.

In the carbon nanoparticle experiments, the generation happens in situ in the
holding plasma, as is common for the type of dusty plasma laboratory experiment
that is being investigated. The second set of experiments are performed using
an external capacitively coupled plasma (CCP) setup to generate silicon nanopar-
ticles that are then injected into the holding plasma for further treatment and
monitoring. Finally, in the third experiment, a similar approach is used but re-
placing the CCP with a magnetron-based gas aggregation source (GAS). This
source is capable of creating noble metal particles, in this case silver, which are
then coated with SiO2 in a secondary step in the holding plasma.

4.1 Carbon nanoparticles
Carbon nanoparticles in dusty plasmas have been a powerful test bed for a wide
range of basic research topics investigating growth processes [1–4], wave phenom-
ena [5–7] or the influence of magnetic fields [8, 9]. As the precision of measure-
ment methods increased, the stability of particles during plasma exposure was
put in question. Previous works on both microparticles [10–13] and nanoparti-
cles [14] report a loss of particle mass over time. One possible cause of this was
theorised to be reactive sputtering through small oxygen leaks [12], as the exper-
iments are rarely performed under ultra-high vacuum conditions and often have
a considerable amount of oxygen still present in the system. Another possibility
are impinging ions from the discharge, leading to melting-like processes on the
particle surface [13, 15]. The goal in this section is to determine the source of
changes to carbon nanoparticles confined in a plasma under typical laboratory
conditions. The experiments are performed in the Suleika chamber described in
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Figure 4.1: SEM images of the extracted particle samples and resulting size
evolution for Ar, Ar/H2, and Ar/D2 treatments. The treatment was started at
𝑡 = 0 s. Error bars are calculated from measuring particle radii on overview SEM
images of 20–80 particles. Published in [17].

section 3.3 and follow procedures described by Tadsen et al. [16].
The long-term effects of different particle treatments are investigated by cre-

ating and trapping amorphous hydrogenated carbon (a-C:H) nanoparticles in the
chamber and then comparing the effects of pure argon treatment to treatments
with admixtures of hydrogen, deuterium, and oxygen. Particles are generated by
injecting 8 sccm of a mixture of 20 % acetylene (C2H2) diluted in argon into the
chamber for 90 s, resulting in a gas pressure of 22 Pa during particle synthesis.
After injection, the system rests for 2 min to let any remaining precursors fully re-
act, leading to a final pressure of 18 Pa before the start of the treatment. Samples
are extracted every 15 min using the electrostatic particle extractor (EPEX) (see
section 3.2) for ex situ scanning electron microscopy (SEM) imaging (see fig. 4.1).
Fourier-transform infrared spectroscopy (FTIR) spectra are taken for continuous
monitoring averaging over 64 scans at a resolution of 2 cm−1 every 6 s during
particle growth and over 512 scans every 50 s during the subsequent confinement
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Figure 4.2: Infrared absorption spectra adjusted for background absorption from
Rayleigh-Mie scattering. Spectra shown after 0, 1000, and 2000 s of treatment for
Ar, Ar/H2, and Ar/D2 treatment. The position of the CH4 fundamental bending
mode was marked. Published in [17].

and treatment (see fig. 4.2).

4.1.1 Argon treatment
Whereas previous publications reported a decrease in particle mass due to ar-
gon plasma exposure for both microparticles [12] and nanoparticles [14], here,
an increase in particle diameter is observed instead, indicating a corresponding
increase in particle mass. SEM images in fig. 4.1 show an increase in diameter
from about 400 nm to 600 nm over 45 min together with larger scale surface fea-
tures appearing compared to the typical cauliflower-like structure of untreated
particles.

Differentiating between sp2 and sp3-hybridised CH bonds in the infrared spec-
tra provides further insight into the processes at work. As explained in greater
detail in section 3.1.2.1, no statements can be made about the overall hybridisa-
tion state of carbon atoms, but rather only for the portion of hydrogenated CH
sites. In fig. 4.3a, in the initial 500 s of treatment, all signals show a decrease
likely due to reorganisation of the particle cloud after the initial particle forma-
tion. Afterwards, the sp3 CHx bonds generally stay constant with only sp3 CH3
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Figure 4.3: a,b,c) Time evolution of CH bond concentrations determined by decom-
position of the stretching vibrations in infrared spectra for Ar, Ar/H2, and Ar/D2
treatments shown in fig. 4.2. Absorption line intensities were converted using
calibration factors described by Ristein et al. [18]. The particle growth period is
marked in grey and the start of treatment is marked with a dotted line. d,e) The
ratio of sp2 to sp3 CH groups for different treatments with an enlarged version of
the first 100 s. Published in [17].
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bonds showing a slight increase over time. However, sp2-hybridised bonds show
a decrease over the treatment duration together with a comparable increase in
sp2 CO and OH bonds.

This suggests that oxygen is incorporated into the particle material rather
than etching and removing material from the particle. Furthermore, the de-
crease in sp2 bonds indicates that oxygen attachment primarily happens at sp2-
hybridised CH bonds, where the C O and C OH groups are then formed. The
formation of C O leads to the detachment of hydrogen, which itself can also at-
tach at sp2 C sites, leading to the observed increase in sp3 CHx bonds, or stay
trapped in unbound forms that cannot be measured via infrared spectroscopy.

During the particle generation process, the sp2 to sp3 ratio provides further
insight into the properties of the particles. Around 40 s after the start of acetylene
injection, CHx stretching vibrations start to become measurable (see fig. 4.3e).
Here, the sp2 to sp3 ratio starts at around 2 to 2.3 before dropping to about
1.7 towards the end of the particle synthesis. Kovačević et al. [19] describe sp2-
poor material being formed during the surface growth phase around an sp2-rich
core. As described in section 2.4.2 the transition to surface growth happens at a
particle size of about 10 nm. From previous measurements performed by Groth et
al. [14] under experimental conditions similar to ours, at 40 s a particle diameter
of around 200 nm would be expected, significantly larger than this transition point
described by Kovačević et al. [19].

One possible explanation for the initially high sp2 content measured in our
experiments could be annealing processes through surface heating of nanoparti-
cles, which are more efficient at smaller particle sizes (see section 2.3.3). Over
the duration of particle growth, this would lead to a decreasing sp2 content as the
particle size becomes larger and selective heating does not reach the annealing
temperature any more, leading to a decrease in the measured volume-averaged
sp2 to sp3 ratio.

A rough estimation for the involved oxygen flux can be obtained by looking at
the increase of particle volume. Assuming a constant material density for both
unoxidised and oxidised a-C:H material of 1 g cm−3, which is a typical value for
polymer-like a-C:H films [20], the volume change of the particle can be converted
into a mass change. Further assuming that this mass increase exclusively comes
from oxygen atoms incorporated into the particle material and a particle number
density of 5 · 1013 m−3 measured by Tadsen et al. [21], the flux of oxygen atoms
can be estimated to be 1 · 106 O atoms/particle/s. This is in good agreement with
the measured concentrations of sp2 CO and H-bonded O H groups, which gives
a flux of 1.3 · 105 O atoms/particle/s.

If this flux was entirely realised as collisions of neutral gas impurities with
the particles, the necessary partial pressure of impurities would be at a level of
approximately 4 · 10−4 Pa at room temperature, which is far below the base pres-
sure of the reactor of around 10−2 Pa. This difference can be partially explained
as the impurities likely stem from ambient air, which only consists to about a fifth
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of oxygen and additionally the reaction probability of each collision is lower than
100 %.

Another source of oxygen are impurities that are ionised by the plasma, such
as O +

2 , O+, H2O+ and others. As the particle charge is limited by strong electron de-
pletion due to the Havnes effect, the particles obtain about 20 elementary charges
instead of the 1600 according to the orbital motion limited (OML) model (see sec-
tion 2.2.1). Based on their Coulomb interaction, the collision rate of particles with
a diameter of 500 nm with ionised plasma impurities leads to an estimation of the
particle number density of 6 · 1012 m−3 (compared to the plasma density in the
order of 1015 m−3). It would therefore necessitate that both neutral and ionised
impurities contribute to the particle oxidation to explain the measured oxidation
rates.

4.1.2 Oxygen treatment

Infrared spectroscopy cannot distinguish between carbon bonded at the surface
versus in the bulk of the particle. The observed effects in the previous section
could both be explained by the growth of an oxide layer on the particle surface or
the diffusion of oxygen into the particle bulk. To differentiate between the two
effects, an oxygen etching treatment will be performed analysing the composition
of the particle in different depths.

The argon treatment experiment was repeated with an oxygen treatment after
10 min of confinement in an Ar plasma. The oxygen flow was set to 0.8 sccm
resulting in a partial pressure of about 2.1 Pa of oxygen. At these admixtures
significantly higher than the impurity level, oxygen does show a strong etching
effect. Immediately, absorption bands from CO2 and CO in the gas phase appear
together with a strong decrease of CHx absorption (see fig. 4.4). The particles
disappear completely after only 10 min of treatment, whereas CO2 absorption
continues afterwards. This is likely due to the oxygen plasma reacting with
carbon material on the chamber walls to continue forming CO2.

Furthermore, taking a closer look at the evolution of C O bonds reveals a very
quick drop in concentration compared to CHx bonds in the initial 20 s. Afterwards,
the concentration decreases at a slower rate than the CHx curve. This indicates
that the incorporated oxygen is located primarily on the particle’s surface and
is removed quickly during oxygen treatment. Once that oxide layer is removed,
the remaining C O bond signal likely stems from an intermediate product being
formed on the surface during the etching process. For a quantitative analysis, a
closer investigation of the competing processes C + O C O and subsequently
C O + O CO2 would be necessary, combining the FTIR findings with a chem-
ical reaction model.
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Figure 4.4: a) Infrared absorption spectra during the oxygen treatment of a-C:H
particles. Treatment starts at 𝑡 = 0 s. Regions of the stretching vibrations of
different bonds and compounds are labelled. b) Concentrations of CHx and C O
bonds determined by decomposition of stretching vibrations in the absorbance
spectrum and gaseous CO2 and CO determined by integration over the entire
vibration bands. The concentration of C O is shown twice, once scaled by a factor
of 10 and once by a factor of 100. Concentrations of CO2 and CO are scaled by a
factor of 100.
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4.1.3 Hydrogen and deuterium treatment
Treating the particles with hydrogen shows two separate effects. Firstly, the
oxidation of the particles as described above for the argon treatment with an in-
crease of sp2 CO and C OH groups is not observed any more. Instead, absorption
from water increases over the course of the treatment (see figs. 4.2b and 4.2c),
indicating that the oxygen impurities which were previously incorporated in the
particle now react with the hydrogen gas inside the plasma instead.

Secondly, absorption from CHx groups decreases significantly over the treat-
ment duration. A useful measure for the particle composition is the ratio of sp2-
versus sp3-hybridised CHx groups. While one needs to be careful with this analy-
sis, as infrared spectroscopy cannot detect unhydrogenated carbon atoms in either
hybridisation state (see section 3.1.2.1), this ratio still provides a useful tool to
observe the effects of hydrogen treatment. Insertion of hydrogen atoms into the
structure would generally increase the fraction of sp3 hybridisation. Contrarily,
the measurements in fig. 4.3d show that the ratio of sp2 to sp3 CHx groups stays
constant during the hydrogen treatment.

Another possible process would be the abstraction and subsequent reattach-
ment of hydrogen. To be capable of measuring this effect, the treatment is re-
peated using deuterium as a tracer gas. As the stretching vibration of CDx bonds
shows absorption at a different region around 2100 cm−1, the substitution of hy-
drogen by deuterium would be visible in the infrared spectrum. Yet, no such
absorption was visible during the deuterium treatment, suggesting that no deu-
terium is attached to the particle.

This leads to the conclusion that the primary process during hydrogen treat-
ment is likely the etching of carbon groups from the particle surface by atomic
hydrogen and hydrogen ions (H+, H +

2 , H +
3 ). Typical etch products of hydrogen

plasma treated a-C:H films would be CH4 and C2H4 molecules [22]. While no
C2H4 signal was measured, for the hydrogen treatments a very weak peak around
1306 cm−1 (see figs. 4.3b and 4.3c) is identified as the 𝜈4 fundamental bending
mode of the CH4 molecule [23]. As the chamber is continuously pumped during
the treatment process, any etching products are likely quickly removed from the
observed volume explaining the low signal intensity.

4.2 Silicon nanoparticles
After analysing the in situ synthesis of a-C:H nanoparticles, the focus now shifts
towards externally generated particles that are then held and treated in a sec-
ondary discharge. By separating particle generation and treatment into two
discharges, the conditions for each can be chosen freely and adjusted for the par-
ticular application as described in detail in section 3.4.

The goal of these experiments is the confinement and controlled treatment
of particles using hydrogen and deuterium as reactive gasses. Selective heating
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processes during hydrogen treatment can lead to recrystallisation of particles [24,
25] and serves as a proof of principle experiment for future treatments using
a variety of organic and organometallic precursor gasses. Both hydrogen and
deuterium show similar behaviour and reaction cross sections, but deuterium
exhibits a shift in stretching vibration frequencies of a factor of 1/

√
2 due to

the 1:2 mass ratio of H2 and D2. This makes it a suitable tracer for separating
attachment and detachment processes of groups on the particle surface.

As described in section 2.3, hydrogen has multiple pathways of interacting
with silicon nanoparticles. In small concentrations, H2 treatment can lead to
abstraction of hydrogen from the amorphous hydrogenated silicon (a-Si:H) surface
through various mechanisms [26]. In higher concentrations, sequential insertion
of hydrogen into the Si Si bonds leads to formation of higher silicon hydrides.
Once SiH4 is formed, the connection to the rest of the network is severed and we
observe etching.

FTIR spectroscopy is used to monitor the evolution of the SiH and SiD bonds
in the various possible hydride and deuteride groups. Calibration factors are
necessary to convert these integrated absorption intensities into bond concentra-
tions, as described in section 3.1.2.2. Note that the term concentration can be
misleading here, as it is referring to the concentration of bonds in an averaged
volume along the line of sight of the infrared beam rather than in the volume of
particle material. If the particle number density were to increase due to plasma
effects, the measured concentrations would increase as well even if the particle’s
properties did not change.

The measurements shown in figs. 4.5 to 4.7 were performed using 70 sccm of
argon resulting in a pressure of 26 Pa in the holding chamber. The particles are
generated using a flow of 90 sccm of Ar/SiH4(1 %) at a pressure of about 500 Pa
at the start of the glass tube and 60 Pa measured in the differential pumping
stage. The treatment gasses were pre-mixed using a system described in detail in
section 3.4. This setup was reworked between the H2 and D2 treatment measure-
ments to provide a more homogeneous mixing. While a mixture of Ar/H2(1 %) was
attempted, the actual concentration is more likely to have been around 10 %. The
deuterium measurements performed after the rework have used better-defined
mixture of Ar/D2(10 %). Both treatments used 0.1 sccm of the pre-mixed gas. Typ-
ical signal-to-noise ratios 𝐴/Δ𝐴 for the absorption spectra were around 10–30 for
the various bulk hydride peaks and about 7 for the mainly visible 2-bonded hy-
dride surface peak. For deuterides, the bulk peaks range between 𝐴/Δ𝐴 = 5–13
and around 6 for the main 2-bonded surface deuteride peak.

Despite the preconditioning procedure for the chamber, the different exper-
iments show small differences before the injection of the treatment gasses. A
variation of the silicon hydride concentration in the bulk material of around 20 %
can be seen in fig. 4.6a after particle injection. The composition of the parti-
cles also differs slightly between experiments, as can be seen in fig. 4.5, where
especially SiH and SiH4 content of the particles differs significantly before the
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Figure 4.5: Bond concentrations for different hydrides and deuterides treated
with pure argon plasma, with Ar/H2, and with Ar/D2 (coloured dots in reference
to figs. 4.6 and 4.7). For the deuterium treatment, hydrides and deuterides are
separated. Particles were injected during the period highlighted in grey. Treat-
ment is started at 𝑡 = 0 s indicated by the dotted vertical line.

start of treatment. Yet, the overall repeatability of the experimental conditions
is sufficient to be able to compare the impact of different treatment gasses.

Without additional treatment gas, a slow increase of 40 % in bulk Si sites
is seen over 15 min (cf. fig. 4.6a). Surface growth due to precursors created by
plasma interactions at the chamber walls could explain this increase in Si sites.
Another explanation would be the incorporation of hydrogen into the particle
material.

The evolution of surface bonds is helpful to differentiate between these two
explanations, as a size increase of the particle through surface growth should
result in an increase of its surface area. As any impinging precursors that could
facilitate surface growth are likely to contain hydrogen, they would be visible in
the infrared spectrum and lead to an increase of surface hydrates in the infrared
signal. If the particle was to display growth from a size 𝑟1 to a larger 𝑟2, the
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Figure 4.6: Overall concentrations of hydrogenated (or deuterated) silicon sites for
particles treated with a pure argon plasma, with Ar/H2, and with Ar/D2. Sites are
differentiated between a) the particle bulk and b) its surface. For the deuterium
treatment, measured concentrations are split into their hydride and deuterate
fractions. Particles were injected during the period highlighted in grey. Treat-
ment is started at 𝑡 = 0 s indicated by the dotted vertical line.
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change in volume Δ𝑉/𝑉 can be expressed as:

Δ𝑉 =
3
4
π
(
𝑟3

2 − 𝑟3
1

)
,

⇒1 + Δ𝑉

𝑉
=

𝑟3
2
𝑟3

1
,

⇒ 𝑟2 = 𝑟1

(
1 + Δ𝑉

𝑉

) 1
3
. (4.1)

Similarly, we can express the change Δ𝐴/𝐴 in surface area in relation to Δ𝑉/𝑉
as:

Δ𝐴 = 4π
(
𝑟2

2 − 𝑟2
1

)
,

⇒1 + Δ𝐴

𝐴
=

𝑟2
2
𝑟2

1
,

=

(
1 + Δ𝑉

𝑉

) 2
3
. (4.2)

If the measured increase in Si sites was fully created by surface growth of new
material, we would expect a volume increase ofΔ𝑉/𝑉 = 0.5, leading to an increase
of surface area of Δ𝐴/𝐴 = 0.31. This, in turn, should lead to a proportional
increase in Si sites on the surface, which we do not observe (cf. fig. 4.6b).

For H2 treatment, an even larger increase of 100 % in bulk Si sites is seen over
15 min, while the surface concentration even drops by almost 25 % in the first
2 min to then remain mainly constant. Therefore, surface growth can be ruled
out and incorporation of hydrogen into the particle is the likely explanation. This
can be seen especially in the comparison between argon and hydrogen treatments.
In the argon case, all hydrides increase in conjunction, whereas for hydrogen
treatment, 3- and 4-bonded silicon increases strongly after the start of the treat-
ment. This indicates that hydrogen is incorporated into existing bonds as well as
creating further SiH bonds from previously unhydrogenated silicon. It is unclear,
why only 2- to 4-bonded sites are showing a sudden jump when treatment starts
while SiH rises continuously.

4.2.1 Differentiation into n-bonded hydrides and
deuterides

The decomposition into the different hydrides and deuterides can be used to deter-
mine the average number of hydrogen (and/or deuterium) atoms per hydrogenated
(or deuterated) silicon atom. Note that silicon that is exclusively bonded to other
silicon atoms does not absorb in the infrared and cannot be measured in this
analysis. Therefore, fig. 4.7 only averages over at least 1-bonded silicon sites and
does not take into account the unknown concentration of 0-bonded sites. Using
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Figure 4.7: Average number of H(or D) atoms per hydrogenated (or deuterated)
silicon site shown over the duration of the treatment for a) bulk and b) surface sites.
Note that unhydrogenated sites cannot be measured in infrared spectroscopy. This
is therefore not a measurement of the absolute hydrogen content of the a-Si:H
material.

this measure, there is no significant change over the duration of the hydrogen
treatment. The average number 𝑥 of hydrogen (and/or deuterium) atoms per
hydrogenated (or deuterated) silicon site is almost constant starting at 𝑥 = 1.8
and ending at 𝑥 = 2.0. Newly created 3- and 4-bonded silicon sites are counter-
balanced by the generation of 1- and 2-bonded sites.

Finally, looking at the deuterium treatment results provides further insights
into the treatment process. First note that the measurement of Si sites shown
in fig. 4.6 can be misleading for partial deuteration. For example for a SiH3
group, the measured SiH bond concentration is divided by 3 to result in the Si
site concentration. If that group gets partially deuterated into a SiH2D group,
the division by 3 will result in a seemingly lower Si site concentration, as one-
thirds of that concentration are now attributed to deuterides instead. Only the
sum of concentrations from hydrogenated and deuterated sites will give the true
3-bonded Si site concentration.
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The concentrations in fig. 4.6 show a strong initial decrease by 30 nmol L−1 in
hydride concentration in the first 90 s coinciding with an increase by the same
amount in deuterides. In the remaining treatment period, the hydride concentra-
tion stays constant while the deuteride concentration increases further, leading
to the overall silicon concentration resembling the curve of pure argon treatment.
The average number of hydrogen (and/or deuterium) atoms per hydrogenated (or
deuterated) Si site in the particle bulk increases by 0.4 compared to 0.2 in the
case of pure argon and Ar/H2 treatment. The deuterium treatment mainly creates
new 3- and 4-bonded deuterides in the particle bulk. Given that before the treat-
ment, SiH2 was the dominant species in the bulk material, it seems likely that
deuterium is preferentially inserted at these sites to create SiH2D. After about
1 min, 4-bonded silicon species concentrations (likely SiH2D2 and SiH3D) appear,
similar to the case of hydrogen treatment. These are likely to be interstitially
trapped molecules inside the bulk material.

On the particle surface, different interactions are seen. Here, the average
number 𝑥 stays constant at around 𝑥 ≈ 1.8. The dominant surface deuteride is
2-bonded silicon, i.e. SiHD or SiD2, followed by SiD. This indicates that on the
surface, hydrogen preferably is substituted for deuterium, whereas it preferably
is inserted in the bulk material instead.

4.2.2 Estimation of total silicon site concentration
While pure Si Si4 sites cannot be measured in the infrared, the expected initial
hydride concentration can be used to estimate an initial pure silicon site con-
centration. The atomic concentration of hydrogen can be calculated from the
individual SiHk signals measured with infrared spectroscopy, as each Si H bond
absorbs separately:

𝑐H =

4∑︁
𝑘=1

𝑐SiHk . (4.3)

A similar calculation can be performed for the atomic concentration of silicon,
taking into account the number of hydrogen present at each n-bonded hydride:

𝑐Si = 𝑐Si,0 +
4∑︁

𝑘=1

𝑐SiHk

𝑘
, (4.4)

where 𝑐Si,0 is the initial unhydrogenated silicon concentration. This concentration
can be calculated by assuming an initial hydrogen fraction 𝑓 of the particle:

𝑓 =
𝑐H

𝑐H + 𝑐Si
=

∑4
𝑘=1 𝑐SiHk∑4

𝑘=1
(
1 + 1

𝑘

)
𝑐SiHk + 𝑐Si,0

,

⇒𝑐Si,0 =

4∑︁
𝑘=1

𝑐SiHk

(
1
𝑓
− 1 − 1

𝑘

)
. (4.5)
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Figure 4.8: Average number of H(D) atoms per silicon site shown over the duration
of the treatment for a) bulk and b) surface species. Unhydrogenated sites were
estimated with an initial hydrogen fraction of 𝑓 = 30 % at 𝑡 = −45 s.

As we have ruled out particle growth during the treatment period, any newly
appearing SiH must come from hydrogenation of previously pure Si Si4 sites.
Therefore, we can – as a first approximation – assume the concentration of silicon
atoms to decrease through generation of new SiH bonds, i.e. 𝑐Si = 𝑐Si,0 − (𝑐SiH −
𝑐SiH,0), where 𝑐SiH,0 is the initial SiH concentration. This ignores any hydrogena-
tion (or deuteration) of already present SiH bonds and therefore overestimates
the silicon concentration.

Using this correction and assuming an initial hydrogen fraction of 30 % at
𝑡 = −45 s, we obtain fig. 4.8. While the argon and Ar/H2 treatments seemingly
resulted in the same curves in fig. 4.7, applying the correction there is a clear
separation between them. The argon treatment still shows an increase in average
bulk hydrogen atoms per silicon atom, but both Ar/H2 and Ar/D2 treatments lead
to a significantly steeper increase.
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4.3 Silver-silica core-shell nanoparticles
The central piece of the project is a collaboration with the Chair for Multicom-
ponent Materials of Prof. Faupel at the Faculty of Engineering. The goal is
to combine their knowledge about gas aggregation source (GAS) for the genera-
tion of noble metal – in particular silver – nanoparticles and their measurement
using localised surface plasmon resonance (LSPR) with our expertise in the treat-
ment of particles and monitoring using infrared spectroscopy to create core-shell
Ag@SiO2 nanoparticles in a precisely controlled process. The collaboration has
yielded a very promising first step towards self-organised three-dimensional net-
works of isolated silver nanoparticles which have highly relevant applications for
neuromorphic computing [27–31].

Networks of silver particles in an insulating matrix can show memristive be-
haviour, as a network at the percolating threshold form enough bridging connec-
tion to lead to a drastic increase in conductivity [31]. The core-shell nanoparticles
created in this work present the opportunity to include the insulating matrix
directly with the nanoparticles themselves and allow for significantly higher par-
ticle densities as well as highly three-dimensional network structures. The silica
shells isolate the particles to create a non-conductive network at first. By apply-
ing a voltage, the network can display memristive behaviour as the mobile silver
atoms form reversible filaments in the network structure.

This section presents the results achieved with a setup combining the SFB
chamber as a treatment plasma with the external generation of Ag nanoparti-
cles in the GAS as described in section 3.5. First, the long-term confinement
of Ag nanoparticles is demonstrated using LSPR. Then, in situ coating is per-
formed to create Ag@SiO2 core-shell nanoparticles monitored using both LSPR
and infrared spectroscopy. The findings are confirmed using ex situ transmission
electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX) analy-
sis. Finally, the possibility of multi-step nanofabrication of tailored nanoparticles
is demonstrated with an etching experiment using a hydrogen plasma.

4.3.1 Long-term confinement
Analysing the LSPR response provides insight into the changes especially on
the particle surface, where it is particularly sensitive to changes in dielectric
properties of the material surrounding the plasmonically active core. Figure 4.9
shows the results for long-term confinement of pure silver nanoparticles in an
argon plasma. The particles exhibit an initial redshift of the main resonance peak
of about 9 nm in the first 10 min, staying constant afterwards for the remaining
treatment duration. A redshift can be caused by an increase in size of the particles
or a change of their surrounding dielectric. As there are no sources of silver in
the holding plasma, a size increase of the cores would come from agglomeration.
Particles in the holding plasma are charged by the plasma environment and
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Figure 4.9: LSPR measurements of silver nanoparticles injected at 𝑡 = 0 s for 60 s
followed by 1 h of confinement in a pure argon plasma at 11 Pa and 100 W CCP
power. a) In situ ultraviolet-visible (UV-Vis) absorption spectra for 7 different
times during the particle injection. Plasma emission lines are removed from the
spectra. b) Result of the analysis of absorption spectra during the entire exper-
iment duration. The left axis shows the absolute height of the main absorption
peak, while the right axis shows its position. Published in [32].

repulse each other, making agglomeration less likely. Further investigation of
the possibility of agglomeration will be presented in section 4.3.3 with results
from TEM imaging.

It is more likely that trace amounts of oxygen in the treatment plasma lead
to oxidation of the particle surface, creating a new surrounding dielectric with a
permittivity 𝜖𝑟 > 1 inducing a redshift and a slight size reduction of the plasmon-
ically active cores, which would generally result in a blueshift. Yet, for particles
smaller than 20 nm, the plasmonic resonance frequency does only depend very
weakly on particle size [33].

The maximum absorption intensity of the main peak increases significantly to
80 % of the total incident light during the injection period, indicating a very high
particle density in the holding plasma compared to previously performed in-flight
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measurements at the GAS by Drewes et al. [34]. It is followed by a small decrease
of about 5 % in the first 4 min staying constant afterwards for the remaining
treatment duration. This indicates a very good confinement of the particles in
the holding plasma with no significant losses over the 1 h confinement period.

Finally, the shape of the absorption peak shown in fig. 4.9a exhibits a shoulder
towards higher wavelengths. It becomes more pronounced with longer injection
time and likely stems from an increase of plasmonic coupling between particles.
Assuming an average particle size of 20 nm and the resulting LSPR cross section
for silver particles [33] of 𝜎LSPR = 2 · 103 nm2, the UV-Vis absorption strength
can be used to estimate the particle number density to be 𝑛d ≈ 1015 m−3. This
value is in the same order of magnitude as the typical plasma densities in the
used laboratory plasmas, indicating that we are in a regime of strong electron
depletion. As described in section 2.2.1, particles are not charging up to their
theoretical capacitive limit determined by OML theory, but can only achieve a few
elementary charges that are subject to stochastic fluctuations. This means that
while the average inter-particle spacing at those particle densities according to
the Wigner-Seitz radius 𝑟WS = (𝑛d · 4π/3)−1/3 is about 10 µm, the weak repulsive
forces lead to a much wider spacing distribution, where particles could come
close enough for plasmonic coupling to occur. The following experiments were
performed at a reduced injection time of 10 s aiming for lower particle densities
and largely avoiding plasmonic coupling.

4.3.2 In situ coating and diagnostics
One goal of this joint project with the Faculty of Engineering was to create core-
shell nanoparticles for memristive applications. Ag@SiO2 particles were chosen
as a prime candidate for a proof of concept that could later be expanded upon. The
process uses the holding plasma to coat the silver particles by injecting silane.
This is done in a very low concentration of 20 sccm of Ar/SiH4(0.01 %) to not induce
independent silicon particle growth, but rather have surface growth of a silicon
layer on top of the silver particles. Given the leaks present in the system mainly
through the rudimentary load lock system, oxygen is available in large enough
quantities to create a SiO2 coating.

Figures 4.10a and 4.10b show the results of such a coating treatment. Four
experiments were performed with treatment durations of 1, 3, 5, and 10 min
aiming to control the coating thickness. The main LSPR peak shows an overall
increase in absorption intensity from 35 % to 52 % as well as a redshift from
355 nm to 385 nm over 10 min. Both of these effects are in good agreement with
literature [35–37].

The time evolution of the main LSPR peak position shows a very reproducible
behaviour, where each experiment lies on the same curve, only differentiated by
the end of treatment duration after which the peak position stays constant. The
resonance exhibits a strong redshift in comparison to the untreated case, which is
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Figure 4.10: Results of coating treatment with silane starting at 𝑡 = 0 s. a) UV-Vis
absorption spectra over 10 min of coating. Plasma emission lines were removed.
b) Time evolution of the LSPR peak position for four different treatment durations.
c) FTIR absorption spectra over 10 min of coating. Inset shows the decomposition
into the four constituting Si O Si asymmetric stretching modes and their sum
of fits. d) Time evolution of the integrated absorption intensity on the left axis,
and the resulting Si O Si concentration in the plasma volume on the right axis.
Published in [32].

in agreement with the growth of a dielectric coating on the particle surface. The
redshift is stronger in the beginning of the treatment as the LSPR is especially
sensitive to changes on the surface of the plasmonically active core. Since the local
electromagnetic field only extends a limited distance from the silver core to the
surrounding coating, the dependence of the redshift on the coating thickness is
non-linear and further modelling work would be necessary to describe this effect
in more detail.

Over the treatment duration, a shoulder appears again as a result of plasmonic
coupling as described in the previous section. One explanation could be that the
addition of silane as an electronegative gas lowers the free electron density in the
dusty plasma even further [38]. This would lead to a further decrease in average
particle charge and allow for more coupling to occur.

Infrared spectroscopy provides further insight into the mechanics of the sur-
face growth (see figs. 4.10c and 4.10d). Using the total integrated absorption
intensity of the Si O Si asymmetric stretching vibration in the region between
950–1300 cm−1, the concentration of Si O Si bonds can be determined [39, 40].
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Figure 4.11: Total concentration of Si O Si bonds in the plasma volume deter-
mined through the decomposition of infrared spectra. Two separate linear func-
tions were fitted to the data between 0–150 s and the remainder of the treatment
duration, giving growth rates of 0.23 and 0.17 µmol L−1 s−1. Published in [32].

The reproducibility of results is similarly good as in the experiments using UV-
Vis spectroscopy. Only the first performed experiment with a coating duration
of 5 min shows a delayed onset of coating. This is likely due to the chamber be-
ing cleaned using an Ar/O2 plasma prior to the first experiments, leaving the
walls of the chamber conditioned differently than in the following coatings (see
preconditioning of the chamber described in section 3.4).

While the curves of Si O Si concentration look linear at first glance, a closer
look at the results from the 10 min coating treatment shown in fig. 4.11 reveals two
growth rates. In the initial 150 s, a rate of 0.23 µmol L−1 s−1 is measured, followed
by a slightly slower phase with a rate of 0.17 µmol L−1 s−1 for the remainder of
the coating process. This is an indication of inhomogeneous growth that will also
be seen in TEM images in the next section.

Finally, the long-term effects of plasma exposure on coated particles are inves-
tigated by applying 90 s of coating, followed by an hour of argon plasma exposure
at 100 W (see fig. 4.12). After coating, the Si O Si concentration slowly increases
in the first 500 s of treatment, indicating some further growth likely due to resid-
ual precursors being used up. Afterwards, the concentration remains constant
for the remainder of the hour-long treatment. Ex situ TEM images described in
the next section confirm that no changes to the coating can be seen (see fig. 4.15).

4.3.3 Ex situ analysis
Particles from the coating experiments were analysed using transmission electron
microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX) on samples
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Figure 4.12: Total concentration of Si O Si bonds in the plasma volume during
long-term argon treatment of SiO2-coated silver particles. The particles were
generated in the GAS and then coated using silane in the first 90 s marked in
grey. Published in [32].

extracted using the electrostatic extractor described in section 3.2 with the aim to
provide a ground truth for the results from in situ analysis. Figures 4.13a to 4.13d
show TEM micrographs of the extracted samples for different coating durations.
Coatings up to 5 min do not appear to be homogeneous, but rather display island
growth with single segregated regions of SiO2 on the particle surface. At 1 min,
many particles are uncoated with the rest displaying islands of coating. The
samples at 3 and 5 min show some particles with complete coatings mixed with
others with inhomogeneous patches of coating. After 10 min, all particles are
homogeneously coated with a coating thickness of around 6 nm. This growth
behaviour is shown schematically in figs. 4.13e to 4.13h.

These observations support the findings from infrared spectroscopy, where
the initial 150 s display a higher growth rate than the remainder of the treatment
duration. It is likely that the mechanisms of initial island growth differ from
surface growth later and the change in growth rate indicates the closure of the
previously inhomogeneous coating. There are several possible explanations for the
initial inhomogeneity. One option would be different reaction cross sections for the
primary attachment of SiO2 on the Ag surface and the surface growth on top of a
Si layer. This would lead to different growth mechanisms becoming energetically
favourable at different stages of coating and cause the initial inhomogeneous
growth.

As the setup is capable of very long confinement times, well-defined homo-
geneous coatings are possible through extending the treatment duration and
lowering silane concentrations. Further investigations into changing plasma
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Figure 4.13: High-angle annular dark-field (HAADF) scanning transmission elec-
tron microscopy (STEM) micrographs for samples of silver particles coated with
SiO2 for different durations. It can be seen that the particles are not homoge-
neously coated for 1 to 5 min (a-c). After 10 min the coating is homogeneous (d).
The growth process of the SiO2 coating is shown schematically (e-h). Additionally,
EDX maps were recorded for a sample with a coating time of 10 min, which show
that particles have an Ag core with an SiOx shell (i-l). Published in [32].
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Figure 4.14: SEM image of Ag particles coated for 3 min with silane and extracted
onto a silicon wafer. Particles appear to be agglomerated. It is unclear, whether
agglomeration happens during the extraction process or already during confine-
ment in the holding plasma. Published in [32].

parameters – the plasma power in particular – seem fruitful, as lower energy den-
sities also can lead to more homogeneous growth. First experiments performed in
the course of the master’s thesis of Florian Ziegler [41] showed that powers of 40
and 60 W lead to more homogeneous coverings even at short coating durations.

While the particles on the TEM micrographs are agglomerated, it is unclear
whether this happened during the confinement in the plasma, during the extrac-
tion process, or while scratching off the particles off of the silicon wafer onto TEM
grids. Especially the latter procedure is known to create particle agglomerates,
yet agglomerates were also seen in SEM images taken before scratching off shown
in fig. 4.14. Together with the increasing shoulder towards higher wavelengths in
the LSPR measurements this suggests that agglomeration might already occur
in the holding plasma. Yet, further investigations are necessary to determine
the exact cause. In case agglomeration happens in the holding plasma, reduc-
ing the number of injected particles or increasing the plasma density might lead
to stronger charged particles, thereby limiting particle collisions and inhibiting
agglomeration.

To investigate the effects of plasma exposure, a further sample is taken of the
silver particles coated for 90 s with silane and then treated with argon for 1 h
that were described in the previous section and shown in fig. 4.12. No significant
damage or changes to the particles or coating can be seen comparing the two
TEM micrographs shown in fig. 4.15. This shows that the plasma can be used for
confinement without inducing further changes to the particles.

Finally, EDX measurements were performed to determine the composition of
the coating material. Figures 4.13i to 4.13l shows a STEM HAADF micrograph
and corresponding elemental EDX maps. The silver core and surrounding shell
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Figure 4.15: TEM images of particles with 90 s of silicon coating using silane. a)
Extracted immediately after coating. b) Extracted after an hour of argon plasma
treatment after coating. No significant effect of the treatment can be seen. Pub-
lished in [32].
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Figure 4.16: Atomic concentration of silicon measured with EDX during TEM
imaging for extracted particles with different coating durations. Ten different
areas of the TEM grid were used for statistical analysis. Only silver and silicon was
taken into account to minimise the influence of further oxidation after extraction
as well as the background carbon support of the TEM grid. Published in [32].
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Figure 4.17: Combined coating and etching experiment with SiO2-coated Ag parti-
cles. Particles were injected into the holding plasma, coated for 200 s using silane,
and subsequently etched adding H2 to the Ar plasma (both treatments marked in
grey). This procedure was measured both using UV-Vis spectroscopy (main peak
position marked on right axis) and infrared spectroscopy (Si O Si concentration
marked on left axis). Published in [32].

consisting of silicon and oxygen are well visible and no further atoms were found
in the EDX signal. The exact stoichiometry of the SiOx coating could not be
determined, as the particles were subjected to ambient air during transport to
the TEM and are likely to be fully oxidised. Therefore only atomic concentrations
of Ag and Si were determined as shown in fig. 4.16. The concentration of silicon
increases stronger between 0 and 3 min of coating in comparison to the period
between 3 and 10 min once again in agreement with findings from FTIR described
above, where two different growth rates were found.

4.3.4 In situ monitored etching experiment

Finally, as a proof of concept of the versatility of the setup, an etching experiment
has been performed where particles are first injected and coated with a SiO2
layer for 200 s, to then in a second step be etched using an Ar/H2 plasma. The
experiment is performed twice, once monitored using UV-Vis and once using
infrared spectroscopy. A significant redshift can be seen in the position of the
main LSPR peak during the coating treatment with 20 sccm of SiH4 (0.01 % in
Ar) as described previously. Similarly, the infrared absorption shows a linear
increase of Si O Si bonds during the coating indicating the linear growth of a
SiO2 coating on the particle surface.

When the silane flow is stopped at 𝑡 = 200 s, the measured concentration via
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infrared absorption stays mostly constant, while the LSPR peak shows a continu-
ing redshift albeit at a slower rate than before. It is unclear, why this is the case.
One possible explanation would be the H2-continuous emission background in the
region in the range of 160–500 nm. The silane treatment introduces hydrogen to
the holding plasma, which is then slowly removed through pumping after the end
of treatment. As the analysis only tracks the position of maximal absorption of
the LSPR peak, the tail of the H2-continuum towards longer wavelengths would
appear to blueshift the LSPR peak due to the addition of both features. This
would lead the peak position to be slightly underestimated during the coating
treatment and then slowly return to its actual position after its end, affecting the
analysis as an apparent redshift.

At 𝑡 = 250 s hydrogen is added to the holding plasma with a flow of 1 sccm
(compared to the 2 · 10−3 sccm partial flow of silane during coating). This induces
strong etching seen in both a strong blueshift of the LSPR peak and a decrease of
Si O Si concentration in the infrared spectrum. The etching rate as measured
by both methods is decreasing in rate over time, likely indicating a shrinking
surface area of etchable material.

After turning off the hydrogen flow at 𝑡 = 500 s, the Si O Si concentration
stays constant, while the LSPR peak once again shows a redshift. The redshift
is pronounced more strongly here compared to the end of silane treatment. This
reinforces the explanation of a decreasing H2-continuum as the hydrogen amount
in the system is much higher during hydrogen treatment, creating a stronger
continuum background.

Other possible factors explaining the LSPR redshift are its dependency on
various particle properties. Whereas the infrared absorption solely measures the
amount of Si O Si bonds present in the volume, the LSPR is also influenced
by the particle’s charge [42] and temperature [43]. A change in gas composition
especially with electronegative gasses such as SiH4 or H2 can significantly affect
the electron density and temperature in the plasma which determines particle
charge. Furthermore, it also affects processes such as selective heating through
recombination of ions or hydrogen atoms on the particle surface [44]. Additional
plasma diagnostics would be necessary to monitor these effects to be able to
analyse the LSPR spectrum in further detail through modelling of the particle
and its coating.
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5

Summary and conclusions

This work has presented various methods of using plasma systems to synthesise,
confine, and manipulate nanoparticles with precise control and continuous mon-
itoring with in situ diagnostics using Fourier-transform infrared spectroscopy
(FTIR) and localised surface plasmon resonance (LSPR). In contrast to classic
in-flight treatments [1–3], where particles are slowed down to achieve residence
times in the order of seconds, it was demonstrated how using a secondary plasma
enables confinement durations of up to an hour without any significant losses of
nanoparticles. These time scales allow for a precisely controlled treatment of the
particles, which makes it possible to create specifically tailored nanoparticles in
complex processes.

First, the Suleika Nano plasma system typically used in dusty plasma exper-
iments was investigated to determine the cause of changes to the particle mass
during confinement. The amorphous hydrogenated carbon (a-C:H) particles with
diameters of around 500 nm were found to exhibit a growth in size in the used
configuration without the addition of any reactive gasses. This was traced back to
small leaks in the system, which is only capable of fine to high vacuum conditions.
Under argon plasma treatment, traces of oxygen were incorporated into the ma-
terial, leading to the observed size increase. Admixing oxygen in high amounts
lead to the expected etching of the particles instead. Experiments with hydrogen
and deuterium showed only etching processes without chemical changes to the
material.

Furthermore, amorphous hydrogenated silicon (a-Si:H) nanoparticles were
synthesised in an external capacitively coupled plasma (CCP) source with a sec-
ondary plasma for confinement and treatment. Contrary to the experiments with
carbon nanoparticles, hydrogen treatment of silicon nanoparticles has shown
addition and substitution reactions to occur. This was shown via the use of deu-
terium as a tracer. An investigation using FTIR has shown incorporation of deu-
terium into both surface and bulk material. While deuterium mainly attached
to existing bonds in the bulk material, a substitution of hydrogen for deuterium
was seen on the surface.

Finally, in collaboration with the Chair for Multicomponent Materials of Prof.
Faupel at the Faculty of Engineering, a combined setup of a Haberland-type
gas aggregation source (GAS) with our secondary treatment plasma was used
to generate silver-silica core-shell nanoparticles. The produced nanoparticles
showed a homogeneous shell with a thickness of up to 6 nm, which is beyond the
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capabilities of typical in-flight treatment setups. These core-shell nanoparticles
show very promising properties for applications in neuromorphic computing [4–8].
Furthermore, as a proof of principle of multi-step processes a silver nanoparticle
was first coated with silica to then etch part of the coating by admixing hydrogen.
This demonstrated the wide range of possibilities for fabricating nanoparticles
with several shell layers, surface functionalisations, or even gradual changes in
composition.

Conclusions

The combination of a GAS and a secondary treatment plasma discharge
opens the door for the fabrication of specifically tailored nanoparticles
with complex composition.
The separation of particle synthesis and particle treatment into two separate sys-
tems allows for very flexible fabrication processes. This was demonstrated in the
combination of a GAS for the generation of metal nanoparticles and a secondary
inductively coupled plasma (ICP) discharge operated in E-mode for subsequent
treatment. Acting as a proof of concept, Ag@SiO2 core-shell nanoparticles were
generated with shell thicknesses of up to 6 nm beyond the capabilities of in-flight
treatment setups. As an outlook, an etching experiment was performed demon-
strating of the possibilities of multi-step processes. Particles with multiple shells
or even gradual changes in shell composition by changing the reactive gasses
during the coating treatment are achievable as a result of this work.

In situ FTIR allows precise monitoring of treatment processes of
nanoparticles.
FTIR was used to monitor the plasma treatment process. The concentration of
specific chemical bonds was measured with a time resolution of one measurement
every 6–30 s. For silicon nanoparticles, distinguishing between surface and bulk
bonds was possible and gave insight into the reaction pathways of hydrogen with
carbon and silicon nanoparticles.

FTIR and LSPR are complementary in situ diagnostics for monitoring
the treatment of metallic nanoparticles.
Pure silver does not absorb infrared radiation and most silver compounds absorb
in the far-infrared region below 600 cm−1 inaccessible to our setup. This makes
the LSPR a strong tool for detecting small changes on the particle surface. It is
particularly sensitive for the immediate surrounding of the plasmonically active
silver core and can detect the initial changes during a coating treatment. For
thicker coatings of tens of nanometres, infrared spectroscopy becomes advanta-
geous as the plasmonic excitation cannot penetrate deeper in to the coating.
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The mass changes of a-C:H micro- and nanoparticles in typical dusty
plasma experiments can be traced back to oxygen impurities.
The Suleika Nano chamber, as a prototypical dusty plasma experiment setup, is
only capable of reaching a final pressure of 10−1 Pa in the fine to high vacuum
regime due to small leaks of ambient air. This oxygen from ambient air was
determined as the key reactive species leading to an increase in particle size for
the investigated parameters. Addition of hydrogen captures free oxygen in the
system and inhibits attachment, but in turn leads to etching of the particles.

The treatment of a-C:H nanoparticles with hydrogen is solely an etching
reaction without substitution.
Experiments comparing hydrogen and deuterium treatment both showed a de-
crease in particle size. Infrared spectroscopy of the deuterium treatment only
showed an overall decrease in CHx bonds without the creation of new CD bonds
at any point. This indicates that the hydrogen treatment solely leads to etching
of the particle material without the addition of hydrogen into its structure.

The treatment of a-Si:H nanoparticles with hydrogen shows addition in
the bulk material and substitution on the surface.
Similar experiments performed for silicon nanoparticles showed an incorporation
of deuterium into the particle material. The bulk material showed the addition
of deuterium into the existing bonds, e.g. leading from SiH2 to the formation
of SiH2D. On the surface, deuterium replaced existing hydrogen bonds instead
lowering the overall hydrogen content. Preferential formation of the 2-bonded
deuterides SiHD and SiD2 was seen.

The operation of an ICP discharge in H-mode creates conditions that
disintegrate nanoparticles.
Experiments performed both with silver and with silicon nanoparticles showed
that no absorption signal was seen when switching the ICP discharge into H-
mode. For silver particles, optical emission lines from atomic silver were seen. It
is likely that the thermal conditions created by the increased plasma density lead
to the disintegration of the nanoparticles.

The implementation of a stainless steel cage around the plasma volume
improves the confinement properties.
To improve the confinement of nanoparticles, the plasma volume was surrounded
by a stainless steel cage. This increased the electric fields responsible for par-
ticle confinement and improved the slow down of injected nanoparticles. Later
experiments showed that without the implementation of the cage, about 20 % of
particles are lost over 30 min of confinement.
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B

Assorted bits of know-how

“It’s dangerous to go alone! Take this.”
(Unnamed old man in The Legend of

Zelda)

This section contains the bits and pieces of knowledge gathered over four years
of work. It is mainly aimed to help the poor soul who will continue working on
this monstrous machinery of ambition and despair that keeps growing two new
heads Swagelok valves for each one you chop down.

Terminology
In FTIR spectroscopy, the mirror velocity is often given not in cm s−1 but rather
kHz. This stems from the fact that the mirror speed is measured by sending a
secondary laser beam through the two-beam interferometer and measuring the
mirror travel by the sequence of constructive and destructive interference of the
beam, measured in kHz.

In the literature, the term deconvolution is often found for describing the pro-
cess of splitting the absorption curve into its constituting absorption peaks. One
pit fall is the fact, that the corresponding verb is not deconvolute but rather de-
convolve similar to revolution–revolve. The second and greater problem is that
this is a misleading term and has nothing to do with the mathematical opera-
tion of a convolution. In my publications, I have therefore preferred the term
decomposition, which more clearly and correctly describes the process.

Calibration
The red laser light that is visible as path of the infrared beam comes from an
internal laser that is decoupled at a beam splitter after passing the Michelson
interferometer. It measures the mirror speed by counting the number of passed
intensity maxima of the monochromatic red beam and is measured using a 4-
field detector for auto-correcting the beam path. The position of the red light in
relationship to the infrared beam is not constant and moves whenever the FTIR
automatically adjusts its focusing.

Do only use the red spot for coarse calibrations and then go over to the more
tedious but precise calibration using the infrared beam itself, measuring it with
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an infrared camera. If necessary, enter LSR=0 into the direct command interface
of the FTIR (accessible via the Internet Explorer / web interface of the FTIR) to
turn off the red laser. Turn the laser back on using LSR=1. Make sure the long
wave pass filter is not in, i.e. the filter option is set to “open”, as the infrared
camera can only measure in the near-infrared region. Setting the aperture to
large diameters can help locate the beam with the camera, but shows significant
divergence when looking at the focus point with the focal point increasing from a
small spot of a few millimetres at an aperture of 0.25 mm to a large spot of about
2 cm diameter with an aperture of 1.5 mm.

OPUS Software
You need to know that the OPUS software has some annoying bugs. When loading
settings, check:

• Sample and Reference: Right Exit

• Mirror Velocity: 200 kHz

• Opt. Filter: Filter 4

• Aperture: 1.5 mm

• Detector: LN-MCT (Default address)

When you start a measurement, these can actually be reset to what was set
previously, even if you have explicitly reset them before the measurement. If they
do, reselect all of these settings again and again until your amplitude is at what
you expect (20 passes: ≈ 430).

NIST Database
Make sure to have a look at the original spectrum file for infrared spectra. Some-
times there are hand-written notes on the actual piece of paper the data was
recorded on.

Silane laboratory
The sensors in the silane lab to detect leaks of silane can be tripped by methane
as well, as the sensors have cross-sensibility. Opening the windows to create a
draught is enough to prevent an alarm while changing methane bottles on the
experiment.
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