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Chapter 1

Introduction

1.1 CRC1316 “Transient atmospheric plasmas - from

plasmas to liquids to solids"

In plasma assisted catalysis a material with catalytic properties is combined
and often brought in contact with a gaseous discharge. This combination can
trigger synergisms and generate outcomes that would not be possible with
the single components separately. Concerning the discharge types, the fo-
cus has shifted towards non-thermal atmospheric pressure plasmas, taking
advantage of the non-equilibrium character of different plasma sources. The
non-equilibrium character can be controlled and adjusted by many different
parameters, such as large gas flows, short pulsed plasma sources or mixed fre-
quency excitation. This assures strong cooling mechanisms and varies, for ex-
ample, the exciting electric fields to generate a variety of kinetic mechanisms
and desired plasma chemistry. The non-thermal character of these sources,
makes them ideal devices for any application of thermal sensitive samples,
such as biological systems. To establish the commercial use of those sources
for certain applications, fundamental knowledge and understanding of the
discharges is crucial. Furthermore, the transport and the subsequent interac-
tion with liquid or solid targets needs to be investigated in detail. From this,
fundamental questions arise, such as chemical non-equlibirium routes of new
materials, the energy occurrence and species transfer on the ns timescale and
many more. Answering these questions is extremely challenging since the
discharges operate in atmospheric pressures, e.g., due to the small dimen-
sions of the discharges and the accessibility via laser diagnostics. The plasma
chemistry in those discharges is very complex, due to strong and fast quench-
ing mechanisms of the excited species. There are many more complexities



2 Chapter 1. Introduction

reactive species from jet M
(N, O, NO, CO, H,0,...) Medss
AR

3

dege *

surface structures induced
by laser irradiation

Figure 1.1. General geometry for the setup of the experiments within

the subproject B2 within the CRC1316. This setup is used to investigate

the simultaneous interaction between plasma generated reactive species
and laser induced surface structures.

solid sample

and questions to be answered to be able to control and tailor these discharges
for surface applications. In this context a Collaborative Research Center was
founded, namely the CRC1316 “Transient atmospheric plasmas - from plas-
mas to liquids to solids”. Clarifying and answering the afore mentioned ques-
tions is the CRC’s mission.

This thesis is part of a subproject of the CRC, namely the B2. This subproject in
particular, deals with the simultaneous interaction of a laser beam, inducing
surface modifications and reactive species that are generated in a plasma-jet
and subsequently transported to the surface. These interactions might lead
to synergisms at the surface interaction region, enhancing the catalytic activ-
ity. A sketch of the schematic geometry, to investigate this topic is shown in

tigure 1.1.

1.2 Motivation

Although many people are not familiar with the term plasma in a physical
context, almost every person is dealing with objects in their everyday life
that consist of components which have been plasma processed during their
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manufacturing cycle. The plasma source that is applied for the various appli-
cations can vary in numerous plasma parameters, such as pressure, tempera-
ture, density of various species and many more. One of the common classifi-
cation parameter is the operating pressure that can range from p ~ 1 mbar for

low pressure plasmas up to several hundred bars in high pressure discharges.

Among all different discharge types, atmospheric pressure plasma jets (AP-
PJs) have gained significant attention over the last decades. This is owed to
their unique physical properties and their technical simplicity as e.g., no need
for complex vacuum systems as compared to the low pressure counterparts.
Their strong non-equilibrium character offers the possibility of creating hot
electrons and therefore complex chemical kinetics in the plasma bulk, where
a cocktail of reactive species is formed (ions, electrons, excited (metastable)
species, radicals or neutral molecules). These reactive species are eventually
transported into the effluent with the feed gas flow, leading to many chem-
ical reactive species with a narrow directed flow. While the electrons are ef-
fectively heated, the heavy species (that eventually interact with any sample)
remain cold, i.e., near room temperature. This feature of the APPJs opens the
door to a wide field of possible applications. This field covers material pro-
cessing, such as treatments of polymers in order to e.g., increase the adhesion,
the hydrophobic/hydrophilic characteristics of the surface or the etching [1,
2, 3]. Biomedical applications such as dentistry [4, 5], acceleration of wound
healing on human skin [6, 7] or even agricultural applications like the decon-

tamination and processing of wastewater [8, 9] to name a few.

However, nowadays in times of climate change, environmental issues are be-
ing studied more and more intensively beside the above-mentioned technical
or medical applications. One central aspect in this scope are catalysis pro-
cesses. Catalysis refers to chemical reactions whose reaction rate is increased
by catalysts. Catalysts are substances that lower the activation energy of the
reaction but do not change the chemical equilibrium and are not consumed
in the process.

The (unknown) use of inorganic catalysts traces back to the year 1575, when
Valerius Cordus catalyzed the conversion of alcohol to ether via sulfuric acid.
[10]. Therefore, catalysis itself is a long known ancient phenomenon, even
though not so its chemical or physical theory and fundamentals. However,



4 Chapter 1. Introduction

the terminology catalysis was later established in 1835, where it was first pro-
posed by the Swedish physician and chemist Jons Jakob Berzelius [11]. Over
the decades many catalytic reactions in different fields have been experimen-
tally investigated and used but it was only in 1909 when Wilhelm Ostwald re-
ceived the Nobel Prize for his pioneering theoretical explanation and his work
on catalysis, chemical equilibria and reaction velocities [12]. Nowadays, cat-
alytic processes are well studied and frequently used. One of the most promi-
nent processes is the conversion of hydrocarbons (C,,H;), carbon-monoxide
(CO) and nitric oxides (NO,) into carbon-dioxides (CO,), water (H,O) and
nitrogen (N2) by reduction or oxidation (cite some.).

About three decades ago researchers around the world started to investi-
gate plasma assisted catalysis. One of the earliest publications concerning
the interaction of a catalyst and a plasma goes back to the year 1986, where
Gicquel et al. reported on nitric oxide synthesis from molecular oxygen and
nitrogen and the decomposition of ammonia during the combination of a low
pressure plasma and a tungsten oxide surface (WO3) [13]. While plasma as-
sisted catalysis had its start in the low pressure field, it was six years later
that the first work was published by Mizuno et al. about the usage of an
atmospheric pressure plasma source with a catalyst in order to induce the
synthesis of methanol (CH30OH) from methane (CH;) and CO; in a dielectric
barrier discharge [14]. This was followed by a rapid increase in the 1990s
leading to the state of the art that is present today concerning this topic. The
non-equilibrium character of the plasma offers several advantages over the
classical thermal catalysis operation. Due to the different temperatures of the
species, i.e., the low temperature of heavy particles, this offers an opportu-
nity of chemical transformations into application specific desired products
without the kinetic and thermodynamic limitations. Another beneficial fea-
ture of non-equilibrium plasmas that is of particular interest is the vibrational
temperature that is typically in the range of a few 1000K. These tempera-
tures allow vibrationally excited states to participate in chemical reactions
that in turn can lead to enhanced reactivity at the surface of a catalyst, due
to the lower dissociation barriers. Indeed, the temperature concept is one
of the central reasons for the paradigm shift towards plasma assisted cataly-

sis. In conventional catalysis the processes and reactions are thermally driven
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Figure 1.2. Illustration of the most important key mechanisms during
plasma assisted catalysis. Modified image inspired by [16].

- hence, by nature the energy distribution is non-selective and equally dis-
tributed among all degrees of freedom, as shown by the equipartition the-
orem [15]. This is very different in plasma assisted catalysis. Here the re-
actions are partly driven non-thermally, which offers the possibility to direct
the energy selectively into a single desired reaction coordinate, in order to tai-
lor the kinetics for a given application. The aforementioned advantages are
only a few of many more complex possibilities that have become accessible
by the use of plasma. There are, however, many more processes that can be
beneficial for catalysis originating from plasma processes. This may be the
change of the oxidation state at the surface, the change of the morphology
on the nanoscale in order to create reactive sites, the change of surface reac-
tions due to surface charges and many more. An overview sketch to illustrate
the different key mechanisms is shown in figure 1.2. A detailed overview
about plasma catalysis can be found in [16]. While conventional catalysis has
evolved over more than 100 years to its current state and its industrial usage,
plasma assisted catalysis is in the very beginning and an intense ongoing field
of research.

However, the highly complex dynamics of non-equilibrium plasma systems
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are both - boon and bane in a sense. While the characteristics offer the de-
scribed benefits, the plasma sources are difficult to operate to assure a high
selectivity towards a desired species. Furthermore, the modeling of those dis-
charges is very complex and time-consuming due to the high number of reac-
tive species and the even higher number of chemical reactions that can occur
in different discharge types. It is therefore crucial to experimentally measure
the different plasma parameters, such as the density of reactive species, in or-
der to gain control and fundamental knowledge to optimize the processes for
the desired application and compare them to models to reveal the chemical

and physical mechanisms.

The fact that the efficiency of a catalytic surface is, among other parameters,
strongly dependent on the morphology, gives rise to the use of laser sources.
Surface modifications by laser irradiation is a long known field. Nowadays
e.g., laser cutting or laser welding are well established techniques commonly
used in the industry [17, 18]. Over the last decades a relatively new phe-
nomenon was observed that was referred to as Laser Induced Periodic Surface
Structures, abbreviated LIPSS. The very beginning of these structures leads
back to the year 1965, where it was described as a surface defect [19]. It
was then only in the last two decades that the publications about LIPSS have
rapidly taken off and experimental and theoretical data have been collected
[20]. Nevertheless, it is still an ongoing controversial discussion, which of
the several proposed theories is the most adequate description of the phe-
nomenon. One of the special features when it comes to LIPSS is the tuneabil-
ity of the induced structures. The periodicity, orientation, height and other
properties can be tuned by the excitation laser parameters, such as pulse en-
ergy, angle of incidence or wavelength to name a few. This offers the pos-
sibility of tailoring the structures depending on the needs of various appli-
cations. The increase of the effective surface area, due to LIPSS formation,
might change the catalytic activity of a sample by inducing - and hence in-
creasing - the accessible active sites as compared to flat polished surfaces.
This was, among others, investigated by Lange et al. [21] and Neale et al. [22]
for picosecond pulses onto platinum and nickel electrodes, where the electro-
chemical activity could be significantly improved. Beside the LIPSS, another
known feature of surface morphology modification, which also increases the
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effective surface area is the creation of nanoparticles by, e.g., Pulsed Laser in-
duced Dewetting formation, abbreviated PLiD - or PLiDs. Nanoparticle for-
mation on surfaces is also known to improve the catalytic activity, see.e.g.
[23, 24]. Nanoparticle formation via dewetting is also a tuneable mechanism,
depending on laser and surface parameters, as e.g. the film thickness or the
deposited energy onto the surface.

In this context the simultaneous interaction of plasma treatment of the sur-
face, more precisely the reactive species that are transported and laser irradi-
ation that induces the before mentioned tailored structures can lead to new
synergisms that need to be investigated and controlled. This might be the
incorporation of species into the surface, changing the chemical compound.
The general field of plasma catalysis will certainly not replace the well ex-
plored field and established classical catalysis. But it certainly offers new
possibilities and chemical transformations that can beneficially supplement
conventional catalysis.

1.3 Thesis outline - key questions

Atmospheric pressure plasma jets provide a huge number of different reac-
tive species. One of the crucial parts is to know and, if possible, being able
to control and tailor the absolute number of different species to gain full con-
trol of the surface treatment process and to avoid endangering, e.g., biological
materials by exceeding harmful limit densities. To have comparable results
around the labs of the world in 2016 the COST-Reference Jet was introduced
by Golda and Schulz-von der Gathen et al. [25]. Over the years a lot of data,
both experimentally and theoretically, have been collected revealing the abso-
lute densities of several species and their forming mechanisms (see e.g., [26,
27,28, 29]). However, extending data for various species to have a benchmark
is still a central point. Furthermore, while biomedical applications are usually
performed in an open, reactive air atmosphere, technological applications are
often performed under a closed inert atmosphere to have clear defined con-
ditions and suppress interactions with reactive molecules in the surrounding
atmosphere. This is also important for fundamental studies, such as modeling
density distributions. Therefore, significant differences of the densities with
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the jet operated in different atmospheres can occur. Nitric Oxide has shown
to be an important molecule, especially for biomedical applications since it

triggers many biological processes and can act as an extracellular messenger.

Key question 1

What is the 3-dimensional density distribution of Nitric Oxide in the effluent
of the COST-Reference Jet in different atmospheres and what are the formation
and transport mechanisms?

The benchmarking of the reactive species density distribution in the free ef-
fluent is one central aspect for the characterization of a reference source. From
those data the fundamental chemical kinetics, creation, and loss mechanisms
can be derived and a fundamental knowledge can be obtained. However,
during sample treatments, the reactive species that arrive at the surface are,
on the one hand, subject to pure fluid-solid state interactions that will deflect
the species from its original trajectory and, on the other hand, are undergoing
further chemical reactions that can significantly change the densities as com-
pared to those measured in the free effluent. Those chemical reactions and the

dynamics can be significantly different depending on the surface material.

Key question 11

What is the 3-dimensional density distribution of Nitric Oxide species in front
of surfaces using different materials and how does it compare to the distribu-
tions in the free effluent?

The main aim of the project that this thesis is part of is to investigate the si-
multaneous interaction between reactive species coming from the plasma jet
and short pulsed laser irradiation and to find possible synergisms concerning
the catalytic activity of the surface. However, different mechanisms must first
be investigated independently of each other to have control and full knowl-
edge of the final interplay between the involved processes. The interaction of
laser pulses and surfaces have been investigated for decades. However, it has
only been in the last twenty years that the number of publications concern-
ing LIPSS and the formation of nanoparticles via PLiD has steeply risen. The
concrete physical mechanism, that creates the structures is still a controversial
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discussion in the field. It is in this context crucial to perform further experi-
ments, to verify which of the relevant theories is applicable and whether the
structures can be induced and controlled with laser and surface parameters

on the materials of interest for catalytic processes.

Key question 111

Can periodic structures be induced via short pulsed laser irradiation, under
conditions that are suitable for plasma catalysis? If so, what is the physical
mechanism and which theory is applicable? Can those induced structures be
tailored by changing laser or surface parameters?
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Chapter 2
Fundamentals

In this section physical fundamentals are explained. This contains for the sake
of completeness a brief description of the term plasma and the underlying
physical and chemical mechanisms, as well as the used diagnostics in this

study.

2.1 Non-equilibrium atmospheric pressure plasmas

Matter in the universe can exist in a variety of stable forms. For most non-
scientific people the classification of those states of matter is limited to three:
the solid state that, can be transferred into a liquid by adding energy to the
system and raising the temperature beyond the melting point and eventually
the gas state that is reached when adding further energy and the atoms have
sufficient energy to desorb. These are commonly known as the three states
of matter. However, a fourth state can be distinguished by adding further
energy into the gaseous system and ionizing the neutral atoms or molecules,
hence the state contains charged particles and is conducting. Irving Langmuir
tirstly described this state as the plasma state [30]. Therefore, a plasma is often
called the fourth state of matter, although the transition from the gas to the
plasma state is continuous, whereas for the other transitions a phase transi-
tion with involved latent heat takes place. And even though the plasma state
is not familiar to many people, the common assumption is that ~ 99 % of the

visible matter, both by mass and volume, in the universe is in this state.
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melting evaporation ionization
e [ e

phase transitions continous

transition

kinetic energy per particle

In order to call a state in the plasma state typically three criteria need to be
tulfilled. These criteria are connected with two characteristic plasma param-
eters. Those are namely the Debye length (Ap), which is the length at which
a plasma shields an electric potential. and secondly the plasma frequency, wy,
which is the frequency at which an electron oscillates when being replaced

out of its position in rest in front of a constant and static ion background.

e L >Ap = % The length of the plasma needs to be bigger than

the Debye length in order to guarantee quasi neutrality

* Np > 1 The number of particles in the Debye sphere Np, a volume
of the sphere with radius Ap, needs to be large in order to guarantee

collective behavior

1,062
€oe

time with a neutral needs to be large in order to guarantee the dom-

* WpT = 7. > 1 The product of plasma frequency and collision
inance of electrostatic forces over the conventional gas kinetics domi-

nated by collisions

Within the state of a plasma the different parameters, such as temperature or
density, can vary over a wide range. For these concrete properties, this may
differ like kpT, ~ 0.1eV and 1, =~ 1 x 10! cm 3 for interstellar space plasmas
up to kpT, ~ 10°eV and 1, ~ 10 cm—3 for controlled fusion experiments
(kg is Boltzmanns constant). Those plasmas are then categorized into thermal
and non-thermal plasmas according to high or low temperatures.

In this thesis the focus will be on a non-thermal, non-equilibrium atmospheric
pressure plasma jet that is operated at radio frequency (RF). The non-equilibrium
nature of the discharge origins from the external alternating field that is in-
duced by the RF generator. A detailed sketch of the source and the parameter
can be found in section 3.1. Due to the large mass difference between the
electrons and the heavy particles, for example ions (m,./m; ~ 1/2000), the re-

lation between the external excitation frequency and the plasma frequency of
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active plasma with high effluent with cold
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Figure 2.1. Sketch of the different regions of the used plasma source.

The active plasma region is located in between the electrodes. This re-

gion is characterized by high electron temperatures and build up of high

amounts of different reactive species. The reactive species are eventually

carried into the effluent by the gas flow, where they first interact with the

surrounding atmosphere and finally arrive at the surface of the treated
sample where different mechanisms can be triggered.

the respective species reads wy > wrr > w,; and therefore the electrons are
effectively heated by several mechanisms (T, ~ 10° K), while the heavy par-
ticles remain cold near room temperature (T, ~ 300K). This is an important
aspect, since the high electron temperature can trigger strong temperature de-
pendent reactions and chemistry, while the thermal stress for a treated sample
remains low. A sketch of the different regions and the distinct properties can
be seen in figure 2.1.

2.2 0-dimensional modeling of NO

To compare the experimental observed densities of NO with theoretical pre-
dictions, a zero dimensional model was developed. This is also important
to reveal the chemical kinetics and reactions that are significantly responsible
for the creation or destruction of the respective species. In this thesis only the
fundamentals of the model are briefly explained. A detailed description of
the model and the simulation efforts can be found in [31].

2.2.1 Model

For the model the species and electron balance equation are incorporated and
the effective electron temperature, T, is derived from the mean energy of
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a non-Maxwellian EEDF as is used in [32, 33]. The electron density is ob-
tained from the quasi neutrality implementation [34]. The gas temperature,
T, is measured in the experiments and used for the simulations. The non-

Maxwellian EEDFs are calculated using the open source solver LoKI-B.

The species that are considered for the simulations are reported in [31]. The

volume averaged particle balance equation is given by

dn; — i
d—tl = Zaini (2.1)
]

1 * ; =i R; W

where 7; is the respective volume averaged species, = is the net stoichiometric
coefficient for either a gain or loss mechanism denoted by j and R{is the reac-
tion rate. Here W describes the flux source term which includes interactions
and reactions with the walls and V stands for processes inside the plasma
bulk. In the plasma volume it is:

j
R;

Vi
S ijnl !, (2.2)

where K/ is the reaction coefficient and n; the respective reactant density with
vj; the forward stoichiometric coefficient.
The flow in and the flow out rate are given respectively as

s _  CPatm i CPatmTyn;
mn VkBTin S out — VPTZ'

P, (2.3)

Here i and s denotes the respective species, i.e., in this case s=He, Nj or O,.
®d; is the partial mass flow rate, p and pa, the plasma and the atmospheric
pressure, respectively T;, the feed gas temperature and c the conversion fac-
tor.

The ion and neutral wall flux to the surfaces perpendicular to the flow field is
neglected due to the negligible small area as compared to the surfaces parallel
to it (< 2%). The loss to the surfaces parallel to the flow field is implemented

2ht A 2ht A,
Ry = (”iB D+ up— n;. (2.4)

as

1% 1%
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where u;p is the Bohm velocity, V and A are the volume and the areas in x-
respective y- directions and / is the ion edge to center ratios. The & values
in the collisional regime are calculated as in [34, 35]. The reaction rate due to

diffusion of a neutral particle to the walls and the resulting reaction is given

5 -1
T A% 2V (2 — ;)
R — (20 ,- 25
! ( D; * 2(Ax + Ay)(vi)7i " 25)

as:

where A is the effective diffusion length, D; the classical diffusion coefficient
and (v;) the mean velocity. 2(Ay + A;) is the total surface area and 7; the
wall reaction probability. The net volume averaged energy balance equation
for the electrons in order to describe the energy gains and losses is described

by:
d (3
ar (57’16T6) = Qubs — ;Qk (2.6)

where k is the sum over all losses. It is assumed that the energy provided by
the generator is mainly absorbed by the electrons and subsequently released
to the plasma volume by different processes. Hence, the absorbed power Q ;5
is simply described by Q,;s = BPrr/V, where B is the transfer efficiency and
Prr is the generator power. The losses and therefore the distribution to the

plasma volume, on the other hand, are ascribed to three mechanisms:

I the energy loss due to chemical reactions according to

y 2.7)

Qche = Z ijé
J

where & is the net energy absorbed or released during the reaction and

R} is the reaction rate

IT the energy loss due to the flux towards the walls as

Qw= Y (@ +Py+EIR]| . 28)

i€ions

Here @ is the plasma and the sheath potential, respectively and &, = 2T,
is the mean energy loss for an electron crossing the sheath to the wall
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III

the elastic losses in the plasma. Assuming the electron temperature to
be much bigger than the neutral gas temperature the elastic loss can be
calculated via
n .
)
Qetg = 3n,Te Z %]jkij” (2.9)
J

where k“cg’j.“ is the elastic rate coefficient.

Hence, the losses are described as Yy Qx = Qcpe + Qw + Qola-

2.2.2 Chemical kinetics

In this study only a gas mixture containing He/N>/O, is measured. The

species, the reactions, and the elastic collision sets that are taken into account

in this model and a detailed description of the kinetics and the respective ref-

erences can be found in [31]. However, it should be stated here that certain

modifications of the production channels as compared to the existing liter-

ature needed to be applied to match the experimental data. These modifica-

tions in the He/N, /O, mixture concerning the NO production are as follows:

I

II

A rate coefficient of 107" m3s~! [36] instead of 10719 m3s~! as used in
[37, 38, 39] is applied for the reaction

O(C’P) + Ny (v > 13) — NO + N(“S) (2.10)

This rate coefficient had to be adjusted, to fit the experimental data. This
might be an indication that this reaction is much more pronounced in the
COST-Jet, as compared to the existing sources in the literature, where the

smaller coefficient is applied.

For kinetic models in the low pressure regime the NO wall formation due
to adsorption of O(*P) and N(*S) is typically neglected [40]. However, at
atmospheric pressure those effects are not necessarily negligible and they

are taken into account in this model as
N(*S) + wall — NO (2.11)

This mechanism requires a sufficient concentration of adsorbed O(°P)

atoms which is reasonable, due to its much higher concentration in the
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III

1A%

discharge channel as measured in previous studies (see e.g., [41, 42, 43,
44])

For the reactive quenching mechanism of the A state according to

N,(A3%Z) + O(°P) — NO + N(°D) (2.12)

3571 (see

there is a well accepted value in the literature of 7 x 1078 m
e.g. [37, 45, 46]). However, this value is only valid for the vibrational
ground state Np(A3%, v = 0). For higher vibrational quantum numbers a
much larger coefficient is found [47, 48, 49, 50]. Here also the vibrational
excited species, N,(A3%Z, v > 0) are calculated in the model and their
influence on the NO formation is attributed by a larger rate coefficient of

7x 10 1P m3s1

The reactive quenching of the B state according to
N,(B*%Z) + O(°*P) — NO + N(*D) (2.13)

is neglected in many chemical kinetic studies. However, there are studies
who take this quenching mechanism into account with a rate coefficient
for the vibrational ground state of 3 x 1071 m3s~1 [51, 52]. Again it is
observed that for higher vibrational quantum numbers larger values are
measured. Thus, the same coefficient as presented in III is taken into
account for this reaction.

Implementing these modifications in the base chemical kinetic set, an excel-

lent agreement is found between the simulated and the measured NO densi-

ties. This agreement is much more pronounced for high powers as compared

to lower powers, which is an indication that vibrationally excited nitrogen

molecules N (v > 13) contribute to NO formation in this regime.
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2.3 Laser Induced Fluorescence (LIF)

Laser Induced Fluorescence is the effect of (spontaneous) emission from atoms
or molecules that were excited to upper states by interaction with a laser radi-
ation field. However, the process of induced fluorescence was first discussed
back in 1905 by R.W. Wood more than 50 years before the invention of the
tirst laser in 1960. The invention of the first laser and its ongoing progression
offered new possibilities and deeply influenced the experimental research in
many scientific topics.

When an atom or molecule that is exposed to the radiation field of a laser res-
onantly absorbs a photon it is left in an unstable excited state that has a finite
lifetime typically in the order of ns. After this time the state will de-excite
spontaneously to a lower energetic state emitting a photon. This process is
called induced fluorescence. To describe the underlying processes quanti-
tatively and calculate absolute densities, as done in this thesis, the relevant

light-matter interactions are described in the following.

plasma

excitation laser .
N v I Rayleigh horn
L

lenses fluorescence
N tot

f

L
detection system

Figure 2.2. Typical optical setup for a LIF measurement with a two lens

detection system. Especially seen here is the excitation laser with num-

ber of photons N and the fluorescence signal with a total number of
photons N¢*

2.3.1 Transition probabilities

In order to detect a fluorescence signal from the molecule of interest it is nec-
essary that it undergoes a transition |i) — |k), i.e., the eigenstates change in
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time. Therefore, the system is described by the time dependent Schrodinger
equation that can be solved using Dirac’s time dependent perturbation the-
ory. The solution yields a wave function of the form (for a state m): (7,t) =
Y (7) exp{—iE;t/h}, where E,, is the energy of the state m. However, usu-
ally the solution is written as a linear combination of wave functions accord-
ing to

Zcmn 7)exp{—iE,/h}, (2.14)

where ¢y, (t) are time dependent coefficients and ¢, () are time independent
wave functions of the unperturbed system, i.e., in the absence of any external
field. The coefficients c;,;, reflect the probability to find the particle in the re-
spective state and hence Y, [c;un (t)]? = 1.

When substituting into the Schrédinger equation and solving the set of dif-
ferential equations one can deduce an important quantity that reads [53]:

By = alpelfle) = g [ dr i 7). 2.15)

where g is the charge of the particle. This is the so-called transition dipole
moment. This quantity determines the way how the system will interact with
an electromagnetic wave. The transition probabilities (in units of s~!) for an
electron with charge |gq| = e can then be expressed in terms of this moment
[54]:

4¢? wkl o
Ay = T | (w70 |7 (spontaneous emission)
(2.16)
I (7, t
Rix = Oexcg(AV) LPE;;’ ) (absorption rate) (2.17)
L
Ry = ? ik (induced emission rate)
k
(2.18)
I (
Iy = Lh; ) / dvoi(v+E./h)gr(v) (photoionization rate) (2.19)
L

Here g; , are the statistical weights of the respective states, I}, is the laser inten-
sity, E. the average energy of the laser photons, ¢; the ionization cross section
and vy, the frequency of the laser. Furthermore, o,y is the excitation cross
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section that is defined as

272y

= | (il Plpi) |2 (2.20)

ceph

Oexc

and g(Av) is the excitation line profile. This can be calculated as the convolu-
tion of the absorption profile g;; and the spectral profile of the excitation laser
8L

§(AV) = gou ® g1 = / v gou(Av —v) - g1.(v). (2.21)

The calculation of the convolution of these profiles in general is difficult, due
to the unknown laser profile, as well as several broadening mechanisms of
the transition in the plasma.

2.3.2 Rate equations - total number of LIF photons

Here is given a short derivation for the expression of the absolute number of
fluorescence photons coming from a solution of the rate equation for the up-
per state to calculate the densities. A more detailed procedure of the solutions

and approximations for different regimes can be found in [54].

Taking into account the different possible interactions of the radiation and
matter, the rate equations for the different states, where ny is the density of
the ground state, n, is the density of the upper excited state and n; is the ion
density of the investigated species

dn .

dtu = Roy (7, t)ng — ny (Tu + Auo + Ryp + ankq,j) (2.22)
j

dn R

— = ~Rou(7, )0 + 1 (Ruo + Awp) (2.23)

dn;

=T, (2.24)

where the quantities R, A and I are the rate coefficients as introduced and
Qu = XLjnjk,,; is the quenching rate due to collisions. In this case only the
solution for the upper state is important since the decay from this state emits

the photons that are essential in order to perform the LIF technique. Taking
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into account a rectangular shaped laser pulse of the form I = Iy during the
pulse (t € [0,71] where 7 is the length of the pulse and 0 else wise), the
differential equations can be solved using the following boundary conditions:

n,(0) =0, n9(0) =g, n:(0)=0. (2.25)

The solution for the upper excited state during the excitation phase then

reads:
exp{—Aat} —exp{—A1t}

ny,(t) = figRoy o (2.26)
where A , are characteristic rates according to
A _R0u+ru+Ru0+Au0+Qu
12 = 5
(2.27)
Roy + Ty + Ryo+ Ay +
+ \/( Ou U ;O u0 Qu) B ROu(ru + Qu)

where Q, = };njk, ; is the quenching rate. During the relaxation phase ¢ >
71, the solution simplifies to

m(t) = ma(1) exp { = (Auo+Qu)(t - 1) } (228)

Those are general solutions for the upper state taking into account all the in-
teractions from 2.16, 2.17, 2.18, 2.19. However, in the discharge and the laser
LIF regime applied in this thesis several effects can be neglected. This con-
stitutes ionization, since the photon energy of the laser is only about 5eV <
Eino =~ 9.26eV [55] which is smaller than the ionization energy of NO from
the ground state. Furthermore, it is assumed that at room temperature the
ground state is strongly overpopulated according to the PLTE and corona
equilibrium, hence ny(t) ~ 71p. Then the induced emission can also be ne-
glected, i.e., (Ryo = Ty = 0). In this case the rate equations can be simplified
and solved. The solutions in the excitation and the relaxation phase then read:

Ao [y df Roywexp {—(Auw+ Qu)(t—F)} fort e [0, 7]
Hu(t) = (2.29)

nu (1) exp {—(Auwo + Qu)(t — 1)} fort > 11
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Since for every transition one photon is emitted, multiplication of the upper
state with the Einstein coefficient for spontaneous emission and subsequent
integration over the interaction volume V of length L, yields an expression

for the total number of fluorescence photons, Ntf

o emitted from particles that

were excited by a weak laser pulse with N photons:

N/, = Ay /V /0 dtdV 1, (t) (2.30)
Ao / /°° I(t)
= A atdV ——= 2.31
A+ Ou noo'excg( V) v Jo Iy ( )
AuO
= AV)LN 2.32
Ao+ O, nOO'excg( V) L ( )

From equation 2.32 it can be seen that the total number of fluorescence pho-
tons emitted, which is recorded as the LIF signal by a photomultiplier is
directly proportional to the number of the particles in the ground state n.

Furthermore, the signal is

1 " 1 i 1

w0l Ht=g — QI-J ' I not dependent on the actual

= (end of pulse) — Q,<Q laser pulse shape but only on
s, 0.84 T 2=0<Q<Qyf the number of photons per
Fg 06 -t=1, I pulse. It can also be seen that
g (natural lifetime) the number of emitted fluo-
E 044 i rescence photons is strongly
‘g‘ 02] | dependent on the quench-
1 : ing, i.e., the factor Q,. The

0.0 ('}é o o [:) P 0 population of the upper state

f [ns] ny(t) is displayed in figure

2.3. Seen here is the relax-
Figure 2.3. Density of the upper state n,(t) in
the relaxation phase, according to equation 2.29.
Shown are three different regimes of quenching.
One with no quenching which results in the nat- quenching that gives the nat-
ural lifetime (blue), one with moderate (black) and

one with strong quenching (red).

ation phase in three different

environments. One without

ural lifetime of the state, one
with moderate and one with
strong quenching. It can be seen that the lifetime is significantly decreased by
this inelastic collision process. This needs to be accounted for when perform-

ing LIF measurements and calculations. The concrete procedure is discussed
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in section 4.2.1.

2.3.3 The y-band of NO (A2X " —X?I1)

The electronic spectrum of Nitric Oxide was one of the first spectra observed
by spectroscopists already in the early 20 century [56]. In this context the -
and the B-system have been extensively studied and are well understood [57,
58]. Figure 2.4 shows the three electronic levels, the vibrational and schemat-

E,; [eV]

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

internuclear distance [A]

Figure 2.4. Potential energy curves for the ground and first excited

electronic states of NO whose transition is observed for the LIF mea-

surements in this thesis. The excitation takes place from X*I1(v" =

0)—A2L T (v' = 0), which equals a wavelength of A,y & 226.9nm, while

the fluorescence photons are emitted during the transition A2L" (v =

0)—X2I1(v"” = 3) at a wavelength of A ~ 259 nm. The energy curves
are taken and modified from [59].

ically the rotational states corresponding to the transitions forming the bands
- here the - and the - bands are shown. The total energy of the state can
then be described by a sum according to

Etot(”: o, ]) :Eel(n) + Evib(v) + Erot(]) (2.33)

where E,;;, and E;; are the vibrational and the rotational energy respectively.

They are obtained from the analytical solution of the Schrodinger equation
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according to [60]:

1\ #Hw? 1)\?
Eip(v) = hawy (v + E) — 4EDO <v + E) (2.34)
anharr;lronicity

CJU+DE P +1)%

EVOf(]) - Zsz 2ky2R6 + O(]3) (235)

centrifugal distortion

here v and | are the vibrational and rotational quantum numbers, respec-
tively, y is the reduced mass of the atoms, Ep is the dissociation energy and
R, is the location of the potential minimum, hence the equilibrium distance.
For small vibrational and rotational quantum numbers the deviation anhar-
monicity of the potential and the centrifugal distortion can be neglected and

considering the approximations the energy terms strongly simplify.

In this thesis the band of choice to measure the NO densities will be the -
band. The excitation takes place from the vibrational ground level of the X
state to the ground level of the A state X?I1(v" = 0) —A2Z*(v/ = 0) ata
wavelength of Agg = 226.94nm, while the fluorescence signal is recorded
for another transition into the third excited vibrational level according to
AZXT (v = 0) =XT1(v" = 3) and a wavelength of Agg = 259.57nm [61].
The detection at another wavelength is chosen in order to minimize stray-
light from the excitation wavelength. Furthermore the line for the detection
was intense and well separated from other lines so that no line wings or other
effects from neighbor lines should influence the signal. A spectrum of the
ro-vibrational band can be seen in figure 2.5. The lifetime of the upper ex-
cited state of the y-band is measured in the scope of this thesis. However the
natural lifetime can also be calculated theoretically, according to

1 MeCo 2
AU’,Z}” 87T2€2f‘0’,‘0”172 &

(2.36)

where A, ,» and f,s ,» are the Einstein coefficients and the f value for the re-
spective band and ¥ is an average wavenumber. g1 and g; are the degenera-
cies of the state. The electronic absorption oscillator strength was measured
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Figure 2.5. Measured NO spectrum of the y-band. In the zoomed area

the transition chosen for the LIF excitation is shown. It is chosen due to

its relatively high intensity and its spectral position to be as good iso-
lated from the neighbour lines as possible.

by Bethke et al. to be 3.99 x 10~* [62]. This is connected to the f-value via

/ 1/17
fo = __Jow? (2.37)

q(v', 0"V

where g(v’, v") is the Franck Condon factor for the y-band and ¥ is an average
wavenumber, 7 = 48.082cm™~!. The radiative lifetime of a state can then be
calculated:

1 8r2e* fu g1

N3
VAN == Y7 238
Ty o Ay e gzq(v,v o (2.38)
= 0.66 x 10 7g(v/, 0" )v3, (2.39)

With the Franck-Condon factors taken from [58] the radiative lifetime for

v’ = O results in 7 ,» ~ 217 ns.

Those are the fundamentals of the diagnostic to measure and calculate abso-
lute densities of reactive species, more precise NO in this thesis. The plasma
and the reactive species generated within is one of the main components of
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the project this thesis is part of. The final aim is to investigate the simultane-
ous interaction of those reactive species with pulsed laser irradiation onto a
solid sample. This pulsed laser irradiation induces periodic structures on the
surface, that is intensively during the last twenty years. This phenomenon
is called Laser Induced Periodic Surface Structures, abbreviated (LIPSS). The
change of the morphology combined with the interaction of reactive species
might be beneficial for the incorporation of reactive species and change the
chemical bonds within. This in turn might be beneficial for a catalysis pro-

cess.

In the following section the different theoretical approaches to describe the

formation of these structures are briefly explained.
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2.4 LaserInduced Periodic Surface Structures (LIPSS)

Laser Induced Periodic Surface Structures, in the following abbreviated as
LIPSS, is a phenomenon that occurs on solid surfaces upon radiation with
short, intense, polarized laser beams. LIPSS emerge on the surfaces as peri-
odic structures that show a strong and clear correlation to the laser proper-
ties, such as polarization, fluence, wavelength, number of pulses or the pulse
duration that can range from cw laser operation down to only a few fem-
toseconds. The dependence of the structures on the mentioned properties
and many more offer a wide parameter space to be studied for the formation

and the theoretical explanation of LIPSS.

The discovery of periodic structures on a polished germanium single crys-
tal surface irradiated by a ruby laser goes back to the year 1965 by Birnbaum
et al. [19] who first declared it as a "surface damage [...] a regular system of
parallel straight lines" on the material caused by the intense laser exposure.
He attributed the patterns to be a re-
sult of diffraction patterns caused be
the focus lens onto the surface. He
deduced an equation for the pattern
formation according to maxima and
minima of the intensity distribution
to be

Figure 2.6. Photomicrograph of the sur-

face damage of a (111) face of the germa-

nium sample used in the publication of

Birnbaum. The image is taken from the

original publication in the year 1965 [19].

The red dashed area shows the early for-
mation of LIPSS.

2
AN =2Ar (E) (2.40)
where A is the laser wavelength, f is
the focal length of the lens and 24 is
the lens aperture. However, it turned

out that the theory was not applicable

for further experiments and observa-
tions of the structure formation. A couple of years later in 1973, Emmony et al.
suggested that the ripple formation is a consequence of interference between
the incoming laser light and surface scattered wave [63]. In the following
years many theories on the formation mechanism have been suggested, yet it
is not fully understood.
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Although the discovery of the phenomenon dates back to the early 60’s, the
number of publications on the topic, referred to as LIPSS introduced by Sipe
et al. [64], only significantly increased during the last 20 years. This is also
attributed to the discovery of a new LIPSS type, where the periodicity of the
structurs, A, is much smaller than the irradiation laser wavelength. These
LIPSS are referred to as high spatial frequency LIPSS, abbreviated HSFL. They
must be clearly separated from the classical observed LIPSS due to different
physical creation mechanisms. The classical LIPSS, for which A ~ A are re-
ferred to as low spatial frequency LIPSS (LSFL).

Over the years many different patterns of these structures have been ob-
served and classified into different types of LIPSS. This classification scheme

can be seen in figure 2.7. From a theoretical point of view a controver-

A>A /2 A>A )2
L/ LIPSS M/
LSFL ; HSFL
LSFL-I: LSFL-II: HSFL-I: HSFL-II:
A=A, A=A /n ' deep HSFL shallow HSFL
LtoE, I to E, ; depth to period depth to period
(e.g. SPP) (radiation | aspect ratio A> 1 aspect ratio A< 1
remnants) W W,
\_“‘_ ____________________________________ ", —\/”_
focus of the thesis (ns-pulses) predominantly in the fs to ps range

Figure 2.7. Classification scheme of laser induced periodic surface struc-
tures. Modified image from [20]

sial debate has emerged whether LIPSS are a consequence of electromag-
netic effects or a cause of feedback mechanisms and matter reorganization.
The fact that the LIPSS organization is a function of so many parameters
(A = f(AL Ep, Tp,p, P,E,B, €r,0...)) makes it difficult to simulate and pre-
dict results for certain applications and environments in theory and at the
same time the experimental parameter space is so big that a verification for
any given configuration is hard. In the following section the most relevant
theories for the creation of LIPSS are introduced.
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2.4.1 Theories of LIPSS formation

24.1.1 Classic interference theory

The first ansatz to explain the formation of periodic structures on the surface
is given by classic interference theory. In this theory the incident laser light,
with wave vector k;, interferes with the scattered wave along the surface. This
scattered wave, with wave vectors ksH’”, can be affected by microscopic rough-
nesses, defects or local spatial variations of the dielectric constant, €,. This
interference causes an inhomogeneous energy input at the surface that can
in turn, together with other mechanism lead to a periodic surface modula-
tion. Here the solid is characterized by a uniform dielectric constant with

(b)

(a) m=-1
- m=0

m=1
E;vH,
: €1 - ki 4
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Figure 2.8. Schematic of the (a) reflected and diffracted wave at the
rough surface and (b) a vector diagram for the scattered wave along the
surface. k; is the wave vector of the incident laser beam and Ei” the re-
spective projection onto the surface. § is the Fourier component, i.e. the
grating vector of the rough surface. The scattered wave can then have

the resulting wave vectors according to k_ﬂ = E,-”-zj which is referred to

—

as the Stokes wave and k‘ﬁ = Ei”ﬂ?, as the anti-Stokes wave. Modified
image taken from [65].

€ = €' +i€e”. The surface modulation is caused by the scattering of the inci-
dent laser light, E; = R{Eqexp [i (ki? — wit)] }, by the Fourier component of
the surface corrugation, which is characterized by the vector . In general, 7
is randomly oriented and the surface roughness can have a non-periodic ar-
bitrary shape. In this case, for simplicity the surface roughness is described
by a cosine profile according to z(7) = ¢ cos(§ - 7+ J) and 7 is directed in the
x direction (see figure 2.8). Here ¢ is a (complex) amplitude and |§| = 27t/ A.
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The incoming wave can either be o-polarized (E; || y) or 7r-polarized (H; | v).
The scattered waves are given by the grating equation according to
kﬂ'a = k1|| + mﬁ' (2.41)

where m is the order of diffraction. For the specific simplified case that 7 || EiH
the grating equation reads:

kisin(0y,) = ksin(¢m,) = k; sin(6; + mq), (2.42)

where Eﬂ’” are the surface components of the scattered Stokes (+) and the
anti-Stokes (-) waves and 0, ¢ are the angles of the reflected and transmit-
ted waves. The wave vector is given by \El| = nw/c, where n = /e is the
refractive index of the material. The z-components can be obtained by the
Helmbholtz equations, kﬁ + k2 = ek?. Considering the most important situa-
tion for ripple formation, where the scattered waves are either along the x- or

y-axis (Eﬂ”l | €x V ), the resulting periodicity can be calculated as

A )
T einray for dllkyllx (r-pol) (2.43)
A(A8) = 1iA81n(91)
cos@y Ttk desdly (e-pob (2.44)

2.4.1.2 Surface Plasmon Polaritons (SPP)

Another widely accepted theory involves the excitation of surface electro-
magnetic waves (SEW) and surface plasmon polaritons (SPP). Plasmons were
tirst discussed back in 1952 by Pines and Bohm [66] who described a quan-
tized bulk plasma oscillation to explain the energy loss of energetic electrons
passing through metal foils. However the term surface plasmon was first
used by Ritchie et al. in 1957 [67]. Surface plasmons are quantized excitations
of electron oscillations at the interface between two media, one of them usu-
ally being a metal with a positive permittivity and the other a dielectric, such
as vacuum or air. For this purpose a classical model approach is used con-
sidering two semi-infinite media with dielectric functions € 5, respectively.

The media are separated by a planar interface located at z = 0 (see figure 2.8
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(a)). The space and time dependence of the quantities causing these oscilla-
tions, namely the electric and magnetic field vector E and H, respectively, is
described by Maxwell’s equation (in case of no external sources):

V-6E=0 (2.45)
V-H =0 (2.46)
. 10H;
VxE=——= (2.47)
-, €; OF;
H === 2.4
V X H; T (2.48)

For the separating interface, boundary conditions that restrict the electromag-
netic fields at z = 0 need to be given in a form of continuity equations. Con-
sidering 71 to be the unit vector of a infinite small area of the interface be-
tween media 1 and 2, the two important ones for the description of the peri-
odicity read [68]:

iy X (E’z _ Eﬂ) —0 (2.49)
i - <f)2 - 51> =5 (2.50)

where D = ¢;E is the electric displacement with the dielectric function in
medium i and g is the surface charge induced by the wave. From equa-
tion 2.50 it can be seen that the incident wave needs to have a component
perpendicular to the surface to induce a surface charge. Hence, a surface
charge can only be created by the incidence of a 7r-polarized wave, since in
the o-polarized case the normal component of the electric field is missing and
fip - 6D; = 0. The 1-wave on the contrary will automatically induce time de-
pendent polarization charges at the surface. Furthermore, independent from
the concrete form of the surface wave it has to satisfy the wave equation in
the two media. The solutions of Maxwell’s equations for E;and H;, choosing
the x-direction as the propagation direction, yield:

E; = (Ei,0,E,) exp { — kilz|} exp {i(gix — wt)} (2.51)

H; = (0,E;y,0) exp { — kilz|} exp {i(qix — wt)} (2.52)
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where g; is the magnitude of a wave vector parallel to the surface and the
index i again represents the different media. Inserting those solutions (equa-
tions 2.51 and 2.52) into Maxwell’s equations one finds that

ki =1/q? —e; (%)2 (2.53)

Furthermore it can be deduced from the boundary conditions and the ne-
cessity of the continuation of the electric and magnetic fields parallel to the

surface that the following relation has to be fulfilled:

€1, €2
E + k_z =0 (2.54)

which is the dispersion relation for surface plasmon polaritons. Taking into
account the boundary conditions and the continuity of the 2d wave vector §,

the dispersion relation can also be expressed as:

. Cﬁ €1€2
q(w) = - \/—el g (2.55)

where ¢ is the magnitude of the light wave vector. The periodicity can even-
tually be calculated by

(2.56)

27T €1+ €
Agpp = }

R{g(w)} :MR{ €1€2

A more detailed derivation can inter alia be found in [68, 69, 70, 71].
However, this holds only for rr-polarized light. Several approaches have
been made to expand the SPP model to include o-polarized light and non-
perpendicular irradiation, e.g. found in [72, 65]. The periodicity can then be
described by the equations:

A A
AD = ~ .
E+sin(f;) 1+sin(6;) (2:57)

A — A ~ Ae (2.58)
52 —sin?(6;) cos(6;)

where &% = |R{e;}|/(|R{e:}| — 1). The approximations hold for strong ab-

sorbing and plasmonic active materials, where R{e¢;} < —1 and, within the
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approximation, yields the same results as obtained from the classic interfer-
ence theory.

2.4.1.3 Efficacy Factor Theory - Sipe’s theory

One of the most widely accepted theories on LIPSS formation was already
developed during the early 80’s by the group of Sipe and van Driel. They
combined the excitation of SEWs, in particular SPPs and the interference with
the incident radiation and developed a detailed mathematical accurate elec-
tromagnetic theory combined with experimental series [73, 74, 75, 76, 77].
They claimed that due to the inde-
pendency of I(k) on the initial surface
roughnesses it might be more power-
ful to study the modifications in the
E-space rather than local damages in
the real space. To do so, an infinite

plane wave with wave vector k; is as-

sumed to hit a rough surface under
an angle 6;. The corrugation is lo-

Figure 2.9. Schematic of the geometry catedatz € [0,1], wherel/A < 1. For

used for Sipe’s theory. The incident laser

beam hits a surface, whose roughness is
described by the function b(K).

an ideal surface with no corrugations
only a refracted beam with wave vec-
tor Ein = k;isin(6;) would appear in
the bulk. However, due to an existing
Fourier component of the surface at k, scattered fields can appear in the bulk
according to ki = k?\l + k. These interfere with the refracted and the incident
beam and lead to inhomogeneous energy absorption at z = 0 with a wave
vector k parallel to the surface. Neglecting feedback processes and consider-
ing damage only in the bulk region below the rough area, the inhomogeneous
absorption is described by

I(K) o 7 (K. Ky) |b(R) (2.59)

where n(E, Eiu) is a response function describing the efficacy with which the

surface corrugations lead to an inhomogeneous energy absorption at k and
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—

b(k) describes the amplitude of the surface roughness. A schematic geome-
try of the situation can be seen in figure 2.9. Starting from Maxwell’s equa-
tions and using Green’s formalism, 14 complex valued equations are derived
to straightforward calculate 7 for a given wavelength and polarization of the
laser beam under a certain incident angle and permittivity of the surface. Fur-
thermore two roughness parameters s and f are introduced that encode the
roughness characteristics. The set of equations is presented here since it is
used for the calculation of # presented in the results section. According to

Sipe the efficacy factor can be calculated according to [74]:
n(kKy) = 27 [o(Fs) + v*(E_)( (2.60)
where the complex functions for o- and 7t-polarized light are given as

o(7) (Ei)

sl (R 87 + hiahs) x (B2 )| 26)

- - - . 2
00 (R) = [hos ) (Rl - &) gl ¢ (R 802 e |t R+ e (k)
X (Ky - 2y )yzete (K )tz (Kyy) + (k) x (KL - &) yete (kg )2 (k)
- 2
t2 (ki)

+ hy (k:t)’)’ze

(2.62)

with the according inner products (K, - €y) = (sin(;) £ xy,)/x+) and (K, -

€x) = Ky/k+. Here it is used xy = \/KJZC + (sin(6;) + xy)2. Furthermore all
the lengths have been normalized by A/ (27), so that the LIPSS wave vector
becomes dimensionless resulting in k = k x A/(2w) = A/A and € is the

dielectric function of the material. The / and t functions are expressed as
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(equations not enumerated)

hss K:I:

\/1—Ki—|—\/€—7{i

(xs) 2ikyy /€ — x4
hi, (kx) =
e\/l—;ci-i—\/e—;ci
2i\/(e —3)(1—x3)

\/1—Ki—{—\/€—1€i

2 |cos(6;)

e (4 )

(ki) =

2ix%

\/1—1ci—|—\/e—1cjE

(2) 2iks /1 — x4
hzk Kt) =
e\/l—Ki-i—\/e—Ki

o) 2,/€e — sin?(6;)
x\hill) =

hz; K:I:

€| cos(6;)| + \/€ — sin(6;)

tz(Ei”) _ 2sin(6;)

€ |cos(6;)| + 1/ € — sin(6;) € |cos(6;)| + 1/ € — sin?(6;)

The corrugation of the surface is included in the 7y parameters which implic-
itly include the numerical s and f factors according to

Tt = S
47e{1+05(1 ~ f)(e = 1)[F(s) = R x G(s)] }
€e—1
Yz =
arc{e(t = f)(e~1)[F(s) - Rx G(s)] }
where R = (e —1)/(e+ 1), F(s) = vs2+1 -5 and G(s) =

0.5 (\/m + S) — /52 +1 are scalar functions. With this set of equations
the efficacy factor can be calculated for the specific radiation and material in-
put parameters (A, 0/, 0;,€). From the back-transformation into the real
space, the periodicity, and the orientation of the induced LIPSS can be de-
duced and eventually be compared to the experimental results. A precisely
detailed mathematical derivation can be found in [74].
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Chapter 3

Experimental

3.1 Plasma source - COST-Jet

The plasma source used in this work is a micro atmospheric pressure plasma
jet (MAPP]) that was designed to act as a reference jet for laboratories across
the world. It is based on the design of Schiitze et al. [78] and was then modi-
tied by a team of scientists and eventually published by Golda et al. [25]. This
jet is referred to as the COST Reference Microplasma Jet or in short COST-]Jet.

housing

i voltage probe

Ac efftient
o— 2008 {  head T ™

L 1
b T, I — 1>
i e 'Y gas flow ——— . —> reactive species
'GND o

=] R S

\ current probe

quartz windows

30 mm /

[ P
‘ ‘iiﬁ:.‘,i 1 mm \ electrodes

discharge gap
2

1mm?* cross section
Figure 3.1. Sketch of the COST-Jet used for the experiments in this thesis.
Seen is an overall sketch of the system containing the housing with the
internal LC circuit and the current and voltage probes, the head of the
jet where the plasma is ignited and the effluent region where the created
reactive species eventually interact with a sample. On the bottom the
geometry of the head is shown in more detail.
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It is a capacitively coupled plasma (CCP), that is operated at atmospheric
pressure. The jet is driven by a sinusoidal waveform at an RF frequency of
13.56 MHz and typically He is used as feed gas with flows in the range of
P = 0.2 — 2slm. To create reactive species and extend the operation ranges
of the jet, a reactive gas admixture (e.g. Ny, Oy, CO;...) of about 0.5-2 % is
added to the feed gas.

The jet itself consists of two main components, namely the housing and the
head. A sketch of the plasma source can be seen in figure 3.1. The hous-
ing comprises an internal voltage and current probe and an LC circuit with
a tunable capacitor C; and an inductance L = 9.6 uH. The capacity can be
varied to bring the circuit into resonance and optimize the power coupling
(Ct = 0.8 — 8pF). The integrated LC circuit has a Q-factor of about 30, so that
a power supply capable of around 15V is enough to provide the necessary
breakdown voltage of around 150-300 V, mainly depending on the gas mix-
ture used for operation. The discharge current, I;, is calculated via the voltage
that drops over the shunt resistor R, = 4.7 () and the termination resistance
Ry =50 Q) via Ohm’s law:

Ry + R
Iy = VRMS—;{tR =, (3.1)
m

where Vrys = V/v2 is the root-mean-square of the voltage amplitude deliv-
ered by the power supply, V. With the calculated current and the voltage, the
dissipated plasma power, P; can be calculated via the known relation:

1 to+T
Py = /t dt P(t) (3.2)
0
=13 Vrwms cos(¢ — Qbref) (3.3)
V2R + Ry
:7;%—1{ cos(¢P — Prer)- (3.4)

Here ¢ is the measured phase shift between voltage and current during the
operation of the jet and ¢, is a reference phase recorded without plasma dis-
charge i.e. the electrodes act as a capacity and the phase shift equals 77/2.

While in older versions of the jet the power always referred to the genera-
tor power without further information on the real power dissipated in the
discharge, in the COST-Jet the power is always assigned to the dissipated
plasma power measured by the internal probes. Detailed information on the
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procedure can be found in [79]. Hence, in this study, the given power always

refers to the plasma power.

The head consists of two stainless steel electrodes that are arranged in a plain
parallel configuration. The discharge channel is 30 mm long and the dis-

charge gap has a square cross section of 1 x 1 mm?

, resulting in a discharge
volume of 30 mm?>. The electrodes are stacked between two quartz windows
in order to confine the plasma and guarantee broadband optical access for di-
agnostic purposes.

The reactive species that are created in the strong non-equilibrium plasma are
eventually transported into the effluent by the feed gas stream, where they fi-

nally interact with a sample.

3.2 Experimental setup - LIF

3.2.1 Laser system

The laser system used for the experiments consists of a dye laser (Narrows-
can, RadiantDyes Laser GmbH) and an Nd:YAG laser (Spitlight Compact
DPSS, InnoLas Laser GmbH). The dye laser is pumped by the frequency
tripled YAG laser at A3, = 355nm and a repetition frequency of 100 Hz. The
dye laser is operated with Coumarin-47, that has a spectral tuning range of
442 — 479nm, with its maximum efficiency at 460nm. The emitted wave-
length of the dye laser is eventually frequency doubled by a BBO crystal
yielding a final wavelength of the laser light of Ay, 4y = AL & 226nm, to
investigate the y-band of the NO molecule. The final laser pulses reach max-
imum energies of up to E, ~ 150 pJ at pulse lengths of about 7, ~ 5ns and a
spectral line width (FWHM) of Ak ~ 0.05cm™!. The initial laser beam that is
emitted by the laser system has a diameter of about d ~ 2 mm.

3.2.2 Measurement of the laser focus

One central parameter during the LIF measurements is the size of the laser fo-
cus, since it is one of the parameters that determines the spatial resolution, as
well as the intensity that is coupled to the absorption processes in the plasma.
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Figure 3.2. (a): Experimental setup of the knife-edge method in order

to measure the laser profile. (b): data points of the measured profile of

the excitation laser used for the experiments with the corresponding fit
function according to equation 3.6.

To measure the width of the laser profile in the focus, the knife-edge method is
used [80]. The measured profile as well as a sketch of the experimental setup

can be seen in figure 3.2,

By assuming a Gaussian laser beam shape of the form

I(x,y) = exp {— o]t vy 0)2} (3.5)
o

where j is the intensity in the center of the beam located at (xo,yo) and x

and y are the respective Cartesian coordinates, usually an error function is

titted to obtain the beam waist wy. However, Arauj6 et al. have shown that

an alternative fitting function delivers more accurate results [81]. The fitting

function is given as:

o (3.6)

m j
I(x) = |14+expq Y ¢ <M>
i=0

J

Here c; are polynomial coefficients obtained from a least-square analysis and
wp is the laser beam waist in the focus. Usually for this fitting procedure
m = 3. The measured profile as well as the corresponding fitting function
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according to equation 3.6 can be seen in figure 3.2 (b). From the fitting proce-

dure, a laser beam waist of wy ~ 80 ym was deduced.

3.2.3 Chamber and plasmajet setup for measurements in the

free effluent

The LIF measurements are performed in a cylindrical vacuum chamber of
40 cm diameter and height. A sketch of the setup can be seen in figure 3.3. The

two lens Rayleigh horn

Focusing system Origin of oordinate system:

7= (0,0,2mm)

UV-fiber i

filter 1
ens
PMT =z
— > quartz
mirror window
BS fluorescence
ys Nd:YAG A D _ Ap & 25Tnm  excitation laser
photodiode AL~ 226nm
dye laser mirror

Figure 3.3. Sketch of the experimental setup for the LIF measurements.

Shown is the vacuum chamber with the laser path and the optical setup

and a zoomed view of the interaction region with the associated three-

dimensional Cartesian coordinate system. The origin of the coordinate

system is located at the center of the electrodes and the quartz windows
at the end of the electrode tip.

COST-Jet is mounted in the center of the chamber onto a vacuum compatible
motorized xyz-stage (Standa Itd.). This stage allows a fully three-dimensional
scan of the density distribution with a step resolution of 2.5 ym. The Carte-
sian coordinate system is chosen such that the origin is located in the center
of the quartz windows and the electrodes at the end of the electrode tips.
However, it should be noted that the quartz windows exceed the electrode
tips by 1 mm as a safety gap, in order to minimize danger for the experimen-
talist by the powered electrode. Additional distance from the windows to
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avoid reflection or inducing fluorescence inside the quartz lead to a first ac-
cessible measurement point approximately 2 mm into the effluent region at
7= (0,0,2mm). A sketch of the coordinate system can be seen in figure 3.3.
Two operation modes of the chamber are used in this study. First the cover
lid is open and the NO density is measured with the jet expanding into lab at-
mosphere i.e. air. Second the chamber is closed, pumped down and operated
into a controlled gas He/ synthetic air atmosphere. The chamber is pumped
by a turbo molecular pump down to a base pressure of p, ~ 5 x 107> mbar,
while the leakage rate of the system is estimated below 5 x 10~7 slm. Subse-
quently, the chamber is filled by the jet with a gas mixture of He+0.5 % syn-
thetic air up to a pressure near the lab atmosphere of ~ 970 mbar. However, it
is kept well below the actual lab pressure in order to avoid overpressure and
leakage of the gas mixture. During the operation and the measurements, the
pressure is kept constant by a PID controller (Pfeiffer RVC 300), a capacitance
transmitter (Pfeiffer CMR 371) and a scroll pump (Edwards nxDS6i).

The NO density distributions are measured in either of these atmospheres
to observe the influence of the surrounding environment of the reaction ki-
netics and the resulting distribution. The measurements in ambient air are
particularly important for biomedical treatments of e.g., human skin, where
treatment in controlled atmosphere is not possible. The measurements in con-
trolled atmosphere are rather important for surface modifications, where the
sample can be placed in such a controlled atmosphere to avoid the influence
of unknown surrounding parameters such as humidity and other impurities
that can be dependent on space and time. Furthermore, the measurements in
a controlled atmosphere are important for the modeling community, where a
well defined mixture of the surrounding is necessary to get reliable results.

3.2.4 Modifications of the setup for measurements in front of

surfaces

The chamber used for the experiments is the same as described in the setup
for the measurements in the free effluent (see section 3.2.3). Since the final
geometry for the experiments is set up with the laser and the jet hitting the
surface under an angle of 45° (see figure 1.1), the treated samples in this
study are fixed under the respective angle. Therefore, a self built construc-

tion mount for the plasma-jet was developed that can be seen in figure 3.4.
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The two rods of a microbank

detection

rotatable )
rail are attached to the hous-

ing of the COST-Jet. The 3D-
printed sample holder can
then be slid onto the rods
and be tightened with two

COST-Jet

__________________________________ >

<
z-moveable sample holder  screws to guarantee a con-

. , , stant treating distance dur-
Figure 3.4. Geometry for the experiments in order

to measure the NO densities in front of different 1Ng the measurements. The
surfaces. sample holder can be moved

along the z-axis to vary the
sample distance and can also be rotated around the x-axis to assure a par-
allel beam path of the diagnostic laser relative to the surface. The sample is
glued onto the surface and can easily be exchanged to investigate the influ-
ence of different materials. The direction of the diagnostic laser is as before in
the ¢, direction.

3.3 Experimental setup - Laser-surface experiments

3.3.1 Laser system

The laser system used for the LIPSS experiments is a Nd:YAG laser by Con-
tinuum. It is mainly operated at the fundamental A = 1064 nm and the sec-
ond harmonic (SH) Ay, = 532nm wavelength. The maximum output en-
ergy per pulse is Ejges ~ 1800m] at the fundamental and Es3; ~ 900m]
at the SH. It has a pulse width of 7, ~ 7ns with a standard line width of
Ak = 1cm~! = 30 GHz. The unfocused beam diameter is about d ~ 9 mm.

3.3.2 Chamber and optical setup

Figure 3.5 shows s sketch of the experimental setup used for the LIPSS ex-
periments. The Nd:YAG laser, as described in section 3.3.1 is guided onto
the polarizer, where the polarization of the laser light is determined. This
is important for the surface experiments, since the interaction between the
laser and the interface are dependent on whether the laser light is in 77- or
o-polarization. After the polarizer the laser beam passes a Glan-Taylor prism.
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Figure 3.5. Experimental setup for the LIPSS experiments. The flip mir-
ror can either be flipped up (path pl) so that the beam is focused onto
the sample that is mounted on a 1d translational stage with a rotating
device so that the angle of incidence can be adjusted. If the flip mirror is
dismounted the laser beam is guided into the interaction chamber onto
the sample under 45°, where it can simultaneously interact with the sur-
face and the reactive species coming from the plasma jet (path p2).

This prism can be used as an attenuator to adjust the laser energy, hence the
fluence, which is an important parameter for the LIPSS formation. The flip
mirror can either be inserted or retracted. If it is inserted (path 1) the laser
beam is directly focused onto the sample via a lens with a focal length of
f = 500mm. The sample in this configuration is mounted on a 1-dimensional
translational stage. The sample holder has a rotational axis to tune the inci-
dent angle 0;. Path 1 is used for the laser-surface experiments independent
of the plasma source. If the flip mirror is retracted the laser beam is traveling
along path 2. Here it is reflected via two mirrors and focused into the inter-
action chamber with a f = 750 mm lens, where it eventually hits the sample
under an angle of 45° with respect to the normal. The sample has several
holders to adjust the angle of incidence from 6; = 0 — 60° with respect to the
surface normal. At the same time, the COST-Jet is also mounted inside the
chamber under the same angle. In this configuration, laser-surface-plasma
experiments can be performed. Furthermore, the interaction chamber is con-
nected to a pump system consisting of a rotary- and a turbo pump. The rotary
pump pumps the chamber down to a pressure of p ~ 10~ mbar. Afterwards
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the turbopump supports the evacuation and the chamber is finally pumped
down to a base pressure of p, ~ 5 x 10~* mbar. By that the measurements in
the chamber can be performed in two different ways. Either the chamber is
left open and it is measured in ambient air, or the chamber is pumped down
and subsequently filled with the gas flow of the jet (He/synthetic air mixture)
to measure in a controlled atmosphere. This is the same procedure as already
described in section 3.2.3, except for the fact that no automated control pres-
sure by a PID controller was installed. Instead, the pressure was manually
controlled by gradually closing a valve until the pump rate is equal to the
inflow rate, hence a constant pressure in the chamber.
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Chapter 4

Reactive species distribution in the

plasma effluent

4.0.1 Linearity of LIF signal

The energy of the single pulses of the excitation laser can be tuned by vary-
ing the pulse energy of the pump laser by adjusting the Pockels cell delay.
Bigger pulse energies generate a higher fluorescence signal, hence a better
signal-to-noise ration. However, it has to be ensured that the pulse energy
does not exceed a certain threshold, so that the excited state of the measured
species becomes saturated. To investigate the saturation behavior of the mea-
surements, the fluorescence signal at the same parameters, of plasma power
and gas admixture, was analyzed. These measurements were performed for
the ratio of maximum NO production found in section 4.1.1, namely an ad-
mixture of synthetic air. The results can be seen in figure 4.1: It can be seen
that the LIF signal is linear, according to equation 2.32 and therefore not sat-
urated over the whole possible energy range of the excitation laser. For this
study typically energies of about E, ~ 50 ] were used. This relatively low
energy was chosen to realize a longer stable operation of the dye laser, while
maintaining a large enough LIF signal to ensure a good signal-to-noise ratio
of SNR~ 200.

4.1 Determining parameters for maximum NO pro-

duction

In this section, distributions and absolute densities of NO are presented. The
distributions are measured in the free effluent, while the jet is operated in
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Figure 4.1. Variation of the pulse energy of the excitation laser and the

according LIF signal. The measurements were performed for a helium

flow of 1slm and 0.5 % admixture of synthetic air. The grey shaded area
represents the 15 % error band (see subsection 4.1.3.)

normal air atmosphere and on the other hand in controlled He/synthetic air
atmosphere. Subsequently, different surfaces are placed in the effluent to in-
vestigate the influence of the respective materials onto the density distribu-
tion.

As preliminary measurements, different operation regimes of the jet with
different N> /O, admixtures and different plasma powers are investigated to
find the optimum NO production and the most stable operation of the device.

4.1.1 Dependence of NO creation on N,/O, admixture ratio

For many applications, in particular for biological samples, the efficiency of
the production of any desired reactive species is of great importance. This is
due to the heat sensitivity of the treated surfaces resulting in a limitation of
the applied plasma power.

Thus, the NO density should be maximized for any given plasma power.
However, at first the most efficient admixture of the N, /O, admixture must

be identified. To do so, the N, and O, admixtures are systematically varied,
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Figure 4.2. (a) Overview of the normalized NO density recorded at
7 = (0,0,2) mm in the effluent of the plasma jet of the possible N, /O, ra-
tios. (b) Zoomed view into the maximum region obtained from (a). The
densities are plotted as a function of the N, and O, admixtures with a
constant helium flow of @y = 1slm and a plasma power of P = 0.5W.

while the helium flow, as well as the applied plasma power are kept con-
stant. The jet is operated in ambient air and the NO LIF signal is recorded
as close as possible to the jet nozzle to avoid influence of the surrounding
air (for example, due to quenching). This position is located 2 mm away; i.e.,
7=1(0,0,2) mm.

Two parameter scans are performed. One to cover the full range of possi-
ble N/O, admixtures with a step width of A®y, N, = 2.5sccm, according
to a set of the reactive gas flows ®g, N, € {0,2.5,5,7.5,10|in sccm} as seen
in figure 4.2 (a). The second scan focuses on the region of maximum NO
production, as observed from the first scan, to explore this region more pre-
cisely with a smaller step width of A®y, N, = 1sccm according to @y, €
{7,8,9,10|in sccm} and ®o, € {1,2,3,4|in sccm} displayed in figure 4.2
(b). The helium flow is set to be at @y = 1slm and the plasma power as
Pjiss = 0.5W. From the measurements, it can be seen that the production of
NO is most efficient with an admixture ratio of N2/0, = 8/2, which can be
considered synthetic air. Hence, for all the measurements presented in the
following the feed gas is admixed with a commercially available synthetic air
mixture, if not stated otherwise (®jor = Ppe + Psyn).

The measurements shown in figure 4.2 are performed with a constant plasma
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power of Py, = 0.5W. However, when operating the jet with different re-
active gas mixtures, different maximum plasma powers can be applied be-
fore the discharge transits into a constricted arc like mode. This mode is
to be avoided, since it can destroy the jet device and additionally can ther-
mally threaten the treated sample. The different operation regimes are due
to different power consumption mechanisms when higher amounts of molec-
ular species are present in the plasma volume. To investigate the operation
regimes according to the admixtures as depicted in figure 4.2, for each ad-
mixture the maximum stable power Py, and the corresponding maximum

densities, 71,,,y, are recorded.
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Figure 4.3. (a): maximum sustainable plasma power before the dis-
charge transits into a constricted mode. (b): corresponding NO densities
recorded at the maximum powers displayed in (a). (c): Normalized NO
densities calculated from the ratio (b)/(a), according to nno(Prax) / Prax
recorded at 7 = (0,0,2) mm in the effluent of the plasma jet. The den-
sities and powers are plotted as a function of the N, and O, admixtures
with a constant helium flow of @y, = 1slm and a plasma power of
P=05W.

The results are shown in figure 4.3. It can be seen that the maximum reachable
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power for a stable operation with a synthetic air admixture (Pyax ~ 1.4 W)
is considerably lower as compared to the one that can be operated when
for example a high amount of oxygen is added e.g., ®o, = 10sccm and
Py,

character of Oy, with a dissociative attachment energy of about 4.7 eV that

= 0Osccm, where Pyox =~ 4W. This is caused by the electronegative

tends to form negative ions in the discharge, lowering the electron density
and therefore a higher plasma power is necessary to sustain the discharge.
Furthermore, O; has several low-lying metastable molecular states that can
be easily excited [82]. However, in those high power regimes N atoms and
N> molecules are missing to form NO, hence the NO production is low. It is
observed that the highest absolute amount of NO is created when the flow
is about ®n, = ®p, = 5sccm and the dissipated power about Py ~ 2.7 W
(tigure 4.3 (a) and (b)). However, the most efficient production admixture for
NO should be obtained again upon normalizing the maximum NO density by
the maximum power that can be applied to the plasma without transitioning
into the constricted mode. This is shown in figure 4.3 (c) with an operation
at Pjj;s = 0.5W. It can be seen that the most efficient production is again
found with an admixture ratio of N2/0, = 8/2, which is the same as found in
tigure 4.2. This confirms that indeed synthetic air is the most efficient way to
form NO, nevertheless, if the thermal sensitivity of the sample is not such a
limiting factor and high amounts of NO are desired for a specific application,
other admixtures may be preferable that can be looked up in figure 4.3 (b).
Based on those results all the measurements in the following are performed
with a synthetic air admixture and a plasma power of Pj;;; = 0.5 W to ensure
stable operation.

4.1.2 Calibration procedure

For the prior LIF measurements only relative values, i.e., emission intensities
are recorded and displayed. Those intensities are directly proportional to the
density of the respective state. However, to obtain absolute values, a calibra-
tion procedure is needed. This is done by pumping down the chamber and
gradually filling up the chamber with a known mixture that contains NO. In
this case it was a commercially available mixture by Air Liquide (He +5 vol.
% NO). The concrete procedure is as follows: first the chamber is pumped
down to a base pressure of p, ~ 5 x 107> mbar as already mentioned in
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section 3.2.3. Subsequently, the chamber is filled with the NO mixture to a
pressure of p.,; which was typically in the order of p.;; ~ 10mbar. The NO
density for the calibration,n.,, in the chamber can then be calculated via the

idea gas law as:

NeakpTy = 0.05pc < Mg = 0.0515—;; (4.1)
where Tg = 293.15K is the normal gas temperature inside the chamber. Af-
terwards the chamber is filled up to ~ 950 mbar with pure helium. Here it
is important to keep the pressure well below the lab pressure, to avoid over-
pressure inside the chamber that might be a danger to the windows or lead to
leaking of NO that would cause errors in the calculation of 7, via the ideal
gas law. After a LIF signal of the corresponding NO density is recorded, the
chamber is pumped down to ~ 500 mbar and filled up again with pure he-
lium. In this way the NO density is iteratively diluted and the LIF signals
corresponding to the known absolute NO densities are recorded. In this way
a connection between the LIF signal and the NO density I1 1r(nno) is deduced
that follows equation (4.3), hence a linear correlation is obtained. The NO(X)
ground state density can then be calculated via:

I1ip Clcal
= 4.2
Iy EL Ecalncachal INO ( )
EcalfcalTecal ILip
<1;> I — ca cal *Ca 4‘3
nNo (ILie) (i Eitg (4.3)

where ( is a constant taking into account the efficiency of the detection, e.g.,
coupling of fluorescence light into the fibre, E,), I.,; and Ey, E,; are the laser
pulse energies and the LIF intensities during the calibration and the measure-
ments, respectively. 7, and T, are the decay times, i.e., the lifetime of the
states during the measurements and during the calibration to account for dif-
ferent quenching mechanisms in the different environments. The radiative
lifetime of the electronic vibrational state undergoing a spontaneous transi-

tion (u,v") — (I,v") with and without quenching in general is given by [46]:

-1
T = (AY) ! = <;Z Ag,lv,,> (4.4)

'U//
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and

v/l

-1
(Au/ + Qu = (ZZAZIU” + Zn] u]) (45)

where A,and A;‘,lv,, are the Einstein coefficients for the transition from the
upper state 1 and the vibrational level v’ to all lower vibrational levels v and
lower electronic states I. The lifetimes can be directly deduced from the time
resolved LIF signals by performing an exponential fit. One example graph of
a calibration procedure is shown in figure 4.4. The LIF technique used here
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Figure 4.4. Calibration curve for the determination of absolute NO den-

sities during the measurements. This calibration contains all the physical
mechanisms as well as the optical properties of the detection system

is only sensitive to the vibrational ground state of NO. Golda et al. measured
the gas temperature in the effluent of the COST-Jet at 7 = (0,0,2) mm to be
T, ~ 310K for operation at Ps;;; = 0.4W in a 99.5% He/0.5 % O, discharge
[83]. The lifetime of the NO(X?I1) state is considered to be long enough for
the particles to reach vibrational equilibrium. In this case the distribution can
be described by a Boltzmann distribution according to

1 E, }
v, Tyip) = exp§ — 4.6
f (@ Toi) Zoib P { kg Tyip (.6)

where Z,;, = [T Y, exp{—Ex,/kpT} is the vibrational partition function,

Ey , is the energy of the k-th mode with vibrational number v. This function
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cancels out for relative expressions. With the approximation of a harmonic

oscillator this energy is calculated via

Ey = wy (v + %) . (4.7)

Here w;, is the vibrational constants for the different levels. In this case wp =
2374cm~! and wy = 1904 cm !, according to [84]. Taking into account these
values and an estimated vibrational temperature of T,; = 310K the ratio of
the excited species to the ground state of the investigated species is calculated
according to equation 4.6:

My=1 Ey— Eq _5
= — ¢~ 11 x107". 4.
oo exp { KT } x 10 (4.8)
Therefore it is justified to assume that all the species are in the vibrational
ground state and calculate the absolute NO density from the density in this
state. From this point on the calibration procedure was performed and abso-

lute numbers of NO are presented.

4.1.3 Error estimation of the calibration procedure

Due to the fact, that the calibration is performed with the investigated gas
itself and not with an auxiliary gas as for example krypton when perform-
ing TALIF measurements on oxygen, one of the biggest error sources, the
uncertainty in the two-photon cross sections, completely disappears. The po-
tential error sources during the calibration in this case are the density during
the procedure, n.,, which in turn is dependent on the gas temperature T,
and the calibration pressure, p.,. In both cases the fluctuations are assumed
to be small. The pressure device (Pfeiffer CMR371) has a relative error of
Apca = 0.15% (see datasheet). The temperature fluctuations in the lab are
also assumed to be small in the range of a couple of K, which results in a
relative error of AT, ~ 2%. The deviations of the pulse energies are within
the limit of AE.;;; < 0.5% (see datasheet SpitLight Compact DPSS). Here
the error in the energy rather occurs due to fluctuations of the diode signal.
During the experiments these fluctuations were measured to be in the range
of 5%. The largest fraction of the resulting error is due to the detection of the
LIF signal using the two-lens system, hence in the optical constant . Here it
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was observed that the fluctuations of the signal can be up to Al jp < 10 %.
Therefore, the resulting error of the absolute NO densities is assumed to be
in the range of Anno ~ 15 % for all measurements presented in this thesis.
The error interval is indicated by shaded regions around the data points in
the plots.

4.1.4 Dependence of NO creation on synthetic air admixture

In section 4.1.1 the influence of different N2/0, ratios on the NO production
was investigated and it was found that the admixture of synthetic air yields
the optimum NO production. In this section the influence of different abso-
lute admixtures of the synthetic air is presented. The helium flow is again

kept constant at @ = 1slm and the amount of synthetic air is varied from
0.1 —1.1%.
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Figure 4.5. NO density as a function of the absolute synthetic air ad-

mixture measured at 7 = (0,0,2) mm. The measurements are performed

with a helium flow of &y, = 1slm and the plasma power is varied as

Pjiss € {0.2, 0.4, 0.6, 0.8 | in W} The solid line shows the results from the
model for P = 0.8 W

The LIF signals are then recorded as close as possible to the nozzle, as men-
tioned in the section before at 7 = (0,0,2) mm. The results are displayed in
tigure 4.5. It can be seen that even without any external input of synthetic air a
small amount of NO (nyo ~ 0.25 — 0.5 x 10!* cm 3 depending on the power)
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is formed. This is due to impurities from the gas lines and bottles, that is suffi-
cient to build up NO. Subsequently, the NO density rises monotonously until
an admixture of 0.5 — 0.6 % is reached, where it exhibits a maximum. This
finding is independent of the plasma power as can be seen from the different
curves. From there on the NO density decreases. These results are similar
to the findings of Ellerweg et al., Willems et al. and Knake et al. who mea-
sured the dependency of the atomic oxygen density on the molecular oxygen
admixture in older versions of the jet by molecular beam mass spectroscopy
and TALIF, respectively and also found the maximum to be at 0.5 — 0.6 % [85,
44, 43]. Kelly et al. numerically modeled the dependency for a plasma jet
device and also found the maximum to be at 0.4 — 0.8 %. Here, the decrease
for higher admixtures of O, is purely attributed to the power consumption
of the negative ions and the resulting lower electron density [86]. Pipa et al.
measured the NO production rate in the kINPen jet as a function of the syn-
thetic air admixture and found the maximum rates at 0.2 % and 0.07 % for gas
flows of @5, = 5slm and @4, = 15slm, respectively [87, 88].

The trend observed and shown in figure 4.5 can be explained by different
physical and chemical processes. For low admixtures the electron energy
distribution function (EEDF) is hardly affected by the molecules. The NO
production is low due to the lack of N, and O, molecules and their dissocia-
tive products N and O which are key players for the NO production kinetics.
With increasing admixtures of the synthetic air, the dissociation probability
increases and as a consequence N and O densities increase and at some point
the optimum point for NO production is reached. For higher admixtures the
EEDF is significantly influenced by the high amount of molecules present in
the plasma. Its high energy tail is depleted due to the high number of in-
elastic collisions [89, 90]. This leads to fewer electrons energetic enough to
dissociate the molecules and form the atomic components. Furthermore, due
to the electronegative character of O, the electron density is decreased and
dissociation by electron impact is further reduced.

4.1.5 NO production in different plasma operation regimes

In this section, the influence of the dissipated plasma power on NO produc-

tion is investigated. Therefore, the power is varied from the lowest possible
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point where the discharge ignites and is in a stable regime up to the power
where the discharge transitions and a constricted mode occurs. The depen-
dencies are investigated for two different flows, while the synthetic air ad-
mixture is kept constant at 0.5 %. The results can be seen in figure 4.6. 4.6 (a)

(a) (b)
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Figure 4.6. (a): voltage-power characteristic of the COST-Jet, (b): power

dependencies of the NO densities with the corresponding fit functions

measured at 7 = (0,0,2) mm. The helium flow is varied while the syn-
thetic air admixture is kept constant at 0.5 %.

shows the voltage power characteristic of the COST-Jet. For low voltages the
curve follows a rather linear correlation that turns into a non-linear behavior
for higher voltages. This is owed to different operation modes of the jet with
distinct differences in the electron power absorption for different values of
the dissipated power: the ()-mode for lower powers and the Penning mode
in the higher power regimes. In the ()-mode the ionization mainly occurs in-
side the bulk by electrons that are accelerated up to high energies in a strong
ambipolar electric field. In the Penning-mode on the other side the ionization
happens due to electrons that are generated inside the sheaths by Penning
ionization but also due to the secondary electrons that are emitted from the
electrodes when the positive ions impinge onto the surface. These modes and
the physical mechanisms behind were investigated in detail by Bischoff et al.
by simulations and experiments [91]. The non-linearity of the voltage power
characteristic is also an important aspect for the LIF measurements. At high
powers small fluctuations of the voltage by the RF generator can lead to high
deviations in the absorbed power and hence the plasma dynamics. It is there-
fore preferable to measure in the ()-mode to keep the deviations small and
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assure reproducible operation parameters as possible.

Figure 4.6 (b) shows the NO dependency on the dissipated power. The first
data-points correspond to the first possible measurements after which the
plasma ignites for the adjusted flows and is in a stable operation mode. The
last data-points correspond to the power where the jet is just prior to the tran-
sition into the constricted mode. For both flows a strictly monotonous in-
crease of the densities is observed. For a helium flow of 1slm the density
rises from nno(®Ppe = 1slm) : 0.6 x 10¥ecm™3 — 3.2 x 10 ecm~2 and for
the 2slm flow nno(Ppe = 1slm) @ 0.3 x 10¥em ™3 — 2.4 x 104 cm 3. In
both cases the synthetic air admixture was kept constant. For high powers
the NO density seems to evolve into an equilibrium like state where creation
and loss mechanisms cancel out. We therefore fit a function of the form

nNo (Paiss) = Miim (1 —exp {—%}) (4.9)
char
where P, is the power depending on the discharge conditions where the
density has increased up to a value of 1, (1 — 1/e) ~ 0.63n;,,. The smaller
the parameter P, the steeper the slope and the faster the steady state for
the NO density is reached. As a consequence it can be found by a limit con-
sideration that

lim
pdiss*)OO

Py;
nno (Paiss) = Miim (1 —exp {—P—ZSS}H = Nyim- (4.10)
char
Indeed the NO density converges towards a stable value of 7;;,,. In the cases
investigated here these values are:

Nyim (PHe) =

34x10%em™  for ®pye = 1slm
28 x10%em™3  for ®pye = 2slm

and
0.80W  for ®ye =1slm
char —

1.30W  for Pye =2slm
It can be seen that higher NO densities are observed for the lower flow under

otherwise identical discharge conditions. The physical reason for that behav-
ior is explained later in this thesis. When evaluating the results presented in
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tigure 4.6 (a) and (b), it is interesting to show the voltage-density correlation.
This is shown in figure 4.7. As already assumed from the analytical shape
of the fit functions a linear dependency of the NO density on the voltage is
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Figure 4.7. Voltage-density correlation of the NO density measured at
7 = (0,0,2) mm. The data-points show the results for two different he-
lium flows, while the synthetic air admixture is kept constant.

observed over the whole power operation range of the jet, i.e., in the ()-mode
as well as in the Penning mode. The same linear trend was observed for the
atomic oxygen density depending on the molecular oxygen admixture that
was measured by Willems et al. [44]. In the case of the NO dependency the
linear fit for @, = 1slm yielded a slope of dnno/dV = 2.13 x 102 v-1em—3
and in the @ = 2slm case dnno/dV = 1.29 x 1012V~ em™3. In case of the
COST-Jet with a high reproducibility and stable voltage-power characteristics
the linear dependency on the voltage seems reasonable. By this relation the
NO density can be more easily tuned for certain applications by adjusting the
voltage and taking into account the linear voltage dependency as compared
to power adjustments, where a more complex analytic behavior is observed
(see figure 4.6 (b)).
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4.2 Diffusion of air into the plasma effluent

4.2.1 Quenching of NO(A ?%")

Due to the large number of collisions in atmospheric pressure plasmas, quench-
ing is a common process that needs to be taken into account. This is a radi-
ationless de-excitation process triggered by inelastic collisions. Due to the
non-radiative character, this reduces the LIF signal and its time constant and
can lead to significant errors in the density determination, if not taken into ac-
count. The measurements up to now were performed close to the plasma noz-
zleat7 = (0,0,2) mm where the species are well shielded from the surround-
ing air and quenching does not play a major role. However, if measuring
further away in the effluent ambient atmosphere will diffuse into the effluent
and quenching will occur. To investigate the influence of the air intrusion, the
time resolved LIF signal, hence the effective lifetime of the NO(A 2y 1) state is
monitored and systematically scanned throughout the effluent region. By this
it is possible to gain quantitative information about the quenching properties
of the surrounding gas. Figure 4.8 shows two exemplary waveforms of the
LIF signal in two different regions in the effluent. The first one shows a slow
decay with a lifetime of 7, ~ 200 ns, which is close to the natural lifetime, i.e.,
almost no quenching is affecting the lifetime and another narrow LIF signal
with a lifetime of 7; &~ 6ns that corresponds to a strong quenching regime.
From those waveforms, the lifetimes are determined throughout the effluent.
Neglecting photochemical reactions, the rate equation for the excited state can

be written as follows:

on,
ot

= Agunog — ny <Au0 + Zkuﬂ’l]> (4.11)

J

where 1, and ng correspond to the excited and the ground state respectively,
Aoy is the excitation rate, A, the Einstein coefficient for spontaneous emis-
sion and k,; and n; the quenching coefficient and the quencher density of the
j-th species. In the presented results the population of the excited state is
mainly caused by the absorption of the photons of the excitation laser. Since
the fluorescence signal is only recorded after the laser pulse (red shaded area
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Figure 4.8. Two fluorescence waveforms and the according exponential

fits in order to calculate the NO(A2L ") lifetime. The two waveforms

correspond to a strong quenching regime with a calculated lifetime of

T; ~ 6ns and a weak (no) quenching regime with a lifetime of 7, ~

200ns. By this method the lifetimes in different regions of the effluent
are calculated in order to investigate the quenching properties.

in 4.8) one finds that Ap,n9p = 0 and the differential equation 4.11 can be writ-

ten as:

on
atu = —ny (Auo + Zku]n]> (4.12)

]
This differential equation can then be solved by separating the variables and
integrating from the time when the laser pulse ends (7.) until an arbitrary

time ¢:

nu(t) J# t
_ / Iy _ (Au0+2kujnj> / di (4.13)
n ] Te

u(Te) ﬁu

= ny(t) = ny(7) exp {— <Au0 + Zk”jnj> (t— Te)} (4.14)
J

= n,(T) exp {—t — T } (4.15)

Ty
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where 7, = <Auo + X ku]-nj) is the effective lifetime of the state including
quenching effects. Furthermore, the Einstein coefficient is linked to the natu-
ral lifetime as A;p = 7, 1 The relation of the effective lifetime and the natural

lifetime can then be written as:

qu — Tlo = ;kujn]- (4.16)
This is a linear correlation between the inverses of the natural and the effec-
tive quenched lifetime and the quencher density and its properties, namely
the quenching coefficient. Hence, by recording the quenched lifetime via LIF
and looking up the natural lifetime in the literature it is possible to deduce
the quenching coefficient by adding a known amount of quenching species
and plot /7, — 1/7, against nj. Equation 4.16 and the corresponding plot are
called the Stern-Volmer equation and Stern-Volmer plot.

Before the quenching coefficient of the state by air is investigated, the influ-
ence of the carrier gas itself, namely helium must be measured. In order to
do so the interaction chamber was pumped down and subsequently filled
up with a commercially available He/NO mixture up to a small pressure of
about ~ 5mbar. By gradually introducing a little more amount of helium
into the chamber and measuring the lifetime after each pressure increase, it
was found that the lifetime of the state does not change, hence the quenching
of NO(A 227) by helium is very weak. A linear fit according to equation 4.16

3s~1. However,

yields a quenching coefficient for helium of k, jo < 10~ cm
this coefficient is only an upper limit, since the quenching induced by the im-
purities from the gas bottle and gas lines is at some point more pronounced
than quenching by helium itself. This small quenching coefficient for helium
justifies to neglect any quenching by helium in all the measurements, includ-
ing the determination of the quenching coefficient of air. Therefore, the mea-
sured lifetime in the helium atmosphere, 111 = 200(£10) ns, is considered
to be close to the natural lifetime of the state. This is verified by compari-
son with literature values of the natural lifetime that vary from values of e.g.,
Tp = 215(£20) ns, 19 = 209(£10) ns or 79 = 192.5(£5) ns [92, 93, 94].

Quenching by air is investigated following the same procedure as before in

the helium case, except for the fact that now synthetic air is introduced in each
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Figure 4.9. Stern-Volmer plot for the determination of the quenching

coefficient of the NO(A2L") state. In this case one example for air as

quencher is shown. The red dotted lines indicate the laser pulse width,

for which the lifetime of the state becomes shorter than the pulse itself

(horizontal line) and the corresponding air density, indicated as n. (ver-
tical line)

iteration step. The same was done for the single constituents of air, namely
N, and O,. The results can be seen in figure 4.9. For all three measured
species, a linear dependency of the inverse lifetimes and the quencher density
is observed. In the case of synthetic air, a plateau is reached that is linked
to the FWHM of the excitation laser pulse of 7, ~ 5ns. This is the lower
detection limit. From the linear fits of the plots, the quenching coefficients for

the different species are obtained as:

(402 x10 M em®s™!  for air
214 x 107 em®s™! for N

= 4207 x 107 %em?s™1  for O,
401 x107%em3s™!  for CO,

(229 x 107 %em?®s™!  for NO

By taking into account the relation of the absolute quenching coefficient and

the coefficients of the single constituents, the measurements can be cross checked
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according to

ke fneff = ZCJk]n] agr 2 = 0.8kN2 + O.Zko2 =4.1x 10711 CIIl3 Si1
j j:NZIOZ
(4.17)

where a pure synthetic air atmosphere is assumed, and quenching only oc-
curs with N and O,, hence N2/0, = 2/8 and {n, + o, = 1. Comparing
the quenching coefficient for air calculated from the single components as in
equation 4.17 with the measured quenching coefficient obtained from the lin-
ear fit in figure 4.9 it can be seen that they agree very well. This confirms
the applicability of the method in our case to determine the quenching prop-
erties. Furthermore, the same method is used to determine the quenching
coefficients for NO and CO,. From the quenching coefficient, the quenching

cross section can be calculated assuming a Maxwellian distribution function:

8kpT. m;m;
where (v;j) = 528 and Hij = S
(vif) TTij m; + m;

O = (4.18)

Here (v;j) is the mean velocity between two colliding partners of the species
i and j, Ty the gas temperature parameter of the Maxwellian distribution, kp
the Boltzmann constant and y;; the reduced mass. The results are eventually
verified against data from other studies (see table S1 those values have been

measured with various different diagnostics).

4.2.2 Air intrusion into plasma effluent

As shown in 4.9, besides the absolute and calibrated LIF signal, also an ex-
ponential decay function is fitted from which the lifetimes of the respective
states are deduced. From those measured lifetimes, the air diffusion into the
plasma effluent can be calculated. This is done by assuming a gas composi-
tion only consisting of helium and air. The measured lifetime, 7, is then given

as:

+
THe Tair

-1
CHe é(He) with e + Cair = 1. (4.19)

Ty (CHes Gair) = (

Here Cpe and Cair € [0, 1] are the fractions of helium and air, respectively. Tige
is the lifetime in pure helium measured during the calibration (close to the
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TABLE S1: Measured quenching rate coefficients and calculated

(see equation 4.18) cross sections for the NO(A2Z* v’ = 0) state.

Shown are the values observed in this study compared with lit-
erature values (T; = 300 K).

Ref. kuj (10710 cm3s~1] Ouj [A2]

N, 0O, NO CO, N, 0O, NO CO,
our 214x107% 207 229 4.01 0032 323 352 42
[94] 46x1073 1.79 0.007 285 414
[95] 9.1x10% 141 3.6 21.3
[96] 0.014 30 40 61
[97] <1x107% 146 2.67 430 22 73
[98]° - 22 29 65
[99] 7.8 x10~* 2.3 -
[100] <0.01 21 37 -
[101] 1.44 281 3.58 226 435 60.3
[102] <0.017 2697 38.6° 6847

? measured at Ty = 294K
b obtained by emission intensity ratios ®s/® instead of lifetime ratios

natural lifetime without any quenching) and 7,;; = 0.96ns is the lifetime in
pure air that is obtained from the extrapolation of the linear fit of the inverse
lifetimes shown in fig. 4.9. The fraction of air can then be calculated from
equation 4.19 as: : )
_ Tair(THe — Ty

Gair(Tg) = m (4.20)
The results for air intrusion into the plasma effluent can be seen in figure 4.10
Shown are the effective lifetimes of the NO(A 2%L%) state that are obtained
by an exponential decay fit of the time resolved LIF signals (a) and the air
fraction calculated via equation 4.20. The black dotted line in (b) shows the
equidensity line, (1, = 1, see figure 4.9), at which the effective lifetimes be-
come shorter than the laser pulse width (=5ns), corresponding to the detec-
tion limit. The outlet of the plasma jet is located at x € [—0.5,0.5] and z = 0.
It can be seen that the gas stream is well shielded from the surrounding air
up to approximately z ~ 10mm. This leads to rather long lifetimes and less
pronounced quenching. Once the axial distance exceeds this value, the life-
time rapidly drops, indicating a more pronounced quenching and therefore

also an indication of the diffusion of air into the helium stream expanding
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Figure 4.10. (a): quenched lifetimes of the NO(A 2y.*) state obtained

from the time resolved LIF signal, (b): fraction of air diffusing into the

plasma effluent calculated via the quenched lifetimes plotted in (a) and

equation 4.20. The dotted line represents the density, (see 7. in figure ??),

at which the lifetime becomes shorter than the laser pulse width, hence

the detection limit. The example shown here is operated at ®pe = 1slm,
Dy = 5scem and Pyjgs = 0.5W

from the jet. This is also an important finding for any application of the jet for
surface treatments. When operating the jet at a distance to the sample within
z ~ 15mm, the atmosphere is rather clean because the helium stream shields
it from possible distortions. However, when moving further away it must be
taken into account that the surrounding atmosphere is significantly diffusing
into the effluent influencing the chemistry and hence the products that reach
and interact with the surface.

4.3 2d and 3d density distributions at different op-

erating atmospheres

4.3.1 Expansion of NO into free effluent and coupling to feed

gas flow

In this section, 2d density distributions of NO in the free effluent are pre-
sented. The jet is operated in two different atmospheres. First it is operated
in an air environment and is then compared to the operation in a controlled

helium atmosphere, to which 0.5 % of synthetic air is admixed. According to
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tigure 3.3, the z-coordinate corresponds to the axial distance from the nozzle
of the jet and the x-coordinate gives the inter-electrode distance, where the
electrodes are located at x = —0.5mm and x = 0.5mm. A comparison for
three feed gas flows, where the jet is operated in two different atmospheres is
shown in figure 4.11

D= 200 sccm

Pyy=400 scem @yy= 1000 sccm

2,1
I
1.6
1.3
-1 1
0.8
F 0.5
' 0.3
0
28
! 25

2,1

air
x [mm)]

Helium
x [mm]

1]
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z [mm] z [mm] z [mm]

2 10 20 30 40 50 10 20 30 40 50

Figure 4.11. 2-dimensional density maps of NO in the xz-plane of the
effluent. The top row shows the jet operated in ambient air, whereas the
bottom row shows distributions where the jet is operated in a controlled
He/ syn. air atmosphere. The associated coordinate system can be sen in
figure 3.3. The different columns correspond to different feed gas flows
as follows @y € {200,400,1000 | in sccm}, while the power is kept
constant at P;i.s = 0.6 W. The color scale bars are in units of 104 cm ™3
and the vector represents the direction of gravity.

Here the top row shows the distributions for the jet operated in ambient air,
while the bottom row shows the distribution operating in a controlled He/
synt. air atmosphere.

The first striking feature when comparing the different flows is the fact that
NO expands much further into the ambient for higher flows. This is as ex-
pected due to the increased initial velocity that can be calculated as vgs(Ppe) =
®ye/ Ayg, where A; = 1 mm? is the cross section of the channel. The initial ve-
locities for the investigated flows vary from vg,s(200scem) = 3.3ms™ ! up to
Ugas(2000 sccm) = 33 m s~ 1. Furthermore, it can be seen that the NO also ex-
pands further in the controlled He atmosphere as compared to pure air. This
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is observed not only in the axial z-direction but also in x-direction.

To study this different expansion behavior, 1-dimensional axial profiles of the
NO density and the corresponding gradients are investigated to deduce den-
sity drops and appropriate distances for certain applications. To account for
buoyancy, that is clearly observed for the density distributions in figure 4.11,
one must not take the on axis values (x = 0). Therefore, the measured data
are transformed into bigger matrices via the Renka-Cline interpolation [103].
By this method the resulting images consist of 51 x 51 matrices. To obtain the
1-dimensional density profile and taking into consideration the buoyancy, the
maximum value of each column is extracted and put into an array. An ana-
lytic function is fitted, and the derivative is calculated. From those functions
the decay length and the gradients can be calculated, respectively. The fit

function and its derivative are of the form:

nNo(z) = fiexp {—%} +ny¢ and Vinno = argjo = —% exp {—%}
(4.21)

Here 71 is the maximum density at the first data point at 7 = (0,0,2), L is the
decay length at which the density has dropped to 7i/e and n. is a possible
density offset. One exemplary evaluation of this data treatment is shown in
tigure 4.12. Here the ®y, = 200sccm case from figure 4.11 is chosen. This
evaluation is performed for all investigated flows and the results are pre-
sented in table S2. It is observed that the first measured absolute densities are
higher in the controlled helium atmosphere as compared to the air environ-
ment (see figure 4.12 (a)). This can be understood by the fact that these values
are already measured 2 mm in the effluent, where the NO particles have al-
ready interacted with the surrounding atoms or molecules. As already seen
in section 4.2.1 helium is a very slow quencher, hence the NO particles are
not destroyed so quickly as compared to air, where O, quenches quite fast.
By extrapolating the data to z = 0 comparable values are observed. This is
reasonable, since at this point, the surrounding atmosphere should only have
minor impact on the NO generation by back-diffusion into the channel. By
looking at the gradients dnno/ 0z, that determine how fast NO is destroyed,
it is clearly visible how strong the ambient gas influences the expansion of the
reactive species into the effluent. While at z = 0, the gradient is almost three
times higher in the air environment (V,_g 4ir/V.—o1e = 1.05/0.39), even at
z = 2 the gradient is still more than two times higher (V,_5 4,/ V.2 He =
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Figure 4.12. (a) NO density profiles along the axial z-axis and the corre-

sponding exponential fit in air and He/ synthetic air atmosphere and (b)

the corresponding absolute values of the gradients V,nno = |9nno/9z]

calculated from the fit. Here ®p, = 200 sccm and the power is kept con-

stant at P = 0.6 W. The vertical dotted line shows the first measurable

point at 7 = (0,0,2). Data left to this line are extrapolated from the ex-
ponential fit.

0.7/0.3). The same behavior can be seen when evaluating the decay lengths
L. For 200sccm e.g., the decay length in the air environment is almost three
times smaller as compared to the helium environment, (L,;,/Lye = 4.8/13.3).
All those parameters are important for any treatment applications, since they
are crucial for the determination of treatment parameters and also show the
limitations or possibilities for different distances of operation and the result-
ing densities of reactive species that interact with the surface. The different
evolution of NO in the effluent in the different atmospheres can be explained
by taking into account the reaction kinetics concerning NO destruction and
creation channels. One key player to create NO is atomic oxygen. However,
prior studies by Knake et al. and Ellerweg et al. showed a fast destruction of
O in the effluent with a strong exponential decay within the first millimeters
[85, 43]. Predominantly this occurs due to the reaction of O+O;+M—0O3+M
and O+O3 —0,+0; [104]. This destruction of O and subsequently creation
of O3 in turn, favors the destruction of NO, since the rate coefficient of the
reaction NO+O3—0,+NO; is two orders of magnitude larger than the corre-
sponding creation channel involving O3 according to N+O3—NO+O;. This
will not happen in a helium atmosphere, since helium is an inert gas and does

not react with the reactive species in the plasma effluent. Here the transport
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TABLE S2: Flow dependencies of NO densities in air and He

+ 0.5 % synthetic air atmosphere. Shown are the respective fit

parameters extracted from a fit function of the form nno(z) =
npexp{—z/L} + nyg.

Py [scem] Aty | Al L [mm] 75e],, ¢
air He/ air air He/ air air He/ air

200 49933 513|45 48 133 1.04 03

400 362287 454|434 111 193 03 031

600 3.06 | 2.67 17.4 0.16

800 2.38|2.12 21.9 0.09

1000 216201 291|281 245 303 0.08  0.06

1200 1.75 | 1.61 26.9 0.06

1600 1.51|1.31 21.1 0.06

2000 1.12 | 1.04 23.2 0.03

“ obtained from the extrapolation of the exponential fit
b 7 in units of 10 cm—3

¢ | 20| in units of 10"cm 3 !

mm

of reactive species is mainly driven by free diffusion as shown later in this

thesis in section 4.3.2.

Another effect that can be clearly seen in figure 4.11 is the fact that NO is
strongly affected by buoyancy. This is not intuitive when comparing the den-
sities of NO and air for standard conditions, where pyo = 1.250kg/m3 >
Pair = 1.204kg/m3. Hence, due to gravitational effects the NO stream might
be expected to be directed downwards in the direction of §. As this is not the
case, the NO must be coupled to a stream of different density. Here the feed
gas used for the operation of the jet is helium. Since ppe = 0.179kgm 3 <
Pqir the NO trajectory might be coupled to the helium gas flow. An approx-

imation of the trajectories of the helium particles in air can be calculated via
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looking at the single particle trajectories when taking into account Stokes fric-

tion. The equations of motion for the different components can then be writ-

ten as:
() e
mazaytgt) _o (4.23)
ma;zt(zt) _ 58729(;) (4.24)

where m is the mass, ¢ = 9.81ms~?2 is the gravitational acceleration, B =
67try is the Stokes friction coefficient with the dynamic viscosity #, r the ra-
dius of a spherical particle and p the density of the respective media at T =
293.15K. Since no force is acting on the particles in the y-direction only the
differential equations for the x— and z—component are solved. Therefore, the

following boundary conditions are applied:
" x(t=0,8) @
ot - xX(t =V, _ He .
8 5 A, sin(9) (4.25)
92(t=0,0) _ Pue cos(d) (4.26)
: ot Ay
gas channL:l :
7= (0,0,0) = nozzle tip a_? x(t=0)=z(t=0)=0 (4.27)

Figul‘e 4.13. Geometry fOI' the determil’la- The geometry for the determination
tion of the boundary conditions for the ini-

tial velocity in the velocity space. The an- o . '
gle ¢ accounts for small angles of the gas S€en In figure 4.13. In this case ¢ is

stream when leaving the jet nozzle. the angle to account for either small

horizontal misalignment of the jet it-

of the boundary conditions can be

self or small angles that occur due to turbulence or other hydrodynamic ef-
fects during the escape of the gas from the jet nozzle. However, during the fit-
ting procedure it was found that the angles are small in the range of ¢ € [0, 2].
This is reasonable, since especially for small flows the back diffusion of the

surrounding gas is more pronounced as compared to higher flows, which
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causes mixing of the different gases at the tip of the nozzle and small tur-
bulences, that may lead to a velocity component with small azimuth angles,
¥ > 0, with respect to the horizontal ¥ = 0. Solving the differential equa-
tions for the single components and combining the solution in order to get an
expression of the form x(z, @y, #) eventually yields an equation that reads:
1 ZAd

x(z, Pe, 9, A) = —QA%In {1 — ——(19)} + A (QA —

cDHe Sin(ﬁ)
A $pye cos

Ay

1 ZAd q)He Sil’l(ﬂ)
1o =04 )y A ZHSET) oA
: ( A, cos(ﬂ)) i < y

(4.28)

where ) = g (vair/pme — 1) is the effective acceleration of a particle in the x-
direction due to buoyancy and gravity without any influence of friction, A =
m/pg in units of s is used as a fitting parameter that accounts for Stokes friction
and A, is the cross section of the discharge channel (here A; = 1 mm). During
the fitting procedure it was found that an excellent agreement is obtained
keeping the fitting parameter constant as A = 3.5 x 1073 s for all investigated
flows. The resulting trajectories according to the different flows, calculated by
equation 4.28 are shown amongst the two-dimensional density plots in figure
4.14 as the black dotted line. Due to this agreement, this is a strong indication
that the NO is closely coupled to the helium flow. However, it should be
kept in mind that this calculation is based on a single particle picture, while
the expansion of the gas flow is a fluid problem. These calculations are an
approximation.

Based on that model another important parameter can be derived from the

single solution in the z-component that is

2(t, P, 0, A) = M’H;f‘;osw) (1 —exp {—%}) : (4.29)

From the limit at large times, an expression of the value D, is derived as:

D, (®Ppe, 0, A) := }LTQOZ(‘DHe/ 9,A) = A®Ppe cos(9)  muvgcos(d) 23

Ag
(4.30)
with ®re/A; = vg as the initial velocity of the gas leaving the jet nozzle and
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p- the initial momentum in the z-component. This expression of D, yields
an upper limit of the maximum axial distance, for samples to be treated in
the effluent for a given flow and therefore the maximum distance at which a
sample can be placed. It scales linearly with the feed gas flow ®. From the
mathematical expression 4.28, 4.29 and 4.30 it can be seen that the trajectory
and the parameter D,, for a given feed gas flow is solely dependent on the en-
vironment, that the jet is expanding into. In this case, the fact is described by
the dependency of the expressions on A = f(B) and Q) = f(pens), where both
parameters are dependent on properties of the environment, such as density,
Penv, and the Stokes friction coefficient, f. The maximum treating distance
D;, is solely described by the degree of friction between the gas escaping the
channel and the environment. Additionally, a prediction of the point of inter-
section with a sample placed in the effluent is possible.

As already seen and listed in table 52 the maximum densities scale inversely
with the feed gas flow. This fits to the findings of Douat et al. [105], who inves-
tigated the NO production in an older version of the jet used in this thesis via
laser absorption spectroscopy and Iseni et al. [106], who investigated the NO
production in the kINPen via molecular beam mass spectrometry (MBMS)
and LIF. Generally, for given flow rates, the residence time of single gas par-

ticles inside the gas channel in the active plasma region can be calculated via

Vi

= 4.31
Brp (4.31)

TR

where V; is the discharge volume and @y, the feed gas flow. If the gas re-
mains in the active plasma region longer, there is more time to dissociate the
molecules and build up atomic species such as N and O. Those atomic species
are crucial to form NO. This might lead to a higher NO density inside the
channel and a faster build up for lower flows. It should be noted, however,
that the power during the experiments is kept constant at P;;;; = 0.6 W. This
results in a lower dissipated energy per molecule for higher flows according

to

Pdiss
w = —-. 4.32
Do, (4.32)

This means, that for higher energy densities there is more energy available per
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unit volume per electron to trigger chemical reactions, such as the afore men-
tioned dissociation of molecules. To correlate these quantities to the measured
NO densities, the densities are plotted against the energy density and the res-
idence time. This can be seen in figure 4.15. In figure 4.15 (a) the residence
time of the single particles in the active plasma region is plotted. Since the
volume is constant, this is simply a 1/x-function. Furthermore, the measured
NO density is displayed. These values are obtained from the extrapolation to
the origin at 7 = (0,0,0) from the exponential fits according to the example
shown in figure 4.12 (a). It can be seen that the dependence of the densities on
the feed gas flow resembles the one of the residence time. This supports the
assumption that the residence time of the particles in the jet plays a decisive
role in the build up of NO. The plot of the NO density against the energy den-
sity shows a similar trend as the dependency on the power (see figure 4.6) (b)
and indeed a similar function can be fitted, i.e., the density saturates at higher
specific energy densities. By this it can be concluded that the density depen-
dence is a combination of longer residence times in the jet and an enhanced

specific energy per molecule.

Additionally, the NO density depending on the feed gas flow is simulated
in a zero-dimensional model that contains 138 species and 11799 reactions.
Details on the model can be found in [31]. The results are shown in figure
4.15 (a). In this case, to match the simulations with the measured values, four
distinct features needed to be modified compared to the basic chemical model

that seemed to have major impact on the results:

e The rate coefficient for the reaction O*P) + N (v > 13) —NO + N(*S)
is set two orders of magnitude larger (~ 10~m3s~!) as compared to

existing literature.

¢ The interaction of the atomic species O and N with the wall and the
resulting NO formation are taken into account by the reaction N(*#S) +
wall — NO, whereas in other models this reaction is neglected.

¢ For the NO formation channel via the A state, according to N »(A3Y) +

O(*P) — NO + N(®D) vibrationally higher excited species are taken into

-3

account, hence a larger rate coefficient of 7 x 107 m~3s~! is applied.
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Figure 4.15. Absolute densities of NO measured and extrapolated at

—

7 = (0,0,0) and obtained from the model for different flows plotted
against (a) the residence time calculated by equation 4.31. Additionally,
the simulated NO density from a zero-dimensional model from [31] is
displayed against the measured values and (b) plotted against the en-
ergy density in the jet calculated by equation 4.32.

e The same rate coefficient is used for the NO formation via the B chan-
nel, according to N»(B*Z) + O(®P) — NO + N(?D). This reaction is com-
pletely neglected in many existing studies.

Inserting these modifications to the base chemical kinetic set, an excellent
agreement is found between the simulated and the measured NO densities.
The agreement with the hypothetical values is much more pronounced for
high power regimes as compared to lower powers, which is an indication
that the vibrational excited nitrogen molecules Np(v > 13) to NO formation
gain more significance for higher applied powers.

4.3.2 Turbulence like behavior in air and transport by free

diffusion

In this section two-dimensional density maps in the yz-plane are presented.
This is a top view of the NO distribution with the gravitational vector point-
ing into the paper plane. Figure 4.16 shows the yz-maps for x = 0. The asso-
ciated coordinate system can be found in figure 3.3. The outlet of the plasma
channel reaches from —0.5mm to 0.5 mm in the y-direction. The maximum
NO density in both atmospheres is detected at the central position of the out-

letat7 = (0,0,0). In air, the density is measured to be nyo = 2.3 x 10* cm 3,
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while in helium it is nyo = 2.8 x 10 em™3. This fits well to the densities
measured above (see 4.5, 4.6, 4.15). The density in axial direction drops to
about 1.1 x 10 cm ™3 at z = 20mm according to the gradient calculated in
table S2. However, it should be noted that the maps are only recorded in the
x = 0 plane, while the profiles for the gradient calculations have been cor-
rected to account for the buoyancy, due to the coupling to the helium. The
left column of figure 4.16 shows the density maps of NO and the right col-
umn shows the transverse profiles for different axial distances extracted from
the density maps. It can be seen that the NO distributes in the transverse di-
rection according to a Gaussian function. To investigate the behavior of the
NO distribution a Gaussian function is fitted to each of the transverse profiles,

according to
1 x — )2
HIEO(:VIO"#) = \/erxp{—%} . (4.33)

Here n' is the transverse density profile, u the center coordinate of the distri-

bution and ¢ the standard deviation. The results can be seen in figure 4.17.
For small distances it can be seen that the width of the distribution, ¢ is close
to 1 mm which is the width of the discharge channel. This can be seen for
both atmospheres, which is reasonable, since at close distances the environ-
ment should not influence the distribution much except for the interaction of
the back-diffusion from the surrounding into the channel. As the axial dis-
tance is increased, an increase of ¢ is also observed. This increase is slightly
more pronounced in the helium atmosphere. However, as a certain distance
is reached (z = 35mm) the distribution in the air environment tends to be-
come turbulent, which can be seen from the large error bars of the Gaussian
tit, while the distribution in helium stays quite laminar in Gaussian shape.
At z > 35mm in air environment, a Gaussian fit is no longer converging and
the distribution becomes turbulent, while the error of the fit in helium is still
small and the width of the distribution steeply increases for great axial dis-
tances. Concerning the p parameter of the distributions another difference is
visible. While in air the distribution is distorted from the original center of
the nozzle from z = 25 mm onwards, it stays very close to zero in the helium
atmosphere for all measured axial distances, i.e. the NO particles are not sig-
nificantly deflected from its original path. Iseni et al. [106] and Reuter et al.
[107] also observed a transition into a turbulent behavior. In their publications



78 Chapter 4. Reactive species distribution in the plasma effluent

@
p =
<V}
= f—
& £
o)
b & — 25
i | — -
© S E 20
= T 15
@ =1

=

= 10

S 05

— & e
®% = o0

u
—
3
=
(o —
7] e
o E —
E = & 25 ; g
® = E 20 = 2
£ N Pl A &
.2 2, 107 SN
] 505 I
£ ° -

£ 00 50

2 I 0 -1 2
y [mm]

Figure 4.16. Column (i): yz-maps of the density distribution measured

in air atmosphere (top row) and in helium (bottom row). Column (ii)

shows the according transverse density profiles extracted from (i) for

different axial distances. The parameter of the Gaussian fits to these
profiles can be seen in figure 4.17.

they accounted this to an excess of the critical Reynolds number of

Re — PUL (4.34)
n

where p is the fluid density, u the fluid velocity, L the discharge channel di-
ameter and 7 the dynamic viscosity. In this case the Reynolds number of the
highest investigated flow is Re(2000sccm) = 575 < Re. ~ 2300, which is
well below the critical Reynolds number. Hence, the excess of the Reynolds
number and a resulting turbulence formation due to different fluid velocities
or directions can be excluded.

Instead, the deviation from a Gaussian shape is explained by two mecha-
nisms: one is static and dynamic quenching that either converts NO into other
species or just de-excites NO without any radiation process making it invis-
ible to the LIF technique, the other mechanism is collisions between helium,
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Figure 4.17. Different parameters of the Gaussian fit function accord-
ing to equation 4.33. The function is fitted to the distributions shown
in figure 4.16. The parameter ¢ represents the width of the Gaussian
distribution, i.e., how far the NO expands transverse to the gas flow in
y-direction, and y gives a transverse shift of the central position of the
distribution with respect to the center of the discharge channel y = 0.
The dotted line in the upper graph represents the width of the electrode
gap of the jet and in the bottom graph the zero line with respect to the
center of the outlet.
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NO and other surrounding particles contained in air. In section 4.3.1 it was
concluded that NO particles are closely coupled to the helium flow. Hence, a
deflection of the helium particles from their original path would also lead to
deviation of NO from the Gaussian shaped distribution. A deflection happens
due to momentum transfer during an elastic collision between two partners
A and j. The collision frequency of two particles according to the hard sphere

model and classical collision theory can be written as

8kpT
7T‘l/lA]'

A

where 14, nj, rj and r 4 are the densities and the radii of the collision partners,

kp is the Boltzmann constantand i 4; = erA-i-mTilj is the reduced mass of particles
A and j. In air, the main collision partners are N and O,. The radii of these
species were estimated by G. Barrow from their co-volume to be 7o, ~ 147 A
and ry, ~ 1.57 A [108], while the van der Waals radius of a helium atom is
estimated to be e ~ 1.069 A [109]. From equation 4.35 it can be seen that
the collision frequency is a function of the density of both collision partners
and the radii of the respective species. This means, that as soon as a signifi-
cant amount of air diffuses into the gas stream, the collision frequency with
N, and O, molecules increases and the NO particles are deflected from its
trajectory causing a deviation from the original Gaussian shape when leav-
ing the jet nozzle. The calculated normalized collision frequency can be seen
in figure 4.18. The normalized collision frequency is calculated based on the
density profiles obtained by the data shown in figure 4.10 for the density of
helium and air particles and from figure 4.11 for the NO density along the
axis. From figure 4.10 it was already concluded that the gas stream is well
shielded from the surrounding air up to z ~ 15mm. Hence, in this region
the atmosphere mainly consists of helium and NO with a directed flow and
the collision frequency remains small, resulting in well-defined NO distribu-
tion with a Gaussian shape in transverse directions (see figure 4.16). Beyond
this point a notable amount of air diffuses into the gas stream and the colli-
sion frequency of helium and NO with air increases. Considering a particle of
the surrounding atmosphere in rest, the fraction of energy that is transferred
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Figure 4.18. Calculated and normalized collision frequency along the

7 = (0,0z) axis, between air and NO (red squares), air and helium (blue

triangles) and eventually the sum of both, i.e., the total collision between

air and the species contained in the gas stream (black dots with B-Spline
interpolation).

between two collision partners A and j can be calculated via

Amam; 2 2
D) = Oy o here ® € |0,
At ) cos”(P) ajcos”(P)  where ® € [0,7/2)

(4.36)
where m 4, m; are the masses of the two collision partners and & is the angle

n(mA,mj,CI)) = (

of deflection after the collision. The decisive factor ® Ajr @ ratio of the masses
of the two interaction partners can be calculated by taking into account the
density of species and the above-mentioned radii, assuming spherical parti-
cles, with a mass of mj = p]-4/ 37'[1’5.3 and the factor ® Aj can then be described
by the known properties according to

16 PjriPATS
3 (pjr? +pary)*

@y = (4.37)

From this equation the transfer factor can be calculated for collisions between
the different species, and it can be concluded that the deflection of NO and

helium air can be very effective, while for collisions with helium the deflec-

tion is not as pronounced and the shape stays rather laminar. Furthermore,
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the quenching in air is much faster, as was shown in section 4.2.1.

Figure 4.19 shows density distributions in the yz-plane for different heights,
hence showing 3-dimensional maps. The scale of each image is set with re-

u\ €T

\\u\u\ €T

\\u\

Figure 4.19. Density distributions of NO in the yz-plane for different

heights (z’s) operating the jet into (a) air atmosphere and (b) the con-

trolled helium atmosphere. The jet is operated at a power of Pji; =
0.6 W and the example shown here is for a helium flow of 1 slm.

spect to its own maximum, to emphasize the distributions over the absolute
densities. Figure 4.19 (a) shows five different heights of the maps for the jet
operated in air according to the x-coordinates being x € {0, 0.25, 0.5, 0.75, 1|in mm}
and three different slices for the jet operated in helium according to x &
{0, 0.5, 1/inmm}. The center of the discharge channel is located at 7 =
(0,0,0) and reaches up to x = 0.5mm. In this region reactive species are
effectively created inside the plasma channel and are transported out into
the effluent by the feed gas flow. Beyond this point x > 0.5 mm the trans-
port is mainly driven by diffusion, buoyancy, and inertia of the particles. As
already seen in prior comparisons of the two atmospheres the NO distribu-
tions becomes rather turbulent for large axial distances and heights as already
explained, due to collisions and quenching. The height at which the turbu-
lence like behavior occurs, fits well to the measured data shown in figure
4.10, where it can be seen that up to a height of x ~ 0.5 mm the gas stream is
well shielded from the surrounding atmosphere. This prevents the particles
from collision and quenching processes and the distribution stays laminar.

For larger heights, a significant amount of air enters the region and the mixing
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and collisions occurs. This is not observed in helium, where the elastic and in-
elastic collisions are not as efficient in disturbing the NO and helium particles
from their initial path. The streamlines stay very laminar even for x = 1 mm.
As shown in figure 4.16, the distributions expand in the transverse directions
for all measured heights and the maximum of the distributions moves along

the z-axis according to the fluid velocity of the gas stream.

Usually, to model the density distributions, the diffusion-reaction equation
needs to be solved. This equation has the form
d

&nNO(?, t) = DAI’[NC)(?, t) + f(nl...ni_l, 1’11') (4.38)

where f(n7...n;_1,n;) is a function that accounts for all chemical reactions that
influence the NO density, with reaction partners, n;...n;. This equation is diffi-
cult to solve often due to lack of information about densities of reaction part-
ners in the environment or the reactions itself. However, due to the fact, that
NO particles are closely coupled to the helium flow and helium is an inert gas
and a slow quencher, as shown in section 4.2.1, one can use the approxima-
tion, that in the controlled helium atmosphere the radial transport is purely
driven by diffusion of NO, while the axial transport is driven by the veloc-
ity of the helium gas-flow leaving the jet. To investigate this correlation the
reaction function f(n) in the reaction diffusion equation is neglected and the
problem is reduced to one dimension. Then equation 4.38 can be simplified

and reduces to the 1-dimensional diffusion equation, according to

% nno(y, t)
Jy? !

onno (v, t)

5 — DAnmno(y,t) =D

(4.39)

where D is the diffusion coefficient for NO in helium, Do e = 62.4 cm?s~ L

In this case, the initial condition is a Gaussian profile with the initial density
extracted from the exponential fits shown in figure 4.12. The solution to the

diffusion equation then reads

op {2 "

1
nNO(y/ t) = \/m

where v, is the center position of the Gaussian profile. The time according

to each axial position in the effluent can be calculated from the model and
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equation 4.29 and reads

ZAd
tz) =—Aln|{1— —————— ). 4.41

2) n < APy cos(ﬂ)) (4.41)
Applying equations 4.40 and 4.41 the density profile for each position z in
the effluent can be calculated. The results of the measured map and the map

calculated by diffusion can be seen in figure 4.20.

(a) Hno [10 em?] (b) nno [10M em?]
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Figure 4.20. 2-dimensional density plots for @ = 1slm and 0.5 % syn-

thetic air admixture in the controlled helium atmosphere (a) obtained

from the experiment (b) obtained from the solution of the diffusion equa-
tion (equations 4.40 and 4.41).

It can be seen that good agreement is
35 . - : : achieved by the solution of the dif-

— diff. equation

measured | fusion equation without the imple-

mentation of any chemical reactions.
This is a verification that in the con-
trolled inert atmosphere the transport
of NO in axial direction is purely gov-

erned by the gas velocity of the he-

0.0 . : . : lium gas stream leaving the jet and by
0 10 20 30 40 50

2 [mm] diffusion in radial direction. This be-
. , . comes even more visible when plot-
Figure 4.21. z-profiles extracted from fig- ) ) )
ure 4.20 on the y = 0 axis. ting the axial density profiles for the
maximum density extracted from fig-

ure 4.20 (a) and (b). It can be seen that the extracted profiles from the 2d
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contour-plots (see lines) agree excellently. This is an indication that in the con-
trolled helium atmosphere the reaction term in the diffusion reaction equation
can be neglected and the atmosphere is indeed inert. The transport of NO par-
ticles in the transverse directions is then purely determined by the diffusion,
whereas the transport in axial direction is determined by the gas velocity of
the helium leaving the jet. Furthermore, this agreement is a verification of the
approximation of the single particle model, owing to the fact that the axial po-
sitions are determined by the expression #(z) (equation 4.41) that is derived
from the Stokes friction in the effluent. Hence, it is reasonable that also the
axial velocity of the gas stream 9z(t)/dt and the acceleration 9%z(t)/dt* can
be adequately described by the model.

The last investigated orientation is the xy-plane which is located perpendicu-
lar to the gas stream escaping the jet. While the images shown in the sections
before (xz- and yz-planes correspond to images from the side and the top re-
spectively, the orientation shown here corresponds to a front view of the NO
distribution. The results for different axial distances (z € {0,20,40[in mm}),
are shown in figure 4.22. Here the jet is operated at ®ge = 1slm and 0.5%
admixture of synthetic air while the power is kept constant at P = 0.6 W.

The dashed square in the z = 0 plane indicates the dimensions of the jet

y [mm)] y [mm]
y ; 0 2

40

Figure 4.22. Density distributions of NO in the xy-plane for different

axial distances (z), operating the jet into air and helium atmosphere (see

labels in the respective images). The jet is operated at a power of Py;ss =
0.6 W and the example shown here is for a helium flow of 1 slm.

nozzle. The lines along the gas stream indicate the trajectories of the NO par-
ticles to guide the eye. The distributions of NO appear to be quite similar
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close (keep in mind that the origin of the coordinate system is located two
millimeters in the effluent) to the outlet which is reasonable due to the shield-
ing of the gas stream from the surrounding air as found and plotted in figure
4.10. The interaction with the surrounding is not much pronounced, hence
the distribution when escaping the jet is significantly determined by the NO
production inside the jet which is independent of the environment except for
the back diffusion into the channel which can have minor influences on the
reaction kinetics in the last couple of millimeters. The distributions close to
the nozzle have a radial symmetric structure with Gaussian shapes in both,
x- and y-direction (see figure 4.24). The rectangular shape of the nozzle exit
is not visible which can be understood by the fast destruction of higher radial

modes that would be necessary to build up a rectangular profile.

The measured distances at z = {0,20,40} are important. From figure 4.10
it can be seen that around z = 15 — 20 mm the air intrusion into the chan-
nel becomes significant and hence the NO is deflected from its original path,
causing strong deviations from the original Gaussian profile when leaving the
jet. In the air atmosphere at z = 20 mm it can be seen that slight turbulence
like behavior sets in and the equidensity lines are not as laminar as close to
the nozzle.

However, a pronounced maximum is still visible and clearly located in the
center of the radial pattern. That behavior has changed when moving fur-
ther away from the jet nozzle to z = 40 mm. Here the distribution is strongly
perturbed due to collisions and diffusion. No clear pronounced maximum
is visible. Comparing the distributions to the ones measured in the helium
atmosphere clear differences are visible. In this atmosphere, the pattern stays
very similar at great axial distances compared to the one when leaving the jet.
The distribution expands radially mainly due to diffusion but the maximum
is still located clearly at the center and the equidensity lines are laminar. As
evaluated in section 4.3.2, the radial transport in helium is mainly driven by
the diffusion of NO particles. For the plots shown in 4.20, the diffusion equa-
tion was solved in one dimension with a Gaussian distribution as the initial
condition, while the times of the position in z-direction was calculated by the
stream velocity and Stokes friction (see equation 4.41), hence this calculations

produce 2d maps at different z-positions resulting in a pseudo 3d distribution
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with a plug flow like mechanism. However, for the density maps in the xy-
plane the diffusion equation can be solved numerically in 2 dimensions with
the same time steps in z-direction as before, to obtain a pseudo 3d profile and
compare that with the measurements. In order to do so, the 2-dimensional
diffusion equation according to

d 02 02
g”NO(xl Y, t) =D a_xanO(xl Y, t) + a_]/anO(x, Y t) . (442)

The equation can then be numerically solved by discrete functions according
to x = iAx, y = jAy and t = kAt and applying a finite difference approxima-

tion as (for convenience purpose we will write n := nno(x, y, 1))

(k+1) (k) (k) 5 (k) (k) (k) 5 (k) (k)
n;; iy D My — 20+ N My =20+l (4.43)
At (Ax)? (Ay)? '

and from that the state of the density system at the next time step k + 1, the

expression ngl;ﬂ) can be calculated by

(k) (k) (k) (k) (k) (k)
N e e I (0 R e o

) _
(Bx)? (By)?

(k)
i =1, + DAt

(4.44)
and here it can be shown that the maximum time step we can apply in order

to keep the process stable is given by

1 (AxAy)?

M D (ayP

(4.45)

The numerical treatment of the diffusion equation allows the investigation of
different initial distributions of the NO density. In this case two were inves-
tigated. Firstly a top hat distribution. This means that the NO distribution is
constant nn = 7 across the jet nozzle. However, applying this condition, it was
found that the circular Gaussian distribution measured at z = 2 mm, which
is the first measurement distance (see figure 4.11), could not be reproduced

by pure diffusion within the first 2mm. Therefore, a 2-dimensional Gaussian
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distribution function is chosen as the initial condition that reads

(X — xc)z;z (y — yc)2} (446)

n(x,y,t =0) = ﬁexp{

with the initial density, 71, obtained from the extrapolation of the exponential
1d fits performed in figure 4.12 and the width of the distribution that was es-
timated by the cross section of the jet nozzle and former spatial resolved mea-
surements of the atomic oxygen distribution as ¢ = 0.5 [110]. The diffusion co-
efficient for NO in helium is again taken as Dyo e = 62.4 cm? s~ L. The initial
distribution is shown in figure 4.23. Furthermore, Dirichlet boundary condi-
tions are applied, hence V(x,y) € 0Q) : n(x,y) = 0 where 0Q) : x,y € [—4,4].
The domain is chosen to be bigger as the experimental investigated area to
avoid suppression of the densities near the borders of the domain due to the

boundary conditions. The results and the comparison of the calculated and

c=0.5 z=0mm

c=05 z=0mm

N

-4 -2 0 2

y [mm]

Figure 4.23. Initial NO distribution applied for the solution of the 2d

diffusion equation. The left image shows the whole modelling domain

with the boundary 0, whereas the right image is a zoomed view ac-
cording to the cross section of the jet nozzle.

the experimental profiles can be seen in figure 4.24 (i) and (ii), respectively.
The movement of the particles in x-direction is accounted for by the buoy-
ancy obtained from equation 4.24. Very good agreement is found between
experiment and simulation for all axial distances. The distributions in the
radial directions are in good agreement with the Gaussian distributions ob-
tained from the diffusion equation, both when it comes to absolute densi-

ties and the width of the distribution. The experimental distributions show
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Figure 4.24. 2-dimensional density plots obtained from (i) the solution of

the diffusion equation and (ii) the experiment, where the jet is operated

in a controlled helium atmosphere. Attached are the radial profiles in

x- and y-direction from all plots extracted along the lines shown in the

respective images. Here the red dashed lines show the results from the

simulation, while the black line is the extraction from the experimental
data.
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slightly higher FWHM s in y-direction. This is owed to the fact that this is
the direction of the propagation of the excitation laser. Hence, in this direc-
tion the spatial resolution is not as good as in the x-direction, because the NO
molecules can be excited from the whole Rayleigh length, which can be a few
cm. Then, the spatial resolution is purely defined by the optical detection sys-
tem. This behavior is completely different in the air atmosphere, as observed
in figure 4.22.

While in air at small axial distances, the initial distribution is equal to the one
in helium, where Gaussian profiles are observed in both radial directions, at
greater axial distances the behavior changes. In air, a pure random distribu-
tion is measured where no Gaussian profiles can be seen, while in the helium
atmosphere still a Gaussian profile is apparent with wider FWHM. This is
also plotted in figure 4.17 for the y-direction where one can clearly see the
widening of the Gaussian profiles with increasing axial distance that is now
also seen in the x-direction. This is an important finding for applications of
the COST-Jet. If treating a sample it is crucial to have knowledge about the
absolute densities and their respective distribution in order to avoid any dam-
age due to an excess of certain reactive species for a given sample. Therefore,
if treating, for example biological samples in an open ambient air environ-
ment, the experimentalist should keep in mind that for large axial distances,
a turbulent behavior sets in and the treated spot is not treated with a sharp lo-
cal maximum of given absolute values but rather with a random distribution
as seen in figure 4.22. In the controlled helium atmosphere in contrast, where
non-biological surfaces can be modified, even at lager axial distances, the sur-
face is treated with a well defined Gaussian distribution of NO particles with

a sharp maximum in the center of the radial symmetric distribution.

4.3.3 Summary of LIF measurements in the free effluent

In the previous sections, LIF was used to determine absolute densities of
NO and the density distributions with 3-dimensional spatial resolution. The
experiments were performed in two distinct atmospheres (i) the jet is oper-
ated into open air, i.e., the environment consists of air in the lab and (ii) the
chamber was pumped down and filled up by the jet so that the experiments

were performed in He+0.5 % synthetic air admixture at a constant pressure of
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around p ~ 980mbar. The optimum admixture for maximum NO produc-
tion was found to be a 0.5 % air admixture with a ratio of N, /0O,=8/2 which
is commonly considered as synthetic air. However, the maximum absolute
NO densities were found for a different admixture of ®y, = ®o, = 5sccm.
This is owed to a different power consumption and different stability regimes
of the plasma source, where higher powers can be sustained without the jet
transitioning into an arc like mode that can thermally destroy the jet. Those
insights provide the opportunity to tailor the NO densities depending on the

application the jet is used for.

From the time resolved LIF signal the natural lifetime of the NO(AZL ™) state
was measured and compared to a theoretical calculated lifetime. From this
measured natural lifetime and measured lifetimes in different atmospheres
with different quenching molecules the quenching coefficients for different
molecules were determined. Furthermore, based on these measurements it
was calculated how much air diffuses into the helium gas stream escaping
the jet which leads to a destruction of NO.

3-dimensional density maps of NO were measured in the different atmo-
spheres and a strong buoyancy of NO was observed. Since pno > pgir this
is contra-intuitive and suggests a coupling of NO to the helium flow. This
was verified by a simple model, by calculating the helium trajectories in an
air taking into account Stokes friction and comparing them with the ones of
NO. Excellent agreement was found. The elastic and inelastic collisions in
the air atmosphere were found to affect the NO distributions significantly by
deflecting and destroying them from their original Gaussian distribution that
is observed at small axial distances when the NO particles just leave the jet.
This is different in the helium atmosphere, since the density of helium is much
smaller as compared to air and therefore NO particles are less deflected from
their original path. Additionally, helium is a much slower quencher than
oxygen that is contained in the air atmosphere. The breakup of the Gaus-
sian distribution to a random one is not attributed to an excess of the critical
Reynolds number, since for all investigated flows it stays well below the crit-
ical value of Re < Re. ~ 2300, but to collisions and momentum transfer that
is much more pronounced in air. The occurrence of turbulence like behavior
and the breakup of the Gaussian distribution is an important finding for any
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application. If a biological sample is treated, it is usually not possible to do
it in a controlled atmosphere. The experimentalist must be aware of the fact
that in air environment turbulence like patterns evolve and a certain axial dis-
tance should not be exceeded in order to have a well defined treating spot on
the surface.

Knowledge about the species distribution and the possibilities to tailor it is an
important aspect for possible applications. However, jets are most often used
to treat some type of samples, such as solids. The interaction with the samples
might induce chemical reactions that modify the distribution as compared to
the free effluent. Therefore, it is important to have both, the measurements in
the free effluent and subsequently the measurements in front of the surface to
reveal the influence that the surface has on the density dynamics. In this con-
text, certain materials are more interesting over others, due to their physical
properties, being beneficial for catalytic processes. Here the materials, that
are investigated are therefore chosen to be Ti, Cu, Al, Fe, and Au [111, 112,
113,114, 115]. The samples are created with a magnetron plasma source, in a
High Power Impulse Magnetron Sputtering process onto a 1 mm thick silicon
wafer. The deposition rate was measured via a Quartz Crystal Microbalance
and by that the film thicknesses were tailored by varying the sputtering time.
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4.4 NO distribution in front of surfaces

4.41 Preliminary geometrical considerations

In section 4.1 NO densities were measured in the free effluent. Since the aim
of the thesis is the simultaneous interaction between the COST-]Jet, the laser
and the surface, it is necessary to first investigate the sole interaction between
the reactive plasma species and the sample. Therefore, the setup is modified
according to figure 3.4. The surface normal of the sample is oriented with
45° towards the initial gas stream leaving the jet, to set it up close to the final
geometry. When measuring reactive species close to the target, it is crucial
to know the exact position of the surface. From equation 2.32 on can see that
the total number of detectable fluorescence photons is directly proportional to
the number of laser photons in the volume, NtJ;t o Npng. Close to the surface,
the vignetting of the laser sets in, hence the number of fluorescence photons
in the laser focus reduces. This in turn leads to a decrease of the LIF signal,
that needs to be compensated for in the evaluation of the experimental data.
Therefore, some geometrical considerations are made in the following. The
laser diameter of the excitation laser is about d; ~ 2mm. The lens used for
surface measurements has a focal length of f = 200 mm and the targets have
diameters of 17 = 25.4 mm. A sketch of the geometry is shown in figure 4.25.

lens

d.=1=254 mm

L < >
Py Ziin
d; =2 mm IZEU,, =160um
A - . .
B £=200 mm ’l y

Figure 4.25. Geometry for the calculation of the minimum distance z,;,,,

before the laser is cut by the surface for the measurements of the reactive

species close to the sample (the geometry is not true to scale and is only
for the calculation and visualization purpose).
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The focus of the laser was adjusted, so that it is located at the center of the
investigated sample at y = 0. With those assumptions, and assuming a sym-
metric focusing of the lens, the property A, which is the outer fraction of the
laser beam that is first blocked, can obviously be calculated as

1 1
A= E(dL —wp) = E(me —80pm) = 0.96 mm (4.47)

Therefore the angle a can be calculated via

tan(a) = ? (4.48)
<o = arctan (?) = arctan <%> ~0.27° (4.49)

Finally, the minimum distance, z,,;,, at which the surface starts obstructing
the laser as it approaches the surface, is

2 .
tan(a) = % (4.50)
S
254
= Zpin = 5 tan(@) = % tan(0.27°) ~ 60 pm (4.51)

The exact position of the surface can then be determined by considering the
tirst point where the laser is completely blocked by the surface, hence Iy ;r =
0. This point is denoted as zp and subtracting the beam radius, zy — wy, yields
the exact position. An example for the determination of the position of the
surface for a one-dimensional density distribution is given in figure 4.26. The
point where the laser is completely covered by the surface is determined
by the first point on the z-axis, where the LIF intensity drops to zero (i.e.,
nno = 0 in the graph), taking into account the background noise. From this
point the sum of the minimum distance that the laser can be adjusted close
to the surface without getting cut, by the geometrical considerations shown
in figure 4.25, z,,;, and the beam diameter 2w, obtained from the measure-
ments shown in figure 3.2 are subtracted. This in turn means, that for all
measurement points in the interval z € |z, z;], where z; is the position of the
surface and z is the first position where the surface starts to obstruct the laser,
a correction factor needs to be multiplied to compensate for the blocking of

the laser and the resulting decrease in the number of photons that contribute
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Figure 4.26. One-dimensional NO distribution in front of a surface. The
exact position is determined by geometrical thoughts according to figure
4.25.

to the LIF signal. The correction factor can be calculated, assuming a circu-
lar excitation laser cross section that is obstructed by the surface. The factor,
(z), to compensate for the photon loss by the vignetting of the laser can be

calculated by a circular segment according to [116]

-1
(= {1 — {w% - arccos <1 — wi) — (wo — z)V2wpz — zz} } (4.52)
0

/

—Ac

where z is the distance of the fraction of the circle that is being blocked by the
surface and A, is the area being blocked. Before evaluating and calculating
the correction factor this area needs to be normalized. Figure 4.27 shows a plot
of the correction factor for the z-interval where the factor is needed. In this in-
terval the LIF signal needs to be corrected according to I;;r = ¢ - I]#°, where
I77#° is the measured signal in the experiment. This correction is done for
all the following data in front of the surface that are presented in this thesis.
However, one should keep in mind that the considerations made here are only

valid for a top hat laser beam profile.
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Hence, this correction factor is an ap-

2,0 "~ proximation towards the real situa-
18 - tion, where the laser beam profile is
16- | ideally Gaussian, although in exper-
~ 14] | iments often strong deviations from
a Gaussian laser profile are found.

2] . These calculations are just prelim-
101 | inary geometrical considerations to
Ze : fa] Zs  prepare the data for evaluation of the

density distributions in front of the

Figure 4.27. Correction factor ¢ used for
the correction due to the cutting of the
laser for measurements close to the sur-
face. ments.

surfaces and correct for vignetting ef-

fects that occur during the measure-

4.4.2 Density profiles of NO in front of surfaces

In this section 1-dimensional density profiles of NO in front of different sur-
faces are presented. The jet was operated at a power of Py;;; = 0.6 W. The in-
vestigated samples were mounted onto the holder as shown in figure 3.4, and
then slightly moved towards the jet until the sample touched the quartz glass
covers. Subsequently, the sample was removed a couple of mm by hand and
the distance was then determined by the method described in section 4.4.1.
A stopper was mounted onto the metal rods, so that the sample holder was
at the exact same position for all measurements performed after the first dis-

tance calibration. The position of the surface was determined at z = 4.9 mm.

Results of the 1-dimensional density profiles in front of the surface for dif-
ferent materials are shown in figure 4.28. It can be seen that up to approx-
imately z &~ 3 mm the surface does not influence the density distribution at
all and the profile of the reactive species resembles the distribution in the free
effluent. However, when z > 3mm the densities start to deviate from the
original distribution. It is observed that in the case of an Al target the density
starts to rise monotonously up to a local maximum that is located approxi-
mately 0.5mm in front of the surface. For all other materials the increase of
the density starts less steep and also the absolute density in the local maxi-

mum is not as pronounced as in the Al case. The double peak structure in the
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Figure 4.28. 1-dimensional density profiles of NO in front of different

surface materials. 1y denotes the base density where it is not affected

by the surface and 7; is the maximum density close to the surface. The
dotted line shows the point where the deviation begins.

PET case is most probably an artifact arising from the fluorescence emitted
by the PET substrate itself. Therefore, a background signal is subtracted from
the original signal that might induce this artifact structure.

However, the fluorescence of the respective transition is radiated into the
whole solid angle, 47t. This in turn means, that as the laser approaches the
surface, there is a possibility that the fluorescence light is reflected from the
surface and is then recorded by the detection system. This would lead to
an additional signal and apparent higher densities. To account for this effect
the reflectance of the different materials is shown in figure 4.29. The spectral
reflectance is calculated using Fresnel’s equation [117]:

(Tl—l)z—l—KZ

Ra(n,x) = CES )T

(4.53)
where n = n(A) and « = x(A) are the wavelength dependent optical con-
stants of the materials. The n and « values are taken from [118, 119, 120, 121].
It is striking that the spectral reflectance of Al is more than two times higher

compared to all the other investigated materials.
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Figure 4.29. Spectral reflectance, R) for the different investigated surface

materials calculated from equation 4.53. The fluorescence wavelength

that is detected n the experiments is shown as a dotted vertical line at
Ar = 257 nm.

The reference density unaffected by the surface for z € [2,3] mm is denoted
as np, which is equal for all materials and was here defined as ng[a.u.]:= 1,
to easily compare the rise to the reference density. The maximum density
at the peak for each material is denoted as ;. By evaluating the ratio ng/1;
(where the index j stands for the different materials) one obtains the fractional
increase of the density in front of the surface. Table S3 shows the different val-
ues for ny/7; depending on the materials. To account for the possible artifact
of reflection from the surface the geometry of the setup with a focus on the de-
tection system is shown in figure 4.30. Here d 4 is the aperture of the detection
lens, f,.; is the focal length of the detection system used for the surface experi-
ments and zg is the distance of the laser and the detection focus in z-direction,
hence the LIF source, from the surface. Due to the spectral reflectance of the
different materials, R), the fluorescence light that is emitted from the laser

focus is reflected and the reflected light is then detected by the system.

The effect of this reflectance is calculated using a ray optics simulation tool

[122]. In these simulations two approximations are made: Due to the fact that
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Figure 4.30. Zoomed view of the geometry of the detection system used

for the surface experiments. Shown is the two lens detection system with

a focal length of f;,; = 48 mm and an aperture of d4 = 10 mm. The dis-

tance of the focus of the detection system and the excitation laser, hence

the LIF source, from the surface with spectral reflectance in z-direction
R, is denoted as z; and the axial distance from the surface as d;

the focal length of the detection system (fz,; = 48 mm) is much larger as com-
pared to the axial distance from the surface (d; = (\/§ /2) - zs =~ 2mm), hence
faet > zs, the reflected signal from the surface is assumed to be an additional
point source. Due to the same fact, the imaging error due to defocusing of
the pseudo LIF source (reflected signal from the surface) is neglected. How-
ever, it should be noted that this artifact exists and the real intensity that is
detected by the system will be slightly lower than the one calculated in the
simulations. The values for the reflectance at the fluorescence wavelength
Ar = 257 nm are calculated according to equation 4.53. For the simulations
they are: R = 0.93, Rcy, = 0.37, Ry; = 042, Rp, = 0.34 and Ry, = 0.36. The
simulations for the PET target are not performed since the reflectance is neg-
ligible small. Furthermore, PET is known to exhibit transitions that can lead
to fluorescence from the material itself and the peak in front of the surface is
most likely caused by this effect. If the increase of the density is a pure artifact
of the reflection of the fluorescence light from the surface into the detection
system, then the ratio of the maximum to the base density should obey the
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TABLE S3: Ratios of the maximum densities that develop in

front of the surface, f1j, and the undisturbed densities, ny. Fur-

thermore, the spectral reflectances (+1) of the respective materi-

als at the fluorescence wavelength and the integrated densities

from the point of deviation (z = 3) up to the surface z = S are
shown.

mat. (j) R, (257nm) + 1 A/ o [ dz [n(z) — no) [m~2]

Al 1.93 2.52 523+9
Cu 1.37 1.94 1054+16

Ti 1.42 1.81 519+16
Fe 1.34 2.00 1067+8
PET ~ 1.69 512+21
Au 1.36 1.91 105432

following relation:
i:
n—] ~ R, (257nm) + 1 for zy < 1. (4.54)
0

Furthermore it should also be noted that even under the ideal approximations
mentioned above the ratio of the maximum to the base density can never
exceed 2, therefore

L <2 (4.55)

Figure 4.31 shows the results from the simulations. It can be seen that due to
the approximations of a perfect image and an additional pseudo point source
at the surface, for z; = 0 the results of 7 j /ng follow equation 4.54. As the dis-
tance gets larger, the ratio 7;/ng decreases. However, it is observed, that even
at z; = 5mm the value is only about 7 % lower as compared to the value at
z; = 0mm. Comparing these results against the measurements shown in fig-
ure 4.28 it can be deduced that the reflection of the LIF signal from the surface
into the detection system can increase the signal by a factor R, (257 nm) + 1,
nevertheless it cannot explain solely the steep increase of the measured den-
sities in front of the surface. This is also summarized in table S3.

Furthermore, it can be seen that the ratio exceeds a factor of 2 in the case of
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Figure 4.31. Results of the ray optics simulation for the reflection of the
LIF signal from the surface. Shown are the results of the different materi-
als and the fraction of the maximum density in front of the surface to the
undisturbed base density solely caused due to a “pseudo LIF source” by
reflection at the surface for different distances (see figure 4.30).

an Al target. This cannot be explained solely by reflection, since the reflection
cannot be larger than the light source itself. Therefore, inequality 4.55 is vio-
lated and the result non-physical. This means that the reflection may partly
explain the maximum in front of the surfaces but it is not the sole reason.

To properly investigate the density distributions in front of the surface a proper
model is needed that takes into account the complex dynamics of molecule
surface interactions, more precisely spoken the whole interaction between the
gas phase species and the surface. However, such a model is not available at
this time. So in the following qualitative mechanisms to produce NO at a sur-
face are presented. If a reactive particle approaches a surface, in general three

mechanisms are possible.

¢ It might either be reflected from the surface and travel back into the bulk
with a probability r

* it might stick to the surface where it can react with surface atoms and

molecules to form chemical bonds and undergo chemical reactions with
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a sticking probability s

¢ it might react at the surface and form volatile products with a probabil-

ity B
where the relation r +s 4 f = 1 holds. If the latter two events happen and the
particle either sticks to the surface or forms products that desorb back into the

gas phase the particle is lost. This loss is described by the surface loss proba-
bility 7y that can then be writtenas y =g +s=1—r.

In order to accurately evaluate and investigate the density distributions in
front and on the surface, a kinetic model for surface processes would be
needed. Gordiets et al. developed a kinetic model that includes the most
relevant reactions involving nitrogen and oxygen species that are relevant for
NO chemistry [123]. They took into account the reactions as shown in ta-
ble S4. In this table the index f and s denote physisorbed and chemisorbed
particles, respectively.

TABLE S4: Reactions taking into account the relevant surface ki-
netics for the NO production at surfaces. Here S, and F, denote
vacant active chemi- and physisorption sites.

no. reaction

1 N+S, =Ns

2 Nf+OS —(NO)s+F,
3 Ns+Of —(NO)s+Fy
4 O+N; —(NO)s

5 NO+S,++(NO),

6 (NO)s+O—(NO»)s

7 (NO)s+O—=(NO2)s+Fy
8 NO+Os—(NOy)s

At this point, due to the complexity of the surface kinetics, it is rather hard
to make any predictions without an appropriate model. The typical mecha-
nisms that occur are the interaction between chemisorbed Ny and Oy atoms
and gas phase species of O, N and NO, which is the Eley-Rideal mechanism
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or they can react with physisorbed N and Oy, the Langmuir-Hinshelwood
path. The reactions, however, are not independent from each other, but are a
coupled system, where one reaction can in- or decrease the reactivity of an-
other. One of the many possible reactions that could lead to the increase of
NO in front of surfaces is the pathway of chemisorbed NO; that either di-
rectly desorbs and increases the gas phase density or it can react with O and
Or via reactions 6, 7 and 8. The created (NO), in turn can effectively des-
orb and eventually create gas phase NO via the reactions O+NO; -NO+O,
and N+NO,—NO+NO. However, this is just one possibility of many possi-
ble reaction pathways. The reaction probability of surface reactions can be

expressed as

E,
K; = DKV exp {_ﬂ} (4.56)

where KZQ € [0,1) are dimensionless steric factors, Dy the surface diffusion
coefficients, E; [K] the activation energies of the respective chemical processes
and Ty the wall temperature. Furthermore, the reactions depend on the den-
sity of the reaction partners, hence the wall losses of the gas phase species.
This in turn is strongly dependent on the wall loss probabilities v;. To ade-
quately investigate the kinetics, a model with the above described parameters
is needed.

Figure 4.32 shows (a) a side view of the 2-dimensional density distribution
of NO in front of a Ti surface compared to (b) the pure helium flow, without
plasma discharge, expanding from the nozzle towards the surface. The NO
distribution is measured in a 1slm He+0.5 % gas mixture with Py;ss = 0.6 W
in air environment. The pure He flow is modeled without plasma discharge,
simply by the expansion of 1 slm pure helium into air. This is done by numer-
ically solving the Navier-Stokes equation via COMSOL. It can be seen that
the NO particles are not reflected by the surface but stick close to it, stream-
ing upwards the 45° tilted Ti target. The maximum in front of the surface
can be seen as shown in the 1-dimensional density profiles in figure 4.28. As
discussed, this maximum is partly caused by reflection of the LIF signal into
the detector. The high signal is not only visible at the impinging point of the
species on the x = 0 axis but remains high along the surface until it eventually
decreases. Neglecting the absolute signal and just comparing the shape of the
distribution with the fraction of helium calculated by the model it can be seen
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Figure 4.32. (a) 2-dimensional NO distribution in front of a Ti surface

compared to (b) the fraction of helium in the effluent as modeled. The

NO is measured in a 1slm He+0.5 % gas mixture, while the flow in the

model shows the pure helium flow coming from the nozzle to the sur-

face. The density is scaled with a colormap according to blue for low
density to red with the highest density.

that both look very similar. This is a verification that not only in the free ef-
fluent the NO particles are coupled to the helium flow, but this coupling also
persists at the surface.

This can also be seen in a pseudo 3-dimensional NO distribution that was
also measured in front of a Ti target and is also compared to the He frac-
tion modeled by COMSOL. This can be seen in figure 4.33. The experimental
parameters are the same as those of the measurements shown in figure 4.32
which is also the case for the helium fraction results from the model. As ob-
served in the 2-dimensional case shown in figure 4.32, the NO distribution
at the surface resembles the helium distribution calculated by the model. It
should be taken into account that the different slice images shown in 4.33
(a) are normalized to the maximum value of each respective slice in the im-
age. However, it can be seen that the NO particles radially expand as they
flow upwards the sample, just as the helium does. The fact that the trajecto-
ries of NO is closely coupled to the helium flow, not only in the free effluent
but also in front of the sample is an important finding. By this, the distribu-
tions, where the reactive particles interact with the surface, can be deduced
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Figure 4.33. (a) Pseudo 3-dimensional distribution of NO in front of a Ti
surface. (b) Helium fraction in front of the surface as calculated by the
COMSOL model.

by modeling just the helium distribution towards the surface, neglecting any
chemical reactions. This is possible with much less computational time and
effort. However, it should be taken care of the fact that this only gives an
approximation of the interaction area. The absolute densities, however, need
to be measured or calculated with an accurate more complex model, to avoid

damage of the sample by an excess of a critical density value.

4.4.3 Summary of LIF measurements in front of surfaces

The (non calibrated) relative density distributions of NO have been deter-
mined in front of different surfaces of different materials. It was found that
a significant maximum evolves millimeters in front of the surface that is de-
pendent on the material. For aluminum this maximum is much more pro-
nounced as for all other materials. This might be an effect of the reflection
of the LIF signal from the surface itself, which is detected by the two-lens
system, acting as a second pseudo LIF source that increases the signal. The
spectral reflectance of aluminum at the detected wavelength is more than two
times higher as compared to the other investigated maaterials. However, the
increase is larger than twice the signal in the free effluent, which is impossible
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to be caused by reflection only. Therefore, the increase cannot be explained
solely by the reflectance of the surface. The detailed mechanism that causes
the increase must be revealed by a kinetic model and further measurements
that can deliver important input parameters for the model as for example the
wall loss probabilities for the different materials.

The findings that the NO is closely coupled to the helium flow in the free
effluent could also be verified and still holds at the surfaces. This was re-
vealed by pseudo 3-dimensional NO measurements in the experiments that
are compared to 3-dimensional models of the helium fraction in pure helium
flow that expands from the nozzle towards the surface without any discharge
ignited. The distributions are similar to each other and the NO as well as the

helium stick close to the surface without being reflected.
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Chapter 5
Laser-Surface interaction

The aim of the project is to investigate the simultaneous interaction between
laser irradiation onto a surface and the reactive species expanding from the
plasma jet. Therefore, it is important to understand the individual mecha-
nisms first and bringing both parts together afterwards. While the former
chapters dealt with distribution of nitric oxide in the free effuent and in front
of surfaces, hence the plasma-surface interaction, in this chapter the focus will

be on the laser-surface interaction independent from the plasma source.

5.1 Laser energy measurements

For laser-surface experiments it is important to know the energy of the laser
pulse, since this is a crucial physical property that determines the result of
the interaction and laser induced surface morphology. The laser energy is
adjusted by the Glan-Taylor prism, that can be rotated 360 ° with an electrical
controlled stage. The transmitted intensity according to Malus law is then
given by

I(a) = Iycos*(a + @) (5.1)

where « is the angle of the prism and ¢ an arbitrary phase. The power curve
depending on the angle is shown in figure 5.1. The angle position to obtain
the best LIPSS on the surface was found to be at 230° — 260 °. Here the average
power is P; = 30 — 120mW which, for a 20 Hz laser system equals a pulse
energy of 1.5 — 6 m]. For pulse lengths of 7, = 7ns the peak power during a
pulse can be calculated as P; = Ey/T1p =~ 0.8 MW.
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Figure 5.1. Power transmission curve of the Glan-Taylor attenuator.

5.2 Profile of the laser on the surface

One of the main parameters, when inducing structures on the surface is the
intensity. The power is measured via a power-meter as shown in figure 5.1.
However, this is the average power or, by knowledge of the frequency and
pulse duration, the energy stored in a laser pulse. The intensity, however, is
dependent on the spatial laser intensity distribution.
Since no laser profiler was available
during the experiments, the pattern
that is induced on the surface gives
a first indication on the laser beam
profile. An example of such a typ-
ical pattern that was measured by
the laser profiler, available after the
experiments, is shown in figure 5.2.
From this patterns it can be clearly
seen that the profile shows a strong

inhomogeneity. With such a profile

the energy that is stored within one

Figure 5.2. Profile of the Nd:YAG laser laserpulse is not equally deposited on

beam measured before the interaction the surface throughout the spot. The
with the sample. A strong inhomogene-

ity is observed.
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energy is rather strongly localized in a small fraction of the spot and further-
more strong gradients along the interaction region on the surface will occur.
This in turn leads to inhomogeneous heating of the surface and eventually
inhomogeneous formation of the LIPSS patterns. This is a very important
tinding, since from those patterns it can be deduced that the intensity and,
therefore, the temperature distribution can be significantly different at differ-
ent locations inside the laser spot. This in turn is crucial for the development
of the structures, since, for example, the temperature should not exceed be-
yond the melting point of the substrate to allow the formation of LIPSS.

Figure 5.3. Exemplary (colored) LSM image of a 20thick Ti surface ex-

posed to 200 laser pulses. It can be seen that the shape is elliptic and dif-

ferent regimes of intensity are present. Red area: regime of high power,

melting temperature exceeded and no detection of LIPSS. Green area:
regime of proper intensity for LIPSS, LIPSS are detected

Figure 5.3 shows a spot of the surface that was irradiated under an angle
of 0; = 45°, hence the elliptical shape. It can be seen from the morphological
properties in the LSM image that areas of different intensities are present. The
different areas are indicated in the image by different colours. In the red area,
an area of high intensity according to the right side of the laser distribution
seen in figure 5.2, it can be seen that the intensity is so high that the melting
temperature of the material is exceeded. In this area the material is melted
and macroscopic unevenness evolve during the liquification and solidifica-

tion processes with no LIPSS on the surface. The green area shows a proper
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intensity for the LIPSS development, since in this area LIPSS are found and
can be evaluated. The inhomogeneous intensity distribution on the surface
might not solely be attributed to the characteristics of the laser itself, since the
distribution can significantly differ from sample to sample, figure 5.3 only
showing one example. Therefore, this might also be partly dependent on the

initial state of the surface.

5.3 LIPSS

5.3.1 Analysis of the LSM/SEM images

The treated samples with the induced surface structures are analyzed via a
Laser Scanning Microscope (LSM) or via Scanning Electron Microscopy(SEM).
By these methods, the induced structures are visible and can be saved as an
image. There are two different ways the images were analyzed subsequently.
The first one is to transform the images into frequency space via a 2d Fast
Fourier Transform (FFT) and then analyze the frequencies to obtain the infor-
mation about the periodicity of the LIPSS. Furthermore, by back transforming
into real space and applying filters to sort out certain frequencies the LIPSS
can be separated from the background. An exemplary scheme of the analysis
is shown in figure 5.4. To quantify the periodicity it is necessary to further
investigate the spectrum in the Fourier space. By evaluating the intensities
through the origin of the frequency domain and the distinct maxima, origi-
nating from the periodic structures in the real space, a plot of the form shown
in figure 5.5 can be obtained. The periodicity of LIPSS can then be calculated
by the relative distance of the frequency peaks

1
A = —— 5.2
LIPSs = (52)

This method is well applicable when clear LIPSS were induced over a fairly
large area and the peaks are clearly visible in Fourier space. This method
yields a global information about all LIPSS that were induced in the investi-
gated image. Therefore, if possible, this method is always preferred. How-
ever, it might be that LIPSS are only hardly visible on a small area. In this
case the spectrum in Fourier space can be quite noisy and it can be difficult to

obtain information about the LIPSS periodicity. In this case the evaluation of
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Original LSM image

Background

2D FFT ,; N
fla,y) = F(u,v)

2D IFFT with filter
F(u,v) — g(z,y)

periodic structures in the real space
(LIPSS in this case)

Figure 5.4. Exemplary scheme of the analysis of the surfaces via a 2d

FFT. First the image of the surface in real space is transformed into the

frequency space via a 2d FFT. By filtering certain frequency peaks in the

Fourier space the periodic LIPSS structures can be separated from the

background in order to get more detailed view of the periodic induced
patterns.

choice is simply to plot the grey values of the image along the LIPSS on the
image and identify the peaks next to each other and simply calculate the dis-
tance. This method, however, yields only local information about the LIPSS at

the very spot the distance between the peaks of the grey values is evaluated.

5.3.2 LIPSS on substrates under 6; = 0° incident irradiation

With the afore mentioned techniques the periodicities of the LIPSS induced
on the surfaces by the laser can be analyzed. Here different materials with
different thicknesses have been irradiated, namely Ti (20, 60 and 100 nm), Cr
(20 and 60nm) and Cu (20nm). The energy of the laser pulse for the different
materials was chosen in a such way that the area of the induced structures
on the surface was as large and homogeneous as possible. Here the energy
ranged from 3.5 m] for Ti samples up to 8 mJ for Cr samples. The substrates
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Figure 5.5. Magnitude spectrum in the Fourier space through the origin
and the distinct peaks that represent the LIPSS. By taking the relative
distance between the peaks the periodicity can be calculated.

are irradiated under an angle of 6; = 0°. The results of the LIPSS periodic-
ity can be seen in image 5.6. The dotted line represents the predictions by
the different theories according to Arpss(6; = 0°) = Ar. As can be seen the
measurement data from the experiment show good agreement with theory.
One of the main difficulties performing the laser-surface experiments is the
shape of the laser-beam showing strong deviations from the Gaussian profile.
This leads to an inhomogeneous intensity distribution of the irradiated area
on the surface. Two examples of the induced LIPSS on a 20nm thick Ti film
on a Si wafer for §; = 0° is shown in figure 5.7. The top row shows SEM
measurements while the bottom row shows the same sample measured by
the LSM. The LSM images show a larger overview of the irradiated spot over
a surface area of (86.2 x 64.8) um?, while the SEM images show a smaller area
of (19.6 x 13.3) yum?. From the LSM images it can be seen that the LIPSS are
not only induced on a small area as visible by the SEM images but a much
larger area is affected by the laser irradiation and the proper energy is de-
posited to induce the nanostructures. Furthermore, on the LSM images the
inhomogeneity of the laser profile can be seen by the sharp edges of the LIPSS
regions, as indicated by the dashed red lines in the respective images. Here
the two surfaces were irradiated by the fundamental (A} = 1064 nm and the
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Figure 5.6. Periodicity of LIPSS induced on different metal surfaces (Ti,
Cr, Cu) under an incident angle of 6; = 0°. The orientation of the LIPSS
is perpendicular to the polarization of the laser LIPSSL E;, that was
operated at f; = 20 Hz and a pulse energy of E, = 3.8 —5m]. The dotted
line is the periodicity predicted by the theory according to Appss = Ar.

SHG A; = 532nm) that also represent the periodicity of the induced pat-
terns in the respective images. The orientation of the electric field vector of
the laser is indicated by the white arrow in the bottom left corner of the sin-
gle images. It can be seen that the orientation of the LIPSS is perpendicular
to the electric field vector of the laser, LIPSS | E;. According to figure 2.7
those are LIPSS of the type LSFL-I. Although the intensity at the surface has a
very inhomogeneous distribution, it can be concluded that LIPSS of the same
type are induced at spots of same energy deposition. These spots, where a
similar amount of energy has been deposited on the surface show a similar
morphology and colour on the LSM images. An example of the laser spot on
the surface is shown in figure 5.3. In that way several samples of different
material and different thicknesses have been irradiated by the two different
wavelengths and the results of the LIPSS periodicities, as well as the exper-
imental parameters, are shown in table S1. The treatment duration and the
pulse energies were experimentally chosen in such a way that the induced
LIPSS covered the largest possible area on the surface while at the same time
being homogeneous and nicely pronounced. It can be seen that the period-
icity is in the order of the laser wavelength within the measurement errors.
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Figure 5.7. Top row: SEM images and bottom row: LSM images of LIPSS
induced by laser irradiation under §; = 0° and A;, = 1064nm and A|, =
532nm on a 20 nm thick Ti layer on a Si wafer.

Furthermore the LIPSS are all oriented perpendicular to the electric field vec-
tor of the laser. This finding is independent of the target material, as well as
the target thickness. This is different to the findings of Niirnberger et al. who
investigated the thickness dependency on a SiO, an Si substrate to the LIPSS
formation. They investigated different SiO, thicknesses ranging from 1.7 nm
up to 184 nm and found out that not only the LIPSS periodicity decreases with
increasing film thickness, but also the orientation of the LIPSS aligns with the
electric field vector that rotates around 90° from perpendicular to parallel.
For average thicknesses at around 90 nm, even superimposed LIPSS perpen-
dicular and parallel were observed [124].

The experimentally observed periodicities of the LIPSS induced on differ-
ent surface materials can now be compared to the different introduced the-
ories according to classical interference, Surface Plasmon Polaritons (SPPs)
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TABLE S1: LIPSS periodicities Aypss on different surface mate-
rials induced by perpendicular irradiation (6; = 0°) of the fun-
damental A; = 1064 nm and the SHG A; = 532 nm.

mat. d[nm] A, Appss[nm]  E,[mJ]  tggls]  Appss to Ef

Ti 20 532 523+9 3.8 21 1L

20 1064 105416 3.8 7 1

60 532 519+16 3.4 7 1

60 1064 1067£8 3.8 4 4L

100 532 512+21 34 6 1

100 1064 1054132 4.2 3 4

Cr 20 532 520+42 53 12 1
60 532 518+18 8.4 5 1

Cu 20 532 512+27 6.2 2 1

and Sipe’s theory. To evaluate the theories, the dielectric constants for the dif-
ferent materials according to the excitation wavelength are needed. They are
listed in table S2.

Here the wavelength dependent refractive index of the materials is given by
n(A) = (L) +ix(A) (5.3)

where 7 is the refractive index, 7i is the real part of the refractive index and «
is the imaginary part also called the extinction coefficient which is responsi-
ble for the attenuation of the electromagnetic wave inside the material. The
dielectric function is then given as the square of the refractive index and there-

fore
e(A) = el(A) +iel (A) = n(A)? = [A(A) + ix(A)]? (5.4)
= €l(A) = n(A)? —x(A)? (5.5)
= €/(A) = 27i(A)x(A)i. (5.6)

With these optical constants the theoretical values for the LIPSS periodicity
can be calculated. Si,, denotes molten silicon. It is observed on the LSM
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TABLE S2: Optical constants of the investigated materials. The
refractive index of a material is given by n(A) = #i(A) 4 ix(A)
and €,(A) = €, (A) +ie (L) = n(A)2

mat. A [nm] 7 K €l e/ Ref

Ti 521 2.44 3.3 -4.94 16.1 [119]

1088 3.5 4.02 -3.91 28.14 [119]

Cr 521 2.94 3.33 -2.45 19.58 [119]
Cu 521 1.18 2.608 -5.41 6.15 look up
Siy, 515 3.11 4.89 -14.2 30.4 look up

images that the surface is partially melted, hence the temperatures rise near
or partially above the melting point. Due to the fact that the thin layer on the
silicon wafer have a thickness in the order of a couple nm, it is possible that
even the silicon of the bulk material is melted. The real part of the refractive
index of molten silicon is highly negative and therefore a plasmonic active
material that might lead or enhance the formation of SPPs. The theoretical
values are calculated according to the following equations, as presented in
section 2.4.1:

(rt-pol)  (5.7)

Classical Interference (CI): AN, 6;) = 1+ sin(6;)
A (c-pol)  (5.8)
cos(6;) p '
AL
Y £ sin(6) (rt-pol)  (5.9)
Surface Plasmons (SPP): A(A,0;) = A
(c-pol) (5.10)
G2 — sin*(6;)

Sipe’s theory (Sipe): numerical calculation (eq. 2.55-2.58)
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TABLE S3: Comparisons of the theoretical calculated values of
the LIPSS periodicities, A, with the experimental observed val-
ues, Acyp. The last column shows the deviations between the
experimental and the theoretical value of the respective theory
AN = ]Aexp — A¢|. Different theories are evaluated here, accord-
ing to the Classical Interference theory (CI), the Surface Plasmon
Polariton theory (SPP) and Sipe’s theory (Sipe).

Theory mat. A [nm] A [nm] Aexp [nm] AA [nm]
CI Ti 1064 AL 1054 10.00
CI Ti 532 AL 523 9.00
CI Cr 532 AL 519 13.00
CI Cu 532 AL 512 20.00

Sipe Ti 1064 1053.98 1054 0.02
Sipe Ti 532 521.57 523 1.43
Sipe Cr 532 523.70 519 4.70
Sipe Cu 532 506.67 512 5.33
SPP Ti 1064 917.91 1054 136.09
SPP Ti 532 475.11 523 47.89
Srp Cr 532 409.27 519 109.73
sSPpP Cu 532 480.23 512 31.77
SPP Sipm 532 512.98

The results of the different theories and the comparison to the experimental

measured values are shown in table S3.

The classical interference theory predicts the laser wavelength as the LIPSS

periodicity for perpendicular irradiation. This is independent from the sur-

face material. Applying Sipe’s theory, as well as the SPPs, the periodicity

is slightly below the excitation wavelength. However, the possibility of the

influence and formation of SPPs at the surface can be excluded in those ex-

periments. This becomes obvious from the strong deviations between the

experimental observed values and the theoretical ones. This is also an indi-

cation for the fact that the molten silicon as a lossy material has no strong
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influence on the LIPSS formation itself, although the thicknesses of the metal
layers on the silicon wafer is only in the nm range. The most accurate predic-
tions for the periodicities are obtained by Sipe’s model. This is also the most
common and most accepted theory in the field.

In Sipe’s theory the so called efficacy factor describes the response function of
the surface roughness leading to an inhomogeneous energy absorption and
therefore potential LIPSS formation. The efficacy maps for the three inves-
tigated materials are calculated and shown in figure 5.10. To evaluate the
orientation of the LIPSS with respect to the electric field vector of the excita-
tion laser, a given coordinate system is crucial. The orientation of the x and
y-axes that is used to analyze the efficacy factor maps is shown in figure 5.8.
In this coordinate system it is cho-
sen that the electric field vector of
the laser, E L, is oriented parallel
to the x-direction for o-polarized
laser light, hence perpendicular to
the y-axis. It should be noted that

when evaluating the efficacy maps,

the x-vector is the normalized grat-
ing vector of the LIPSS itself, x =

Figure 5.8. Coordinate system for the ori- Appss/27.  If the LIPSS are ori-
entation of the efficacy maps according to

Sipe’s theory. ented parallel to the electric field

vector, this means that the grating
vector is oriented perpendicular to it, meaningly ¥ | E;.

Two of the surface properties that are needed to calculate the efficacy fac-
tor maps are the filling factor and the geometrical shape factor, F and s, re-
spectively. These factors characterize the surface roughness, as for example
a relatively flat "pancake" or slab structure for lims — oo, to a "banana" or
spike shape for lims — 0 [74]. Contrary to the other surface parameters,
such as the dielectric function or the refraction index, those geometrical fac-
tors are nowhere to be looked up, but have to be assumed. In most publica-
tions it was found that the best parameter-pair to describe LIPSS was setting
(F,s) = (0.1,0.4), that is considered to be spherical shaped islands on a bulk
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material [74]. However, the influence of the shape factors in the near vicin-
ity of the mostly used parameter-pair is studied here. Therefore the factors F
and s are varied according to F,s € [0,1] and a matrix is calculated to obtain
the calculated LIPSS periodicity according to the different (F,s). The result is
shown in figure 5.9. The pair that is taken for the calculation in this thesis is

Aripss [nm]
524

520
516
512
508

504

500

Figure 5.9. The position of the maximum of the efficacy factor depend-

ing on the filling factor F and the geometrical shape factor s. Here the

map is calculated for perpendicular irradiation, according to §; = 0°,

onto a Ti layer with a laser wavelength of A; = 532nm. The pair, ac-

cording to (F,s) = (0.1,0.4) that is used for the calculations in this thesis
is marked via the red dot.

marked by the red dot in the figure. However, from the map it can be seen
that the LIPSS periodicity varies only to a small degree when varying the fill-
ing and shape factor, especially in the vicinity of the applied values. Only in
the limit F — 1 that refers to a "full" selvedge, the values more significantly
change. In this region the periodicity is also independent from the geometric
shape factor s due to the entirely filled selvedge and therefore, this region is
most likely not meaningful in a physical sense. In the other regions, as al-
ready stated, the position of the maximum of the efficacy factor is more or
less insensitive to the F and s factors. This in turn means that the formation
and periodicity is not a strong function of the original and initial shape of the
morphology and the roughness. For the whole parameter range of F and s
studied here the variation is only about AAypsg ~ 5 %.
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Figure 5.10 shows the efficacy factor maps for the investigated materials (Ti,
Cr and Cu) for perpendicular laser irradiation of the surface according to
8; = 0°. The orientation of the polarization vector of the laser is along the
x-direction in this case, according to E;(t) = Esin(wyt)é;. From the fig-
ure it can be seen that the general shape in Fourier space looks quite similar
for all three materials. For the component parallel to the polarization vector
(ky = 0) a sharp and very narrow peak can be found at values slightly above
kx =1 (k =1 = Appss = Ar), that corresponds to the LIPSS periodici-
ties listed in table S3. The narrow nature of the peak indicates a well defined
periodicity of the LIPSS perpendicular to the polarization vector. This was
also found in the experiments. Hence it can be deduced, that the LIPSS can
be well described by the theory of Sipe et al.. It should be noted that the
scale for Cu is different from the scale for Ti and Cr and the amplitude of
the efficacy factor is about 9 times higher as compared to the respective other
ones. This means that the LIPSS should be formed much more efficient on the
Cu surface. For the orientation parallel to the polarization (x, = 0) no such
pronounced narrow peaks are observed in the calculations. In this direction
rather broad bands are present with a maximum at around x, = 1. However,
the amplitude of the efficacy factor in this direction is significantly smaller
as compared to the parallel component. Structures that are oriented in this

direction are not observed in the experiments.

5.3.3 Dependence of the LIPSS orientation on the polariza-

tion vector

As found from the experiments and the numerical calculations of Sipe’s model,
the most effective and most likely formation of LIPSS for perpendicular irra-
diation of the surface is of the kind LSFL-I (Appss ~ Ar; L Ep). To verify this
assumption the polarization vector of the laser was rotated and the LIPSS

were recorded and evaluated with respect to their orientation.

To do so, the polarization of the laser was rotated via a A/2 wave-plate. As
seen in figure 5.11 the perpendicular orientation of the polarization vector
(hence the horizontal orientation of the LIPSS) was defined as the zero po-

sition, ¢ = 0°. The angle which represents the orientation of the LIPSS in



5.3. LIPSS

121

0
20 -15 -10 -05 00 05 10 15 20
AL

ALIPSS

=

x

-20 -15 -10 -05 00 05 10 15 20

AL
Ky =
Aripss

2,0

Cu
154
1,0

Z
| A 0,51
~<| 3
< 00
Il
5 -05-
¢

.1’0.

154 7

Ey,

205

20 -15 -1,0 -05 00 05 1,0 15 20
AL
Ry =
Avipss

Ky =0
0’40 1 1 1 1 Yy

Ky =0
0,35 + C

= 0,30 L

8

st 0,25 | -

E ol | I—"

o0

% 0151 L

0

% 0,10 1 L
0,05 + L
0,00 T T T T T T T

20 -15 -10 05 00 05 10 15 20

AL
Kay =
Arpss

Ky =0

0’40 1 1 1 1 Yy
Ky =0

0,35 C

= 0,301 L

8

+ 0,254 -

2

0,20 L

>

Q ————

< 0,15 -

[}

% 0,104 L
0,05 + L
0,00 T T T T T T T

20 -15 -10 05 00 O5 10 15 20
AL
Ray =
Arpss
Ky =
2’5 1 1 1 1 Y
Ky =0
2,0 1 L
=
—
o
o 154 L
&
3
< 1,0 -
Q
G
0,5 L
0,0 T T T T T T T
-20 -15 -10 -05 00 05 10 15 20
AL
Ry =
Avripss

Figure 5.10. Efficacy factor maps for perpendicular irradiation according
to 6; = 0° for different materials (Ti, Cr, Cu). The colormaps are chosen
as an inverse gray scale where black values represent high factors and
white vice versa low. The 1-dimensional profiles for the single compo-
nents of x, according to x; = 0 (red) and x, = 0 (black) are shown in
the graphs on the right. Special attention should be paid to the different

scale in the case of Cu.
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relation to the horizontal line is defined as 1. The evaluation of the orien-
tation of the LIPSS is performed in two ways: (i) in the filtered back trans-
formed Fourier spectrum, to isolate the LIPSS from the background noise (see
workflow in figure 5.4), the lines in real space were evaluated by the software
Gwyddion. And (ii) the angle of the positions of the maxima in the Fourier
space is evaluated. These methods are chosen, since both methods deliver
global information, where all the LIPSS that are present in the images are
taken into account, rather than a local information, when evaluating only a

couple of LIPSS in real space. The rotation of the polarization is performed

p = 40°

\)
|

11|

Figure 5.11. Evaluation of the orientation of the LIPSS with respect to

the polarization vector E;. The images show the filtered back transfor-

mation of the Fourier spectra, in order to isolate the LIPSS from the back-
ground. ¢ = 0° is defined as the horizontal line.

in Ap = 5° steps from ¢ = 0° to 80°. The measurements were performed
on a 100nm thick Ti layer on a silicon substrate with an irradiation angle of
0; = 0°. The results can be seen in figure 5.12. It is observed that the orien-
tation of the LIPSS is indeed dependent on the orientation of the polarization
vector. As the polarization is rotated the orientation of the LIPSS rotates as
well. All angles measured within the experiments are lying inside the error
interval around the dashed identity line. This behaviour was found for all
investigated materials, independent on substrate thickness. From those mea-
surements it can be concluded that the LIPSS are coupled to the polarization
vector and are oriented perpendicular to it. Hence, this is one of the laser
parametersr to tailor the laser induced structures on the surface, as it is also
predicted by Sipe’s theory.
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Figure 5.12. Orientation of the LIPSS against the orientation of the po-

larization vector of the laser. The definition of the angles ¢ and ¢ can be

seen in figure 5.11. The dotted line represents the identity ¢ = ¢ and the
gray shaded area indicates the error interval.

5.3.4 LIPSS on substrates for 0; # 0° incident irradiation

According to the theories presented in section 2.4.1, the incident angle, 6; is
one of the parameters to tailor the periodicity of the LIPSS. To further inves-
tigate this correlation, experiments have been performed, where the incident
angle was varied up to 6; = 75° in Af; = 5° steps. The experiments were
performed for both wavelengths, A; = 1064nm and A; = 532nm and also
for both polarizations, o- and 7r-polarization (see figure 5.8).

Since the LIPSS are very pronounced on Ti surfaces, the results shown here
are for a 20 nm thick Ti layer on a silicon substrate. However, the experiments
have been performed on other materials with different thicknesses as well
and the same trend has been observed for all variations. Hence, the results
shown here represent the trend for all other materials as well. For all investi-
gated materials it was found, that the LSFL-I are present and can be accurately
described by Sipe’s theory for all investigated angles (see figure 5.16). How-
ever, it was found, that for angles 6; > 50° another type of LIPSS are present
that are, contrary to the LIPSS observed before, parallel to the polarization
vector of the laser. Young et al. denoted the different types of LIPSS as c-type
LIPSS that follow a Appss = A/ cos(6;) relation and are oriented parallel to
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E;, while the LIPSS that already occurred under perpendicular irradiation as
s~ - and sT-type LIPSS depending on the "+" or
the analytical expression Appss = A1/ (1 £ sin(6;)) [76]. An LSM image of a

sign in the denominator of

Ti (20 nm), w-polarized, 8; = 55°

(b)

Figure 5.13. Type c and type s~ LIPSS induced on a 20 nm thick Ti sub-

strate with 0; = 55° irradiation. (a) shows the coexistence of type c (black

dotted area) and the type s~ (red dotted area) LIPSS. (b) shows a larger

area of type c LIPSS. The polarization vector is shown in between the im-

ages and the area of the LSM images is (94 x 70) um?. (c) and (d) show

the (centre zoomed) power spectra of the 2dFFT of (a) and (b), respec-
tively.

20 nm thick Ti layer that was irradiated with laser-light of A; = 532 nm under
an angle of §; = 55° can be seen in figure 5.13 (a) and (b). In (a) it can be seen
that a coexistence of the different LIPSS types is observed on the Ti substrate.
The type s~ are oriented perpendicular to the polarization, whereas the type
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c-LIPSS form parallel to it. Also when zooming into the images, a superpo-
sition of the two types can be seen. In (b) solely type c fringes are visible on
a large area. It can be seen how accurate these LIPSS form with a very well
defined periodicity. This can also be seen in the corresponding power spectra
in the 2dFFT that are shown in figure 5.13 (c) and (d). Those images show
a zoomed view of the FFT corresponding to the images above (a) and (b) re-
spectively. In both power spectra, distinct peaks along a very narrow angle
a. can be seen. The fact that the opening angle is so small is a direct evidence
of the high quality of the induced c-type LIPSS as being judged by their ori-
entation and their periodicity. The ring shaped frequencies in figure 5.13 (c)
are generating the s~ type LIPSS in the real image (a). Here it can be seen that
the opening angle a,- is very big and therefore, orientation and periodicity
are very noisy and irregular. These features can be clearly seen comparing
the red and black dotted regions.

These features can also be seen in the efficacy factor maps calculated by Sipe’s
theory for angles 0; # 0°. Different maps calculated for a Ti target, according
to the images shown in figure 5.13 (a) and (b) are shown in figure 5.14. The
left column shows the efficacy factor maps for different incidence angles ac-
cording to 6; € {0°,30°,60°}.

Here it is observed that as the incidence angle is increased, several distinct
peaks are formed in Fourier space. Contrary to the perpendicular irradiance
case (0; = 0°), for larger angles it can be seen that these peaks are not only
formed parallel to the polarization vector (hence the LIPSS are perpendicular
to it) but peaks with significant efficacy factors are also created perpendicu-
lar to it. In the experiments, the type ¢ LIPS were only observed for angles
6; > 50°. This can be explained by extracting the profiles for x, = 0 from fig-
ure 5.14. Those profiles for different angles are shown in figure 5.15. It can be
seen that not only the position of the maximum shifts along the wave-vector
axis but also the absolute amount of the efficacy factor increases steeply. For
an angle of §; = 10° a peak can barely be seen and the amount is y < 1,
while the factor increases up to about 7 ~ 7 for 6; = 50°. Due to the fact that
these types of LIPSS are only observed for angles larger than this there must
be a critical efficacy factor 7. for the given experimental conditions and the

structures are only induced, if 7 > 7.



126

Chapter 5. Laser-Surface interaction

AL
Avipss

Kly:

AL
Avipss

"20 -15 -1.0 -05 00 05 10 15 20

2.0

1.5+
1.0
0.5+
0.0+
-0.5-
-1.04
-1.54

-20 -15 -10 -05 0.0 05 10 15 20
AL

Aripss

Rg

2018, =600
1.5
1.0
0.5
0.0 1
-0.54
_10 4

-1.5 iE_:L

-2.0 T T T T T T
-20 -15 -10 -05 00 05 10 15 20

AL

Arpgs

Rg

0.40
0.35 1

n
o
w
o

L

0.25
0.20 1
0.15 +
0.10

efficacy factor

0.05 A

0.00

0.0

0.0 . . .
0.0 05 1.0 15 20
AL
Ky =
Arpss
12 0l 1 1 +
Ky = y
nz =0 3
101 L
= _
5 8- - L
S
o
=6l L
b
Q
g 4 i
&E
)
2 L
0 : : :
0.0 05 1.0 15 20
AL
Ray =
Aripss

Figure 5.14. Efficacy factor maps for non-perpendicular irradiation ac-
cording to 6; # 0° for a Ti layer and 7r-polarized laser. The colormaps
are chosen as an inverse gray scale where black values represent high
factors and white vice versa low. The 1-dimensional profiles for the sin-
gle components of «, according to x; = 0 (red) and x, = 0 (black) are
shown in the graphs on the right. Special attention should be paid to the

different scale.
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Figure 5.15. Efficacy factor 1 of the c-type LIPSS for different incidence
angles 6; onto a 20nm thick Ti layer.

As seen from figure 5.14 Sipe’s theory can not only explain the s~ -type LIPSS
that are induced on the Ti layer, but also the c-type. This becomes also clear
by looking at figure 5.16. This figure shows the incident angle variation for
7- and o-polarized laserlight of the wavelength A; = 532 nm.
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Figure 5.16. LIPSS periodicities for different incident angles, 6; and dif-

ferent polarizations of the laser. It can be seen that all the induced struc-

tures are adequately described by Sipe’s theory, as seen by the match

of experimental and calculated values. The plots shown here are for
AL = 532nm.
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Figure 5.17. LSM image of a Si wafer irradiated by 7r-polarized laserlight

of the wavelength A; = 532nm. The woven structures indicate partially

molten silica and two different types of LIPSS can be seen according to
st-types (black dotted area) and s~ -types (red dotted area).

It can be seen that the induced s—, ¢ and cs-type LIPSS are adequately
described by Sipe’s theory for the whole angle range that was investigated.
It is striking how clean the c-type LIPSS are induced on the Ti layer in the
case of rr-polarized light, due to the error bars that are negligible small. For
o-polarized light the error bars are considerably larger, hinting for less repro-
ducible structures in this case. The same trend, that all the induced structures
can be described by Sipe, is not only valid in the A; = 532nm case, but also
holds for the fundamental wavelength of A; = 1064 nm, which is not shown
here.

For irradiance on a Si wafer without a metallic coating another feature is ob-
served that has not been observed on the other materials. The simultaneous
creation of s and s~ -type LIPSS. An example LSM image that shows a Si
wafer irradiated with A; = 532nm can be seen in figure 5.17. It is observed
that in different areas of the sample different types of LIPSS have been in-
duced. In some parts even a superposition of the structures is observed. The
orientation with respect to the polarization vector is similar, LIPSSL Ej, the
periodicity however is different. Due to the fact that these patterns have been
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Figure 5.18. Periodicity of the induced LIPSS, Apjpss, depending on the

incident angle 6;. The results shown here a for a 7T-polarized laser of the

wavelength A; = 532nm. The wavelength is depicted by the dashed
horizontal line.

induced with 7r-polarized light and the orientation those LIPSS must be of the
type s~ and s*. An evaluation of the periodicities for varying incident angles
onto a Si wafer is shown in figure 5.18.

From the experimental obtained data and the numerical calculations by Sipe’s
theory it is found that the induced LIPSS can as well be described by Sipe’s
theory. For the st type LIPSS a decent deviation from the model can be seen
for angles 0.10° and for large angles 6; > 50°. This deviation might be due to
the fact that the silica has been partially molten. The theory by Sipe requires
that the roughness of the surface, I, must be much smaller than the used ex-
citation wavelength. If the surface is molten the inequality [/A; < 1 might
not be fulfilled locally and therefore the theory might not predict the exact
periodicity.

In the case of molten silica the development of SPPs is most likely, due to
the high imaginary part of the dielectric function (e,(521 nm) = 14.2 + 30.41)
that characterizes it as a lossy material, prone to SPP formation. However,
evaluating the SPP theory, a strong deviation from the experimental data was
found and no correlation between SPPs and the observed data can be de-
duced.
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5.3.5 Summary of the LIPSS experiments

In this thesis it was shown that LIPSS could be induced on all the investigated
materials (Ti, Cu, Cr, Si) to great extent. This is possible for different wave-
lengths of A; = 1064nm and also A; = 532nm. The correlation between
different laser and experimental parameters, namely the polarization of the
laser, the orientation of the polarization itself and the angle of incidence was
investigated and all three have shown to be tuning parameters to vary either
the periodicity or the orientation of the LIPSS.

It was shown that the alignment of the LIPSS is perpendicular to the polariza-
tion of the laser, LIPSS L E; for s*-, and s~ -type LIPSS and parallel in the case
of c-types. By rotating the polarization plane of the laser the LIPSS rotated by
the same angle, as seen in figure 5.12.

The periodicity of the LIPSS could be tuned by the variation of the angle of
incidence. Furthermore the types and also the periodicity is adequately de-
scribed by Sipe’s theory and the according efficacy factor maps. SPPs seem
not to play an important role, since the calculations do not match the exper-
imental data. Since the physical origin of LIPSS is still a controversy in the

tield, this is an important finding to note.

5.4 PLiD on Cu substrates

Another effect that is induced when irradiating thin metallic layers are small
nanoparticles. Those nanoparticles can be catalytic active sites. The activity
of particles is strongly dependent on their surface to volume ratios, reacting
more active for smaller particles [125]. Those particles have only been ob-
served on Cu targets, while on the other materials none of those structures
are created. In the literature this mechanism is described as Pulsed Laser In-
duced Dewetting, abbreviated PLiD.

In the experiments, PLiDs were effectively created throughout the whole laser
spot on the surface. Figure 5.19 shows an SEM image with a zoomed view
into the interaction region where single nanoparticles are visible. The ex-
periments are performed with a 10nm thick Cu layer coated onto a silicon

wafer. However, when zooming into the interaction region a lot of different
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Figure 5.19. SEM image of the PLiD induced by laser irradiation of a

10nm thick Cu layer. The right image shows a zoomed view of the centre

of the laser spot marked by the red square. Here the single nanoparticles
are visible homogeneously distributed.

features become visible. These features can be described as a chronological
pathway in order to create nanoparticles according ot thin film hydrodynamic
instabilities (TFH). This theory predicts the initiation of non-linear dewetting
due to the melting of the surface by laser irradiation and eventually the cre-
ation of nanopatterns when the stabilizing interfacial tension is dominated
by attractive intermolecular forces, such as van der Waals interaction or steric
forces [126, 127, 128]. The formation of these patterns is dependent on many
material properties. The initial stage of the instability is partial dewetting
and the formation of polygons that eventually break up and form the spheric
nanoparticles. LSM images of the first stages are shown in figure 5.20. Two
different regimes are observed within the same laser spot and the same num-
ber of subsequent pulses. Figure 5.20 (a) shows the characteristic polygon
net structure. An interesting feature is the fact that in between those struc-
tures LSFL-I LIPSS are induced on the Si wafer. It can be seen that the Cu
is completely removed in between those structures. In (b) the net structure
is already mostly broken and single particles have already formed. However,

there are still filaments visible that are remnants from the earlier net structure.
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Figure 5.20. LSM images of the initial stages of the dewetting process on

a 10nm thick Cu layer on a Si wafer after n = 200 laser pulses. (a) shows

a region where the polygons are still present and (b) shows a later stage

where the net structure is already partially broken and single nanoparti-
cle start to form. Images show areas of 90x 66 pm?.

Interestingly in the literature it is found that those structures are a chronologi-
cal procedure with increasing laser pulses from (a)—(b), meaningly increased
deposited energy [129, 130, 131]. In the experiments presented here, the struc-
tures have been formed within the same laser spot, hence the same amount
of subsequent pulses. However, it is observed that the structures induced for
lower energy input, hence earlier stages of the PLiD formation, (5.20 (a)) are
mostly found at the edges of the laser spot, where the deposited energy is
lower. Furthermore this could also be an effect of the inhomogeneous laser
profile shown in figure 5.2.

According to the TFH model the polygons and particles do not arbitrarily
form on the surface with random sizes and distributions but they follow cer-
tain analytical solutions to the instability theory. The characteristic spinodal
length, hence the spacings between the polygons can be written as:

1673 (T)

A T) =4[ =

h? (5.11)

where (T) is the surface tension, A(T) is the Hamaker constant and / is the
film thickness on the Si wafer. For the final stage, when the nanoparticles
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Figure 5.21. Evaluation of the average spacings between the spinodal

net structure observed in the experiments. (a) shows the experimental

data, meaningly the histogram evaluated from 5.20 (a) and (b) shows the
theoretical values obtained from the linear TFH theory.

have formed, their mean diameter is described by:

1/3
Dprip(h, T) = (%) h?3 (5.12)

where f(0) is a geometric function depending on the contact angle of the
droplets on the surface. The density of the nanoparticles can eventually be
described in terms of the spinodal length as

-1

Nprins(h, T) = Mﬁ(—f(% hh = (}Im\(h)z) . (5.13)
Those properties can be calculated using the material constants and the film
thickness of the Cu layer. For the surface tension at the melting point the
data found in the literature vary between 1.26 N/m and 1.40 N/m. Here the
data are taken from Passerone et al. as yc,(T = Tyy) = 1.4N/m [132]. The
Hamaker constant of Copper is taken from [133] as Ac, = 32 x 10~2°]. Fig-
ure 5.21 (a) shows the histogram of the spinodal length evaluated from figure
5.20 (a), hence a 10nm Cu layer. after n = 200 laser pulses. A bi-Gaussian
function is fitted and the centre value is deduced to be A(h = 10nm) =
(4.22 £0.8) pm. the analytical expression from equation 5.11 with the accord-
ing spacing calculated from the histogram is plotted in (b). It can be seen that
the experimental data fit the linear TFH within the error range.
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As can be seen from equations 5.11, 5.12 and 5.13 (which is a function of (A))
the resepctive properties are functions not only of the film thickness / but
also on the temperature, T. Due to the inhomogeneity of the laser-profile and
other parameters it is not straight forward to solve the heat equation and de-
termine a temperature profile across the laser-spot. It can be seen that the
analytical expressions for the different parameters, A and Dpy;p, (in the fol-
lowing generalized as x) follow a (y(T)/A(T))"" law.

The sensitivity of the quantities on the temperature can be derived by dif-
ferentiating equations 5.11-5.13 with respect to T. In general it is:

1 3\ 1/3 _
| o= (3 Ko/3 dn=3f —D
X(T,h) = C;(h) {@] { i= () and n = Jfor X

A(T) Ci=V 16713h? andn=2fory = A
(5.14)
Then the temperature sensitivity can be written as
1
IX(T,h) _ oy (O AT)\"
11
o [ Jor(T) 1 9A(T) «(T)
= Gj(h) {A(T)} [ oT nA(T) T na(rp) ©10

This can can be simplified using the work of French et al. who have shown
that the Hamaker constant is a very weak function of the temperature in the
case of metals [134]. Then dA /0T =~ 0 and the equation reads as follows:

ox(T,h) V(1) " Pay(T) 1

o~ Gith) [m} oT nA(T) (617)
~ Y(T)]7 ay(T) 1
=60 [Zm5| (>18)

The linear temperature dependence of the surface tension for Cu is calcu-
lated from [132] as 9y/9T = —2.3 x 107*Nm ' K~!. From equation 5.19 it
can be seen that the deviation of the properties with respect to the tempera-
ture is proportional to the quantity itself multiplied with a factor depending

on the temperature gradient of the surface tension. Inserting the values and
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changing from a continuous to a discrete description for a temperature rise
AT above the melting temperature T, for a Cu layer with a given thickness h

we get:
(T, h) AT
n [K]

From this equation it can be seen that even for a temperature rise AT = 500 K

Ax(AT) =~ =32 x107%. (5.20)

above the melting point the deviation is small in the range of ~ 7 %. This is

within the error range of the experimental determined values.

As the dewetting process further moves on the polygon structure, seen in
tigure 5.20, breaks and single nanoparticles start to form. SEM images of the
resulting particle formation on the Cu layer is shown in figure 5.22. It can be
seen that almost all the polygons are broken up and the single particles are
homogeneously distributed throughout the whole area. For the quantitative
evaluation, the images are pre-processed in the software Gwyddion via a 2-
dimensional continuous wavelet transformation to get rid of pixel artifacts an
subsequently the nanoparticles are detected via a threshold algorithm and the
diameter of the particles is calculated. The histogram in figure 5.22 shows the
particle diameter distribution with the according fit function. However, it can
be seen that the distribution of the particles is not a Gaussian or Voigt like dis-
tribution but rather asymmetric and the fitting procedure for the histogram is
inaccurate. Nevertheless, from this distribution the mean diameter can be cal-
culated and compared with the TFH instability. In this case the distribution
shows a mean diameter of Dppip = (641 4-22) nm. The particles with radius
Dprip < 250nm are cut off due to a lack of resolution of the used SEM. Fur-
thermore the results of the nanoparticle formation concerning the particles
diameter varied from probe to probe under otherwise similar irradiation con-
ditions. Quantitatively the diameter varied from Dprip € [482,676] nm. This
might be due to the inhomogeneity of the laser itself. Another fact that needs
to be taken into account is the fact that the linear TFH theory is based on the
assumption that temperature gradients in the axial direction of the Cu layer
are neglected and the heat loss is primarly through conduction across the
layer. This requires the following inequation for the film thickness h < txall,
where ac, is the absorptivity of copper. Depending on different sources in
the literature the 10nm layers studied in this thesis are right at the edge to

tulfill the inequation and therefore the assumptions in the analytical model.
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Figure 5.22. SEM image of the nanoparticles created by laser irradiation

of a 10 nm thick Cu layer. the histogram shows the mean diameter distri-

bution of the particles with a fitted Gaussian function. The image covers
a region of (80 x 60 um?).

Therefore deviations from probe to probe may also originate from the degree
of applicability of the model depending on the layer conditions.

Another interesting feature was observed by incidence when investigating
different samples. Figure 5.23 shows another, slightly larger, SEM image of a
sample that was irradiated under the same conditions as the image shown in
tigure 5.22. Here, it can be seen by eye that two different regions with two dif-
ferent morphologies have formed. While the majority of the image shows the
same nanoparticles, as already observed in figure 5.22, the bottom right part
(red encircled) shows different properties. The nanoparticles are smaller and
also denser in this area. This is also obvious, when evaluating the histogram
of the image of the mean diameters. Two distinct peaks can be seen. The first
higher peak, with a high density of nanoparticles, shows a mean diameter of
Dprip = (322 4 15) nm. This peak belongs to the red encircled area. the sec-
ond peaks shows a similar mean diameter as the one before. The fit function
gives Dpip = (524 & 17) nm. As shown by equation 5.20, the diameter is not
very sensitive to temperature fluctuations. Therefore the smaller diameter is
not likely to be an effect of the laser inhomogeneity. According to the TFH
theory the determined diameter of ~ 322 nm would match a film thickness of
h ~ 7nm. Therefore this might rather be an effect of a fluctuating film thick-
ness during the coating process.

Figure 5.24 shows the properties, mean diamter, density, and inter spinodal
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Figure 5.23. SEM image of PLiDs induced by laser irradiation of a

10nm thick Cu layer. On the SEM image two distinct morphologies with

nanoparticles of different sizes is observed. This can also be seen by the
two separated peaks in the histogram.

spacing, as calculated by the TFH theory compared with the experiments in
this study. The experimental data are gathered from different irradiated sam-
ples and the range of data is shown in the plots as a shaded area with the
respective color. It can be seen that the results for the inter spinodal spacings
and the mean diameter fit well to the theory, although the deviations from the
different measurements are rather large and only contingently reproducible.
Nevertheless, this gives rise to the fact that a dewetting process is induced
by the pulsed laser irradiation. Interestingly, despite the fact that the inter
spinodal spacings are well represented by the theory the density of particles,
Nprip, shows large deviations (note the logarithmic scale). This is interesting
considering the fact that they are functions of each other, Np jps = f(A). Ac-
cording to the theory the nanoparticles are created due to the breakup of the
polygonal structure owing to either a Rayleigh instability or capillary effects
[135]. Following this physical mechanism the particles are created at the junc-
tions of the polygons and hence A is connected to Nprips. The fact that the
density is significantly lower in the experiments shows that here not at every
junction a particle is formed.

Furthermore, areas with different characteristic were observed on many irra-
diated samples. After the irradiation of the Cu samples in certain areas circu-

lar pattern of Cu PLiDs have formed. Those circular structures are formed
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Figure 5.24. Comparisons of the linear TFH model against the experi-

mental data. Displayed here are the interspinodal spacing, A, the den-

sity of particles, Nprjp and the mean diameter Dprip. The range of ex-

perimental results from different probes is shown as filled areas in the

according color. The surface tension taken from [136] and used for the
model is ycy, = 1.26 N/m

by smaller nanoparticles and are surrounded by larger radii structures of
nanoparticles with a bigger diameter. An example of such structures is seen
in figure 5.25 Similar findings have been observed by the group of Wu et al..
They reported on a certain type of breakup of these structures on a Cu sam-
ple, where they first induced narrow rings with a narrow radial profile. They
attributed these types of structures to a Rayleigh-Plateau instability. For rings
with a greater radius of r > 265 nm they ascribed the formation to thin film
instability [137]. The rings observed in this study have large diameters in the
range r ~ pm. This potentially supports the thesis that he induced nanopar-
ticles are a phenomenon caused by the thin film hydrodynamic instability.

However, these ring like structures are randomly distributed across the sam-
ples and no real scheme of laser or surface parameters can be deduced that
correlate with the orientation or position of these structures. Furthermore,
they are not induced on every irradiated sample but partially observed. There-
fore, these structures are not really a controllable inducible feature, neverthe-

less an interesting formation mechanism that can be further investigated and
tried to be controlled.
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Figure 5.25. Circular structures induced on a 10 nm thick Cu layer irra-
diated by a 7-polarized laser of the wavelength of A;=532nm.

5.4.1 Summary of PLiDs experiments

Pulsed Laser induced Dewetting structures have been observed on 10nm
thick Cu layers on a Si substrate and are compared to the thin film hydro-
dynamic dewetting theory (TFH).

The nanoparticles were induced on almost every irradiated sample. In the
center of the laser spot a large area of homogeneous particles is induced as
seen in figure 5.19. The induction of the particles is reproducible even on a
large scale, however, the mean diameter and density of the particles varied
from probe to probe with otherwise similar irradiation and surface parame-
ters. Furthermore on different probes several structures like polygons, which
are the early stages of PLiD formation, nanoparticles with different size distri-
butions or ring like structures formed from nanoparticles and also LIPSS are
observed at the same time. This might be an effect of laser inhomogeneities
or small fluctuations in the film thickness. The experimental data fit the TFH
model partially when it comes to the inter spinodal spacings, A and the mean
diameter of the particles Dpy jps, which supports the theory of induced dewet-
ting effects by the pulsed laser irradiation. However, concerning the density
of nanoparticles deviations from the theory are observed. Due to the fact that

the density is a function of the inter spinodal spacing here the explanation of
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capillary effects and the creation of nanoparticles at the junctions of the poly-
gons does not hold and other effects might (additionally) be responsible for

the formation.
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Chapter 6
Summary and Further Research

The main aim of the B2 project is to investigate the simultaneous interac-
tion between three main components: a plasma source, a laser and a solid
state, the sample. To fully understand the complex interactions during all the
processes, it is crucial to investigate the interaction between the single com-
ponents beforehand. These component independent measurements, that are
crucial to eventually decipher and understand the simultaneous processes,

were performed in this work.

The first main question that this thesis addressed was the density distribu-
tion of reactive species that are generated inside the active plasma region of
the COST-Jet and are eventually transported into the effluent region, towards
a potential sample to be treated. In this case the reactive species of choise was
set to be nitric oxide. This decision was made, based on the fact that nitric
oxide is an important extracellular messenger and an important molecule to
trigger different biological processes, hence its fundamental importance for
applications involving biological samples.

In this work, this was done first by the investigation of distributions of ni-
tric oxide in the free effluent i.e. without any sample being placed in front of
the jet. This was done by means of Laser Induced Fluorescence Spectroscopy
(LIF).

Prior to the distribution measurements, the main plasma parameters for the
most effective production of NO, such as used gas mixture ratio, absolute gas
mixture or plasma power were investigated. Here it was found, that an ad-
mixture of 0.5 % of synthetic air (N, /O, = 4) to the helium feed gas flow is the

most efficient way to create NO, although higher absolute values of NO can
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be achieved by adding 5 sccm of N and O, each, which is owed to higher ap-
plicable powers as compared to the synthetic air admixture. By normalizing
the NO density to the dissipated power it was found, that indeed synthetic

air admixture is most efficient.

Subsequently, the NO distributions with 3-dimensional spatial resolution were
measured in different atmospheres, namely in air and controlled He+0.5 % air.
From the time resolved LIF measurements, the lifetime of the upper NO(A)
state was measured and from the reduction of its lifetime, the quenching rate
coefficient of different quenchers were deduced. It was found that quench-
ing by helium is negligible, while the quenching in air is very fast and effi-
cient. This is solely due to the oxygen content, while quenching by nitrogen
is negligible. Furthermore, it was possible to calculate the intrusion of the
surrounding air into the helium gas stream. Here it was revealed that the
reactive species are well shielded from their surrounding up to z ~ 15mm,
while at greater distances large amount of air intrudes and disturbs the NO
distribution.

It was also found that NO particles are closely coupled to the helium feed
gas flow. This was found by the buoyancy character of the NO distribution,
although pno > pair- The trajectory of helium particles in air was then calcu-
lated by a single particle approach taking into account Stokes friction. Excel-
lent agreement was found, verifying the assumption of the NO-He coupling.
From the spatial resolved NO distributions it was found that the NO tends to
form turbulence like behavior in air. This is not due to an excess of the criti-
cal Reynolds number, but is induced by quenching and momentum transfer
from the surrounding air particles, hence elastic and inelastic collisions. In the
helium atmosphere it was found that NO propagates laminar even at great
axial distances. The radial transport of NO is solely driven by free diffusion,
as was shown by the excellent agreement of the measured distributions and
the solution of the diffusion equation, without any chemical reactions. Those
tindings are a central aspect for applications of the jet, where typically a sam-
ple is placed in the effluent to be treated. As further research, it would be

interesting to establish a model, when the jet is operated in air, that includes
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the reaction term in the reaction diffusion equation, as follows:

0 . S
5;MNo(7,t) = DAnno(7, t) + f (111, 1i) . (6.1)
—_

reaction term

However, this is challenging, since the absolute numbers of constituents of
the atoms and molecules in air and the impurities (1;...n;) are usually not
known and a very complex plasma chemistry of coupled kinetics take place.
Therefore, either more data about the reaction partners need to be collected,
or the initial values need to be assumed by the modelers.

The second question that was addressed is the density distribution in front of
different samples and how they affect the density distributions, when com-
paring them to the ones measured in the free effluent. This is a crucial point,
because the density must not exceed certain critical values, to ensure thate.g.,
biological system remains intact and are not damaged. To do so, different
samples of different materials have been placed in the effluent to investigate
the influence of those samples on the density distribution as compared to the
ones measured in the free effluent. Here it was found that a distinct max-
imum develops in front of the surface for several materials, which is most
pronounced in the case of aluminum. This is on the one hand an effect of
the reflection of the fluorescence signal from the surface into the detection
system, on the other hand it was found by simulation taking into account
the geometry of the setup that the back reflection cannot be the sole reason
for this effect. To appropriately understand the observations from the experi-
ments, a detailed surface kinetics model would be needed. By simulations of
the helium gas flow towards the surface and a comparison to the measured
distributions it was found that the coupling of NO to helium is not only valid
in the free effluent but also holds in front of the surface as well. Here further
research should focus on the solution of the (reaction) diffusion towards the
surface. Close to the surface, in the stationary layer, the transport of particles
is solely driven by diffusion. hence, equation 6.1 also holds. At the surface
the following boundary conditions can be applied:

O™ = (1—1;)®" (6.2)
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where @7 are the reflected flux (-) and the flux towards the wall, respectively.
7; is the wall loss probability of particles that arrive at the surface. Further-

more from fundamental kinetic theory it is in the 1-dimensional case:

D ai’lNO

ot — nNo(v)
S 2 ox
b

4

, (6.3)

xX= x=S5p

where (v) is the average velocity of the particles and S, the position of the
surface. Combining equations 6.2 and 6.3, one eventually gets the boundary

condition to be

N0 (D)

Mo 27 nNno(v)
J 4

ox -

fory; <1 (6.4)
X:Sb 2 o f)/] 4

x:Sb x:Sb

With these boundary conditions it is possible to deduce the wall loss pobabil-
ity coefficient vy; that implicitly yields information about the chemical kinetics
of NO at the surface and allows drawing conclusions about the dynamics.

The species that are transported from the jet into the effluent eventually ar-
rive at the surface and are potentially incorporated into the chemical surface
structure. This incorporation can be enhanced by macro- and microscopic
surface structures. The inducement of these structures via short pulsed laser
irradiation under suitable conditions for the operation of the jet needed to
be investigated, afterwards. Here it was shown the Laser Induced Periodic
Surface Structures (LIPSS) could be effectively induced on different materials
with ns laser pulses. The LIPSS could further be tuned by several parameters,
such as the incident angle, the polarization, and the wavelength of the laser.
The results were compared to several theories in the field and it was found
that the periodicity, as well as the orientation of the induced structures with
respect to the electric field vector of the laser could be accurately described

by Sipe’s theory.

Beside the induced LIPSS, another feature was observed solely on 10 nm cop-
per surfaces. Here nanoparticles were induced on large scales. Those nanopar-
ticles are supposed to be induced by Pulsed Laser induced Dewetting (PLiD).

This is assumed by a typical chronological evolution of the morphological
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structures, where first a characteristic polygon structure is formed on the sur-
face that eventually breaks up into single particles. The spinodal spacing be-
tween the polygons and the average diameter of the PLiDs as well as the areal
density were compared to a theory according to a thin film hydrodynamic in-
stability (TFH), which is induced by the dewetting effect. The results of the
experiment are consistent with the theory, which supports the assumption of

a laser induced dewetting effect and the resulting nanoparticle formation.

From the LIPSS and the PLiDs formation it was shown that a variety of dif-
ferent surface structures could be induced on surfaces made of material with
catalytic properties, under conditions suitable for the operation of the jet. This
is an important finding and the subsequent simultaneous interaction with the
reactive species needs to be investigated in the future. In the future, the COST-
Jet will be further used for the treatment and modification of biological and
non-biological samples. In this context, the density distributions in front and
at the surfaces are crucial. Here it will be necessary to figure out the reflection
issue of the surface and to reveal the chemical kinetics by a detailed surface
kinetic model.

Concerning the PLiDs formation on the surface, only 10 nm copper samples
were available at the times of the experiments. The TFH theory mainly olds
for layers that are in the sub 10nm range. Here it would be necessary to
perform a layer thickness variation, to compare the results in this parameter
space with the theory, to see how the mean diameter and the areal density

vary with layer thickness.

Furthermore, the simultaneous interaction of both, the reactive species com-
ing from the jet and the induced structures on the surface needs to be in-
vestigated. Here, the plasma source needs to be synchronized with the laser
source. XPS measurements need to be performed in order to investigate the
influence of the laser induced structures on th chemical bondings on the sur-
face and potential synergisms concerning the incorporation of species into the

surface concerning the catalytic activity.

In conclusion, the findings in this thesis are of central importance towards
further research. The investigation of the interaction and the unveiling of
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the physical mechanisms of the single components form the foundation to-
wards further experiments and understanding of the complex laser-plasma-

solid system.
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