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1 Introduction

Catalysts play a central role in the modern chemical industry, enhancing reaction rates,
selectivity, and energy efficiency. They enable more sustainable processes by reducing
energy demands and minimizing waste production [1]. Traditionally, catalytic reactions
occur at high temperatures and pressures, but with the transition to renewable energy
sources, there is an increasing interest in milder conditions and more specialized cata-
lysts. This drives the need for a deeper understanding of catalytic mechanisms and the

development of novel synthesis techniques.

Plasma-assisted catalyst synthesis is a promising alternative to conventional catalyst syn-
thesis. Plasmas enable rapid material processing with controlled properties and can syn-
thesize otherwise challenging-to-form compounds, such as carbons, nitrides, and fluorides.
According to A. Bogaerts et al. [2], plasma applications in catalysis include: (1) syn-
thesis of ultrafine catalyst particles, (2) plasma-assisted deposition of active phases, and
(3) plasma-enhanced catalyst preparation and treatment. Key advantages include re-
duced energy input, precise control over material properties, generation of highly reactive
species, short processing times, and enhanced catalytic performance in terms of selectivity,

activation, stability, and regeneration.

A highly relevant is the electrochemical CO2 reduction reaction (CO2-RR), which offers
a pathway to convert COg into value-added products and close the carbon cycle [3-5].
Due to CO2’s chemical stability, effective catalysts are essential, ideally operable under
mild conditions powered by renewables [6]. Copper (Cu) is a promising candidate, as it
is abundant, cost-effective, and the only known metal to yield significant amounts of Caoy
products like ethylene and ethanol [7-9]. However, Cu suffers from limited selectivity and
stability under CO2-RR conditions [10, 11].

Micro atmospheric pressure plasma jets (n-APPJs) [12-17] are known to produce vari-
ous reactive oxygen species and offer multiple advantages: they operate without vacuum
systems, are suitable for temperature- and vacuum-sensitive materials, and allow direct
application of reactive effluents to various substrates. Their effectiveness stems from their
non-equilibrium discharges, where electrons are selectively heated, while ions and neutrals

remain comparatively cool.

n-APPJs generate reactive species primarily through electron impact dissociation [18],
especially when reactive gases like Ny [19, 20] or Og [21-23] are introduced. Plasma chem-
istry is complex, involving excitation, ionization, dissociation, and quenching mechanisms.

The “COST Reference Microplasma Jet” [24] provides a well-characterized reference source
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and has been benchmarked in simulations with reasonable accuracy [25-27], though further
species validation is needed to deepen mechanistic understanding. This necessitates mea-
surements of reactive species densities. Due to the complexity of the plasma chemistry and
the difficulty in experimentally measuring many species densities, especially temporally or

spatially resolved, modeling plays a key role.

Plasmas can generate reactive species such as atomic oxygen, which oxidize copper surfaces
and promote the formation of Cu(II) species [28]. Additionally, plasma activation has
been shown to enhance catalytic performance in CO2-RR [29-31]. Therefore, studying
the behavior and influence of reactive oxygen species is key to tuning catalyst surface

chemistry for improved catalytic performance.

Gusakov et al. [28] showed that the oxidation of copper, especially higher oxidative states
like CuO, is influenced by the presence of both atomic and molecular oxygen [28]. While
atomic oxygen is the main reactant, it also triggers back-reactions at high concentrations,
limiting CuO formation. However, Gusakov et al. identified the presence of molecular
oxygen as essential to quench these back reactions. Molecular oxygen’s ground state is
too inert, though. Instead, electronically excited states, like O2(alAg) and Oy (blzg), are
likely responsible. Their densities are closely linked to ozone density due to its strong
quenching. Og(blzg) can be detected in the plasma region via emission spectroscopy
[32], whereas Oy(alA,) is more difficult to measure, due to its weak emission at 1270 nm
[33]. Its detection is further hindered by the high thermal background in the plasma zone.
Consequently, measurements are typically performed in the effluent, using gas flow cells
to enhance the signal [34, 35].

Copper oxides, especially CusO (Cu(I)) and CuO (Cu(II)), have demonstrated improved
selectivity and durability [36—40]. These oxides differ structurally and electronically, influ-
encing their interaction with CO5 and intermediates. CuQ, in particular, shows promising
selectivity towards ethylene [4, 41], with some studies reporting over 50% Cay selectivity
[42, 43]. Thus, understanding and controlling surface composition is crucial for optimizing

catalyst performance.

Another approach to enhance catalytic performance is surface structuring, particularly
through the use of nano-scale structures, which can improve selectivity and boost the
formation of Cgy products [44-46]. Techniques such as laser-induced periodic surface
structures (LIPSS) [47] and pulsed laser-induced dewetting (PLID) [48] are effective in
creating such structures. Within this study, PLID and PLIDS are both used abbreviations.
PLID refers to the formation mechanism, while PLIDS (pulsed laser-induced dewetting

structures) describe the resulting nanoparticles.

PLID leverages capillary-driven reorganization of molten metal films to form nanoparti-
cles, minimizing surface-to-volume ratio [48, 49]. Despite its simplicity in terms of input
parameters, PLID enables the reliable formation of intricate nanoscale patterns [50, 51].
The PLID formation requires composite materials that feature a thin metal layer on a typ-

ically silicon substrate, for example, deposited by magnetron sputtering. This results in
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defined surface conditions for the fabricated samples, which lend themselves well to surface
characterization. However, their application is often limited under real-world conditions,
and their production is often costly. An aim of the study is, therefore, to investigate the
transition to bulk materials such as simple copper foils, as they find widespread use in

industry.

To structure bulk materials, LIPSS [47] have to be used. LIPSS leverage the self-enhancing
energy absorption of a rough surface by the interference of the incoming laser light with
their refracted waves on the surface. This ultimately leads to periodically modulated sur-
face structures in the range of the laser wavelength. Nano-scale structures have shown
potential to enhance catalytic activity [6, 52]. When combining laser and plasma treat-
ment, however, the effects of the laser on surface oxidation and chemical composition

remain unclear, and vice versa.

The final goal of this study is to investigate a new approach to catalyst fabrication. By
combining the reactive species produced by a micro-scaled atmospheric plasma jet and the
irradiation and energy input of a pulsed laser on copper surfaces, the chemical composition
and surface morphology can be controlled independently. This approach has not been
thoroughly investigated before. The “COST Reference Microplasma Jet” [53] is employed
as a well understood plasma source. It therefore lends itself very well to the investigation

of the reactive oxygen species.

There were already multiple studies [54, 55] centered around atomic oxygen, leading to
a good understanding of its production and destruction mechanisms, as well as densities
in and outside the plasma. However, excited molecular oxygen species densities are not
known or benchmarked against current models. This study will therefore focus on these

reactive species to investigate their impact on the proposed reactions by Gusakov et al..

Moreover, the interaction between laser and plasma exposure on surface morphology and
composition has not yet been investigated, particularly for simultaneous application. The
combined use of plasma treatment and laser irradiation may offer a synergistic and more
tunable strategy for catalytic surface functionalization, potentially surpassing conventional
methods. To optimize the process, it is critical to investigate laser parameters such as pulse

energy and power, as well as the reactive species flux to the treated sample.

These investigations are made on copper samples to study the oxide formation and sur-
face structuring under the combined treatment. Copper thin films offer reliable surface
conditions for analysis. However, to test the transferability to more industrially applicable

materials, a transition of the findings to bulk materials is investigated.

1.1 Research Questions

The following questions provide a guideline for the successful synthesis of a copper-based
CO2-RR catalyst material using a combined treatment of a laser for surface structuring

and a plasma for changing the surface stoichiometry:
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1. Does the COST jet produce reactive molecular oxygen species in sufficient densities
to facilitate the formation process of Cu(Il) copper oxides as proposed by Gusakov
et al.?

2. What are the reaction dynamics of the different species inside the jet and its effluent,

and how are they transported to the surface? What is the flux that reaches a sample?
3. What are the optimal plasma parameters?

4. Which laser parameters are able to successfully induce nanoscale surface structures

on copper, and which structures can be utilized best for specific applications?

5. What influence does the simultaneous plasma treatment have on the formation of

laser-induced surface structures?
6. Do the laser-induced structures influence the chemical composition of the surface?

7. Which copper oxides can be produced by the combined laser and plasma treatment,

and can their concentration be controlled?

8. Can the findings be transferred to bulk materials?

1.2 Thesis Outline

The study is structured in four parts. Following the Introduction, the Fundamentals
outline the basic physics. Provided is an overview of non-equilibrium atmospheric plasma
jets, and optical spectroscopy methods for their analysis. Regarding the available species,
likely candidates for the formation of copper oxides are discussed. Of special interest
are the generation and destruction reactions of atomic oxygen, as well as the physical

properties of the molecular excited states O2(alAg) and Og(blﬂg).

After that, the fundamentals of laser systems are provided. They introduce the concept
of transverse modes, which are necessary to describe the beam shape and quality, as well
as the difference in surface interaction between laser pulses of varying lengths. Following
that, a mathematical description of the most commonly induced laser surface structures,
LIPSS and PLIDS is given. Lastly, for the Fundamentals chapter, the two employed

surface analysis techniques, SEM and XPS, are explained.

After the Fundamentals, the experimental setups are introduced. First, the spectroscopy
setup for investigating the reactive plasma species is covered. Here, the setup for the ab-
sorption spectroscopy of ozone and the emission spectroscopy of O2(alA) and Og(blEg‘)
are explained. Next, the surface modification setup is described, which combines plasma
jet and laser irradiation on copper samples to induce morphological and stoichiometric

changes. Lastly, the critical components of the XPS device are covered.

The Results chapter begins with the investigation of reactive oxygen species. Here, the
experimental data will be compared to two simulations to validate the absolute species

densities. As ozone is required for calculating the Og(alAg) density, its density is in-



Introduction

vestigated first in terms of power, flux, and admixture variation. The same variation
measurements are then performed for Oz(alAg) and O (blEg) as they are important for
the formation of copper oxides. In the summary section, knowledge about the optimal

plasma parameters will be utilized to optimize the laser-plasma setup.

The ns-laser surface structuring chapter provides an overview of the different laser-induced
surface structures on copper thin films and foils. Laser energy and irradiation time are
varied to determine successful laser parameters for surface structuring, as observed using
SEM images. Furthermore, the influence of the gas flow on their formation is studied.

The optimal laser parameters are then utilized in the combined laser-plasma treatment.

The previously studied plasma and laser parameters culminate in the chemical surface
analysis section, which investigates whether the described setup can achieve the initial
assumption of a controlled stoichiometry. Firstly, the XPS analysis method is described,
which is used to measure the concentration of the copper oxides. The initial surface
composition is then compared with a laser-irradiated sample and with samples after 5-10s
of laser-plasma treatment to determine which copper oxides are generated and quantify

their concentration.

The fs-laser structuring section investigates morphology and stoichiometric changes on
bulk materials, rather than thin films, using a fs-laser. It repeats the laser parameter
investigation for successful surface structuring as performed for the ns-laser. Likewise, the
stoichiometry changes are investigated using XPS in regard to the copper oxide concen-

tration for untreated, laser-irradiated, and laser-plasma treated samples.

The Conclusion and Outlook chapter answers the research questions, using the collected
insights of the conducted studies. Additionally, it gives an overview of measurements that
could be performed in the future to elaborate on or optimize the performed measurements.

Furthermore, it provides a look into further application cases for the laser-plasma process.

10



2 Fundamentals

This chapter provides a brief introduction to the key theories underlying the employed
diagnostics and experimental setups. As plasmas play a central role within the analysis

and application of this study, their basics are covered first:

2.1 Non-equilibrium Atmospheric Pressure Plasmas

Low temperature plasmas garnered considerable interest due to their wide-ranging appli-
cations, including surface treatment [56, 57|, etching [58], and deposition [17, 59]. The
properties and ignition mechanisms of plasmas strongly depend on the pressure under
which they operate. The operating pressure is therefore a useful tool for categorization.
Plasmas are distinguished between low-pressure, atmospheric-pressure, and high-pressure.
Applications for low-pressure plasmas include plasma etching and the deposition of thin
films on metals or plastics [60]. Natural low-pressure plasmas include auroras and the

Earth’s ionosphere. High-pressure plasmas are, for example, used in gas discharge lamps.

For technical applications, atmospheric pressure plasmas are particularly attractive, as
they do not require complex vacuum systems and can be brought directly into contact
with substrates via the efluent. These plasmas can be further divided into two subclasses.
Thermal plasmas are, for example, used in plasma welding [61], while non-thermal plasmas
are employed to treat heat-sensitive substrates such as plastics [62], for example. This
also makes them particularly attractive for applications in medicine by treating organic
materials [63, 64].

A plasma is commonly defined as a quasineutral gas of charged and neutral particles that
exhibits collective behavior. It is generated when sufficient energy is deposited into a
neutral gas to cause ionization, producing free electrons and ions. Collective behavior de-
scribes the interdependency of electron and ion movement, as both particles are connected

due to Coulomb forces. Not all ionized gases qualify as plasmas, though.

Plasmas are considered quasineutral because, on macroscopic scales, the electron and ion
densities are nearly equal (n. ~ n;), resulting in an overall neutral charge distribution. On
smaller scales, however, this neutrality can be locally violated due to charge separation
effects. The spatial length scale over which electrostatic potentials are shielded is described
by the Debye length Ap,

11



Fundamentals

50kBTe>1/2
Ap=| ——— 2.1
b= () (21)

where g is the vacuum permittivity, kg the Boltzmann constant, T, the electron tem-
perature, n. the electron density, and e the elementary charge. For a plasma to exist its

characteristic dimensions L must be much larger than Ap,

L> Ap. (2.2)

In addition, the number of charged particles within a Debye sphere Np must be sufficiently
large to ensure that collective effects dominate over binary collisions. This number is given
by

4
Np = §7m?bne > 1. (2.3)

The collective behavior of a plasma is expressed through its ability to sustain plasma
oscillations. When electrons are displaced relative to the heavier ions, Coulomb forces
act to restore quasineutrality, resulting in oscillatory motion characterized by the plasma

frequency wy,

n 82 1/2
wp:< e ) , (2.4)

E0Me

where m, is the electron mass. A corresponding ion plasma frequency w,; exists but is
much lower due to the higher ion mass. The plasma frequency determines the response
of charged particles to external electromagnetic fields. Electrons, due to their lower mass,

can respond to higher frequencies than ions.

For collective plasma effects to dominate over neutral gas dynamics, the product of plasma

frequency w;, and the mean time between particle collisions 7 must satisfy:

wpT > 1. (2.5)

This condition is typically fulfilled in low-pressure plasmas, where collisions are rare
and long-range Coulomb interactions govern particle behavior. In atmospheric-pressure
plasmas, however, the collision frequency is considerably higher, and their dynamics are
strongly collisional. Consequently, atmospheric plasmas are often described as collisional

discharges rather than ideal plasmas [65].

Non-equilibrium plasmas exhibit a disparity between the electron temperature T, and the
gas temperature T, (T, > T,). This allows the generation of chemically active species and

efficient excitation or ionization processes without heating the bulk gas.

12



Fundamentals

In non-equilibrium plasmas, energy is primarily coupled into the electrons through an
external electric field. Due to their low mass, the electrons are rapidly accelerated and
can reach energies corresponding to several electronvolts, while the heavy particles remain
close to ambient temperature due to their much slower energy exchange rates. The energy
distribution of electrons can be described by the electron energy distribution function
(EEDF), often deviating from a Maxwellian form in these non-equilibrium conditions.

The mean electron energy () is related to the electron temperature by:

(e) = ngTe- (2.6)

For non-equilibrium atmospheric pressure plasmas, w,7 often approaches or falls below
unity, indicating that collisions play a crucial role in determining particle dynamics, energy
transfer, and chemical reactivity. The reduced electric field E/N (electric field strength
E normalized to the neutral number density N) is an important control parameter, influ-

encing ionization, excitation, and dissociation rates in the plasma chemistry.

For helium plasmas at atmospheric pressure like the one employed in this study, typical
parameters are an electron density of n, ~ 10! ecm™3 [66], an electron temperature of
T. ~ 2 eV [24, 67], a Debye length of A\p ~ 100 pum, and an electron plasma frequency of
wpe ~ 7107 Hz.

2.1.1 Plasma Ignition

Plasma ignition occurs when electron production exceeds losses from collisions and recom-
bination. At the breakdown voltage, free electrons gain sufficient energy between collisions
to ionize neutral gas atoms, initiating an electron avalanche described by Townsend break-
down theory. The first Townsend coefficient « characterizes electron multiplication along
the applied electric field lines. For a given neutral gas density ng, the electron density can

be calculated:

ne(z) = ng exp (ax). (2.7)

13
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Figure 2.1: Example Paschen curve showing the breakdown voltage as a function of the product p - d,
where p is the gas pressure and d the electrode spacing.

The breakdown voltage depends on the gas type, pressure p, and electrode distance d.
According to Paschen’s law, V4, varies with the product p - d, exhibiting a minimum
(see Fig. 2.1). At low p - d, electrons only rarely collide with neutrals before reaching an
electrode, reducing ionization probability. At high p-d, frequent collisions prevent electrons
from gaining sufficient kinetic energy for ionization in between collisions. Therefore, both

regimes require higher breakdown voltages.

At atmospheric pressure, p is fixed; thus, only d can be adjusted. For a helium discharge at
1 bar, the minimum breakdown voltage is achieved with electrode gaps of several hundred
micrometers to a few millimeters. Consequently, atmospheric-pressure plasmas are often
referred to as microplasmas [68]. Atmospheric pressure plasmas are also often ignited

using RF-frequency.

In case of a radio-frequency (RF) excitation of the plasma, the ignition is no longer de-
pendent on the DC current of electrons reaching the electrodes, but on the displacement
current. When considering an alternating electric field, the time-averaged dissipated power

is given by:
ne’E?

= e )

(2.8)

with the Ejy electric field amplitude, w the frequency of the electric field and v, the elastic
collision frequency. The electrons accumulate energy by being displaced out of phase with
the electric field F through collisions.

To calculate the discharge ignition requirements, an energy balance is considered:

ne’v, B2

= nVionEion + %an<E> =+ n<E>

2.9
2me(w? + v2) mg Tdiff (29)

14
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The energy gain of a system is the dissipated ohmic current given by the left side of the
equation. The energy loss is given by the right side, which consists of the ionization rate
Vion and energy Fio,, the energy loss from elastic collisions v,,, and the loss of particles

through diffusion given by the confinement time 74;¢ with the average energy of (E).

The ignition requirement can then be derived from the balancing of charged particle pro-

duction and their losses due to diffusion to:

1
Vion = —— (2.10)
Tdiff
For the case of atmospheric pressure (v, > w), the pressure is high enough for most
particles to reach an average energy (E) close to the ionization energy Ejo,, because of

the low diffusion losses. The ignition electric field strength results to:

m2

Ey = H;Eion@?n + w?) (2.11)

With (v, > w), it is obvious that the ignition requirement is only dependent on the

density v, = ny(voy,) and, in particular, independent from the reactor geometry.

This simplified model, however, disregards secondary electron emission (SEE), which is
another production mechanism for electrons. This results in a modified Paschen curve as

shown in Fig. 2.2.

Figure 2.2: Example Paschen curve showing the breakdown voltage as a function of the pressure p
including SEE effects (taken from [69]).

At low pressure and for certain frequency ranges, the oscillation amplitude of the electron

15
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motion can approach the electrode spacing. Under these conditions, charge carrier losses
substantially increase, which in turn leads to an increase in the breakdown field strength.
The transition to this regime is not gradual but occurs abruptly once the oscillation

amplitude exceeds a critical value at a given frequency.

At high frequencies, the breakdown field strength remains nearly constant. As the fre-
quency decreases, the oscillation amplitude increases, and a fraction of the electrons begins
to reach the electrodes, giving rise to slightly enhanced losses. This results in a modest
increase in the breakdown field. Once the amplitude matches the electrode gap, how-
ever, the losses rise sharply, necessitating a pronounced increase in the breakdown field to

sustain the discharge.

With further reduction of the frequency, the energy of particles impacting the electrodes
increases, thereby enhancing the efficiency of secondary electron emission. This process
introduces an additional electron source, which partially offsets the loss mechanisms and

lowers the breakdown field once again.

If the frequency and electrode spacing are favorable, these secondary processes can amplify
through feedback, leading to multipactor discharges. Such discharges are of particular
relevance as parasitic effects in evacuated waveguides used for microwave transmission in

large-scale fusion devices.

Traditional models assume ignition occurs solely through externally applied fields accel-
erating carriers, which leave the field unaffected by the plasma itself. At higher pressures,
however, electron avalanches can locally modify the field to the point that they indepen-

dently trigger ignition. This process is called streamer mechanism.

Ignition at atmospheric pressure commonly proceeds via a streamer mechanism. A strong
electric field initiates an avalanche that amplifies the local space charge, generating a field
comparable to the external one. This self-enhanced field enables streamer propagation,
forming a quasi-neutral conductive channel. Once the streamer bridges the electrodes, a
short circuit forms, and a backward ionization wave propagates through the channel. High
currents can flow, potentially transitioning the discharge into an arc (thermal plasma) [70,
71].

For non-thermal plasmas, avoiding arc formation is essential due to the associated heat
and electrode damage. This can be accomplished by several methods. One method is
to prevent the streamer from contacting the opposing electrode by using dielectric layers,
thereby extinguishing the discharge before an arc develops. Other methods are shaping
inhomogeneous fields that inhibit full bridging, as in corona discharges, limiting the dis-
charge current, or employing an alternating current operation that extinguishes the plasma

before an arc is formed.
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2.1.2 Atmospheric Pressure Plasma Jets

This is the approach employed by APPJs, which utilize high AC frequency in the RF-
region, keeping the neutral gas and ion temperatures low. This can be explained by
considering the plasma frequency of electrons and ions, which describes the oscillation
frequency of a charge carrier displaced from its equilibrium position in the plasma.

Ne i€

= — 2.12
wpe,z €0Me.; ( )

)

Here, n represents the charge carrier density, e the elementary charge, ¢g the permittivity
of free space, and m the mass. To calculate the plasma frequencies, a typical charge carrier
density of 1017 m~3 was assumed. For electrons, this results in a plasma frequency of w. =
6 GHz, while for ions, it is w, = 70 MHz. Comparing the two plasma frequencies wy, , of
electrons (e) and ions (i) with an RF voltage frequency clarifies that ions cannot or can

only barely follow the rapid RF oscillations. Thus, only the electrons are energized.

The large mass difference between electrons and ions, as well as neutral gas particles, fur-
ther prevents the electrons from transferring their thermal energy to the heavier particles
by collisions. This creates a non-equilibrium plasma in which electrons, on average, attain
an energy of approximately 2.5V [72], corresponding to a temperature of about 29 000 K.
In contrast, the ions and the neutral gas remain cold, at approximately room temperature
[53, 67]. This makes plasma jets particularly suitable for treating heat-sensitive substrates,

such as plastics and organic tissues, including skin.

Following Paschen’s law, which states that the breakdown voltage of a plasma depends on
the pressure and the electrode spacing [73, 74], it is advantageous for atmospheric-pressure
plasma jets to keep their dimensions small, within the mm- or ym-range, to achieve a low
breakdown voltage that is technically easier to implement. Therefore, the name pu-APPJs

is often used.

The plasma source used in this experiment is a capacitively coupled microplasma jet known
as the “COST Reference Microplasma Jet”. It is a so-called cross-field jet. Cross-field refers
to the electrode arrangement, where the applied electric field is oriented perpendicular to
the direction of the gas flow [53]. The perpendicular alignment of the electric field and gas
flow decouples the discharge generation from the convective transport of reactive species.
This allows for efficient electron heating and ionization within the confined discharge
region while minimizing the afterglow density and the thermal impact on the effluent.
In the context of plasma jets, the effluent refers to a directed gas flow outside the jet
containing various reactive species generated in the plasma. Furthermore, the orthogonal
field-flow arrangement contributes to a well-defined discharge structure, making cross-
field APPJs attractive for both fundamental studies and standardized plasma—surface
interaction experiments. The resulting species mix can be directed onto substrates for
applications such as surface modification, thin-film deposition, or biomedical treatments
[12, 13, 16, 17].
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2.2 Plasma Spectroscopy

Determining plasma parameters at atmospheric pressure is challenging because conven-
tional diagnostic methods, such as probe insertion, are unsuitable due to the small spa-
tial dimensions and possible disturbances they induce in the discharge. Optical spec-
troscopy methods enable non-intrusive diagnostics, making them a preferred technique for
microplasmas. Their experimental implementation is relatively straightforward, yet it still

provides valuable insights into plasma properties.

2.2.1 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) measures the spectral emission of excited species
within the plasma. Each emission line results from a radiative transition between an
excited energy state and a lower energy level, with the emitted photon carrying the corre-
sponding energy difference AFE. The wavelength associated with each transition identifies
the emitting species [75]. Analysis of the line intensities and their relative ratios provides
information about excitation temperatures, excited-state populations, and species densi-
ties. However, as OES detects only excited states, additional modeling is required to infer
ground-state densities. Further complexity in the analysis arises through the line-of-sight
integration of the technique. For spatially inhomogeneous plasma volumes, further models

such as Abel-inversion have to be used to accurately describe spatially resolved densities.

The statistical nature of energy level transitions is characterized by the lifetime 7 of
an excited state 7, which describes the time after which the number of excited particles
decreases to % of its initial population. The lifetime is related to the Einstein coeflicients

A;; describing spontaneous emission probabilities:

—1
Tinat = (Z Azk’) ) (213)
k

where 7 is the excited state and k the lower energy state to which the atom relaxes to.

The radiated power Pppoto associated with an emission line is then:

Ppioto = Ajg, - hv - N;, (2.14)

where hv is the photon energy and N; is the excited-state population density. In addition
to a radiative decay, excited states may undergo non-radiative de-excitation due to colli-
sions with surrounding atoms, molecules, or electrons, processes collectively referred to as
quenching [75]. Accurate determination of excited species densities from OES measure-

ments requires accounting for these quenching effects.

Molecular spectra are broader than atomic spectra because molecules exhibit a greater
variety of excitation modes, including rotational, vibrational, and electronic transitions.

The resulting spectra consist of many energy level transitions, leading to broader spectral
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distributions [76]. Even simple homonuclear molecules, such as O, possess vibrational and
rotational modes, though their spectra are less complex than those of larger polyatomic
species. In complex molecules, overlapping transitions and chemical reaction pathways

further complicate spectral analysis [75].

Quenching also affects the lifetime of excited molecular species. Their effective fluorescence
time 74, the time of their fluorescence to reach 1/e of its initial intensity, is determined by

both radiative decay and non-radiative relaxation:

1 1 1
— =4 =, (2.15)
Ty Tf g

where 7; is the intrinsic fluorescence lifetime and 7, represents the non-radiative relaxation

time. The Einstein coefficient for spontaneous emission is given by A;; = 1/7¢. The photon

yield @, describing the ratio of radiative to total de-excitation processes, is then:
T,
Q=-L. (2.16)
Tf

This can be expressed in terms of the quenching rate ¢ = 1/7:

A
_ , 2.17
Q At (2.17)

where ¢ = >, k;n; is the sum over all collisional quenching contributions, with k; denoting
quenching rate coefficients and n; the densities of the quenching species. By applying
these relations, quenched excited-state densities can be extracted from emission spectra

when the relevant rate constants, transitions, and densities are known.

2.2.2 Optical Absorption Spectroscopy

Another optical method for plasma analysis is absorption spectroscopy. Here, a light source
of a specific wavelength is chosen that aligns with the excitation energy of an observed
species. The light is then absorbed by the species, leading to a decrease in the measured
intensity. The absorbance of the species depends on its density n, the absorption length
d, and its absorption coefficient k. It can be calculated by the Lambert-Beer law under

the assumption of an idealized gas:

It p
og( 0) k ne d (2.18)

where p is the pressure, T' the temperature, Iy is the initial intensity and I is the trans-

mitted intensity. The density of a species is then given by:
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Ir
o P M (2.19)

kgT k-d
Absorption spectroscopy provides access to the ground-state density as it actively excites
the state of interest. However, as for OES, absorption spectroscopy suffers from line-of-

sight integration, making its analysis especially challenging for spatially inhomogeneous

plasma volumes.

2.3 Reactive Species

Multiple reactive species can be produced by atmospheric pressure plasma jets, making the
plasma chemistry rather complex, even with simple admixtures of, for example, just helium
and oxygen. Although atomic oxygen plays a crucial role in the oxidation of copper, it is
not addressed in the results presented here. There have already been multiple studies for
the COST jet [54, 55] centered around atomic oxygen, leading to a good understanding of
its production and destruction mechanisms, as well as densities in and outside the plasma.
A brief overview of its most important properties is provided below, which also introduces

a few key concepts related to species transport in the COST jet.

2.3.1 Generation of Atomic Oxygen in the COST jet

The COST jet employed in this work serves as a source of atomic oxygen, a highly reac-
tive species relevant for many surface treatment applications [23, 54]. Atomic oxygen is
generated when oxygen molecules are dissociated within the plasma. Below are given the
most dominant reactions for a jet using a helium—oxygen (He—Oz) mixture. Normally, the
dissociation of molecular oxygen is the dominant production pathway. However, the over-
all formation and subsequent decay of atomic oxygen involves multiple reaction channels,
and identifying the most important processes is essential. For atomic oxygen, they are

given by [77]:

e +02+—0+0"+e" (2.20)
e +02+—20+¢e" (2.21)
O"+03+—02+20 (2.22)
O" + He +— O + He (2.23)

The generation of atomic oxygen within the jet is primarily dominated by the electron
collision reactions (2.20) and (2.21). In contrast, the loss channels are mainly due to heavy

particle collisions:
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O + Oy + He +— O3 + He (2.24)
20+ He +— O3 + He (2.25)
O+ 03 +— 209 (2.26)

To predict the behavior of oxygen within a helium-oxygen plasma, a global model was
developed by G. Park et al. [78]. It shows that atomic oxygen is produced over a consid-
erable length of an APPJ’s plasma channel, meaning that the maximum density does not
immediately occur upon ignition, as illustrated in Fig. 2.3. Instead, the oxygen density
asymptotically increases and approaches a plateau towards the end of the jet’s plasma
region. At this point, the production is balanced by the destruction channels of atomic

oxygen, which become more effective as the atomic oxygen density increases.

In the effluent, atomic oxygen production mostly ceases because no electrons are present.
Although it can still be produced through ozone dissociation by metastable species, as
shown in Eq. (2.24). However, these reactions do not contribute strongly to its density
in the effluent. The loss channels are unaffected by the absence of the plasma, as they
do not depend on electron collisions but rather collisions with stable or at least long-lived
heavy particles. This causes the atomic oxygen density outside the plasma to decrease

exponentially [79].

In the case of the COST jet, the time dependency of the oxygen density in the plasma
also translates into a spatial dependency. As the gas travels through the jet, a position
within the jet corresponds to the gas residence time in the plasma. Knowing the gas flow
velocity allows the position within the jet to be converted into a time, enabling comparison
with the Park model [78]. Determining the gas flow velocity requires knowledge of the

cross-sectional area of the COST jet and its flow rate.

Outside the jet, the gas flow is no longer confined to the jet’s dimensions, so the effluent
velocity can only be estimated based on the exit velocity of the gas from the jet. The gas
flow in the efHluent is assumed to be laminar, meaning it is not considerably slowed down.

This assumption is particularly valid over short distances.

Fig. 2.3 shows the evolution of atomic oxygen density along the gas flow direction in
the center of the discharge channel for the COST jet [SteuerMA1]. Within the jet, the
atomic oxygen density builds up along the length of the discharge and reaches a plateau.

The rise can be described using an exponential function of the form:

no = —a (exp {—j} - 1) (2.27)

Here, a corresponds to the plateau atomic oxygen density, and [ represents the rise length,

which can be converted into a time using the gas flow velocity. The rise time and plateau
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Figure 2.3: Profile of atomic oxygen density in the discharge center along the gas flow direction for the
COST jet with a power of 1 W, flow of 1slm He and an admixture of 0.5% O3 (taken from [80]).

height depend on the power. A higher plasma power leads to a higher atomic oxygen

production. Therefore the rise time is faster and the plateau higher.

After leaving the plasma, the atomic oxygen density decreases exponentially:

z
no = aexp{—l} (2.28)
Here, a corresponds to the initial density at the jet exit, and [ represents the decay length.
The rise and decay lengths can be converted into rise and decay times using the gas flow

velocity.

2.3.2 Reactive Molecular Oxygen Species

As Gusakov et al. [28] have shown, atomic oxygen alone is not able to produce Cu(II)
species and mainly forms CusO in contact with a copper surface. Only when molecular
oxygen is present, Cu(II) and, in particular, CuO is formed. Molecular oxygen is needed to
prevent the “counter” oxidation reactions where atomic oxygen reacts with CuO to reduce
it to CusO. However, the slow reaction rate of ground state molecular oxygen makes it an
unlikely candidate for this reaction. Here excited molecular oxygen species such as Oz (a
IA,) and Os(b IE;) may be responsible. They have been shown to possess reaction rates

several magnitudes higher than that of ground state molecular oxygen [81, 82].

The difficult-to-detect molecular species Oz2(a'A;) and Og(blEg), the first and second

electronically excited states of molecular oxygen, possess an excitation energy of 0.98 eV
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and 1.63 eV, respectively. Oo (alAg) is a metastable state due to its forbidden optical tran-
sition to ground state molecular oxygen Oz2(alAg) — O2(X 32;). It emits at a wavelength
of 1270 nm and has a lifetime of up to 75 min [33]. Og(blEg) lifetime is only 12.5s, which
is still relatively long-lived for an excited species. It emits at 762nm. Because they are
heavily quenched by ozone, knowledge of its density is critical in calculating the densities
of the excited molecular oxygen species. While Og(blEg) can be measured relatively eas-
ily by emission spectroscopy in the plasma region [32], but not in the effluent region, the
determination of the O2(a'A,) density is more complicated. Because of its long lifetime,
its emission is therefore low. Additionally, the thermal background in the plasma region
makes it almost impossible to measure the emission signal. Therefore, mostly effluent

measurements are feasible [34, 35].

2.4 Copper Oxide Formation

The following equations provide the reaction scheme for the formation of the different Cu
oxides attributed to different oxygen species [28] that can be provided by a COST jet, as
shown in equations (2.29) to (2.31).

2 Cu(s) + O2(g) — Cug0O(s) (2.29)
Cu(s) + O(g) — CuO(s) (2.30)
Cu20(s) + O(g) — 2CuO(s) (2.31)

Molecular and atomic oxygen oxidize metallic copper to CugO, the first oxidation state
Cu(I) of copper. CuO is the second oxidation state Cu(II) and is formed by further
oxidizing CusO through molecular or atomic oxygen. However, atomic oxygen is also able
to reduce Cu(II) species CuO to CuzO as given by the “counter” oxidation reactions (2.29)
to (2.31):

Cuz0(s) + O(g) — 2Cu(s) + Oz(g) (2.32)
CuO(s) + O(g) — Cu(s) + O2(g) (2.33)
2Cu0(s) + O(g) — Cuz0O(s) + Oz(g) (2.34)

With this overview of the plasma and surface chemistry related fundamentals covered, the

next step is looking into the basics for surface structuring.
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2.5 Laser

The other central piece of equipment for this study is a laser. This chapter gives an
overview of its basic functionality as well as its effect on surfaces, especially considering

laser surface structuring.

The acronym LASER stands for light amplification by stimulated emission of radiation.
Lasers are classified by their long coherence length of the emitted light. The main com-

ponents of lasers are:

Energy pump, an energy supply that is able to excite the atoms of the active medium,

for example, through applying a current or optical pumping through flash lamps.

Active medium, where atoms or molecules are transitioned into an excited state and
consequently emit the stored energy as a photon by stimulated emission within a very

narrow wavelength range, with all photons being in phase.

Resonator consisting of two highly reflective mirrors, between which the amplified light
travels back and forth multiple times through the active medium. Typically, one of the
mirrors is partially transparent, allowing a small amount of light to be coupled out of the

resonator, forming the laser beam.

2.5.1 Transverse Modes

The resonator also determines the beam shape of the laser. Induced by the resonator
geometry, multiple modes can develop within a laser system, including both longitudinal
and transverse modes. Longitudinal modes are generated by the light’s standing wave
patterns along the light path inside the resonator. They are of no particular interest
to this study. However, certain electromagnetic field configurations can exist in which
the amplitude and phase distributions are reproduced after reflection passes between the
mirrors. These specific field patterns are known as the transverse electromagnetic modes

(TEM) of a passive resonator.

Transverse modes in Cartesian coordinates are labeled TEM,,,,,, where the integers m and
n indicate the number of intensity nodes, points of zero intensity, transverse to the beam
axis in the horizontal and vertical directions, respectively. In cylindrical coordinates, the
modes are denoted TEM,,;, where p and [ correspond to the number of radial and angular
nodes. As the values of m, n, p, or [ increase, the mode order increases accordingly. The
fundamental mode, TEMgg, has a Gaussian intensity distribution centered on the beam
axis. Higher-order modes (with indices > 1) exhibit additional off-axis intensity peaks

arranged in a symmetrical pattern.

To accurately describe the positions and intensities of these peaks and nodes, higher-order
mathematical solutions are required. These involve Hermite polynomials when using carte-
sian coordinates, and Laguerre polynomials in cylindrical systems. An analytical expres-

sion for the longitudinal modes can be derived from the electromagnetic wave function in
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vacuulin:

1 9%E

where E is the electric field of the wave. With the Helmholtz equation (w = ck) and the as-
sumption of monochromatic waves for a plane wave in z-direction, the following differential
expression can be calculated when considering the slow varying envelope approximation
(SVEA) (2% ~ 0):

022 ™

0?9?00V

In cartesian coordinates a separation ansatz (¥(z,y,z) = X(x,2)Y (y, z)) results in the

following solutions:

w x x? x? n
Xp(z,2) = - m, <ﬁ> exp (— L + i2 i 1((2)) (2.37)

w(z) "\ w(z) W2(2)  "2R(2) 2

w 2 2 n
Yo(y,2) = W(Z)Hn <;/Z;> exp <_w§(z> - i;%y(z) i ;1C(z)> (2.38)

where H, is the n-th Hermitian polynom, wg = % the beam waist radius, w(z) =

wy 1+ i—; the beam radius, R(z) = z + 2 the curvature radius of the wave front and
0

((z) = tan~ (%) the Gouy-phaseshift. All depend on the Rayleigh length 2y, which is a

freely selectable constant. The profile of a beam then results in the following equation:

_ Va@\ (=] @\ (=2
=0 e (S5 oo (5)| <[ (585 o (565

here z is the propagation direction of the beam, w(z) is the spot size where the intensity
drops to 1/e? of the TEMgg and H; is the ith-order of the Hermite polynomial. For radially

symmetric TEM the formula can be written as:

14(®,2) = Iop' [Z4(0)] cos(1) exp(~p) (2.40)

where p = 2r%(2)/w?(2), Lé is the Laguerre polynomial of order p and index [. As
p increases, the modes exhibit more concentric rings, while as [ increases, the modes
increasingly resemble more “dumbbell” -shaped patterns as shown in Fig. 2.4. Both
in cylindrical and Cartesian coordinates, the fundamental mode TEMgg is the same. It

corresponds to a radially symmetric Gaussian distribution in intensity and is also called
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Figure 2.4: Exemplary cylindrical (a) and rectangular (b) transverse modes. The first subscript for
cylindrical modes indicates the number of intensity rings. The second subscript gives the number of
“dark bars” crossing the pattern. For the rectangular modes, both subscripts result in a number of
bars, the first horizontal, the second vertical (taken from [83])

a Gaussian beam. All higher modes are spatially more complex.

Different transverse modes, therefore, result in distinct patterns of the intensity profile
within a plane perpendicular to the laser’s propagation direction. The superposition of

these modes predominantly determines the beam profile of the laser.

2.5.2 Laser Beam Shape and Quality

The beam shape of a laser determines its behavior under focusing. Focusing a laser beam
through a lens, for example, results in a Fourier transformation of the beam shape in its
focal point. Depending on the preferred properties of the laser spot, different beam shapes

can be chosen.

Gaussian Beam

A laser operating in the TEMgy mode possesses a Gaussian intensity profile. Its intensity

distribution over the radius r is given by:

—2r?
I(r) = Ipexp ( 2 > (2.41)
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Figure 2.5: Comparison of a flat-top beam profile (red), a Gaussian (green), and a super-Gaussian (blue)
intensity profile with the same optical power and the same effective mode area [84].

So the power of a Gaussian beam passing through an aperture of size r = w is 86.5%.
In reality, most lasers do not have a perfect Gaussian beam, but always exhibit (at least

small) spatial inhomogeneities due to other modes or diffraction effects.

Flat-top Beam

Flat-top profiles, unlike Gaussian profiles, ideally have a constant intensity over a partic-
ular area and no intensity elsewhere, as shown in Fig. 2.5. To achieve this, infinitely steep
intensity gradients would be required at the edges, which is why, in reality, only approx-
imate flat-top profiles are achievable. These are also called super-Gaussian profiles, as
their intensity can be described by a modified Gaussian function. In a radially symmetric

plane, this would be:

I(r) = Ipexp (—;Z) (28) (2.42)

where [y is the peak intensity at the center, wy the spot size, and n a number which
gives the shape of the beam (n = 2 gaussian beam, n > 2 square beam). A Flat-top
beam can be created through a linear combination of modes. However, this is extremely
challenging. A simple and low-cost method involves blocking the outer edges of a Gaussian
beam using an aperture. This process is highly inefficient, as a significant portion of the
laser power is lost. Additionally, the resulting beam quality is not ideal, though it is
theoretically feasible. In practice, more effective and higher-quality flat-top beam profiles

are generated using various techniques.

A key distinction between flat-top beams and Gaussian beams lies in their behavior under
Fourier transformation. For example, a Gaussian beam maintains its shape under a Fourier
transform (e.g. focusing through a lens), whereas the Fourier transform of a flat-top profile
produces an Airy disk. As a result, the flat-top profile changes over long propagation
distances or when focused with lenses, a factor that must be considered during beam

shaping.
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Figure 2.6: Example setup of spatial filtering by a pinhole.

Optical systems designed to generate flat-top profiles typically require a Gaussian beam
as an input and utilize different optical phenomena, such as refraction or diffraction,
depending on the system design. If a flat-top intensity distribution is required at the
focal point, optics must first convert the Gaussian beam into an Airy disk. After passing
through a lens, this Airy disk can then form the desired flat-top profile in the focus.
Though a flat-top profile would be more desirable for most procedures, its challenging

creation ultimately limits its use.

Pinholes as Spatial Mode Filters

Higher transverse modes can be filtered out by focusing the laser beam on a pinhole using
a lens. The primary transverse mode TEMyy of the laser is transformed into a central
Gaussian beam while noise or higher modes are transformed into side fringes. Although
the Gaussian transverse modes are invariant under the Fourier transform when passing
through a lens, they are focused on different spots. To achieve this, a pinhole has to
be positioned precisely so that only the Gaussian TEMgg passes through. Thereby, the
other modes are effectively filtered out as shown in Fig. 2.6, which is why pinholes in this

application are referred to as spatial filters.

Especially when working with high intensities, the reflectivity, melting temperature, and
general damage threshold of the material used are crucial factors. Since very high irradi-
ation intensities are achieved by focusing, the appropriate choice of material ensures that
the pinhole is not melted or torn. The size of the pinhole depends strongly on the lens
used and the input beam. Edmund Optics suggests the following formula for calculating

the pinhole size:

Dp=15Dg=15- 1.27% (2.43)

(Dp: pinhole size, Dg: spot size of the laser at focus, f: focal length, D: input beam
diameter). It should be noted that there is no single perfect pinhole size, as the diameter
choice is always a trade-off between transmitted power and profile purity. Larger diameters
result in a greater transmission of the original beam but may also filter out fewer higher

modes. Generally, a compromise is sought.
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2.5.3 Laser Pulse Length

A fundamental aspect of lasers in their interaction with materials is their pulse length.
Ns-pulses are considered to have a long pulse length, while fs-pulses are at the forefront

of short pulses. Ns-pluses are achieved through active Q-switching.

Active Q-switching

In the following the principle behind laser pulse duration control is explained by the exam-
ple of active g-switching. To achieve controlled pulsing of the laser with pulse durations in
the nanosecond to picosecond range, a quality switch (Q-Switch) is used. The Q-Switch

is determined by the quality factor of the resonator:

stored energy in the resonator

=2 2.44
@ m dissipated energy per cycle ( )

Q-switching the laser means rapidly increasing the Q-factor from a low value (low quality)
to a high value (high quality) by abruptly reducing the energy losses per cycle. In practice,

a distinction is made between passive and active Q-switching.

A passive Q-switch can be implemented using saturable absorbers placed within the res-
onator. These absorbers exhibit strong absorption (low quality) at low intensities and low
absorption (high quality) at high intensities. The absorption’s dependence on intensity
is highly nonlinear. Depending on the crystal used, saturable absorbers can operate in

transmission or reflection mode.

Passive Q-switching is challenging to control because the laser self-regulates. The pulse
frequency can only be indirectly adjusted by changing the pump power or the amount
of absorber material. However, due to its short switching times, passive Q-switching can

produce pulses that are shorter than those produced by active Q-switching.

The quality switch used in the Nd:YAG laser is an example of an active Q-switch. In active
Q-switching, the losses within the resonator are manually regulated. To achieve short pulse
durations, a rapid transition from low quality to high quality is required. To this end,
typically electro-optical or acousto-optical switches are used, which have switching times

in the nanosecond range.

As shown in Fig. 2.7, after the resonator losses are switched from high to low absorbance,
the photon flux increases due to growing stimulated emission, crossing the laser threshold,
until the point where gain equals loss. The descending edge of the pulse is primarily
determined by the dwell time of the photons remaining in the resonator. Due to the
low gain, no further photons are generated through stimulated emission, leading to an
exponential decay of intensity. The resulting laser pulse typically has a duration ¢, in
the nanosecond range. Active Q-switching is not suitable for generating pulses in the

picosecond or femtosecond range.
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Figure 2.7: Q-switched laser pulse development. The time-dependent flash lamp current, resonator loss,
population inversion, and photon flux are shown from top to bottom [83].

Ultrashort Pulse Generation

In contrast, femtosecond lasers rely on mode-locking to produce ultrashort pulses with
durations on the order of 10715 s. Mode-locking enforces a fixed phase relation among the
longitudinal modes of the laser resonator. In multimode lasers, these modes oscillate inde-
pendently, resulting in continuous-wave output with limited coherence. Mode-locking, on
the other hand, forces constructive interference of resonant modes, leading to the forma-
tion of a periodic train of ultrashort pulses. The pulse duration is inversely proportional to
the number of locked modes and the gain bandwidth of the active medium, making broad
gain spectra essential for achieving femtosecond laser pulse timescales. Mode-locking can
be realized through passive Q-switching, for example, using saturable absorbers that pref-
erentially transmit high-intensity light. The ultrashort pulse durations achieved through
mode-locking result in extremely high peak intensities, while the interaction time with
the target material remains shorter than the timescales of thermal diffusion. This enables
“cold ablation” with minimal collateral damage [85, 86]. Long pulses, such as ns-lasers, on
the other hand, exhibit significant thermal diffusion into the surrounding material, often

resulting in collateral heating and melting [87].

2.6 Laser-Induced Surface Structures

Through careful selection of laser parameters, lasers are able to induce nano-scale surface

structures on a variety of materials. One aim of this study is the generation of laser-
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Figure 2.8: Example for PLIDS on a 5nm copper layer on a silicon wafer after laser irradiation with a
wavelength of 1024 nm.

induced surface structures to enhance catalytic properties. Surface structuring can be
implemented via laser-based techniques such as pulsed laser-induced dewetting (PLID) on
thin films [48] or laser-induced periodic surface structures (LIPSS) [47], that can also be

induced on bulk materials.

2.6.1 Pulsed Laser-Induced Dewetting Structures (PLIDS)

The PLID mechanism generates nanoparticles by exploiting the capillary forces within a
molten metal film, driving the film to minimize its high surface-to-volume ratio to the
underlaying material [48, 49]. The resulting nanoparticle pattern is referred to as PLIDS
(pulsed laser-induced dewetting structures) within this study, while PLID refers to the
underlying formation mechanism. An example of the produced nanoparticles is shown in
Fig. 2.8. While the control over input parameters is relatively simple, this method is
capable of reliably producing intricate nano-patterns, making it a valuable technique for
structuring surfaces [50, 51]. However, PLID generation is limited to layered materials,

where a thin metallic layer is deposited on a planar substrate, such as a silicon wafer.

The leading theory in describing the formation of PLID nanoparticles was given by Trice
et al. [48]. In their work, they describe that PLIDS are generated through the linear thin-
film hydrodynamic dewetting theory (TFH). In previous works, it was discovered that the
time and length scales of the dewetting process are dependent on the film thickness h.
From this, it can be deduced that the PLID particle parameters, such as particle spacing
R, diameter D, contact angle function f(#), and particle density N, are also dependent
on the film thickness h. Given below is a short overview of the most critical parameters
that can be derived from the TFH by Trice et al..

Laser irradiation melts a thin film, which causes the liquified metal to form droplets.

The process is driven by the instability induced by the surface tension to the underlying
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material. The spinodial length or periodicity A(h) of the droplet nucleation site is given

by:
3
A(h) = ,/16%112 (2.45)

where 7 is the surface tension of the material and A the Hamaker constant, which describes
the van-der-Waals force between two particles or a particle and a substrate. A can then

be directly correlated to the nearest-neighbour particle spacing (NN-R).

When assuming the volume of the layer is conserved after PLID formation, a connection
between the particle diameter D and the film thickness h can be derived via the particle
spacing. If a circular section of the thin film, approximated as a cylinder with diameter R
and thickness h, forms one spherical nanoparticle of diameter D, then volume conservation

leads to the expression:
R =27 <D>3 (2.46)
T = — — .
377\ 2
where fy is a geometric factor depending on the particle’s contact angle 6, describing the
fraction of the sphere volume that lies above the substrate (for 6 = 180°, fy = 1).

Using the characteristic length scale R from Eq. 2.46 and substituting into the equation

above leads to a scaling law:

1/3
C= [1244;27)] ho/3 (2.47)

with C being a prefactor incorporating material and geometric constants, including fy.

The areal particle density V4 can be defined as:

1

Ny=——
A TR2’

(2.48)
where R is the nearest-neighbor spacing between particles. Using the expression for R Eq.

(2.46), a thickness-dependent relation can be derived:

N(h) = —h™% (2.49)

An essential aspect of the dewetting process by laser irradiation is the time scale. The
dewetting process occurs on two time scales: the dewetting time scale 7p and the liquid
time scale 77, which describes the time the material remains molten (in a liquid state)
before cooling and solidifying again. As the PLIDS formation happens over multiple laser

shots, it is evident that 7p >> 7. In fact, it is essential that two laser pulses remain
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Figure 2.9: Example for LIPSS on a 5nm copper layer on a silicon wafer after laser irradiation with a
wavelength of 1024 nm.

Figure 2.10: LIPSS type categorization (laser wavelength A, LIPSS periodicity A, diffraction index n,
depth to periodicity A = 4) [88].

thermally independent of one another, allowing the material to cool down before the next
pulse. It can therefore be assumed that the initial pulses initiate the instability, which

subsequently leads to the formation of a stable dewetting pattern under subsequent pulses.

2.6.2 Laser-Induced Periodic Surface Structures (LIPSS)

Unlike PLIDS, LIPSS can be created on bulk materials, which makes them a more univer-
sally applicable surface structuring tool. One theory regarding the description of LIPSS
produced by ns-lasers was provided by Sipe et al. [47]. The properties of the occurring
LIPSS primarily depend on the laser parameters as well as the type of surface. An ex-
ample of LIPSS is given in Fig. 2.9. Laser-induced structures can be observed with both
continuous-wave (cw) and pulsed lasers, down to pulse durations in the femtosecond range.
In fact, the formation of LIPSS is much easier to achieve with short pulses in the pico- or

femtosecond range than with nanosecond lasers.

As shown in Fig. 2.10, LIPSS can be classified into Low Spatial Frequency LIPSS (LSFL)
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Figure 2.11: Rough surface irradiated by s- or p-polarized light (§ = incident angle)[90].

with periodicities in the range of the laser wavelength and High Spatial Frequency LIPSS
(HSFL) with considerably smaller periodicities relative to the incident wavelength. The
latter rely on ultrashort pulse lasers for generation and are not yet well understood. Recent

investigations are therefore mainly employing fs-lasers for producing LIPSS [89].

Because HSFL are subject of recent research and the main results of this study use a ns-
laser, the following description covers the physics of LSFL. LSFL can be distinguished be-
tween type-1, appearing on highly absorbing materials such as metals and semiconductors
and type-II, which are formed on dielectrics. LSFL-I possess a perpendicular alignment
to the laser polarization and a periodicity approximately equal to the laser wavelength.
At the same time, LSFL-II align parallel to the polarization direction and scale with both

the wavelength and the inverse of the refractive index of the surface.

Efficacy-Factor Theory

The most established theoretical framework for describing the formation of low spatial
frequency LIPSS (LSFL) is the Efficacy Theory developed by Sipe et al. [47]. It ex-
plains LSFL as a consequence of the interference between the incident laser wave and
surface-scattered waves generated by the initial surface roughness. The resulting spatially

-,

modulated absorption A(k) determines where material modification occurs:

A(F) o< (k) [b(k), (2.50)
where b(k) represents the Fourier components of the surface roughness, and 7(k) is the ef-

ficacy factor, which quantifies the efficiency of energy deposition for each spatial frequency

-

k.

As illustrated in Fig. 2.11, a laser beam with wave vector k1, and the surface projection k;
is scattered on the inhomogeneous surface of a material with a roughness b(E) The surface
roughness b(E) varies only slowly in Fourier space, especially for uniformly rough surfaces.
The efficacy factor n, on the other hand, is a more dynamic quantity. It can form distinct
maxima and minima for specific wave vectors. The energy absorption of the surface,

therefore, depends mainly on the efficacy factor. Consequently, LIPSS generally form at
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Figure 2.12: Efficacy factor map for quartz glass (26 °C, A = 1014 nm, €(1014nm) = 2.1036, § = 0°).
The figure was taken from [91].

positions in Fourier space where the efficacy factor reaches a peak value or experiences
a substantial variation. For the Sipe Theory to be applicable, the surface roughness
amplitude [ must be small compared to both the laser wavelength A and the resulting
LIPSS period A:

ls <A ls <A (2.51)

To determine the efficacy factor n, various laser and material parameters must be known,
such as the surface morphology (described by the shape factor s and filling factor F),
the material’s permittivity at the laser wavelength, the polarization direction (s or p),
and the angle of incidence. Due to the complexity and impracticality of determining all
these parameters for real-world applications, Bonse et al. [88] proposed a reformulation,
allowing n to be computed analytically in Fourier space. For LIPSS formation, 77(]2) must
exhibit pronounced maxima in Fourier space. Therefore, LIPSS are produced with a

spatial period A corresponding to those maximas:

2
A= T (2.52)

| Kmax|

By evaluating 7 across different positions in Fourier space, one obtains efficacy-factor
maps, as illustrated in Fig. 2.12 for an example of quartz glass. These maps visualize the
spatial distribution of 7 using grayscale intensity, with darker regions indicating higher

values.

Maxima in n(lg) are directly related to the observed LIPSS orientation and periodicity.
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LSFL type-I typically form perpendicular to the laser polarization, while LSFL type-II

form parallel and exhibit periodicities scaled by the refractive index n:

3>

AH ~ (253)
The rotation of the laser polarization vector results in a corresponding rotation of the
LIPSS orientation without altering their period. Changes in the incidence angle § modify

n(k), shifting its maxima in Fourier space, which leads to variations in LIPSS spacing and,

in some cases, the appearance of additional structural modes.

Analysis of such maps can reveal likely locations for LIPSS formation. In Fig. 2.12, two
distinct maxima are observed for quartz glass: one corresponding to the LSFL-I, which
forms perpendicular to the polarization direction, and another to the LSFL-II, forming
parallel to it. The LSFL-II structures are more likely to dominate due to their considerably

higher efficacy factor of up to five times greater than LSFL-I.

2.7 Surface Analysis Methods

Laser and plasma treatment can induce various changes on substrate surfaces. To study
their influence, a surface analysis has to be conducted. For this purpose, scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) were employed. With
SEM, an investigation of the induced surface structures and morphological changes of
the sample is possible, while XPS provides insights into the compositional changes or

stochiometry of the sample. Their respective principle of operation is detailed below.

2.7.1 Scanning Electron Microscopy

Scanning electron microscopes (SEMs) operate by focusing a collimated beam of high-
energy electrons onto a specimen surface. Via scanning it in a raster pattern, an image of
the surface’s morphology can be collected. The incident electrons interact with the atoms
of the sample, producing a variety of signals such as secondary electrons, backscattered
electrons, and characteristic X-rays. These signals carry information about the sample’s
surface topography, morphology, and composition. The resolution of SEM imaging is pri-
marily determined by the wavelength of the accelerated electrons, which can be expressed

by the de Broglie relation:

h h
N = - — 7 (2.54)
P V2meelU
where h is Planck’s constant, m. the electron mass, e the elementary charge, and U the
accelerating voltage. Since the electron wavelength is much smaller than typical photon
wavelengths and decreases with increasing acceleration voltage, SEMs can achieve a much

higher spatial resolution compared to optical microscopes. The spatial resolution d can
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Figure 2.13: Possible electron-beam specimen interaction signals and their point of origin inspired by
[92].

be approximated by Abbe’s equation:

A
d ~ 0.612—sin (2.55)
n

where « is the half-angle of the aperture for the converging electron beam and n the
refraction index of the medium between point source and lens. The product nsina is
often called numerical aperture (NA). By combining high electron energies with precise
electromagnetic lens systems, SEMs achieve resolutions in the nanometer range, enabling

detailed imaging of material surfaces superior to that of conventional light microscopy.

Image formation in scanning electron microscopy relies on signals generated by the inter-
action of the incident electron beam with the sample material. Fig. 2.13 visualizes the
point of origin of the different signals that are generated by the incident electron beam.
The z-axis gives the depth withtin the sample for the various signals. These interactions
can be broadly divided into elastic and inelastic processes as described by [92]. In elastic
scattering, the incident electrons are deflected by the electrostatic field of atomic nuclei
or by outer shell electrons of comparable energy. This process involves negligible energy
loss but may lead to large-angle deviations. Electrons that are scattered through angles
greater than 90° are termed backscattered electrons (BSE). They carry information related
to the atomic number and composition of the sample, making them particularly useful for

contrast imaging.

Inelastic interactions, on the other hand, occur when the incident electrons transfer part of
their energy to the specimen’s electrons or atoms. Depending on the binding energy of the
affected electrons, such energy loss can result in excitations or ionizations. A key signal
produced in this way is the emission of secondary electrons (SE), defined as low-energy
electrons with energies typically below 50 eV. Due to their shallow escape depth, SEs
provide high-resolution information about the sample’s surface topography. In addition
to BSE and SE, other signals such as characteristic X-rays, Auger electrons, and cathodo-

luminescence (x-rax continuum) are generated, which can be used for compositional and
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Figure 2.14: Photoelectron generation by X-ray radiation (taken from [93], originally from ULVAC-PHI
manual).

analytical studies.

2.7.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS offers an essential tool for surface chemistry anal-
ysis. The principle behind XPS is the photoeffect. An XPS device focuses an X-ray beam
on a sample, which ejects photoelectrons. These are recorded as a spectrum, with an
intensity corresponding to the number of detected electrons as a function of their kinetic
energy (KE). The KE is typically converted to a binding energy (BE) scale for analysis.
A spectrum consists of a spectral background profile, photoelectron peaks, originating
from primary photoemission, and Auger electron peaks, resulting from core-hole decay.
The spectral background is influenced by the analyzer mode used. The device used in
this study employs the fixed analyzer transmission (FAT) mode, also known as constant
analyzer energy (CAE), in which the analyzer transmission remains constant across the
entire energy range. This results in a continuous background, which arises from various
sources such as inelastically scattered photoelectrons, Auger electron secondary electron
cascades (often originating from deeper within the sample), and electrons generated by ad-
ditional photon sources, including X-ray satellites or bremsstrahlung if achromatic sources
are used. Survey spectra over a wide binding energy range provide essential qualitative
information, including elemental composition and relevant binding energy ranges, which
are critical for planning and interpreting high-resolution measurements. Of special rele-
vance for this study are photoelectron and Auger peaks. The mechanisms behind their

occurrences are detailed below.

Photoelectron Peaks

Fig. 2.14 illustrates the generation of photoelectrons from X-rays. Monochromatic X-rays
are generated through bremsstrahlung at an anode and guided towards an investigated
sample. There, X-rays hit electrons in the lower orbit of an atom, which absorb the incom-

ing photon’s energy and leave the atomic orbit. The kinetic energy of ejected electrons is
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given by Barr et al. [94]:

hv = Egip + Ep + q® (2.56)

where hv is the known energy of the X-rays, Fp;, the measured kinetic energy, Ej the
material specific binding energy (BE) of the electrons, and ¢® the work function of the XPS
device. The binding energy of the electrons is characteristic for an element due to their
different energy levels for a specific orbit. A chemical bonding with other elements shifts
the binding energy, which allows the use of electron spectroscopy for chemical analysis

(ESCA) technique to identify the chemical components of a sample.

¢ represents a work-function—like parameter associated with the specific surface of the
material. In experimental measurements, this term typically includes a minor correction
arising from the instrument’s own work function due to the contact potential between the
sample and the detector. The corresponding equation can be interpreted as an expression
of energy conservation. Practically, ¢ serves as an effective instrumental correction factor,
compensating for the few electronvolts of kinetic energy lost by photoelectrons as they
traverse from the bulk material to the detector. In most cases, this parameter remains

constant and requires little or no adjustment.

There are, however, effects that can shift the binding energy beyond scale alignment. In-
sulated surfaces can get charged under continuous X-ray irradiation. After the generation
of a photoelectron, the sample is left positively charged. If this charge is not neutralized,
it starts to accumulate, creating an electric field that hinders the further escape of photo-
electrons from the sample. This alters the measured kinetic energy of the photoelectrons,
resulting in a shift toward higher binding energies. A common method to prevent this
charge buildup is to shower the sample with low-energy electrons. The employed XPS
device within this study, ULVAC-PHI Inc. “PHI 5000 VersaProbe”, also incorporates a

more homogeneous neutralization of the surface by a 20eV argon ion beam.

Some photoelectron peaks in XPS are relatively straightforward to interpret, particularly
when they arise from narrow, symmetric transitions in materials with minimal background
signal. As noted by Brundle and Crist [brundle_ X-ray_ 2020], such cases are often
intuitive in terms of background subtraction and peak isolation. However, more complex

peak structures arise in many elements due to a range of processes affecting the spectra.

Effects, such as multiplet splitting, shake-up, and shakeoff events, can broaden peaks
or introduce additional satellite features [95]. For example, shake-up satellite features
originate from the photoexcitation process. They must be included in the overall peak
intensity for accurate chemical quantification, as emphasized in works by Biesinger [96],
Thomas et al. [97], and Brundle and Crist [brundle_ X-ray_ 2020].

When dealing with such complex spectra, it is crucial to collect data over a sufficiently
wide energy range to capture all relevant satellite peaks. The whole peak structure should

be recorded, extending well beyond the primary peak to accommodate background sub-
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Figure 2.15: Schematic of the Auger electron generation.

traction procedures. For the most accurate elemental quantification, all relevant peak

intensities, including satellites, should be incorporated in the analysis.

Auger Peaks

Auger spectra originate from a non-radiative relaxation process following core-level ion-
ization. Fig. 2.15 illustrates the process. When a core state electron is ejected (e.g., via
XPS), an electron from the shell, a higher energy level, fills the vacancy, and the excess
energy is transferred to another core level electron, which is then ejected as an Auger
electron. Unlike photoelectrons, the kinetic energy of an Auger electron is independent
of the photon energy and depends solely on the electronic structure of the atom. Their

energy is given by:

Ekin,Auger = Feore state — Eshelt — E/C (257)

where Ejipn Auger is the kinetic energy of the Auger electron, Eiore state the potential energy
of the core level ionization, Espey the energy of the outer shell electron, and Ef, the energy

of the core level electron that absorbs the emitted photon.

In XPS, Auger peaks provide complementary chemical information, especially useful for el-
emental identification and distinguishing between oxidation states, when the photoelectron
peaks are superimposed and hard to deconvolute. Their kinetic energies and characteristic
line shapes are sensitive to the chemical environment, making them valuable for surface
and chemical state analysis. However, Auger peaks generally have a more complicated

shape than photoelectron peaks, requiring a more careful deconvolution.

Shake-up Peaks

Shake-up peaks or satellites arise from multi-electron interactions during the photoemis-
sion process. When a core-level electron is ejected, a valence electron may be simultane-
ously excited to a higher unoccupied energy level, resulting in a photoelectron with slightly

reduced kinetic energy. This creates a satellite peak at higher binding energy (lower ki-
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netic energy) relative to the main photoelectron peak, which is referred to as a shake-up

peak.

Shake-up features are especially prominent in systems with strong electron correlation,
such as transition metal compounds. Although they are generally not used for quantita-
tive analysis, their presence may indicate the presence of specific chemical states. Recog-
nizing and including shake-up peaks in data analysis is therefore very helpful for accurate

chemical quantification and interpretation of complex spectra in XPS.

Observation Depth

An important parameter for XPS measurements is the observation depth d, the length scale
in which X-rays can intrude into the material and electrons can escape to be detected. It

can be calculated by:

d = 3X\pesin© (2.58)

where \p is the inelastic mean free path and © the X-ray incident angle on the substrate

in rad. A, is given by [98]:

2170 —
)\pe = (EIQ + 0.72 - GE) ¢ (259)
here E is the kinetic energy of the samples element (E = Epnoton — Epinding) and a is the

monolayer thickness:

A
3 24
= ——x10 2.60
@ =N (2.60)
where A is the standard atomic weight, n the number of atoms in the molecule, N the

Avogadro constant and p the bulk density in kg m~3.

For the case of copper, the monolayer thickness can be calculated to ¢ = 0.228 nm.
This results in an inelastic mean free path of A,e = 1.85 nm. The “PHI 5000 VersaProbe”
possesses an analyzer angle of 45°. The observation depth of the XPS, therefore, calculates
tod = 3.92 nm. The oxidation of the copper layer influences this by reducing the monolayer
size. For the much lighter CuO, for example, this would result in an observation depth of
d=3.10 nm.
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To study the various aspects, such as species densities and surface modification, a multi-
tude of experimental setups had to be employed. The setups can be broadly separated by
the spectroscopy measurements performed for the investigation of the species densities and
the surface modification setup with the COST jet utilized in both. Therefore, a general

overview of the jet is given below.

3.1 COST jet

The plasma source used in this study is the capacitively coupled microplasma jet known
as the “COST Reference Microplasma Jet” [53]. It was a central component in all experi-
mental setups within this study, although its installation varied strongly. It operates at a
radio frequency of 13.56 MHz using a plane electrode configuration. The discharge channel
between the electrodes is cubic in shape. It has an area of 1mm x 1mm and a length of
30mm. Two quartz glass planes are glued to the sides of the electrodes, providing optical

access.

For all experiments, the gas supply of the COST jet consisted of one or multiple mass
flow controllers (MFCs) that regulated the gas admixture and flow rate. Helium was used
as a carrier gas, as it cools the electrodes and prevents thermal instabilities within the
discharge due to the gas’s high thermal conductivity. As an admixture, molecular oxygen
was used. The COST jet’s production of reactive oxygen species, especially atomic oxygen,
is well-investrigated [54, 55], making it an ideal candidate for studying its effects on the

chemical composition of treated surfaces.

Besides the flow and admixture, the dissipated plasma power is an important control
parameter. In case of the COST jet, it can be measured by the method presented in
Golda et al. [53]. A voltage and current probe are located inside the COST jet’s housing.
This allows the measurement of the applied voltage and resulting current through an
external connection to an oscilloscope. The measured voltage and current at the probes
are correlated to the actual applied voltage using a calibration factor, which must be

measured beforehand. The dissipated plasma power can then be calculated by:

P=UT cos(®— &) (3.1)

where U and I are the voltage and current and ® is the phase shift between them and
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®( a reference phaseshift. Through the COST power monitor program [99], the plasma
power and a fast oscilloscope (> 10GS/s), the dissipated plasma power can be calculated

in real time. However, a reference phaseshift has to be taken before every measurement.

3.2 Spectroscopy Setup

To measure the reactive molecular oxy-
gen densities produced by the COST jet,
optical spectroscopy methods were used.
A central part of the reactive molecu-
lar species density investigation was their
There-
fore, the measurements were conducted in
the effluent of the COST jet. The opti-

cal setups for the absorption spectroscopy

transport or flux to a sample.

of ozone and emission spectroscopy of
Oz(alA,) shared a very similar setup as
detailed below. A sketch of the setup is
shown in Fig. 3.1. It will be described in
more detail in the sections about the spec-

troscopy methods.

3.2.1 Flow Caeli

The densities of various reactive species can ] ]
Figure 3.1: Schematic of the quartz flow cell dimen-

be determined using emission and absorp-
tion spectroscopy. However, applying these
methods in the effluent of a COST jet is of-

sions and the connection to the COST jet, as well
as the position of the collimators for the optical
setups. The purple arrows indicate the gas flow
direction.

ten difficult due to typically low emission in

cross-field configuration APPJs [100], the small observable volume [34, 35], and the short
absorption path lengths inherent to the effluent geometry [101]. Achieving a sufficient
signal-to-noise ratio in spectroscopic measurements generally requires either a large de-
tection volume or extended optical paths. This is particularly important when detecting

weakly emitting, long-lived species such as Oa(alA,) [34, 35].

To address this, a gas flow cell was employed to confine the effluent, thereby enhancing the
detection volume for both emission and absorption processes. Although the gas flow cell
does not provide spatially resolved data on species distribution within the efluent, it offers
a means to estimate the average density of long-lived species generated by the COST jet.
A schematic of the setup is presented in Figure 3.1. The cell is constructed from quartz
glass to ensure UV transparency, which is necessary for absorption spectroscopy. It is
connected to the COST jet via a plastic cap, which channels the effluent from the jet’s

cubic discharge channel into a 17.5 mm long cylindrical tube with a 2 mm diameter. From
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there, the flow enters the cylindrical gas flow cell, which has an inner diameter of 14 mm
and a length of 79 mm. Optical access is enabled by planar windows at both ends of the
flow cell. Additionally, a long outlet pipe is attached to prevent ambient air from flowing
back into the cell.

3.2.2 Optical Spectroscopy
Absorption Spectroscopy of Ozone

Knowledge of the ozone density is crucial due to its significant quenching effect on excited
molecular oxygen species. The shared optical setup of the absorption spectroscopy mea-
surement is shown in Fig. 3.1 and employs the technique as proposed by [102]. Light of
a calibrated lamp was guided through the flow cell and measured at the other end with
a spectrometer. This way, a volume-averaged absorption signal could be collected in the

flow cell.

The light source used for absorption spectroscopy was a laser-driven broadband lamp
(Energetiq EQ-99 LDLS). The light was guided through a fiber attached to the UV lamp
and a collimator, which parallelized the light to a beam diameter of 13 mm. This matched
the dimensions of the gas flow cell. The light passed through a narrow bandpass UV
filter (Edmund optics bandpass filter, OD 4, CW = 254nm, FWHM = 10nm). This
wavelength range fits to the absorption of the Hartley band of ozone. It reduces the energy
input of the UV light, preventing the dissociation of Oy and thus an artificial increase in
the ozone formation. At the end of the gas flow cell, another collimator and optical
fiber were used to guide the light into a UV-sensitive spectrometer (Avantes AVASPEC-
ULS-2048x64TEC-EVO, UV sensitive from 200nm to 720 nm; resolution 0.3nm). The
intensity of the absorption spectra was calculated from the averaged intensity within the

filter wavelength range (approx. 250-260 nm)

The ozone density was determined using absorption spectroscopy, with all spectra having
an integration time of 1 second. It was ensured beforehand that the signal remained
stable over time by monitoring it for a few minutes, confirming consistency once the jet
was heated up. An initial spectrum of the broadband lamp was recorded just before
igniting the plasma (Ip), followed by a spectrum taken every minute for 5 minutes after
plasma ignition (I1), IT), ensuring the measurement was performed in an equilibrium
state of the ozone density within the flow cell. After each measurement, a minimum of 10
minutes was allowed for the absorption signal to reset to an undetectable level by flushing
the cell with the gas flow.
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Figure 3.2: Mean absorption intensity of the ozone absorption spectra.

Fig. 3.2 visualizes the calculation of the mean absorption intensity of ozone. The intensity
of the absorption spectrum was calculated by taking the mean intensity between 251 nm
and 257nm. The ozone density was then calculated using Lambert-Beer’s law. Ozone’s

absorption coefficient was taken from Inn et al. [103] as shown in Fig. 3.3.

Figure 3.3: Ozone absorption coefficient as a function of wavelength in the range of 200-300 nm (image
taken from [103]).
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Energy-Intensity Calibration Setup

Figure 3.4: Optical setup for the wavelength-specific energy-intensity calibration of the spectrometer.

The Oz(alA,) and Og(blzg) densities could be calculated from their emission by con-
ducting an energy calibration of the spectrometer. This was achieved by an absolutely
calibrated photodiode. The method is inspired by [35], although no previous literature
for its application to Oo (blZg) was found. This allowed to relate the intensity measured
by the spectrometer to an emission power. The setup is shown in Fig. 3.4. For the
Os(alAg) density, a laser diode (RLT1270-20MGS-B; PW =1270nm, FWHM =0.3nm)
was used with the same emission wavelength as Oz(alAg). It was placed at the end of
the collimator, where it gathered the emission signal from the flow cell or the jet plasma
volume and coupled it into the fiber. The fiber was then either connected to a calibrated
photodiode or the spectrometer. The optical setup was unchanged when switching the
fiber between the spectrometer for the intensity measurement and the photodiode for the
power measurement. The intensity of the laser diode was measured and compared to the
measured radiative power given by an absolutely calibrated InGaAs-photodiode (Thorlabs
FGA21-CAL; wavelength range: 800-1700nm). This allows the calculation of the energy-

intensity calibration constant C' = , where [y is the peak intensity of the laser diode

I
P'tlnt

at 1270nm, P the measured power of the calibrated photodiode and t1,; the integration

time of the spectrometer.

The Og(blEg) signal had to be calibrated similarly as described for Og(a'A,). Here,
an LED (Thorlabs LED760L; PW =760 nm, FWHM = 24 nm) was employed, instead of a
laser diode. An optical filter (CW =760 nm, FWHM = 10nm) was placed between diode
and spectrometer. It led to a more comparable power measurement between the calibrated
diode and the spectrometer, as the width of the Og(blEg) spectrum is similar to the
spectral width of the filter. The intensity of the spectrometer signal was then integrated
over the spectral width and compared to the energy of a calibrated Si-photodiode (Thorlabs
FDS100; wavelength range: 350-1100nm).
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Figure 3.6: Maximum intensity for the Oa(a'A) spectra.

Figure 3.5: Circuit schematics for the absolutely calibrated photodiode.

Fig. 3.5 shows the schematics for the circuit of the diode setup for the power calibration.
The resistance could be changed to adjust the sensitivity of the output voltage. The
optical power (Pphoto) can then be calculated by:

Udz'ode
Pohote = ——2iode 3.2
phote = R C(N) (32)
Here, Ugjoqde is the measured voltage from the diode, Ry, is the diode resistance, and C'(\)
is the wavelength-dependent efficiency of the diode.

Emission Spectroscopy of Oy(a'Ay)

Fig. 3.1 shows the shared optical setup for the Og(a'A,) detection as proposed by [35],
although the UV lamp collimator has no use here. The setup allowed to measure a volume-
averaged intensity in the flow cell. The emission of the Og(alAg) at 1270 nm was collected
by the detection collimator and guided through an optical fiber into an infrared sensitive
spectrometer (Avantes AVASPEC-NIR512-1.7HSC-EVO, NIR150-1.2 use from 900 nm to
1695 nm; wavelength resolution 0.3 nm). The collimator had a diameter of approx. 10 mm,
which allowed to gather the emission passing through the plane quartz windows of the gas

flow cell.
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Table 3.1: Quenching coefficients of different reactive species with O2(a'A,) calculated using their re-
spective densities and rate coefficients. Rate coefficients are taken from [105].

Reaction | gi/s7' | ki/em®s™! | n; /em™
Oz(a'Ay) + O — 20, 0.1 1.5-10718 | 5.0-10'
Os(atAy) + O — 02 + O 0.8 2.0-10716 | 4.0-10%
Oq(a'Ay) + O3 — O +202 | 121 | 4.0-107%% | 3.0-10"
Os(a*A,) + He — Os + He 0.1 1.0-1072% | 1.0-10%

An example of the Oz(alAy) spectra is shown in Fig. 3.6. The Oz(alAy) emission spec-
tra were time integrated over 10s. Generally, the Og(alAg) emission had its maximum

intensity at 1270 nm as shown in 3.6.

An important step to deduce the O2(a'A,) density from the emission was the energy
calibration of the spectrometer. To this end, an absolutely calibrated diode was used as
described in the energy-intensity calibration setup. The Og(alAg) density can then be
calculated by the following equation [32, 35, 104]:

1A 1
A+ Q h-c V. f(dQ)-g

nOQ(alAg) =1 C (33)

where [ is the intensity, C' is the wavelength dependent energy-intensity calibration con-
stant of the spectrometer, V' the volume of the flow cell. A;x is the Einstein coefficient
of Og(a'Ay) (A = 2.22-107% 571 [33]). Q = 2% is the photon yield, which relates

Aik+q
the observable radiative transition to the non-radiative decay of the O2(alA,) molecule.

q = 3 k;n; is the quenching rate. f(dQ) = 2.7-1073 is the geometric factor, which was
i

calculated by a Monte Carlo simulation that evaluated the probability that a photon emit-

ted in the flow cell volume will reach the detector. g = 0.63 is the loss factor of the optical

components (estimated through the transmission of the optical components).

Table 3.1 shows the quenching rates of the most prominent quenching partners for Og(a' Ag).
Ozone possesses by far the highest rate coefficient, which simplifies Eq. 3.3 to ¢ = ko, 10,
with ko, being the quenching rate coefficient of ozone with Oz (al A,) and no, the ozone
density. The previously acquired data for the ozone density of the experiment is used to
calculate the absolute Oz(alA,) density.
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Emission Spectroscopy of Og(blEg)

Figure 3.7: Emission spectroscopy setup for the Og(blEg) measurement in the jet. Blue arrow indicates
gas flow direction.

The setup for the Og(blEg) emission spectroscopy is shown in Fig. 3.7. The emission was
directly collected in the plasma region of the COST jet without the use of the flow cell.
O2(b! Eg) emits at 760 nm and was captured with the infrared sensitive spectrometer used
in the O2(a'A,) measurement. The integration time was 1s. The emission was measured
in the discharge channel of the COST jet because the relatively short lifetime of Og(blﬁg)
quickly reduces its density beyond the detection threshold outside of the COST jet.

Figure 3.8: Oz(blZg) emission spectrum and intensity calculation.

Fig. 3.8 shows an example molecular emission spectrum of Og(blEg). The emission
intensity was the wavelength-integrated emission signal of Og(blﬂg) over the background

(indicated by the green area).
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3.3 Surface Madification Setup

Besides the spectroscopy setups used to investigate different plasma species, the jet was
also employed in the surface modification setup, although heavily modified to meet exper-
imental requirements, which will be covered later in this chapter. The following section
describes the main components of the combined laser-plasma treatment setup, beginning
with a description of the various substrates used and then detailing the actual experimental

setup.

3.3.1 Copper Samples

Within this study, two kinds of samples were investigated. (I) Copper films deposited on
silicon wafers offered a highly homogeneous surface roughness, which eases laser struc-
turing. The primary focus lay on copper thin films (10nm and below), but also thicker
layers (h > 100nm) were investigated. (II) Additionally, the study looked into copper
foil (99.95% OFHC Copper Foil 0.1 mm thick hard (CV00-FL-000261) from Goodfellow)
as a bulk material more suited for application purposes. However, its high initial surface
roughness provides a challenge for laser structuring. Therefore, electropolishing was used

to smooth the surface, which also eases the surface analysis.

Copper Thin Film Deposition

The copper samples are silicon wafers with a copper layer deposited by high-power impulse
magnetron sputtering (HiPIMS) [106, 107]. The experimental setup of the chamber is
shown in Fig. 3.9.

Figure 3.9: a) Experimental setup: Vacuum chamber, magnetron, and electrical connection to the power
supply. b) Enlarged magnetron view with magnetic field configuration. B-field was reconstructed with
Hall-probe measurements, developed by Kriiger et al. [108]. The colormap shows the absolute magnetic
field strength. (image taken from [109])

Table 3.2 shows the employed generator settings of the HIPIMS chamber. For the deposi-
tion, high plasma powers, close to the maximum plasma power, were used. This resulted

in a strong adhesion of the copper film to the silicon wafer. The deposition rate was deter-
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mined to 0.9 nm/s. This knowledge enabled a precise layer thickness control. Additionally,
the HIPIMS deposition yielded a smooth surface morphology, perfect for laser structuring
and morphological investigations. Its roughness R, of 0.2pm was measured by a laser
spectroscopy microscope (Keyence VK-9710). The higher layer adhesion from HiPIMS
deposition also proved critical for PLID particle formation, as layers deposited with direct

current magnetron sputtering (DCMS) led to layer ablation under laser irradiation.

Table 3.2: HiPIMS chamber generator settings for copper deposition

setting ‘ value
voltage / V 740
current / A 109

frequency / Hz | 35
pulsetime / ps | 50
pressure / mbar | 5.2 1073

Electropolishing Setup

The copper foil was cut into 30 mm X 5mm strips.
The rough initial surface of the copper foil (99.95%
OFHC Copper Foil 0.lmm thick hard (CV00-FL-
000261) from Goodfellow) was smoothed by elec-
tropolishing. Fig. 3.10 shows the electropolishing
setup. Before treatment, the copper foil was cleaned
in distilled water. The copper foil and the stain-
less steel plate were submerged in phosphoric acid.
Both were connected to a voltage generator using
steel clamps. The copper cathode was then set to
3V, which resulted in a current of 0.1 A. A treat-
ment time of 300s resulted in smooth surfaces with
minimal material loss. The initial surface rough-
ness of R, = 3.1pm was measured by LSM. Af-
ter electropolishing, the roughness could be reduced
to 1.5um. It should be noted that the roughness
measurements were averaged over an area of 10 mm.
Within the size of the laser spot of up to 500 pm, the
roughness was much lower at under 1 pm, as can be
seen in the later presented SEM image of the elec-

tropolished copper foil (Fig. 4.29). Figure 3.10: Setup sketch of the elec-

tropolishing of the copper foil cath-
ode using a stainless steel anode in or-

3.3.2 Nd:YAG Laser System thophosphoric acid. Copper foil and a
steel plate were connected to a voltage

For surface structuring, a frequency-doubled generator.
Nd:YAG laser by Continuum with a wavelength of 532 nm running at 20 Hz was used.

Investigation of successful surface structuring laser parameters necessitated a control over
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Figure 3.11: Main optical components of the laser system.

Figure 3.12: Setup for the sample treatment, combining plasma treatment and laser irradiation

the pulse energy and a high beam quality. Fig. 3.11 shows the optical components of the
laser system. Beam quality enhancement by a pinhole provided a Gaussian laser energy
distribution profile, which is further elaborated on in the Results chapter. Its energy and
beam shape were measured using a laser energy probe and a beam profiler (gentec-eo
Beamage 3.0). The laser energy could be varied through a combination of a polarizing
beamsplitting cube (Thorlabs CCM1-PBS25-532-HP /M 30mm Cage Mounted HP Polar-
izing BS Cube 532nm from Thorlabs) and a 1/4-\ waveplate ( Thorslabs WPMQO05M-532
Mounted Multi Order 1/4 Waveplate 532nm). The polarizing cube filters light according
to its polarization. P-polarized light can pass through, while s-polarized light gets coupled
out. Light of the laser would pass through the 1/4-\ waveplate, which, depending on
the rotation, aligns the electric field either parallel (p-polarized) to the incident plane of
the polarizing cube or perpendicular to it (s-polarized). Therefore, turning the waveplate
changes the amount of light that is filtered out. Additionally, the amplifier of the laser

system was turned off. This resulted in a laser energy of up to 1.03mJ after the pinhole.
3.3.3 Combined Laser-Plasma Surface Treatment Setup

The surface treatment aims to combine laser irradiation with reactive species provided by

a COST jet. The experimental setup is shown in Fig. 3.12. The sample is mounted on a
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stage that can move in all spatial directions and can be tilted relative to the laser beam.
It was rotated so that the laser was aligned parallel to the sample surface normal. The
COST jet effluent was lined up with the laser spot position on the sample to provide the gas
stream directly to the irradiated area. The COST jet was shifted 45° degrees to the side of
the laser’s position, thus hitting the surface at an angle of 45°. The distance between the
COST jet and the sample could be varied by moving the stage. As an optimal distance
between jet and surface 5 mm was chosen, identified by the reactive species measurements
presented later in the Results chapter. The flow of helium and oxygen could be adjusted
using mass flow controllers (Analyt-MCT). For the gas admixture, mostly 1 slm He with
0.5% Og was chosen, as it provided the highest production of atomic oxygen [54], which
plays a key role in the oxidation of copper [110]. This admixture also provided a suitable
ratio between atomic oxygen and Og(a' A,) for a distance of 5 mm to facilitate the chemical
processes given by Gusakov et al. [28] as shown in the reactive species results chapter. To
mitigate the effects of unknown reactive species in ambient air, the laser-plasma treatment
was conducted inside a vacuum chamber with a controlled atmosphere at 980 mbar, using

the same admixture as the gas flow.

To investigate the influence of laser and plasma treatment on the surface, the treatment
time has to be adjusted precisely. Furthermore, it had to be ensured that the treatment
with laser and plasma occurs simultaneously to observe if the combined treatment of
laser and plasma induces unique changes to the surface. To this end, the plasma and laser
treatment were synchronized. An external delay generator was used to trigger the Q-switch
pulse of the laser at the required frequency of 20 Hz. Additionally, it was connected to a
processing unit (ARDUINO UNO) that used the signal as a trigger for a step motor that
handled a laser shutter. It was installed right before the window where the laser entered
the chamber. When starting a measurement, the shutter would open when a Q-switch
pulse occurred, thus making sure it opened just before a laser pulse enters the chamber.
With this process, a treatment of only three laser shots was the shortest possible. The
inertia of the step motor prevented a further reduction. During longer treatments of over

10 laser shots, the shutter was fast enough to achieve a deviation of only one laser shot.

Synchronization with the plasma ignition was achieved by a switchable power amplifier of
a COST jet generator. During the treatment, the processing unit would remotely turn on
the power amplifier after receiving the Q-switch signal, igniting the plasma. The plasma
power of the COST jet had to be set before the measurement because it could not be
adjusted within the short treatment times manually. Additionally, turning the plasma
on and off within short time frames did not allow the COST jet to reach its equilibrium,
resulting in different plasma powers. Thus, the plasma power remained the primary source
of uncertainty in reproducibility for the treatment. To reduce this uncertainty, the jet was

heated up before the measurement to reach an equilibrium.
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Figure 3.13: Dissipated plasma power for the modified (clay-covered) jet compared to an unmodified
version in different atmospheres.

COST jet Ignition in a Helium Atmosphere

A further challenge posed the ignition of the COST jet in the helium atmosphere. As
helium is much easier to ignite than air, the helium atmosphere resulted in parasitic
discharges mainly around the coil of the jet and between the powered electrode and the
housing. To prevent the formation of parasitic discharges, the COST jet’s electrode and
capacitor were covered in modeling clay (Bostik), and a plastic foil was placed over the
housing in front of the coil as an insulator. This prevented the formation of parasitic
discharges in a helium atmosphere near atmospheric pressure within the reactor chamber.
The clay covering caused a shift from 1420 to 477 in the jet’s calibration factor (shown
in Tab. ??) and necessitated a retuning of the capacitor to achieve the best possible
coupling of the jet. Although this setup is far from ideal for this application, making
further adjustments to the COST jet was outside the scope of this study.

To investigate if the clay covering affected the dissipated plasma power, power curves
were measured. The voltage of the power generator was slowly increased while the current
and phaseshift were measured by a fast oscilloscope (Lecroy). The COST power moni-
tor program enabled the real-time calculation of the dissipated plasma power. Fig. 3.13
compares the dissipated plasma power depending on the generator voltage U of the mod-
ified jet to an unmodified reference jet in an air and helium atmosphere. Ignition for the
unmodified jet takes place at around 175V while the clay-covered jet ignites at 125V in
air and helium. The unmodified jet begins to arc at approx. 300V and a plasma power
of 3.5 W. The clay covering of the jet shifts the ignition voltage towards lower values.
In an air atmosphere, the jet ignites at approx. 125V, while the ignition voltage drops
down to 100V in a helium atmosphere. The plasma powers reached before arcing also
differ from the unmodified case. In air, the jet only reaches a power of 2W. In the helium
atmosphere, the jet arcs at about 3W. For powers over 3 W parasitic discharges ignited

within the housing of the jet.
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Figure 3.14: Schematic of the XPS device and visualization of the Roland circle.

The modified jet allows an ignition in a helium atmosphere, which proved quite challenging
for the unmodified jet. The clay molding was able to prevent the parasitic discharges
within operation conditions. However, measuring the plasma power was very challenging.
Between measurements, the reference phase shifted noticeably. This necessitated taking
a new reference phase before every power measurement. The shift in ignition voltage
probably stems from the clay interfering with the voltage and current probes in the jet.
It was also observed that the clay covering, especially at the capacitor, showed signs of
heating. The clay mass is therefore clearly absorbing some power of the system. From
optical emission spectroscopy of the plasma, no change in discharge behavior could be
observed, except for influencing the measurements from the probes between the modified
and unmodified jet. It is therefore believed that the clay coverage did not alter the
discharge conditions, even though the power curves deviate from those of the unmodified

jet.

As already mentioned, during treatment, the jet is turned on and off within short time
frames, which further complicates plasma power measurement. The plasma system must
first reach an equilibrium, which can take up to an hour. Before measurements, the jet
was therefore always heated up over longer time frames to prevent these instabilities.

Nonetheless, the experimental conditions often did not allow for these measures.

3.4 XPS Device

To study the effects of the laser-plasma treatment, the chemical surface conditions had
to be investigated. The stoichiometry analysis of treated substrates was conducted with
the XPS device ULVAC-PHI Inc. “PHI 5000 VersaProbe”. Fig. 3.14 shows the schematic
for its most important components. The electron source generates electrons from a lan-

thanum filament. From there, the electrons are focused and accelerated towards an Al
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anode. Due to bremsstrahlung, X-rays are produced from the anode and directed at the
monochromator. It is a (100) crystal monochromator that filters the Kq34, Kq56 and
Kpeto emission lines and the Al bremsstrahlung background, according to the Rowland
circle method. This leaves only the K12 line at 1486.6 eV which is narrowed to 0.26 eV
FWHM. From the monochromator, the emission hits the sample, inducing the ejection of
photoelectrons. These electrons are then gathered by the input lens of the hemispherical
capacitor analyzer and analyzed with regard to their energy. The observed spot size on
the sample can be varied up to 200 pm. The multi-channel measures the kinetic energy of
the collected electrons. The employed XPS device and substrate material of copper result

in an observation depth of d = 3.92nm.
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4 Results & Discussion

With the experimental setups established, this chapter presents the results obtained using
the described methods. The reactive molecular oxygen species measurements are covered
first, as they are crucial in optimizing a combined surface treatment for the CuO formation.
After that, the morphology analysis of the copper samples is detailed, followed by their
chemical analysis. Lastly, results of a fs-laser treatment are shown, which provide an

outlook for further refinement of the synthesis process of copper catalysts.

4.1 Reactive Oxygen Species

The following results were produced with the help of Robin Minke during his Bachelor
thesis, who performed the preliminary measurements and built the setup for the species
diagnostics. Furthermore, the data of the theoretical models were provided by projects A4,
Youfan He, and A9, Mdté Vass, within the CRC 1316. The results presented here are part
of a collaborative paper [111].

One aim of this thesis is to deepen the understanding of oxygen—species reaction kinet-
ics in the COST jet by supplying new experimental data for the hard-to-measure states
Os(a'A,) and Og(blZg), the first and second electronically excited levels of molecular
oxygen. The knowledge about their density and fluxes also plays a crucial role in under-
standing the formation of copper oxides. Because both states are efficiently quenched by
ozone, accurate knowledge of the ozone density is essential for determining their absolute
concentrations. The densities of the reactive oxygen species were investigated using opti-
cal spectroscopy. Emission spectroscopy for the molecular oxygen species Oo(al Ag) and
Og(blEg), and absorption spectroscopy for ozone, was employed. The measurements for
ozone and Og(alAg) are performed using a flow cell setup to compensate for the weak

emission or absorption of the species.

They are benchmarked against two complementary models: (i) a pseudo-1D plug-flow
simulation, used to validate the experimental values and to analyse reaction pathways, and
(ii) a 2D fluid simulation, employed to capture the spatially resolved interplay between gas
flow, temperature, and species transport inside the flow cell. While the plug-flow model
neglects the inherently two-dimensional distribution of species in the cell, the fluid model
resolves these gradients, but at a considerably higher computational cost, making extensive
parameter variations less practical. A validation of the models by the experimental data

would allow to extrapolate the spatial resolution of the species densities to different setups
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geometries, circumventing the rather limited information gained about spatial distribution
provided by the optical diagnostic. This information enables the optimization of the

plasma parameters towards a controlled copper oxide formation.

4.1.1 Chemical Models

Given the complexity of plasma-chemical interactions, modeling serves as a powerful tool
for analyzing species interactions and estimating species densities, particularly when exper-
imental quantification is difficult. Zero-dimensional (0D) models offer a good compromise
between computational efficiency and accuracy, especially for simple gas mixtures such as
He/Ny or He/O9 [112-126]. These models can be used to investigate the effects of dif-
ferent parameters, such as gas temperature, mixing ratios, and plasma power, on plasma

behavior and the generation of reactive species.

For plasma jets, the extension of these models to plug flow simulations [114, 116, 120-122]
enables spatially resolved analysis of species evolution along the gas flow. This approach
also allows the modeling of time-dependent effects [105], thereby improving the physical
realism of the simulations. The pseudo-1D plug flow model employed in this study was
provided by the project A4 within the CRC 1316 by Youfan He.

The distribution of reactive species within the gas flow cell can affect the measured den-
sities considerably. However, the commonly used pseudo-one-dimensional (1D) plug flow
model does not provide the spatial behavior of species inside the cell, which is inherently
two-dimensional. To address this, a 2D fluid simulation provided by Maté Vass from
project A9 was employed. This approach provides spatio-temporally resolved species den-
sities and also offers information on flow velocity and gas temperature. While the 2D
simulation yields more detailed insights, it is computationally more demanding, making
comprehensive parameter scans time-intensive. In many practical cases, a rough approx-
imation of the species densities is sufficient, for which the simpler pseudo-1D plug flow

model remains adequate.

The two simulations presented below employ a nearly identical chemical kinetics scheme,
resulting in comparable predictions for the distribution of reactive species within the
plasma chamber. Only simplified wall interactions were considered for the reactive species,
and in the case of ozone, wall reactions were entirely neglected. Additionally, the used
wall reaction rates were optimized explicitly for the plasma zone of the COST jet and the
flow cell. A detailed investigation of accurate wall rate coefficients for the various species

was beyond the scope of this study.

Pseudo-1D Plug Flow Model

In this study, a pseudo-one-dimensional (pseudo-1D) plug flow model is employed to de-
termine the spatial profiles of species densities along the direction of gas flow within the jet
chamber [127, 128]. The model solves the particle balance equations and the electron en-

ergy balance equation from a zero-dimensional simulation to yield time-dependent species
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densities and an effective electron temperature within an infinitesimally small plug vol-
ume. This volume moves with the gas flow, allowing the conversion of temporal evolution

into spatial profiles by utilizing the gas velocity.

The gas temperature in the jet chamber is varied in the simulation as a function of the
absorbed power, following equation (1) from [127]. The gas temperatures at the feed inlet
and in both downstream regions (i.e., the 17.5 mm long tube and the 79 mm long gas flow
cell shown in Fig. 3.1) are assumed to be 300 K. The pressure is uniformly set to 1-10° Pa

in all regions.

The plug flow calculations in the two effluent regions follow a similar approach to that
in the jet chamber. Still, they are adapted to account for differences in geometry and
power input. Specifically, the rectangular cross-sectional area of the jet chamber (1 -
1mm?) is smaller than the cylindrical inlet tube (1 -1 7mm? and 7 - 7 7 mm?) of the
flow cell. Accordingly, flow velocities in the effluent regions are calculated by substituting
the appropriate gas temperature, pressure, and cross-sectional area values into equation
(5) from [128]. As a result, the gas flow velocity in the jet chamber is higher than in
either effluent region. For instance, at 1slm He with 0.5 % Oy admixture, flow velocities
in the 30mm long jet chamber, the 17.5mm entry tube, and the 79 mm gas flow cell,

1 respectively.

are estimated to be approximately 1882cms™ !, 533cms™!, and 11cms™
The velocity used in the plug flow model for the jet chamber aligns well with the result
from the fluid model (Fig. 4.1), whereas velocities in the effluent regions tend to be
underestimated compared to the fluid simulation. In the case of the 79 mm gas flow cell,
this underestimation is likely due to the plug flow model’s assumption of an axial gas
flow direction consistent with the jet and tube, which contrasts with the more realistic
perpendicular flow observed in the fluid model and depicted in the experimental setup

(Fig. 3.1).

Wall reaction rates for neutral species are determined by adjusting the effective diffusion
length [129], volume, and surface area to those relevant for each effluent region. More-
over, in the simulations for the effluent zones, the electron energy balance equation (i.e.,
equation (9) in [128]) is omitted due to the lack of power deposition and the correspond-
ingly negligible influence of electron density. Therefore, only particle balance equations

are solved in these regions.

The electron energy distribution functions (EEDFs) are calculated using a Boltzmann
solver based on the steady-state solution of the Boltzmann equation under the two-term
approximation. Specifically, the open-source simulation tool Lisbon Kinetics Boltzmann
(LoKI-B) by Tejero-del-Caz et al. [130] is used to compute EEDFs over a range of reduced

electric fields.

The plasma chemistry set used in this work is identical to that described in [127], which
lists all species and reactions involved. The modeled species include He, He(23S), Hes,
He™, Hej, O(®P), Oz2(v = 0), O3, O('D), Og(alA,), OF, OF, Of, 0~, O3, O3, O, e,
and Oz(b'E,+). It is worth noting that the simulated O(*P) densities in He/O; plasma
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jets, as reported in [127], are in good agreement with experimental measurements from

various studies under different power, flow, and mixture conditions [54].

Fluid Model

The two-dimensional spatially resolved simulation in this study is performed using non-
PDPSIM, a fluid-based plasma modeling code [131, 132]. This code solves the continuity
equations for charged and neutral species under the drift-diffusion approximation, along
with the compressible Navier-Stokes equations to obtain species densities, velocity fields,
and gas temperature distributions on an unstructured triangular mesh. The plasma model
includes electrons (e™), positive ions (O3, O, He"), and negative ions (O~, O5, O3 ). The
considered neutral species are He, Oz, O, O3, Oz(v=1-4) (first four vibrational states of
02), O3(v), Oz(alAy), Og(blﬁg), O(!D), and He* (representing a combination of He(23S)
and He(2'S)). Transport coefficients for heavy species are computed assuming thermal
equilibrium with the local gas temperature. Electron transport parameters (mobility and
diffusivity) are derived using a two-term Boltzmann solver. The simulation uses the local
mean energy approximation, solving the electron energy balance accordingly. The chemi-
cal reaction set and electron impact cross sections used in the Boltzmann solver are taken
from [133]. Although the reaction scheme differs slightly from that used in the plug flow
model, both have been independently validated for COST jet conditions. Given the ob-
jective of comparing with experimental data, the use of different yet credible chemistry

sets is deemed appropriate.

The mesh resolution is adapted to the characteristic physical scales of the different regions.
Within the jet, grid spacing is 3 - 107°m in the y-direction (between the electrodes) and
7-10~*m along the z-direction, owing to stronger gradients across the electrode gap. In
the connecting tube between the jet and flow cell, the grid spacing is 2 - 10~*m, and in
the flow cell itself, the resolution is coarsened to 7-10~%m, as the expected gradients are

smaller.

Figure 4.1: Computational domain and spatial distribution for the gas velocity at 1slm He flow. The
color bar shows the gas velocity, while the red arrows indicate the gas flow direction.
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Fig. 4.1 shows the simulation domain together with the steady-state gas velocity distribu-
tion for a helium inflow of 1slm. Neutral species generated in the COST jet (with the top
electrode powered and the bottom electrode grounded) flow through a 2mm gap-length
tube into the flow cell. The computational geometry matches the dimensions of the ex-
perimental system. As illustrated in the Fig. 4.1, the gas flow in the cell is spatially
non-uniform. Due to the change in gap length between the electrode region and the con-
necting tube, the gas velocity drops by a factor of 2 (as this is a 2D simulation). Upon
entering the flow cell, the gas velocity decreases further, and two vortices form near the

inlet.

The simulations were carried out for a total physical time of 0.2 s for the neutral species and
flow fields, while plasma quantities were resolved over 30 us using a time-slicing strategy
[132]. This corresponds to approximately 10 flow-through times for the domain, which
is sufficient for capturing convective transport. However, complete diffusive equilibration,
especially for stable species like ozone, would require considerably longer timescales (on
the order of seconds) due to slower mixing processes. Most species, including ions and
short-lived neutrals, reach near-convergence within the simulated time. Long-lived species
such as ozone, and to a lesser extent Oz(alA,), which interacts with ozone, exhibit some
continued evolution. Based on the convergence behavior, the uncertainty in their volume-
averaged densities at the end of the simulation is estimated to be around 10-15%. Although
the model is not fully converged in the flow cell region, the results capture the dominant
spatial trends and absolute levels necessary for a meaningful comparison with experimental
data.

4.1.2 Flow Cell Equilibrium

It is well known that APPJstake time to reach an equilibrium state. In this timeframe,
species densities can change considerably due to heating for example. In the case of the
flow cell. This dependence is even further enhanced by the diffusion-driven processes. To
obtain reliable experimental data, it is therefore crucial to understand the key parameters
that influence measured species densities. When experimentally measuring the signals of
Oz(a'Ag) and ozone, it was observed that the signal takes a few minutes to stabilize.
When considering the gas flow of 1slm and the volume of the flow cell of 12ml, the flow
cell should be filled after only a few milliseconds. Therefore, diffusion and other processes
play a critical role here, as was already alluded to in the 2D fluid simulation. To assess
the signal stability of the optical measurements, the respective signal was monitored over
a period of time. The gas flow cell was previously flushed with a helium flow with an

admixture of He + 0.5% Os to clean the flow cell of any impurities.

Fig. 4.2 depicts the ozone density after plasma ignition for the following 250 s for a plasma
power of 1 W, a flow of 1slm He, and an admixture of 0.5% oxygen. The ozone density
increases until approximately 100s and then reaches a plateau. This behavior can be
understood as the flow cell filling up with the products of the COST jet efluent, causing

the ozone density to rise. The initial buildup is relatively fast, but slows down after the
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Figure 4.2: Evolution of the ozone density over 250s for 1 W plasma power, 1slm flow and 0.5% oxygen
admixture.

first 25s. The time it takes to reach an equilibrium is far higher than expected if the
flow cell just had to be filled with the content of the efluent. This can be explained by
the 2D fluid simulation. As shown in Fig. 4.1, due to the vortex flow inside the cell,
the equilibrium state is mostly determined by the diffusion of species instead of the gas

convection. The time scales are therefore much longer than expected.

A similar behavior can be observed for the O2(a'A,) emission signal. Fig. 4.3 shows
the spectrometer signal of the OQ(alAg) emission signal over a time of 500s after plasma
ignition. Initially, the signal rises rapidly and reaches a maximum after 30s. From there,
it decreases slowly until 200s. The initial rise is due to filling the flow cell with the effluent
from the COST jet. The slight decrease until 200s can be explained by the increasing
ozone density in the first 50s. The higher ozone density quenches Oa(alA,) stronger,

reducing its density until an equilibrium is reached.

A further influence on the measured densities within the flow cell can be observed when
varying the discharge conditions, such as power. Fig. 4.4 shows the evolution of the
Og(alAg) intensity over time after changing the plasma power from 1W to 0.2 W and
1W to 1.6 W, respectively. Here, the discharge was left running at 1 W until the signal
stabilized. Then, the discharge was switched off, and the flow cell was briefly flooded with
the helium and oxygen admixture. After that, the jet was reignited with either a higher
or lower plasma power, and the measurement was started. This procedure was chosen to

start the measurement at different temperatures induced by the discharge.

After plasma ignition, a fast increase in the Og(alAg) emission intensity can be observed,
as shown in Fig. 4.3. However, instead of reaching an equilibrium state after approximately
100s, the emission intensity changes further for both powers. At 0.2W the intensity
continues to rise even after 750s while it decreases for 1.6 W. These long-term changes

in the system’s equilibrium state are likely caused by temperature variations. After the
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Figure 4.3: Evolution of the Oz(a'A,) signal over 500s for 1 W plasma power, 1slm flow and 5% oxygen
admixture.

Figure 4.4: O(a'A,) signal over 750s after changing the plasma power from 1 W to 0.2 W and 1.6 W.
The flow of 1slm and admixture of 5% oxygen stayed constant.
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Figure 4.5: Oz(a'A,) signal evolution after temperature decrease for 1 W plasma power, 1slm flow and
5% oxygen admixture.

decrease in power for the 0.2 W from 1 W, the temperature in the flow cell decreases. This
in turn leads to an increase in the Oz(a'A,) intensity. The opposite is happening for the
1.6 W plasma power increase from 1 W plasma power. Here, the temperature rises due to
the increased plasma power, which decreases the Og(alAg) density. Therefore, it can be
concluded that the temperature of the flow cell seems to impact the equilibrium state of
the Oz(a'A,) density. Although not shown here, ozone is also known to be sensitive to

temperature changes [134, 135].

To measure the influence of the flow cell temperature on the O2(alA,) signal, thermocou-
ple elements were fixed to the jet and the front of the flow cell close to the jet. The cell was
heated beforehand by applying a high plasma power, as the flow cell setup did not provide
a means to heat the cell separately. After reaching a temperature of 40°C, the plasma
was turned off, and the cell was flushed with a flow of 1slm and an admixture of 0.5%
oxygen for 1 min. Afterwards, the plasma was ignited again, and the temperature was
measured every minute, and a spectrum of the Oo (alAg) signal was taken. Fig. 4.5 shows
the evolution of the OQ(alAg) emission signal for a declining flow cell temperature while
plasma power, flow, and admixture were kept constant at 1 W plasma power, 1slm flow,
and 5% oxygen admixture. It can be seen that the signal intensity increases slightly while
the temperature decreases. The temperature did not noticeably decrease after reaching
25.7°C. Therefore, it can be concluded that higher temperatures lead to a lower intensity
of the emission signal and consequently a smaller Oy(alA,) density. Before taking mea-
surements, it is crucial to wait long enough for the system to reach an equilibrium state.

This way, uncertainties in the density measurements can be reduced.
4.1.3 Ozone Density

The 2D-fluid simulation provides an initial insight into gas dynamics within the flow cell,

while the preliminary measurements have identified crucial control parameters. With this
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Figure 4.6: O3 density calculated by the plug-flow model along the gas flow direction inside and outside
the COST jet. The averaged density in the gas flow cell volume is shown as a red line. Dashed lines
indicate the transition from the jet (left) to the inlet tube (middle) and to the flow cell (right). An
effluent temperature of 300 K, a power of 1 W, a 1 slm He flow, and a 0.5% oxygen admixture are
assumed.

knowledge, the ozone density can be investigated in the flow cell setup. Its density was
studied under varying power, flow rate, and Oy admixture conditions and compared to

the plug flow simulation and the 2D fluid simulation densities.

Pseudo-1D Plug Flow Simulation Density

Fig. 4.6 presents the ozone density predicted by the plug flow model along the gas flow
direction, with = 0 m marking the end of the jet electrodes. Within the plasma channel,
the ozone density increases asymptotically, reaching its maximum at the jet nozzle. Along
the jet, molecular oxygen is dissociated into atomic oxygen, which subsequently reacts
with Og to form ozone, one of the dominant production mechanisms. With increasing
dissociation along the jet, more atomic oxygen becomes available for ozone formation [54].
The production eventually balances with ozone consumption via reactions with Og(blEg).
However, at a flow rate of 1 slm, the residence time within the plasma region is too short

to reach equilibrium.

In the inlet tube leading to the gas cell, the ozone density continues to rise due to the
three-body recombination reaction Eq.(2.24) O+ O9+He <> O3+ He . The rapid increase
in the ozone density after the jet-to-tube transition arises from the reduced gas velocity
in the inlet tube. The slower flow results in longer residence times for the same path
length, thereby “squeezing” ozone’s formation into a shorter distance. This seemingly
enhances the ozone formation. Moreover, ozone destruction pathways, such as reactions

with Oq (blzg), are less pronounced in the effluent region.

Upon entering the flow cell, the gas velocity decreases drastically, considerably increasing
the residence time. This causes a sharp rise in ozone density, as it’s effluent production

from atomic oxygen is squeezed into a shorter timeframe. The same is true for the remain-
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Figure 4.7: O3 density distribution inside the gas flow cell simulated with the fluid model for an effluent
temperature of 300 K, power of 1W, a 1slm He flow, and a 0.5 % oxygen admixture. The red dotted
area indicates the inlet tube downstream of the COST jet channel.

ing Oy(b* %), which leads to the destruction of ozone. After the decrease in Og(blEg),
destruction reactions have only a minor impact and ozone has a long lifetime, the den-
sity remains nearly constant in the flow cell. The plasma chemistry, therefore, converges
towards longer-lived species such as ozone and molecular oxygen. The ozone density in
the flow cell is averaged along the flow direction, as illustrated in Fig. 4.6. The averaged

value is then compared to the experimental data.

2D Fluid Simulation Density

Fig. 4.7 displays the two-dimensional ozone density distribution in the gas flow cell ob-
tained from the 2D fluid model. The effluent enters a tube that connects vertically to
the flow cell, as described in the setup section. Consistent with the plug flow simulation,
the ozone density increases considerably outside the plasma zone, particularly within the
flow cell. Inside the cell, the flow circulates in a vortex along the walls, producing the
highest densities near the outer edges of the cell. In contrast, along the central axis, the
density is lower due to the vortex dynamics. Moreover, the recess at the entrance, where
the optical window is located, also induces a vortex, leading to locally elevated densities
compared to the rest of the volume. The inhomogeneous ozone distribution is a result of
the relatively short simulation time (~ 0.2s). With longer simulation times, the modeled
densities of long-lived oxygen species such as ozone would be expected to approach a more
homogeneous distribution throughout the cell. This is mainly due to diffusion: with a
diffusion coefficient of ozone in helium of Do, = 7.13-107° m?/s [18], the homogenization
timescale is on the order of seconds. Extending the simulation time sufficiently, however,
proved to be computationally too demanding and was therefore beyond the scope of this

study.
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Figure 4.8: O3 density comparison between simulation and experiment for an effluent temperature of
300K, a 1slm He flow, and a 0.5 % oxygen admixture as a function of plasma power.

Comparison of Experimental to Simulated Densities

For a given set of plasma parameters, an ozone absorption spectrum was recorded every
minute for 5 to 10 minutes until an equilibrium intensity was reached. From the recorded
spectra, the average intensity in the equilibrium was calculated by Lambert-Beer’s Law.
Due to the small uncertainty, most error bars of the experimental data are not visible
within the graphs. The measurements were compared with simulation results from both
the pseudo-1D plug flow model and the 2D fluid model.

Fig. 4.8 presents the averaged ozone density as a function of plasma power for a helium flow
of 1slm and an oxygen admixture of 0.5 %. The value for a measurement was averaged over
five absorption spectra within a measurement time of 5min. The uncertainty of the ozone
density measurements was calculated based on the equilibrated ozone density from multiple
measurements. For a given set of plasma parameters and a controlled temperature, the
uncertainty resulted in approx. 2%. The ozone density was therefore very reproducible.
It should, however, be noted that the UV lamp exhibited intensity variations of up to
650 counts. For low oxygen admixtures, this could result in an uncertainty of up to 10%

because of the low absorption signal. Higher admixtures were not affected by this.

Both experimental and simulated results show a steady increase in ozone density with
increasing plasma power. Higher plasma power enhances the dissociation of molecular
oxygen, thereby increasing the density of atomic oxygen. This, in turn, raises ozone for-
mation through recombination with molecular oxygen. The experimental data reveal an
approximately linear increase of ozone density with power, a trend also reproduced by the
2D fluid model, though with a steeper slope than the experiment. While the two simula-
tions agree closely with each other, their predicted values are roughly three times higher
than the experimental results, but still within the same order of magnitude. The plug flow

model shows a more asymptotic rise, reaching a plateau at 1 W, where ozone production is
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Figure 4.9: O3 density comparison between simulation and experiment for an effluent temperature of
300K, a plasma power of 1 W, and a 0.5 % oxygen admixture as a function of helium flow.

likely balanced by reactions with Og(blEg), preventing further growth. The consistency
between the two simulations supports the assumption that the volume-averaged ozone den-
sity in the plug flow model is reliable, provided that ozone is distributed homogeneously
in the flow cell. The discrepancy with experimental data could stem from neglected pro-
cesses, such as ozone wall losses, or from a general overestimation of production in the
simulations. Additionally, small deviations in the actual effluent temperature from the

assumed 300 K could also contribute to the experimentally observed lower ozone densities.

The effect of gas flow velocity on ozone density is illustrated in Fig. 4.9. Both, experiment
and simulations, confirm that the ozone density is highest at low flow rates and decreases
with increasing flow velocity. This behavior results from the longer residence time in
the plasma zone at lower flows. Since ozone is primarily formed through the three-body
reaction of atomic oxygen with molecular oxygen, longer residence times enhance the
dissociation of oxygen, thereby increasing the atomic oxygen density and, consequently,
ozone production. Both the experimental data and the plug flow simulation show an
almost linear decrease with gas velocity, with very similar slopes. In contrast, the 2D fluid
simulation predicts a more asymptotic decrease. This discrepancy can be attributed to
the limited simulation time, which does not allow the fluid model to reach a homogeneous
ozone distribution in the flow cell (see Fig. 4.7). At low flows, the time required for
equilibrium is significantly longer, resulting in substantial deviations from the experiment,
whereas at higher flows, equilibrium is reached more quickly, and the deviation is smaller.
As with the power variation results, the simulations generally overestimate ozone density,
though at high flows, the 2D fluid model comes very close to the experimental values as
the distribution becomes more uniform. With longer computational times, the 2D fluid

simulation would likely provide a more accurate match to the measured densities.

Fig. 4.10 (a) illustrates the ozone density as a function of oxygen admixture. Both

simulations and experimental data show that the ozone density increases with higher
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Figure 4.10: (a) O3 density comparison between simulation and experiment for an effluent temperature
of 300K, a plasma power of 1 W, and a helium flow of 1slm as a function of oxygen admixture. (b)
shows the normalized O3 density for the same data

oxygen admixture. Since ozone is formed through the recombination of atomic oxygen
with molecular oxygen, this behavior is expected. The COST jet is known to produce
atomic oxygen most efficiently at an admixture of about 0.5% oxygen in helium [54].
Accordingly, one might expect the ozone density to peak near this value. However, the
ozone density continues to rise slightly with increasing admixture, since more molecular
oxygen is available for reactions with atomic oxygen. At very low admixtures, the atomic
oxygen density is limited because only small amounts of molecular oxygen are available
for dissociation. At higher admixtures, the atomic oxygen density decreases again, as

dissociation becomes less efficient and recombination to ozone occurs more rapidly.

For low admixtures, both simulations accurately reproduce the experimental results. At
higher admixtures, however, they overestimate the ozone density. Among the two models,
the 2D fluid simulation shows a more asymptotic increase and better reflects the experi-
mental trend. In contrast, the plug flow model predicts an almost linear increase, resulting
in larger deviations from the measured values at higher admixtures. This suggests that gas
dynamics and the resulting inhomogeneous species distribution play a more important role
at higher oxygen admixtures, while at lower admixtures the agreement is generally bet-
ter. With a longer computation time, it may also achieve improved agreement in the flow
variation case, as higher flows have already shown better consistency with experimental

results.

Overall, both models capture the correct order of magnitude, though they overestimate
the ozone density by approximately a factor of three. Fig. 4.10 (b) shows the normalized
ozone densities for the two simulations and the experimental results to their respective
maxima. It can be seen that the 2D fluid simulation reproduces the dependence on the
admixture observed in the experiment very well, as it exhibits a slope very similar to that
of the experimental results. The plug flow simulation successfully captured the trends in
power and flow variations, but represents the admixture dependence less accurately, as

described in the previous sections.
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Figure 4.11: Oz(a'A,) density calculated by the plug flow model along the jet and effluent in the gas
flow cell. Dashed lines indicate the transition from the jet (left) to the inlet tube (middle) and to the
flow cell (right). The averaged density for the gas flow cell volume is shown as a red line. Parameters:
effluent temperature 300 K, plasma power 1 W, helium flow 1slm, and 0.5 % oxygen admixture.

When comparing the experimental ozone densities with those reported in other studies, the
values obtained here are in good agreement. For example, Harris et al. [136] investigated
ozone generation in the effluent of a different RF APPJ using helium with up to 1%
oxygen admixture and found ozone densities of approximately 1 -10%! m~3, which is very

close to the experimental results of the present work.

4.1.4 0y(a*A,) Density

Knowledge of the ozone density allows the determination of its quenching effect on the
excited molecular oxygen species Oz(alA,) and Og(blEg). With this, their densities can
be calculated. The experimentally determined Os(a'A,) density was compared to the

plug flow simulation and the 2D fluid simulation in the same manner as for ozone.

Pseudo-1D Plug Flow Density

The simulated Oq(al A;) density for the plug flow model is presented in Fig. 4.11. Within
the discharge region, the Og(alAg) density rises asymptotically towards the jet exit. The
gas then transitions into the wider inlet tube (d = 2mm) before entering the flow cell, as
marked by the dashed lines. In the effluent, Oa(a'A,) decays exponentially due to reac-
tions with other species. This behavior is consistent with observations for other species,
such as atomic oxygen [54]. Upon entering the flow cell, the decay rate with respect to dis-
tance increases because the larger cross-section reduces the gas velocity, leading to faster

decay over the same spatial length.

For comparison with the experimental data, the plug flow model densities were averaged
along the flow direction after the inlet tube, as indicated by the red region in Fig. 4.11.
While Og(at Ag) is not distributed homogeneously throughout the flow cell, this averaging
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Figure 4.12: Two-dimensional O2(a'A,) density distribution in the gas flow cell volume calculated by
the 2D fluid simulation of the COST jet for effluent temperature of 300 K, plasma power of 1 W, helium
flow of 1slm, and a 0.5 % oxygen admixture. The red dotted area indicates the inlet tube downstream
of the COST jet channel.

approach still provides a reasonably good agreement between the plug flow model and the

experimental measurements, as will be shown later.

2D Fluid Simulation Density

Fig. 4.12 depicts the Og(alAg) distribution inside the flow cell geometry. The density
decreases along the entrance tube before reaching the cell. In the flow cell, the density
decrease is even steeper due to the slower gas flow velocity. Similar to ozone, the Og(alAg)
density is slightly higher along the flow cell wall opposite the entrance tube compared to
the entrance side, with a relative minimum in the central region of the cell. The decrease
in density follows the flow vortex inside the cell, highlighting the missing diffusion that a
longer simulation time would provide. This results in a more inhomogeneous distribution
compared to ozone. At the entrance of the flow cell, the density is approximately 2.4 -
10! m—3, which compares well with the plug flow prediction of about 3.0 - 10! m~—3. By
the time the gas exits the flow cell, the density is nearly halved to 1.3-10%! m—3, which is
considerably higher than predicted by the plug flow model, largely due to the slower gas
velocity in the plug flow simulation. For comparison with the experiment, the density was

averaged over the entire gas flow cell volume in the same way as for ozone.

Comparison of Experimental to Simulated Densities

The Oz(alAg) density generated by the COST jet was investigated by varying the plasma
power, gas flow, and oxygen admixture. After setting the plasma parameters and igniting
the plasma, an Oz(alA,) spectrum was taken every minute for 5 to 10 min until an
equilibrium intensity was reached. Then the average intensity of the equilibrated spectra

was calculated. This could then be converted to an Oz(alAg) density with the energy

71



Results & Discussion

Figure 4.13: Comparison of O2(a*A,) density between experiment and simulation for an effluent temper-
ature of 300 K, helium flow of 1slm, and an oxygen admixture of 0.5 %, as a function of plasma power.

calibration of the spectrometer and knowledge of the ozone quenching. The uncertainty
for O2(atA,) was determined by the variance over multiple measurements, as well as the
uncertainty of the ozone density by Gaussian error propagation. It was determined to be
approximately 5%. High flows of 2slm, however, exhibited an uncertainty of up to 10%.
Due to challenging to determine values, such as the geometric factor, a systematic error
may be significantly higher. The experimental results were then compared to the averaged

values calculated from the simulation data.

Fig. 4.13 shows the dependence of Og(alAg) density on plasma power for both experiment
and simulation. The 2D fluid simulation and the experimental data consistently exhibit an
increase in density with higher power. Since Os2(alAy) is primarily produced by electron
impact excitation and by the reaction of Og(blZJg) with ozone, an increase in plasma
power, which enhances both ozone and Og(blzg) production, naturally leads to higher
Oz(alAg) densities.

The experimental measurements display a steady rise in Og(alAg) density with power.
The 2D fluid simulation follows the same trend, though the simulated values are roughly
three times larger. Nevertheless, the general behavior is well reproduced. As previously
noted, the ozone distribution in the flow cell does not fully reach steady state during the
short simulation time. This spatial inhomogeneity of ozone may locally lower the effective

reaction rate with Oz(alA), resulting in higher average densities in the simulation.

The plug flow simulation yields densities of the same order of magnitude as the experiment
and the 2D fluid model. However, it shows only a weak dependence on plasma power. This
is primarily due to the slow gas velocity in the flow cell: because of the long residence time
in both the cell and inlet tube, most of the Og(alAg) has already decayed. As a result,
only the tail of the exponential distribution remains, which is less sensitive to changes in

the initial O2(a’Ag) production inside the plasma channel.
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Figure 4.14: Comparison of O2(a'A,) density between experiment and simulation for an effluent tem-
perature of 300 K, plasma power of 1 W, and an oxygen admixture of 0.5 %, as a function of gas flow.

In Fig. 4.14, the Oz(alA,) density is shown as a function of the gas flow. The experimental
results indicate an increasing density with rising gas flow, reaching a maximum at 1.5slm
before slightly decreasing towards 2.0slm. The shorter residence time at higher flow
velocities reduces the O2(a'A,) quenching, thereby allowing a higher density to reach
the flow cell, increasing the average density. Conversely, the increased velocity reduces
the residence time within the plasma region, which lowers the production of Os(alAy).
These two effects appear to balance each other between 1.5slm and 2.0slm. Beyond this
point, it is reasonable to assume that the density will decrease further, since the decreasing

residence time in the plasma volume limits Oz(alA,) formation.

The 2D fluid simulation shows a similar trend: an increase in Oz(a'A,) density between
0.5slm and 1.0slm, followed by a plateau and then a decline after 1.5slm. This behavior
can be explained in the same way as for the experiment. However, the decrease in the
simulation occurs earlier, most likely because the species distribution has not reached

complete equilibrium during the limited simulation time.

The plug flow simulation, in contrast, exhibits a more linear increase in density, with
values slightly lower than those observed experimentally. Due to the low gas velocity in
the flow cell, an increase in flow rate has a stronger effect on raising the averaged Oz (alAy)
density than the opposing reduction in production caused by the shorter residence time
in the plasma volume. This results in the nearly linear trend. At flow rates beyond 2slm,
however, a decrease in density would still be expected as the residence time in the plasma

region becomes too short for sufficient Oz(a'A,) production.

Fig. 4.15 illustrates the effect of varying the oxygen admixture on the O2(a'A,) density,
with plasma power held constant at 1 W. Experimentally, increasing the oxygen frac-
tion leads to an asymptotic rise in Oa(alA,) density in the effluent, likely due to the

greater probability of electron impact excitation in the jet when more oxygen molecules
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Figure 4.15: O2(a' A,) density comparison between simulation and experiment for an efluent temperature
of 300 K, power of 1 W and 1slm He flow depending on the oxygen admixture.

are present. The 2D fluid simulation captures this trend closely but slightly overestimates

the density values.

The plug flow simulation shows minimal sensitivity to the oxygen admixture. A small
increase in density is observed between 0.1% and 0.2%, while it remains nearly constant
for higher admixtures. For admixtures above 0.5%, the O2(a'A,) density even slightly
decreases. This behavior is attributed to the slow gas flow in the flow cell, resulting in
a low density reaching the measurement region. Additionally, the higher ozone densities

predicted by the plug flow model (see Fig. 4.10) enhance Os(alA,) destruction rates.

Overall, the plug flow simulation aligns well with the absolute experimental values but does
not reproduce the trend accurately due to the likely underestimated gas velocity in the flow
cell. In contrast, the 2D fluid simulation reproduces the experimental trend effectively but
overestimates Og(a'A,) densities, which is likely caused by the limited simulation time
preventing an equilibrium. Longer simulations could reduce this discrepancy, as evidenced

by the improved agreement at higher flow rates.

To assess whether the derived Oz(alAg) densities are realistic, a comparison to other
studies is needed, especially as Oo(al A,) density is not highly validated for the simulations.

Sousa et al. [35] measured Oz(alA,) densities up to ~ 1-10?* m=3

using an RF-excited
helium-oxygen APPJ with a 1slm flow and 0.5% oxygen admixture. This is approximately
a factor of three higher than the experimental values obtained in this study, likely caused
by the differences in the APPJ design and the unspecified plasma power in their setup.

Nevertheless, the values remain within the same order of magnitude.
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Figure 4.16: Og(blEg‘) density distribution along the COST jet discharge channel for varying oxygen
admixtures. The grey area indicates the efluent region. Plasma power: 1 W, helium flow: 1 slm.

4.1.5 0,(b'S]) Density

The O(b? Eg) spectra were recorded directly in the COST jet’s discharge channel. The
measured Og(blEg) density in the jet stabilized immediately after plasma ignition, pro-
vided the jet had already reached its operating temperature. Therefore, no lengthy equili-
bration times were needed. For a given set of plasma parameters, the collimator was moved
along the COST jet’s discharge channel in steps of 5mm and an Og(blEg) spectrum was
captured. Through the energy calibration of the spectrometer and the knowledge of the
ozone density, the Og(blﬁg) density could be calculated. As the measurements were per-
formed directly inside the COST jet without the flow cell, no consideration of complicated
effluent geometries is needed. Consequently, no comparison was made with the 2D fluid

simulation.

Because the Og(blEg) density strongly depends on both the position within the jet and
the oxygen admixture, Fig. 4.16 focuses on these variations to highlight the differences
between the 1D plug flow simulation and the experimentally determined values. The
uncertainty of Og(blzg) was calculated by the variance over multiple measurements. The
uncertainty varied widely depending on the position within the jet. During the rise of the
Og(blﬁg) density uncertainties were around 15-20%. This is a result of the low density
and the steep increase, which introduced a high deviation if the position in the jet was not
exactly reproduced. During the equilibrium or slow decline, a smaller uncertainty of up to
10% was observed. In the effluent, the uncertainties were significantly higher, reaching up

to 40%, which is expected near the detection limit, as well as gas convection and diffusion.

Fig. 4.16 shows the measured Oo(b? Eg) density along the discharge channel for different
oxygen admixtures in comparison with the 1D plug flow model. At 0.1 % oxygen, the
density rises asymptotically, reaching its maximum near the end of the discharge channel,

then decays in the efluent. For 0.3 % oxygen, the density increases slightly steeper, and
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the maximum is reached earlier at around -8 mm from the jet exit, followed by a gradual
decay. Higher oxygen admixtures exhibit a similar trend, with the maximum position
shifting closer to the gas inlet and a modest increase in peak density as the oxygen fraction

increases.

The plug flow simulation reproduces the experimental Og(blEg) densities very well for
oxygen admixtures of 0.1% and 0.3%. For higher admixtures, the simulated density
reaches a maximum within the first third of the discharge channel, with the peak shift-
ing closer to the jet inlet as the oxygen fraction increases, consistent with experimental
observations. The maximum density also rises with increasing oxygen content. However,
the post-peak decay in the simulation is faster than observed experimentally, resulting in

lower densities at the channel exit compared to the experiment.

This behavior can be attributed to the simulation’s overestimation of ozone density (see,
e.g., Fig. 4.8). In the simulation, the ozone density rises along the discharge channel,
enhancing the consumption of Og(blEg). As ozone accumulates near the jet exit, the
simulated Og(blEg) density peaks earlier and decays more rapidly. The overestimation
of ozone becomes more pronounced at higher oxygen admixtures, as shown in Fig. 4.10,

which explains the discrepancy in the simulated Og(blZg) profiles.

Overall, the plug flow simulation yields a good agreement with experimental values and
accurately captures the general trends. The higher oxygen admixtures, however, reveal an
overestimated consumption rate of Oq (blEg), likely caused by the elevated ozone densities
in the simulation (Figures 4.8, 4.9, 4.10). These observations are consistent with the
ozone measurements and support the conclusion that the simulation overestimates ozone

production.

Experimental values of Og(blzg) densities for APPJs were not found. Therefore, com-
parison with simulation results was crucial. Without such benchmarks, evaluating the

reliability of experimental measurements would have been very challenging.

4.1.6 Summary & Concluding Remarks

Comparison of the experimental results with both the pseudo-1D plug flow and the 2D
fluid simulations in the effluent region shows that each model successfully reproduces
the species densities within the same order of magnitude as the measured values. This
demonstrates that the plug flow model provides reliable estimates even in complex effluent
geometries. The 2D fluid simulation, on the other hand, is able to accurately describe
the trends in reactive species densities under varying power, flow rate, and admixture
conditions, making it particularly suitable when detailed spatial distributions are required.
Extending the simulation time to reach equilibrium in the flow cell better may further

improve agreement with experimental results.

Both simulations overestimate the ozone density at oxygen admixtures above 0.1%, as
discussed in the ozone density analysis. This overestimation is further supported by the

elevated consumption of Og(blEg) in the simulations compared to experimental mea-
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surements, suggesting limitations in the current reaction sets. These findings align with
Turner’s work [123], which highlights the strong coupling between Og(blEg) and ozone
densities. Moreover, uncertainties in surface reaction rates, particularly for oxygen species,
may also contribute to the observed discrepancies, as wall reactions are not fully charac-

terized and ozone-wall interactions are not accounted for.

Quantitative and qualitative differences between the plug flow and 2D simulations can
be attributed to factors such as residence time, spatial resolution, and variations in the
reaction sets. Though largely similar, the reaction sets used are not identical, and small
differences can potentially impact species densities considerably due to the sensitivity of

plasma chemistry to individual reactions [123].

To further improve the matching between simulations and experiment, refining the flow cell
design could reduce vortex formation, potentially decreasing the required simulation time
and improving agreement between experimental and simulation results. Additionally, a
closer investigation of uncertain rate coefficients, especially for wall interactions in plasma
and effluent regions, could yield better accuracy. Despite these limitations, the simulations
perform well even under challenging conditions, underlining the robustness of the validated

plasma chemistry models.

Since the COST jet used in this study is primarily employed with unconfined effluents, it
is essential to evaluate the transferability of measured species densities to systems with
unconfined effluents. Given the relatively long lifetimes of key species like Og(alAg) and
ozone, their densities are likely representative even under unconfined conditions, provided
the flow remains laminar. Furthermore, it has been shown that a controlled helium atmo-
sphere, as used in the combined laser-plasma treatment setup, can prolong the lifetime of
reactive species [19], resulting in conditions that resemble a confined effluent. However, in
turbulent environments or differing application geometries, gas mixing could substantially
alter species distributions. Nonetheless, these investigations offer a solid reference point
and underscore the importance of accounting for strong species interactions in plasma

effluent modeling.

The provided measurements of Og(al Ag) allow a comparison to the atomic oxygen density
measured in [55] for the COST jet. Oa(alA) is in the order of the atomic oxygen density
at a surface with a distance of 8mm. The former reaches around 4 - 102 m—3 while
atomic oxygen is at 3.5 - 1020 m~3. When considering a gas velocity of 16.67m/s (with a
1slm gas flow) for the 1 mm - 1 mm cross section of the COST jet, this results in fluxes of
Loyatn,) = 6.6-10" m=2?s~ ! and I'p = 2.1-10" m~2s~!. Therefore, the fluxes reaching the
substrate surface are comparable, potentially facilitating the chemical processes suggested
by Gusakov et al. [28] and enabling the formation of higher oxidation states like CuO on
the copper substrates. The He + 0.5% oxygen admixture used for the surface modification
measurements, therefore, provided a good compromise as it provided a high atomic oxygen
density [54] while still offering a comparable Oa(a'A,) density for the chosen jet and

surface distance.
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It should be noted that the ratio between Oz(alA;) and atomic oxygen can be influenced
by the distance of the jet to the sample. For shorter distances, the atomic oxygen density is
higher, while setting the jet and surface further apart increases the ratio towards Og(a'Ay),
as atomic oxygen gets quenched much faster than the long-lived O2(a'Ag). The jet-surface
distance could therefore be used to control the chemical composition of the surface. For
shorter distances, a higher atomic oxygen density could lead to higher Cu2O formation, as
the higher atomic oxygen density oxidizes the surface but also triggers counter oxidation

reactions, reverting CuO to CusO.

4.2 ns-Laser Surface Structuring

The results presented here were supported by the work of Lennart Kulik during his Bachelor
thesis, who performed the preliminary measurements in finding working laser parameters
and contributed to the setup for the combined laser-plasma treatment. Experimental data

were published in [55].

After establishing that the used parameters for the COST jet and sample interaction are
favorable for CuO formation, laser parameters for a successful surface structuring are
needed. The following chapter covers preparatory measurements of the laser source, as
well as an investigation of the laser-induced surface structures and the influence of the
COST jet efluent on their formation.

Spatial Filtering

Before performing surface structuring, a precise control of the laser parameters is nec-
essary. Especially, the laser energy is important as it influences which structures are
produced on a sample. The laser energy is carried by the laser pulse, which is spatially
and temporally distributed. Its spatial distribution is especially important because an
inhomogeneous energy profile complicates the localization and uniformity of surface mod-
ifications. Consequently, the beam shape has a significant influence on the success of laser
structuring. A flat-top beam, with its homogeneous energy distribution across the spot,
would be ideal for controlled processing. However, generating and maintaining this beam
shape is challenging, as it is easily distorted by optical components, limiting its practical

implementation.

Fig. 4.17 shows the original laser beam profile of the Nd:YAG laser system for the 532 nm
beam. The laser is tuned to provide a flat-top profile, though, as is clearly seen here,
the laser profile consists of multiple ring-like shapes, which are not homogeneous enough
for controlled surface structuring. It is therefore unsuited for surface structuring. The
intensity and scale of the images were left out as they are not important when evaluating
the beam quality. Additionally, they were not taken in the focal point of the laser at the
sample’s position. Instead, they were collected before the focal lens into the chamber to

have a better resolution on the profiler.
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Figure 4.17: Laser profile of the 532 nm wavelength beam of the Nd:YAG laser system.

As established in the Beam Shape and Quality chapter, a more homogenous or “clean”
beam shape can be achieved by spatial filtering. An example setup is shown in Fig. 2.6. To
calculate the pinhole size for spatial filtering of the initial laser beam profile, Eq.(2.43) was
used. For the setup, the following values apply: A = 532nm, f = 20cm, and D = 9mm.

This gives a theoretical pinhole size of:

Dp =252 um (4.1)

However, since the input beam is already assumed to be a Gaussian profile with small
disturbances, and the laser employed within this study exhibits many diffraction effects
and probably additional higher transverse modes, the beam cannot be focused as tightly
as a single Gaussian beam. The beam waist is consequently considerably larger. A tighter
focus and a smaller pinhole size often lead to damage to the pinhole. Ultimately, a pinhole
with a diameter of 200 pm was employed. This provided a good compromise between

robusticity and beam shape quality.

In Fig. 4.18, the left image shows the “clean” laser beam after spatial filtering, taken by
a beam shape analyzer. Here, the 2D laser shape is depicted with the x-axis as the width
and the y-axis representing height. When compared to Fig. 4.17 it can be observed that

the profile is a lot more homogeneous.

Fig. 4.18 on the right shows a 1D-profile through the maximum of the 2D laser profile
along the x-axis. The profile was fitted with a Gaussian to check for the quality of the
spatial filtering. The high R? indicates that utilizing a pinhole was very successful in
filtering out noise, leaving only the TEMgg mode. Although a Gaussian shape is less ideal
than a flat-top profile, it still provides a predictable energy distribution within the laser

spot, making it suitable for structuring surfaces.

A minimum laser energy is needed when inducing surface structures on a sample. Through
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Figure 4.18: (left) Laser beam shape after spatial filtering for the 532nm wavelength of the Nd:YAG
laser system. (right) Gaussian fit of the 2D laser profile from the x-axis. Gaussian fit results in a R? of
0.993.

the Gaussian shape of the beam, the laser energy is not distributed evenly within the laser
profile. This influences the size of the laser spot created on the sample when the laser
energy is changed, as only the narrow peak of the laser beam possesses sufficient energy
to meet the threshold energy of the surface. Therefore, lower energies should result in
a smaller laser spot on the sample. To begin, the threshold energy of the Cu-coated Si
wafers was investigated by varying the laser energy until no laser spot could be observed.

This way, the threshold energy was determined to be approximately 260 nJ.

To investigate whether the threshold energy was the dominant mechanism behind the laser
spot size on the sample after energy variation, its diameter was measured for different laser
energies. Simultaneously, the beam shape was observed. The laser beam was measured
with a beam shape analyzer (gentec-eo Beamage 3.0) and the induced laser spot on the
sample was observed under a laser scanning microscope (Keyence VK-9700K Laserscan
Color Microscope). For each of the given laser energies, the laser profile was measured
with a beam profiler, and a spot on a copper film was induced. A minimal laser energy
for inducing laser structures on the surface was found. This laser energy was related to a
minimum intensity of the beam profiler measurements. The laser profiles were then fitted
with a 3D Gaussian function to calculate their radii at this minimal intensity. For every
laser energy, the radius of the equiline meeting the threshold intensity was calculated. The
shape of the equilines for different laser energies is shown in Fig. 4.19. It can be seen that

the diameter of the equilines gets smaller with a decrease in the laser energy.

Fig. 4.20 shows the normalized radius of the laser beam equilines compared to the radius
of the induced spot on the surface for a laser energy variation. The radii were normalized
to their respective maxima at 870pJ. For both, a decrease in the radius size can be
observed if the laser energy is decreased. The decrease for the induced spot size on
the sample follows the radius of the equilines quite closely. Only for the spot near the
threshold energy, the induced spot on the sample is higher than expected for the equiline
of the laser profile. These observations suggest that the threshold energy is the dominant

mechanism influencing the laser spot size generated on a sample. As the laser energy
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Figure 4.19: Laser profile equilines for a treshold energy of 260 nJ during laser energy variation. The
equiline color indicates the laser pulse energy as shown on the color bar.

Figure 4.20: Normalized diameters of the laser profile compared to the induced laser spot on the sample.
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decreases, a smaller area of the Gaussian profile is able to overcome the threshold energy,
which reduces the observed beam size on the sample. The small deviation of the two radii
for laser energies near the threshold can most likely be attributed to measurement errors.
Controlling the exact laser energy is challenging, as the pulse energy is quite unstable from
pulse to pulse, with a variance of up to 10%. It is also difficult to determine a precise

border for a laser spot. Especially for the small spots, this may lead to greater uncertainty.

The threshold energy depends on the focusing of the beam and is therefore better under-
stood as a threshold energy density. To reproduce these results, it might be valuable to
know the laser fluence. Because the exact laser spot size in focus is hard to measure, it is
only possible to give an estimate of this value through the size of the induced spot on a
sample. For high laser energies, most laser profiles possess sufficient energy to overcome
the threshold. This removes the dependency of the induced spot size on the laser energy,
making it possible to deduce a laser fluence. The laser was focused on the sample at an
energy of 870 nJ. After the treatment, a spot of approximately 247 ym radius was induced.

This results in an upper threshold for the laser fluence of 3.5.J/cm?.

4.2.1 Pulsed Laser-Induced Dewetting on Copper Thin Films

With a controllable laser energy profile and knowledge of the threshold laser fluence, laser
parameters for the successful formation of laser-induced surface structures can be investi-
gated. For a systematic approach to finding suitable laser parameters, a well-defined and
reproducible starting surface is required. This minimizes variations caused by differences
in surface composition, oxidation, or roughness. Therefore, thin copper films were de-
posited on silicon wafers via high-power impulse magnetron sputtering (HiPIMS). These
films provided clean surfaces with very low roughness and allowed precise control of the
film thickness. The samples were then positioned on the stage inside the combined laser-
plasma chamber and irradiated by the laser in a helium atmosphere. Through the pulsed
laser-induced dewetting (PLID) mechanism, nanoparticles were formed on the prepared

copper layers.

The nanoparticle spacing and size in PLID can be described by the thin film hydrody-
namic dewetting theory [48] proposed by Trice et al.. To validate this correlation, copper
films of varying thicknesses, ranging from 3 nm to 10 nm, were irradiated until particle
formation was observed. Although the optimum laser parameters vary with film thick-
ness, the particle size and distribution did not change considerably for irradiation times
between 5 s and 20 s, corresponding to 100 and 400 shots, respectively. Therefore, for all
investigated thicknesses, a laser energy of approximately 560 pJ with an irradiation time
of 10 s (200 shots) was applied, striking a balance between sufficient time for complete

pattern formation and short enough to prevent sample damage.

The PLID-generated nanostructures were analyzed using secondary electron microscopy.
Particle diameters were determined with ImageJ, and their distributions were fitted with
a Gaussian to extract the mean diameter for each film thickness. As illustrated in Fig.

4.21, the diameter dependence follows the prediction of thin film hydrodynamic dewetting
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Figure 4.21: PLID nanoparticle diameter as a function of copper layer thickness, fitted using thin film
hydrodynamic dewetting theory as described by Trice et al. [48]. The inserted image shows PLID
nanoparticles after 10 s of laser irradiation on a 4 nm copper layer on silicon.

theory [48] very closely. Assuming a hemispherical particle geometry, and by evaluating
the mean nearest-neighbor distance and particle diameter, the resulting surface roughness
was estimated to be R, = 8 & 1 nm with a particle density of p = 3+ 1 pm~2 for a layer

thickness of 10 nm.

4.2.2 Gas Flow Interaction with Surface Structuring

Extensive research has been carried out on the formation of laser-induced surface structures
[48, 49]. Yet, the effect of a gas flow or the presence of reactive species in an effluent have
not been systematically explored. Since both nanoparticle formation and the incorporation
of reactive species into the surface are crucial for the presented approach, it was necessary
to examine how surface structuring and plasma treatment interact and how potential

disturbances can be mitigated.

It was found that introducing a gas flow during laser irradiation alters the optimal condi-
tions for reproducible nanoparticle formation. Therefore, both the distance of the jet to
the substrate and the laser pulse energy were varied to study their influence on nanoparti-
cle generation and to determine parameter ranges that allow stable and consistent surface

structuring under combined treatment conditions.

Fig. 4.22 shows SEM images after laser irradiation at 560 pJ with a helium flow of 1 slm
for different jet-to-surface distances. At the smallest distance of 3 mm (Fig. 4.22(a)),
no PLID nanoparticles are formed; instead, LIPSS or hole-like structures dominate. This
behavior can be explained by the cooling of the copper film through the gas flow during
irradiation. For PLID to occur according to thin-film hydrodynamic dewetting theory,
the surface must undergo instantaneous melting, avoiding steep temperature gradients
[48]. The helium flow, however, provides additional cooling, which may prevent complete

melting during a single pulse and thereby hinder nanoparticle formation.
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Figure 4.22: SEM images of PLID nanoparticles for a laser energy of 560 pJ and a He gas flow of 1 slm
with different jet-to-surface distances: (a) 3 mm, (b) 8 mm, and (c) 13 mm.

Figure 4.23: SEM images of PLID nanoparticles for a 10 nm Cu layer with 1 slm He gas flow and an 8
mm jet-to-surface distance at different laser energies: (a) 350 pJ, (b) 560 pJ, and (c) 600 pnJ.

At 8 mm jet-to-surface distance (Fig. 4.22(b)), particles are formed but appear distorted
or “smeared” compared to PLID without gas flow. Besides cooling, the flowing helium
may disrupt droplet formation through frictional forces. At 13 mm distance (Fig. 4.22(c)),
well-defined nanoparticles are observed. At this range, the gas jet’s interaction with the
sample surface is weak enough not to disturb the process, likely due to decreasing flow
velocity caused by Stokes friction with the surrounding atmosphere. However, atomic
oxygen density measurements [55] suggest that at 1 slm flow and larger jet-to-surface
distances, the reactive species densities become too low to effectively influence surface

chemistry, limiting distance variation as a viable control parameter.

An alternative approach to counteracting the cooling effect of the gas flow is to increase
the laser energy, thereby ensuring complete melting of the copper film during each pulse.
Fig. 4.23 presents SEM images of surface morphologies for different laser energies at an 8

mm jet-to-surface distance under 1 slm helium flow.

At lower energies, 350 pJ and 560 pJ, LIPSS formation dominates, as seen in Figs. 4.23(a)
and (b). In particular, Fig. 4.23(b) shows a transition state, with LIPSS-like periodic
structures containing some particle-like features. This indicates that the energy input was
insufficient to completely melt the film under the cooling influence of the gas flow. LIPSS
result from the interference of incident and surface-scattered laser light [47] and do not

require a fully molten surface, explaining their predominance under these conditions.
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Figure 4.24: SEM images of the PLID nanoparticles for a 10 nm Cu layer on silicon for the different
treatment types. (a) 560 pJ laser pulse energy for 10 s laser irradiation without gas flow, (b) 600 pJ laser
pulse energy for 5 s with laser-plasma treatment, (¢) 600 1J laser pulse energy for 10 s with laser-plasma
treatment

At 600 nJ (Fig. 4.23(c)), complete PLID nanoparticle formation is achieved. Thus, higher
laser energy compensates for gas-flow-induced cooling and enables surface morphologies
comparable to those obtained without gas flow. This is critical for subsequent comparisons
of purely laser-structured versus laser-plasma-treated samples, as the surface morphology

affects the resulting chemical modifications.

Fig. 4.24 shows SEM images of the spots investigated with XPS. Image a) depicts the laser
irradiated surface, while b) and c) show the surface after combined treatment of plasma
and laser for 5 s and 10 s, respectively. The difference in particle size and distribution
between the treatments is within the uncertainty shown in Fig. 4.21 for a layer thickness of
10 nm. This is beneficial for a XPS analysis as different surface structures could potentially

disturb the comparability between measurements.

4.2.3 Laser Scanning Scale-up

The employed laser surface structuring generated only small spots on the treated samples.
This method provided a controlled approach to studying the effects of treatment time and
laser energy variation on the structuring and chemical composition of samples. However,
analysis methods like cyclic voltammetry or gas chromatography, which could provide
more insight into the actual catalytic performance of the treated surfaces, often require
larger surface areas. Small structures, therefore, pose a significant challenge to these
methods. A scale-up is needed to provide a bigger surface area that these techniques can
utilize. To that end, laser scanning was employed to increase the size of the treated area.
Samples were placed in the vacuum chamber under a controlled atmosphere. A constant
flow of 1slm helium was chosen without oxygen admixture, as the primary focus of these
measurements was surface structuring rather than chemical composition control. The jet

had a distance of 5mm from the sample.

Fig. 4.25 shows a schematic for the laser scanning with the two variables, step size sgtep
and scan velocity Uscan. For a given laser energy, the sample was scanned by slowly moving

the sample holder in the vacuum chamber at a constant speed until the desired length of
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Figure 4.25: Laser scanning schematic with step size Sstep and scan velocity Uscan.

Figure 4.26: Irradiation time for a point on the sample surface (red cross) for the laser scanning (velocity
direction indicated by ¥) is dependent on the laser spot size and the scanning velocity.

the structuring area was reached. The sample stage then performed a downwards step
according to the step size, and the scanning was repeated in the opposite direction. This
way, a variable area could be treated. However, the low repetition rate of 20 Hz of the
laser resulted in long treatment times to generate bigger areas. An area of 1cm x 1cm
took roughly 3 h.

To have a reference to previous laser spot measurements, a connection between the scan
velocity and the previously used irradiation time had to be established. Fig. 4.26 visualizes
the irradiation time, which a spot on the surface endures for the laser scanning method.
The green area indicates the laser profile, which exceeds the energy threshold for surface
structuring. When considering a spot on the surface right at the edge of the profile in scan
direction, it becomes clear that its irradiation time only depends on the laser diameter
and the scan velocity (the velocity with which the laser moves over the sample). The
irradiation time is then the duration that the laser beam profile needs to pass over the
spot. It can then be calculated by: t = lecﬁ For previous measurements, the induced
spot on the surface was roughly 400 nm in diameter with a typical irradiation time of 10s.
To achieve comparable conditions for laser scanning, the scan velocity would therefore

result in vscan = 40 pm/s.

In reality 50 pm/s and even 100 pm/s scanning speeds had the best results. These speeds
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Figure 4.27: SEM images of surface structuring by laser scanning for (a) 470 nJ, (b) 560 nJ and (c) 690 nJ.
All measurements were performed with a scanning speed of 50 pm/s and a step size of 50 pm.

Figure 4.28: Surface structuring SEM images by laser scanning for (a) 50 pm/s, (b) 100pm/s and (c)
200 pm/s. All measurements were performed with laser energy of 640 1J and a step size of 50 pm.

are very close to the theoretical calculation, though. The slightly higher scan speeds
likely result from the errors and inaccuracies in the laser profile, particularly the energy
threshold. Even though the energy of the laser profile edge is not high enough to melt the
surface, it is still able to heat it, which eases the melting when the laser is moved. This
resulted in higher scan speeds or lower required irradiation times when compared to the

laser spot structuring.

In contrast to the laser spot structuring, the laser scanning resulted in a much more
homogeneous surface structure. Likely because the scanning compensated for the inho-
mogeneous laser profile. Fig. 4.27 depicts SEM images for a laser energy variation of a)
470nJ, b) 560 nJ, and ¢) 690 pJ. The scanning speed of 50 pm/s and step size of 50 pm
were the same for all measurements. A more LIPSS-like structure is visible for the lowest
energy, as seen in Fig. 4.27 a). This then transitions to a mix of PLID and LIPSS struc-
ture for b) and then full PLIDS for c¢). This is consistent with previous findings for the
laser spot measurements, where lower laser energies also produce LIPSS. However, for the
laser scanning, a laser energy of 560 pm is already producing more PLID-like structures
than the spot treatment. Additionally, successful PLID formation was observable up to
an energy of 7301J. This may indicate that the successful formation of PLIDS for the
laser scanning is somewhat more tolerant to variations in pulse energy compared to the
spot treatment. A likely cause is the more homogeneous distribution of the laser energy

over the treatment area.

Another parameter that influences the laser energy input to the sample is the scan velocity.

87



Results & Discussion

Faster scan rates should result in a lower energy input. Fig. 4.28 depicts SEM images
for scanning speeds of a) 50 um/s, b) 100 pm/s and c¢) 200 pm/s. The laser energy was
kept the same at 640 nJ and the step size at 50 um. Scan velocities of 50 pm/s result in
PLID formation as previously established. Increasing the speed to 100 pm/s results in a
composite structuring of PLIDS and LIPSS. A scan velocity of 200 pm/s is able to produce
very homogeneous LIPSS. The scan velocity impacts the energy input into the surface, but
the laser energy still plays a critical role. These structures were not observable with lower
laser energies, highlighting that irradiation time and laser energy are not interchangeable,

even though both contribute to the energy deposition into the sample.

4.2.4 Bulk Material Surface Structuring

The ns-laser surface structuring of the copper foil was performed by Jannis Kaufmann

during his Master thesis, who also helped to build the electropolishing setup.

For real-world conditions, copper bulk materials like foils are much more applicable than
thin film coatings. Thin layers provide very defined surface conditions, ideal for getting
a grasp on tuning the laser parameters for successful surface structuring. However, they
are very delicate under catalysis conditions and expensive to fabricate on large areas. To
meet application requirements, a transition to bulk materials is needed. A thin copper
foil (99.95% OFHC Copper Foil 0.1mm thick hard, CV00-FL-000261, from Goodfellow)
was employed. PLID structuring is only possible on thin layer compound materials. This

necessitated the switch to other laser structuring mechanisms, namely LIPSS.

This chapter provides an overview of the similarities and differences between the surface
structuring of bulk materials and the more intensively studied thin layers using the ns-
laser. This study shows that it is possible to produce reliable LIPSS patterns on bulk
materials using a ns-laser, Even though the structuring of the bulk materials is much more
complicated with the ns-laser, due to the rougher surface of the copper foil compared to

the deposited copper layers.

The copper foil has a very rough surface, which complicates the investigation of successful
laser parameters for surface structuring, as laser structuring is much more reliably achieved
on smooth surfaces. To ease this process, the copper foil was electropolished for 300s in
phosphoric acid at a voltage of 3V with a resulting current of 0.1 A to achieve a smoother
surface. The surface structure change is presented in Fig. 4.29. The left side shows the
original rough surface with a roughness of R, = 3.1 um, most likely from the rolling of
the copper foil. After electropolishing, the surface is smoothed and “islands”, most likely
crystal facets, are visible. LSM measurements over an area of 10 mm resulted in a surface
roughness decrease to R; = 1.5 pm. In the SEM image of Fig. 4.29, however, a roughness
of that magnitude would be visible. Therefore, the roughness is probably much smoother
on smaller scales in the pm-range. The SEM images did not allow for a quantification of

the surface roughness.

Fig. 4.30 compares the SEM image of the electropolished Cu foil with the electropolished

88



Results & Discussion

Figure 4.29: SEM images of the original Cu foil (left) and after electropolishing (right) in phosphoric
acid for 300s at a voltage of 3V with a resulting current of 0.1 A.

Figure 4.30: SEM images of electropolished Cu foil untreated (left) and laser structured (right) with a
laser energy of 6001J, scan rate of 50 pm/s.
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Figure 4.31: (a) 2D-FFT of the electropolished laser structured copper foil SEM image 4.30. Red areas
indicate the filter of the most prominent periodic structures. (b) Zoomed in filtered 2D-FFT back-
transformation.

Cu foil after laser structuring. Laser parameters for succesful LIPSS formation are a laser
energy of 600 nJ and a scan rate of 50 pm/s. On the bulk copper, the LIPSS appear less
parallel than for the thin films, although periodic structures are still faintly visible. To
confirm the formation of LIPSS and exclude that these structures are just a roughening
of the surface via melting by the laser, a 2D-Fast-Fourier-Transformation (2D-FFT) was

used to extract periodic structures.

This transformation plots recurring periodic structures of the 2D SEM image into a 2D
periodicity map. In Fourier space, the distance to the origin gives the periodicity. A
periodic pattern would therefore be transformed into one point in Fourier space. Of
course, real space structures seldom possess a perfect periodicity, which leads to a blurring
in Fourier space. A point’s intensity is specified by the number of structures with the same
periodicity in the real-space image. The rotation of the Fourier space pattern in the x-
y plane is given by the orientation of the periodic structures in real space. To isolate
patterns in Fourier space, a filter for a specific periodicity can be employed, which is then
back-transformed into real space. The resulting image only contains the periodic surface

structures specified by the filter.

This is illustrated in Fig. 4.31. Fig. 4.31 (a) shows the 2D-FFT of the copper foil
SEM image as seen in Fig. 4.30. The transformation was performed using the Gwyddion
software, which can also generate the filtered back transformation, as shown in (b). The
Fourier-transformed image was filtered for the most intense recurring periodic structure as
shown by the red area. In the filtered back transformation only the red area is considered.

The resulting wave-like pattern strongly indicates that the laser-induced structures on the
electropolished Cu foil are indeed LIPSS.

LIPSS periodicity is mostly in the range of the laser wavelength. The periodicity of
structures can be calculated in Fourier space by their distance to the point of origin. The
inverse of the periodicity is then the pattern distance of the LIPSS d = % The distance

between two LIPSS peaks in Fourier-space was measured to 564 nm. Fig. 4.32 shows the
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Figure 4.32: (a) Zoomed in filtered 2D-FFT back-transformation. (b) One-dimensional cut through the
filtered LIPSS image along the direction indicated by the red arrow. Periodicity analysis predicts a
564 nm distance of the LIPSS maxima.

Figure 4.33: SEM images of the original Cu foil surface (left) and laser structured (right) with a laser
energy of 600 1J, scan rate of 50 pm/s.

one-dimensional intensity variation perpendicular to the depicted LIPSS pattern shown in
Fig. 4.31 (b). It visualizes the LIPSS pattern distance calculated by the 2D-FFT, which
aligns well with the 1D cut through the filtered LIPSS pattern. The calculated pattern
distance is slightly larger than the used laser wavelength at 532 nm, but still comparable.
The small deviation from the laser wavelength is most likely rooted in an uncertainty
of the blurring in Fourier space through the existence of multiple periodic structures on
the sample. Additionally, the laser might hit the sample at an angle instead of being
perfectly perpendicular, which also results in an increase of the LIPSS distance as shown
in [91]. Despite the deviation, the LIPSS periodicity correlates quite well with the laser

wavelength, which is another indicator that the observed structures are LIPSS.

With knowledge about succesful laser paramerts for surface structuring it is possible to
also generate LIPSS on the unpolished and therefore rougher surface of the coper foil.

Fig. 4.33 shows SEM images of the unpolished copper foil surface (left) in comparison to
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Figure 4.34: (a) 2D-FFT of the laser structured unpolished copper foil SEM image 4.33. The red
area indicates the filtered periodicity for the back-transformation. The green area shows the periodic
structures caused by the rolling of the foil. (b) LIPSS profile for a perpendicular cut through the back-
transformed 2D-FFT.

post laser structuring (right). There are clearly periodic structures visible. Although the
original “stripe”-like pattern of the unpolished foil is more prominent. To verify that the

structures are indeed LIPSS, the image was analyzed as described above using 2D-FFT.

Fig. 4.34 (a) shows the 2D-FFT of the laser-structured SEM image in 4.33. The 2D-FFT
image is much noisier than for the polished foil. This can be attributed to the rougher
surface of the unpolished foil. There is also a high-intensity area along the x-axis of the
image, as indicated by the green area. When transformed back (backtransfored not shown
here), it becomes clear that this relates to the “stripe”-like patterns on the unpolished
surface caused by the rolling of the copper foil. The red area marks the filter mask to
extract the LIPSS structures. Fig. 4.34 (b) shows a perpendicular cut through the LIPSS
pattern. A periodicity analysis as described previously reveals a mean distance between
two LIPSS maxima to be at 589 nm. This is higher than for the polished foil. As before,
this might be caused by the uncertainty of the much noisier data, which leads to a less
homogeneous back transformation and LIPSS pattern. Another factor is the laser-sample
alignment as described before. Additionally, the rougher surface may interfere with the
laser structuring process, potentially increasing the size of the produced laser structures.
Nevertheless, laser-induced structures offer a robust and reliable method for structuring

even rough surfaces of bulk materials.

4.2.5 Summary & Concluding Remarks

Two materials were investigated regarding their laser surface structuring with a ns-laser.
On thin films, laser irradiation facilitated the formation of nanoscale surface features,
especially nanoparticles, which, in general, enhance catalytic properties [44-46]. SEM
revealed that pulsed laser-induced dewetting governed the structuring, with nanoparticle
size controlled by film thickness, consistent with the thin-film instability model by Trice

et al..
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However, the gas flow from the COST jet interfered with nanoparticle formation by pro-
viding additional surface cooling, inhibiting complete melting. While increasing the jet-to-
surface distance mitigated its influence, it also reduces the atomic oxygen density reaching
the surface. A more promising alternative was raising the laser power to overcome the
cooling effect and re-enable nanoparticle formation. The resulting particle distribution

was homogeneous across the laser spot.

Lastly, surface structuring of copper foils as a bulk material was covered. Initially the
foil possessed a rough surface, which made laser structuring challenging. Potentially,
the surface roughness also may overshadow the effects of laser-induced surface structures
on catalysis performance. However, a simple electropolishing process led to a smoother
surface. Using 2D-FFT, it was confirmed that LIPSS could be produced on the polished
and unpolished surfaces. Both had very similar periodicity to the LIPSS observed for
the thin films. Therefore, ns-lasers offer a reliable tool to also structure bulk material
surfaces, although the formation of these structures using ns-lasers is quite challenging.
Moreover, the particles formed through PLID resist agglomeration, a common drawback

in traditional nanoparticle fabrication, making this technique attractive in catalyst design.

4.3 Chemical Composition Analysis

Numerous studies have demonstrated that the chemical surface composition, in particular
copper oxides, strongly influences catalytic performance by affecting both energy efficiency
[11, 37-40] and selectivity [36]. Therefore, analyzing the surface chemistry is essential
to evaluate its catalytic potential. Additionally, it is necessary to investigate how laser
irradiation and its associated surface structuring influence copper oxidation in the presence
of reactive plasma species. For this purpose, XPS measurements were carried out on
the treated thin films. All experiments were performed in a helium atmosphere with an

admixture of 0.5% oxygen.

4.3.1 XPS Analysis Method

To assess the effect of combined laser and plasma treatment on the oxidation state of
copper, the samples were analyzed using an XPS device (PHI 5000 Versaprobe), focusing
on the Cu2p and CuLMM Auger spectra.

During XPS measurements, charging effects can shift the recorded binding energies. A
standard procedure to compensate for this, the adventitious carbon peak (Cls) was used as
a reference. A thin carbon layer is present on any air-exposed sample, and the C—C bond
provides a stable peak at 284.8eV. Other measured energies were corrected accordingly
to minimize charging-induced errors. The correction was carried out by fitting the Cls
spectrum, where the C—C, C—OH, C=0, and OC=0 contributions were fitted separately.
After fitting, the C—C peak position was aligned to 284.8eV. The position constraints
for the different bond types are listed in Tab. 4.1. The FWHM was kept constant for all
peaks, using the C—C bond (A) as reference.
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Table 4.1: Fit constraints of the Cls bond types for charge correction.

bond type ‘ position constraints / eV

C—C (A) 200.486 — 284.516
C—OH (B) A+15
C=0 (C) A+3

0C=0 (D) 291.629 , 291.486

Copper is a highly reactive metal and can form a va-
riety of oxidation states. These are commonly cat-
egorized into Cu(0) (metallic copper), Cu(I), and
Cu(II). Although higher oxidation states such as
Cu(III) or Cu(IV) have been reported [138], they
are unstable under ambient conditions and difficult
to synthesize. This study focuses on the catalyti-
cally relevant copper oxide and hydroxide species:
the Cu(I) oxide Cuz0, and the Cu(II) species CuO
and Cu(OH)2, which are of primary interest for COq
reduction reaction (CO2-RR) catalysts.

The most often referenced spectrum for copper XPS
analysis is the Cu2p peak at binding energies from
920eV to 955€eV as shown in Fig. 4.35. It illus-
trates the peak shape of the Cu2p spectrum for
pure copper species, metallic copper, CusO, CuO
and Cu(OH)y. While metallic Cu and Cu(I) peaks
(Cuz0) are indistinguishable in their binding en-
ergy, the Cu(II) species, CuO and Cu(OH)s exert
a noticeable shift to higher binding energies. The
two Cu(II) species also introduce so-called satellite
or shake-up peaks with a noticeable shift in their
binding energy into the spectrum. For the analysis
of copper, they hold special relevance, as shake-up
peaks are observed in Cu(II) compounds but not in
Cu(I) or metallic copper because of differences in
their electronic structures, as shown in Fig. 4.35.
Cu(II) has an unfilled 3d shell, which provides un-

Figure 4.35: Cu 2p spectra for Cu metal,
Cu20, CuO and Cu(OH)2 from bottom
to top [137].

occupied electronic states close in energy to the filled valence states. This allows va-

lence electrons to be excited into these unoccupied states during photoemission, producing

shake-up satellites. In contrast, Cu(I) and metallic Cu have filled 3d shells, leaving no

available states for excitation. Therefore, shake-up peaks are an indicator of the presence

of Cu(IlI) species.

A quantitative analysis, however, is nearly impossible using the Cu2p spectrum, because

the peaks of Cu metal and Cu(I) species, as well as CuO and Cu(OH)z, have very similar
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Figure 4.36: CuLMM Auger spectra for Cu metal (top, left), CuzO (top, right), CuO (bottom, left), and
Cu(OH)2 (bottom, right) (taken from M.C. Biesinger, unpublished data (2013)).

Table 4.2: Fit constraints of the Cu species reference spectra

Cu species ‘ position constrains / eV

Cu metal 568.0 - 567.8

Cuy0 569.9 - 569.7
Cu(OH); | 570.3 - 570.1
CuO 569.0 - 568.8

binding energies and are not distinguishable from one another. Therefore, no decon-
volution of the Cu2p peaks was performed. Instead, the CuLMM Auger spectra were
investigated using the method described by Biesinger [96].

The shape of the Auger spectra is distinct for every Cu species as can be seen in Fig. 4.36.
It depicts the Auger spectra for the pure copper species, metallic copper, Cus O, CuO, and
Cu(OH)z2. Besides their shape, the binding energy of the spectra is very characteristic.
The reference spectra were obtained from Biesinger and are CuLMM Auger spectra taken

from pure copper species samples.

To calculate the concentration, the CuLMM spectra were fitted in CasaXPS [139] with
their fitted area corresponding to their concentration. The fit constraints are shown in
Tab. 4.2. Because the reference spectra had a fixed width of 16 eV, all Auger spectra were
fitted for the range of 563 €V to 579 eV. Measurement and reference are both corrected

with a linear background.

When a sample contains multiple Cu species, the resulting Auger peak shape is consid-
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ered to be a superposition of the reference spectra for each species. This approximation
introduces an uncertainty for heterogeneous compositions of copper species, because the
background for the Auger spectra changes for composite states compared to the pure ref-
erence spectra. The mixing of different oxides is therefore the most significant contributor
to the uncertainty of the CuLMM fitting. Multiple measurements resulted in a 10% de-
viation between samples, although this was dependent on the heterogeneity of the species
mixture. Additionally, due to the uncertainty of the fitting procedure, it is advised not to

consider small contributions of under 5%.

4.3.2 Copper Surface Modification

The analysis detailed above allows for a quantitative investigation of XPS measurements
for treated samples. The following chapter analyses the effect of the combined laser-
plasma treatment on the chemical surface composition in comparison to untreated and

laser-structured copper thin film samples.

As discussed in the previous chapters, a jet-to-surface distance of 5 mm was chosen. With
an increase in the laser energy, the influence of the gas flow cooling on the sample could
be minimized. Furthermore, Oz(alA,) reaches a density of 4 - 102 m™3, which is close
to the approximated atomic oxygen density of 3.5 - 10%* m~3 [55] at a distance of 5 mm.
It is therefore plausible to assume that the conditions described by Gusakov et al. are

favorable for CuO formation.

The laser contributes energy to the surface by localized heating. Gusakov et al. [28]
demonstrated that oxygen absorption into copper surfaces increases with temperature. It
should be noted, however that in their study lower temperatures favored the formation of
CuO, whereas at higher temperatures predominantly CusO was produced. During laser
irradiation, the melting temperature of copper at 1357 K is clearly exceeded, which is
far above the temperature range investigated by Gusakov et al.. After the pulse, the
irradiated spot cools down rapidly, solidifying the copper. Thus, following the pulse, the
temperatures in the laser spot may enter a regime more favorable for CuO formation,

while still being sufficiently high to enhance oxygen absorption into the surface.

While extended treatment times could increase the CuO fraction, the applicable range
of irradiation times is limited by the laser. Too short an exposure does not produce
the required surface structuring, whereas prolonged irradiation leads to material ablation,

which interferes with controlled chemical surface modification.

Therefore, treatment times of 5s and 10s were chosen. While 10s was the upper limit for
the laser irradiation duration before damaging the surface, 5s was chosen as a midpoint
to the untreated samples, but still offered long enough irradiation time for the PLIDS
formation. Before a treatment, the laser and jet effluent were aligned on the same point.
To minimize the influence that multiple plasma treatments could have on a single sample,
a new sample was chosen for every spot. After a treatment, the samples were directly put

into the XPS device to minimize deterioration in the atmosphere. Multiple measurements
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Figure 4.37: XPS Cu2p spectra of (a) the untreated Cu surface, (b) the laser-treated surface for 10 s,
and (c) the simultaneous treatment with plasma and laser for 10 s.

were performed for treatment times of 10s and 5s, as well as for untreated thin films.

Fig. 4.37 displays the Cu2p spectra of the untreated Cu surface, a laser-treated surface,
and a surface subjected to combined plasma and laser treatment, each for 10 s. The peak
at a binding energy of approximately 932-933 eV indicates that the surface is primarily
composed of the Cu(I) species CupO and metallic copper. For both the untreated and
laser-treated surfaces, only the Cu (metal)/Cu(I) peaks of the Cu2p; /5 and Cu2ps/, are
present. The XPS spectra of the laser-treated surface show no significant differences in
the Cu2p (Fig. 4.37), CuLMM (Fig. 4.38), or Ols (not shown) regions compared to the
untreated surface. Thus, it can be concluded that laser irradiation for surface structuring

does not have a lasting effect on the chemical composition of the copper surface.

Applying plasma treatment simultaneously with laser irradiation induces a pronounced
change in the oxidation state of the copper surface. In the Cu2p spectrum, the emergence
of a shoulder peak at a binding energy of 934 eV can be observed. For the surface treated
with both laser and plasma, broad features appear at 941-944 eV and 961-964 eV. These
so-called shake-up peaks of the Cu2p region arise from ion excitations following X-ray
photoionization, which reduce the kinetic energy of the emitted electrons. Such features
are typically observed in paramagnetic materials, in this case corresponding to Cu(II)
species, namely CuO and Cu(OH),. These oxidation states are absent in both the laser-
only and untreated samples, clearly demonstrating the role of the plasma treatment. Since
the binding energies of metallic copper and CusO are indistinguishable in the Cu2p spectra,

CuLMM Auger spectra were employed for quantitative analysis.

Fig. 4.38 shows the Auger spectra of the untreated surface and the surface treated with
both laser and plasma for 10 s, to show the difference in the peak shape for different copper
species ratios. The initial XPS spectra were fitted using a superposition of the reference

spectra for the different copper species. For the untreated CuLMM spectrum, a double-
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Figure 4.38: XPS CuLMM Auger spectra of the untreated Cu surface (bottom) and simultaneous treat-
ment with plasma and laser for 10 s (top).

peak structure can be observed, resulting from the copper metal and CusO reference
spectra. The binding energies of these species are wide enough apart (ca. 2 eV) to make
them distinguishable. The Cu(OH)2 Auger reference spectra also contribute to the fit,
although the Cu2p spectra do not indicate the presence of Cu(II) species (Cu(OH)s2), due
to their lack of a shoulder peak at 934 eV and the missing shake-up peak. The presence of
Cu(OH)z is not an effect of the plasma, as there are no OH species present, but could be
a result of impurities in the vacuum chamber during production or due to the oxidation
of treated samples when they come into contact with ambient air during transfer to the
XPS. Such a high concentration is still questionable, as it would be visible in the Cu2p
spectra through shake-up peaks. The Cu(OH)s concentration is still shown for the sake

of completeness.

The overestimated copper hydroxide concentration was mainly observed for samples with
a heterogeneous copper species composition. The elevated copper hydroxide concentra-
tion may be an artifact of the fitting procedure, since binding energies can shift due to the
varying background of heterogeneous compositions, which cannot be fully described by a
simple superposition of reference spectra. This effect could bias the fit towards copper hy-
droxide to compensate for mismatches between the fit and measurement at higher binding
energies. However, the fitting routine mostly uses the Cu(OH)2 Auger peak to fit the left
flank. If the Cu(OH)y were left out, the peak with the next highest binding energy would
be used to compensate, which is CugO. The fitting of Cu(OH); has therefore no significant
impact on the more interesting CuO concentration. Another possible influence could be
the silicon substrate or the nanoparticle morphology. It has been shown that interfaces
between different materials can shift the observed binding energies [140]. X-rays may also
alter the chemical composition through degradation of copper species [141], although given

the relatively short acquisition times, this effect is unlikely to play a significant role here.

Fig. 4.39 shows the copper species composition for different treatment conditions and

times compared to the untreated sample. For the untreated sample, the surface concen-
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Figure 4.39: Concentration of the oxides CuO and Cu2O, the hydroxide Cu(OH)2 and metallic Cu for
various treatment types and al aser fluence of 3.5J/ cm?.

tration of Cu(I) oxide is approximately 57%, with only a slight deviation of 5% measured
across multiple samples. The high oxide concentration is probably an effect of the surface
oxidation of the thin copper layer. For the thin layers, most of the layer is oxidized, leaving

only a small fraction of metallic copper underneath.

A similar composition is observed for the concentrations of metallic copper and copper
hydroxide, with the former at approximately 20% and the latter at about 23%. This
composition changes only slightly under laser irradiation. In this case, metallic copper and
copper hydroxide increase marginally to 23% and 25%, respectively, while CuyO decreases
to 52%. These variations remain within the uncertainty margin of the composition and
support the claim from the Cu2p spectra that the laser irradiation alone does not influence

the chemical composition.

When comparing the distribution of copper species between untreated or laser-only sam-
ples and those treated with laser and plasma for 5 s, a clear reduction of metallic copper
from 22% to 11% can be seen, along with a decrease in CusO from 53% to 39%. This re-
duction corresponds closely to the observed increase in CuO to 23%. It therefore appears
reasonable that CuO forms primarily through further oxidation of metallic copper and
Cug0. The Cu(OH)y fraction also rises to 27%. This may reflect an oxidation process,
since it is also a Cu(II) species, but it could equally result from higher uncertainties due

to the greater heterogeneity introduced by the presence of CuO.

For a treatment time of 10 s, the concentration of metallic copper remains almost un-
changed compared to the 5 s case at about 10%, while CuO increases further from 23%
to 38%. The Cu(OH)s concentration, however, decreases considerably from 27% to 15%,
while CusO and metallic copper remain nearly constant at 38% and 10%, respectively.
From 5 s to 10 s treatment, Cu(OH)y is therefore converted mainly into CuO rather

than metallic copper or CuO. It would be expected that metallic copper and CusO are
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completely oxidized before Cu(OH)s begins to decrease, as the latter is a Cu(II) species
and should be comparatively more stable with respect to oxidation. The lower Cu(OH)s
concentration may also be explained by the higher CuO content, which reduces the het-
erogeneity of the sample composition. This, in turn, shifts the peak toward lower binding
energies, reducing discrepancies between the fit and the measurement on the high binding

energy side.

4.3.3 Summary & Concluding Remarks

This study investigated a novel approach to catalyst functionalization by combining re-
active species from an atmospheric pressure COST jet with the energy input of a pulsed
laser. Thin copper films, deposited via high-power pulsed magnetron sputtering on silicon
wafers, served as substrates. The thin copper layer is mostly oxidized due to contact with

the ambient atmosphere.

XPS measurements revealed that laser irradiation left the surface composition largely
unchanged compared to untreated samples, with predominantly Cu(I) oxides and minor
hydroxide presence. In contrast, combined laser-plasma treatment produced Cu(II) species
(CuO), with their concentration increasing with treatment time. This allows controlled
tuning of the CusO / CuO ratio. As Gusakov et al. [28] have shown, atomic oxygen
alone cannot produce CuO in high quantities. It is therefore plausible that the generated
Os(alAg)’s flux to the surface by the COSt jet is indeed high enough to prevent counter

oxidation reactions.

These findings demonstrate that the laser effectively structures the surface, while the
plasma simultaneously modifies the chemical composition in a controlled manner. The
ability to tune the CuO to CuzO ratio is a distinctive feature of this approach and may
be of interest for further studies on complex copper-based catalysts. The high amount of
CuO promises a high selectivity towards ethylene production. These findings suggest a
potential pathway toward more robust and efficient catalyst materials. However, further

measurements are needed to validate the stability and efficiency under CO2-RR.

4.4 fs-Laser Surface Structuring

The following measurements were performed in collaboration with the chair “Ultrafast

lasers and photonics” of Clara Saraceno, together with the PhD Samira Mansourzadeh.

Inducing surface structures on bulk materials is quite challenging with ns-lasers because
their long pulse time primarily contributes to surface heating, rather than the unique laser-
surface interaction facilitated by ultra-short pulses. To this end, the influence of fs-lasers
on copper thin films as well as bulk materials, like copper foil and thicker layers, were
investigated to be compared to those of the ns-laser. Due to the short collaboration time
with the fs-laser setup, only a few laser parameter variations could be investigated. This

is very unfortunate since the fs-laser had a much broader parameter space for successful
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Figure 4.40: Schematic of the portable glass chamber for the fs-laser treatment.

surface structuring. Additionally, a chemical composition analysis after a combined laser-

plasma treatment of the bulk materials was conducted.

fs-Laser Setup

As the fs-laser was located at the photonics and ultrafast lasers chair of C. Saraceno, a
portable reactor had to be designed in which the laser treatment could be conducted in a

controlled atmosphere.

Fig. 4.40 depicts the schematic of the portable glass chamber used to get a controllable
atmosphere. The chamber was sealed with a transparent lid through which the laser could
be focused on the sample. The exhaust was connected to a long pipe, which reduced the
backflow of air into the system. The COST jet could be mounted on the side of the glass
chamber at an angle of roughly 30°. Due to construction constraints, it was not possible
to align the COST jet at the 45° angle of the ns-laser setup. The entry was sealed with a
3D-printed adapter and clay. The COST jet and the fs-laser were aligned onto the same

spot on the copper sample.

The fs-laser (TruMicro 2000 from Trumpf) had a maximum power of 18 W with an initial
wavelength of 1030 nm, a repetition rate of up to 400 kHz, a pulse duration of 300 fs and
a pulse energy of 45 1J (at 400 kHz). To achieve a comparable wavelength to the previous
measurements, the laser was frequency-doubled to 530 nm, which resulted in a maximum
power of 7W. Preliminary measurements revealed that a beam diameter of 600 pm yielded
the best results for surface structuring. The beam diameter was measured by a beam
profiler, which calculated the half-width (1/e) of the Gaussian beam. Laser energy and

repetition rate could be tuned independently. For surface structuring, successful laser
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powers were between 4 and 5 W. From these laser parameters, a laser fluence of 18 m.J /cm?
can be calculated, which is much lower than the 3.5.J/cm? of the ns-laser. Unfortunately,
the lid caused some problems with the laser-surface interaction. No surface structures
could be observed while the lid was on. Here, either the absorption or scattering of the
laser light was too high, so that even an increase in the laser power could not compensate
for it. Another option could be that the lid shifted the focal point of the laser, resulting
in a deviation from the optimal 600 nm beam diameter. Due to time constraints of the
collaboration, no working laser parameters were found, so that the lid had to be removed.
Therefore, only the gas shielding of the COST jet effluent could provide protection from

the ambient atmosphere during the treatment.

fs-Laser Surface Structuring

Fs-laser surface structuring was investigated on three different samples. copper thin films
of 10nm thickness, thicker copper layers of 100nm, and copper foil. Copper thin films
and the copper foil can directly be compared to the previously studied ns-laser-induced
surface structures. For the 100 nm copper layers, the previously employed ns-laser proved
unreliable in surface structuring. Therefore, no successful laser parameters were found for

thicker copper layers and measurements were conducted for 10 nm layers.

Besides a comparison to the ns-laser results, these measurements can also be used to
compare the foil to thicker films to rule out possible effects of the different materials on
the treatment. The foil was not electropolished as the optimal conditions for that process

were not yet refined during the collaboration.

To investigate the generated LIPSS, SEM images were taken and analyzed using the
Gwyddion software, as explained in the Bulk Material Surface Structuring chapter. It
allowed to conduct a 2D Fast-Fourier-Transformation (2D-FFT), which highlights the
periodicity of periodic structures in a 2D image. The resulting phase space plots the
intensity of recurring periodic structures, where their distance from the origin represents
their periodicity A and their angle to the x- or y-axis indicates their orientation in real

space. With d = %, the mean distance between these structures can be calculated.

Fig. 4.41 (a) shows the SEM image of the fs-laser-induced LIPSS patterns on a 10 nm cop-
per film using a laser power of 4.1 W, an irradiation time of 10s, a frequency of 200 kHz
and a beam diameter of 600 pm. The LIPSS pattern is well-defined but appears quite
different from the LIPSS observed for the ns-laser. Instead of the sharp “wave”-like pat-
tern, the LIPSS for fs-lasers are more “roundish” and seem to protrude from the surface.
Fig. 4.41 (b) depicts the 2D-FFT with the red areas indicating the LIPSS pattern in
Fourier space. The radial distance from the origin of these structures gives a periodicity
of 1.7pm~! which corresponds to a mean pattern distance of 588nm. This is slightly
larger than the wavelength of the laser at 532 nm. Possible errors are the rather “blurry”
distribution in Fourier space, which hints at an inhomogeneous pattern spacing, facilitated
by surface irregularities. Another reason might be the laser alignment. As shown in [91],

the LIPSS periodicity depends on the incident angle of the laser, with angles greater than
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Figure 4.41: (a) SEM image of 10 nm copper film structured by the fs-laser using a laser power of 4.1 W,
irradiation time of 10s, frequency of 200 kHz and a beam diameter of 600 pm. (b) 2D-FFT of the SEM
image. Red area indicates the most prominent periodic pattern with a periodicity of 1.7 pm ™" resulting
in a LIPSS pattern length of 588 nm.

Figure 4.42: (a) SEM image of 100 nm copper film structured by the fs-laser using a laser power of 5.1 W,
irradiation time of 10s, frequency of 400 kHz and a beam diameter of 600 pm. (b) 2D-FFT of the SEM
image. Red area indicates the most prominent periodic pattern with a periodicity of 3.3 pm ™! resulting
in a LIPSS pattern length of 304 nm.

90° leading to a lower periodicity and, therefore, a longer pattern spacing. Taking these
errors into account, the structures can still be considered LIPSS of the LSFL type-I due

to their pattern distance being close to the laser wavelength.

In Fig. 4.42 an SEM image of the fs-laser-induced LIPSS patterns on a 10 nm copper film
using a laser power of 5.0 W with an irradiation time of 10s, a frequency of 400 kHz, and
a beam diameter of 600 pm are depicted. The LIPSS patterns are clearly visible but seem
to “melt” into each other, which could indicate that the laser power was set a bit too
high. Nevertheless, the exhibited structure resembles that observed for the 10 nm layer
fs-laser. The 2D-FFT image shown in Fig. 4.42 (b) depicts clear periodic structures at
a periodicity of 3.3pm~!, which equates to a pattern distance of 304nm. This pattern
distance is significantly shorter than the laser wavelength and the LIPSS observed on the
thin films. The LIPSS here appear to be HSFL of the type-II, which can be significantly
shorter than the laser wavelength, as predicted by the Sipe theory.
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Figure 4.43: (a) SEM image of the copper foil structured by the fs-laser using a laser power of 5.1 W,
irradiation time of 30s, frequency of 400 kHz and a beam diameter of 600 um. (b) 2D-FFT of the SEM
image. Red area indicates the most prominent periodic pattern with a periodicity of 2.5 pm ™! resulting
in a LIPSS pattern length of 406 nm.

Fig. 4.43 (a) shows a SEM image of the LIPSS pattern produced by a fs-laser irradiation
on the copper foil for a laser power of 5.0 W, irradiation time of 30s, frequency of 400 kHz
and a beam diameter of 600 pm. The appearance of the produced LIPSS differs from
that of the structures generated on the copper films. Here, the LIPSS seem to protrude
from the foil’s surface. The original surface structure appears to be largely intact. The
irradiation time was also longer than for the thin film. The different shape of the LIPSS
could hint at a different formation mechanism when fs-lasers are involved. While the ns-
laser mostly restructures the surface by an interference-driven absorption variation on the
surface, fs-lasers are able to produce patterns by laser oxidation, generating an ordered
oxide structure [142, 143]. The 2D-FFT depicted in 4.43 (b) is quite noisy but shows a
clear intensity maximum at the red areas. The noise in Fourier space is most likely caused
by the high surface roughness of the copper foil. The LIPSS pattern spacing of 406 nm
is again much smaller than the laser wavelength. This may hint again at HSFL-II, but it
may also be a feature of the different formation mechanism, especially since the pattern

spacing is different from that of even the HSLF-II patterned 100 nm copper layer.

To summarize, the surface structuring with the fs-laser has a significantly larger parameter
space for successful surface structuring compared to the ns-laser, making its application
considerably easier. However, the generated structures are much more heterogeneous than
the mostly uniform LIPSS patterns observed for the ns-laser. The LIPSS patterns gen-
erated with the fs-laser differ in periodicity, pattern, and possibly formation mechanism.
This is no surprise, considering the much broader parameter space of laser power, fre-
quency, and treatment time for successful LIPSS formation. Especially for the copper
foil, a controlled atmosphere could significantly influence the generated structures. It was
speculated that they are formed from the oxidation of the surface. When a helium atmo-
sphere is employed, this mechanism may be significantly slower or even impossible, as the
oxygen concentration is substantially reduced. Nevertheless, extended studies may reveal

more predictable and comparable structuring of the bulk materials with the fs-lasers.
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Figure 4.44: XPS CuLMM Auger spectra of the Cu foil for an untreated sample (bottom) and a combined
laser-plasma treatment of 30s (top).

Chemical Composition Analysis of Bulk Materials for a fs-Laser Treatment

To investigate the influence of a combined laser-plasma treatment using the fs-laser, the
initial surface composition of the copper foil must be known. Furthermore, a comparison
to the 10 nm copper thin layers is needed to investigate if the copper deposition has an
impact on the initial surface composition. Assuming the compositions do differ, analysis
of the thicker 100nm copper layers can rule out an influence of the copper deposition

method. Instead, the thickness of the copper layer may play a more important role.

The samples were treated in accordance to the method used for the thin films. However,
as seen in the preliminary measurement for LIPSS generation, the laser irradiation time
was significantly higher with fs-pulses compared to ns-pulses. To increase the copper oxide
amount, longer treatment times are more favorable. Therefore a maximum treatment time
of 30s was used with 15s as a midpoint. All samples were treated by a fs-laser with a

power of 5.1 W at a frequency of 400 kHz and a beam diameter of 600 nm.

Due to the interference of the laser with the lid of the portable chamber, which prevented
LIPSS structuring, the lid was removed. The results presented here are therefore only

shielded by the gas flow of the COST jet effluent and not in a controlled atmosphere.

Fig. 4.44 compares the Cu Auger spectra of the untreated foil with a combined laser-
plasma treatment of 30s. The fitting of the different copper oxides was done in a manner
analogous to the thin layers. The Auger spectrum of the untreated foil at the bottom of
Fig. 4.44 resembles mostly the metallic copper Auger reference spectrum. Therefore, a
high amount of metallic copper is present in the foil. The upper Auger spectrum is an
example of how the surface composition changes after a 30s treatment. The spectrum
of the treated sample contains a mix of the reference spectra for metallic copper, CusO
Cu(OH)2 and CuO. Compared to the untreated case, the amount of metallic copper is
considerably reduced. Instead, mostly CuOs and CuO are visible. The treatment oxidizes

the surface of the bulk material and is capable of producing CuO, as observed for the thin
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Figure 4.45: XPS CuLMM Auger spectra of a untreated 100 nm copper layer on silicon wafer.

layers.

The untreated Auger spectrum differs considerably to the thin layers, which had a con-
centration of roughly 40% CusO even in the untreated case. Copper oxide is mostly a
result of the oxidation of the sample surface in air. For the thin layer samples, the copper
layer is almost completely oxidized, leading to a high CuOq ratio. This is partly due to
surface oxidation, but could also result from oxygen that is bound to the silicon wafer
prior to the HIPIMS deposition. For bulk copper, on the other hand, only the thin surface
layer is oxidized, leaving a high volume of metallic copper underneath. As the XPS has
an observation depth higher than the oxide layer, it is able to detect the metallic copper
underneath the oxide layer. That is not possible for the thin layers, as most of the layer
is oxidized here, leaving no metallic copper. The small amount of metallic copper in the
upper Auger spectrum for the treated sample indicates that the reactive species of the

plasma penetrate at least as deep as the detection depth of the XPS.

Another reason for the difference in the surface composition between untreated foil and
thin layers could be that they generally possess different chemical compositions. To inves-
tigate this possibility XPS measurements of 100 nm copper layers were performed. These
represent a bulk material but are synthesized with the HIPIMS chamber, also used for the

thin layer deposition. They should therefore share a similar chemical composition.

Fig. 4.45 shows the untreated copper Auger spectrum of the 100 nm layer. It contains
a high amount of metallic copper as observed in the foil. The initial chemical surface
composition therefore appears not to differ between the synthesized layers and the copper
foil, but rather depends solely on the layer thickness. This indicates that the high CusO
concentration in the thin layers is an effect of the oxide layer ratio to the copper layer
thickness. The high amount of metallic copper in the untreated samples also provides an

opportunity to investigate the formation of the different copper oxides in more detail.
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Figure 4.46: Concentration of the copper oxides CuO and Cu20, the hydroxide Cu(OH)2 and metallic
Cu depending on combined laser-plasma treatment time for (a) 100 nm copper layer on silicon or (b)
copper foil.

Fig. 4.46 shows the concentration of the different copper species in dependence on the
combined laser-plasma treatment time for (a) the 100 nm copper layer and (b) the copper
foil. Both start out with a high amount of metallic copper of 85% and 93%. Additionally,
both also contain a small amount of Cu(OH)s of 7-8%. This is most likely due to the fitting
procedure as described for the thin layers. As the reference spectra do not fit perfectly
to the measured data, a small shift in the binding energy leads to a compensation of the
left flank of the spectrum through an increase in the Cu(OH) concentration. The 100 nm
layer also contains 8% of CuQOs, not observed in the foil. Surprisingly, the foil does not
contain any copper oxides, although it is known from the thin layers that most of the top
oxide layer should be CuQOs. Its absence in the foil is most likely due to an uncertainty
in the fitting, as described in the XPS analysis chapter. It could therefore be assumed
that it is mostly CugO, rather than Cu(OH)y. Additionally, it is challenging to distinguish
between different oxide species at concentrations below 5%, which may be the case for the
foil. Even the 8% of the 100 nm layer is only slightly above this threshold. Nevertheless,
the main takeaway from the untreated samples is that the bulk copper materials contain

a high amount of metallic copper, with only small contributions from the oxide layer.

After a combined laser-plasma treatment time of 15s for both the 100 nm layer as well as
the foil, the concentration of metallic copper is greatly reduced and mostly converted to
Cup0. For the foil, the Cu(OH)2 concentration increased too, which could be an overes-
timation. The ratio of metallic to oxidized species increased regardless. Remarkably, no
CuO is present yet. Compared to the ns-laser thin film treatment, an increase in CuO was

expected. For the ns-laser treatment, 5s already produced a concentration approx. 20%.

After a treatment time of 30's, the amount of metallic copper is greatly reduced to 12% and
8%, respectively. For the 100 nm samples, the concentration of CuOs increases to 51%,

which is close to the 44% of the foil and comparable to the amount that was measured for
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the treated thin layers of approx. 40%. In the case of the foil, the concentration of CuQOs is
reduced due to the higher amount of Cu(OH)2. It should be noted that the concentration
of Cu(OH) did not increase much from the 15s treatment to the 30s, indicating that the
plasma treatment may, in fact, not produce Cu(OH),. Instead, it is a product of the fitting
routine, as was explained for the thin layers. CuO can be observed in the sample with a
concentration of 36% for the deposited layer or 26% for the foil. The concentration for
the 100 nm layer is higher than for the foil, which is a result of the foil’s higher Cu(OH),

content.

The two bulk materials exhibit very similar behavior under the fs-laser-plasma treatment.
They differ slightly in their Cu(OH)s content, which increases for the foil with increasing
treatment time, while remaining constant for the 100 nm layer before disappearing after
30s of treatment. However, its detection might introduce uncertainty into the fitting
routine. Both materials produce no CuO within the first 15s of treatment and mostly
oxidize the metallic copper to CusO. After a treatment of 30s, the bulk materials contain
a comparable amount of CuO. It should be noted that producing CuO in bulk materials
takes longer than in thin layers. There, CuO was already visible in the spectra after
a bs treatment. This may indicate that CuO is produced by further oxidizing CusO, as
hypothesized for the thin layers, rather than being directly produced from metallic copper.
The increased time for the production of CuO is therefore linked to the low amount of
Cu20 in the untreated bulk materials. First, metallic copper oxidizes to CusO, and then
Cug0 gets converted to CuO. Longer treatment times might therefore be able to increase
the CuO content further.

Under the fs-laser irradiation, the bulk materials proved to be much more resilient to the
energy input of the laser and did not suffer from ablation. The possible treatment time
is not as limited as for the ns-laser thin film treatment. Furthermore, the treatment of
the bulk materials could not be conducted in a controlled atmosphere as described in the
fs-laser setup. Nevertheless, the treatment proved to be very consistent. This highlights
the copper foil as a potential scale-up for the copper thin layers without compromising a

reliable tuning of the surface composition.

4.4.1 Summary and Concluding Remarks

To provide a more durable material for further investigations under catalytic conditions,
copper bulk materials were investigated. To exclude the influence of the layer deposition by
the HiPIMS chamber on the chemical surface composition, 100 nm layers were compared
to a copper foil. Both were investigated for their behavior under laser structuring and

chemical composition before and after the combined laser-plasma treatment.

SEM images were taken to demonstrate that successful LIPPS structuring on bulk materi-
als can be achieved using the fs-laser. The observed surface structures were analyzed using
2D-FFT. The resulting periodic surface structures were examined in terms of their period-
icity. It was observed that the generated surface structures were indeed LIPSS. However,

their periodicity varied for the different copper samples. For the thin layers, most LSFL
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were observed, matching the structures for the ns-laser treatment. Bulk materials, on the
other hand, produced HSFL recognizable at their periodicity below the laser wavelength.
In general, the fs-laser seemed to have a much broader parameter space for successful
LIPSS formation. Ultimately, further measurements will determine whether a broader
parameter study on fs-lasers would enable more control over the resulting laser-induced

structures.

The chemical composition of the two bulk materials 100 nm copper layers and the foil,
were compared to the thin layer samples. Using XPS measurements, it was found that
the bulk materials contained a higher amount of metallic copper compared to the thin
layers. This was attributed to their thickness. The thin oxide layer covering the samples
constitutes only a small fraction of the bulk materials, while the thin layers were almost
completely oxidized. Furthermore, the bulk materials were very comparable in their initial
surface composition, which rules out the effects of the synthesis method on the chemical
composition. After a plasma treatment of 15s, the bulk materials exhibited an increase in
Cus0. Notably, no CuO is produced for shorter treatment times, as was the case for the
thin layers. Only after a treatment time of 30s CuO is produced. It was concluded that
CuO is produced by further oxidation by CuoO. Therefore, no CuO is present after 15s as
Cuz0 had to be produced first. These findings align well with the mechanisms proposed
by Gusakov et al.. It should also be noted that the treatment with the fs-laser was very
resilient to atmospheric conditions, as all experiments had to be conducted in ambient
atmosphere. It was able to produce clear results for the CuO concentration increase after

treatment times of 30s.
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This study presented a novel approach to catalyst synthesis by combining irradiation from
a laser and reactive species from a COST jet. To prove the concept, the study looked
into copper as an example catalyst system for the CO2-RR. Of special interest was the
generation and control of the copper oxide concentration, which has been shown to have
beneficial effects on catalyst performance. Answers to the initial research questions are

given below to conclude the most important findings of this study.

Does the COST jet produce reactive molecular oxygen species in sufficient
densities to facilitate the formation process of Cu(II) copper oxides as proposed
by Gusakov et al.? What is ultimately the flux that reaches a sample?

Based on the study by Gusakov et al. the most important reactive species for the oxidation
of copper were identified. Atomic oxygen is the main oxidative agent, but high densities
at a copper surface also facilitate “counter” oxidation reactions which reduce the Cu(II)-
species CuO back to CusO or even metallic copper. Gusakov concluded that molecular
oxygen species are needed to prevent these “counter” oxidation reactions. Atomic oxygen
was already studied extensively in previous works. Therefore, this study concentrated on
the density of reactive molecular oxygen species. It was discovered that the density of
O2(alA,) in the effluent is in the same order of magnitude as atomic oxygen at a distance
of 8mm in front of a surface for a helium and 0.5% oxygen admixture. For atomic oxygen
a flux of I'g,(a1a,) = 2.1- 101 m~2s~! was measured, while the Oa(alA,) flux resulted in
I'o = 6.6- 10" m—2?s~!. The reactions proposed by Gusakov et al. are therefore a likely
mechanism for the CuO formation for the chosen parameters. OQ(bIEg) on the other
hand is quickly quenched outside the plasma and therefore does not contribute strongly

to the proposed reactions by Gusakov et al..

How do the different species interact with each other, and what are the opti-
mal plasma parameters?

Investigated were Og(alAg), Og(blZg), and ozone by optical emission and absorption
spectroscopy. For their optical detection, a gas flow cell was necessary. The more com-
plicated effluent geometry prompted a comparison with two simulations: a pseudo-1D
plug-flow simulation and a 2D-fluid simulation. This work focused on highlighting the
interdependency of these species, with ozone serving as the primary quencher. Its den-
sity must be known to obtain a realistic estimate for the two excited molecular oxygen
species. A comparison between simulations and experiment revealed that the models over-
estimate the ozone density produced inside the jet, as well as in the effluent, which could

be confirmed for multiple species. This led to a small deviation from the experimentally
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measured densities for Oy (blZg) and Oz(alA,). Further research should be conducted to
obtain a more accurate estimate of important rate coefficients, such as those for surface
reactions. From the experimental side, a more optimized flow cell might ease the modeling
of the gas flow dynamics and reduce computation time. Especially lower volumes would
greatly help the comparison to simulations. This must, of course, be considered in relation

to emission intensity, as a lower volume also reduces the signal-to-noise ratio.

To reach a high CuO concentration in a sample, a high atomic oxygen density is necessary.
The chosen admixture of 0.5% oxygen is beneficial, as it provided the highest amount of
atomic oxygen. However, its density has to be equal to reactive molecular species. The
decay rate of the different species in the effluent differs. Therefore, the distance to a
sample is key. A smaller jet-to-surface distance gives a higher comparable atomic oxygen
density. In contrast, the chosen distance of 5-8 mm gave a comparable density of atomic
oxygen with Og(al A,), making it a good choice to facilitate the mechanism proposed by

Gusakov et al..

Which laser parameters are able to successfully induce nanoscale surface struc-
tures on copper, and which structures can be utilized best for specific appli-
cations?

To investigate laser surface structuring, multiple samples with different surface types were
analyzed using SEM imaging. A threshold laser fluence of 3.5.J/cm? had to be exceeded
for laser surface structuring to occur on copper. Depending on the chosen sample type,

thin films or bulk materials, different surface structures could be induced.

PLIDS were investigated on thin films, and their size followed the linear thin-film hydro-
dynamic dewetting theory (TFH), providing a control mechanism for the nanoparticle size
through the layer thickness. Nanoparticles of 20 nm diameter could be observed. However,
even thinner layers than those employed in this study could be used to produce smaller

particles.

LIPSS were produced on copper foil using a ns-laser. Generally, their generation required
comparable laser energies to the PLID structuring. 2D-FFT revealed that the induced pe-
riodic structures had a periodicity matching the laser wavelength of approx. 560 nm. An-
other critical aspect for successful surface structuring was the surface roughness. Surface
roughness had to be within the range of the laser wavelength. LIPSS could be produced
on an unpolished surface. However, the produced structures were dominated by the initial

surface morphology.

A fs-laser provided a further tool for laser structuring. It demonstrated high reliability in
generating LIPSS due to its larger parameter space. The fs-laser required a significantly
lower laser fluence to generate laser-induced surface structures of 18 mJ/cm?. Further-
more, the fs-laser enabled the generation of HSFL, which offer the possibility to create
structures below the laser wavelength, which is typically the limiting factor for the scale

of the LIPSS structures.
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What influence does the simultaneous plasma treatment have on the formation
of laser-induced surface structures?

The influence of a gas flow on the PLIDS formation was studied using SEM imaging. It
was discovered that the additional cooling provided by a continuous helium flow disrupted

PLIDS formation. This effect could be compensated with a higher laser energy, though.

Do the laser-induced structures influence the chemical composition of the sur-
face?

XPS measurements were conducted on samples with different treatment types, which
showed that the laser alone provided no significant contribution to changing the surface
composition under a controlled atmosphere. The induced nano-scale surface structures
are therefore independent of the surface composition change. However, the laser may still
contribute to a change in the surface composition. The laser irradiation heats the surface,

which may facilitate the formation of copper oxides due to the excess energy.

‘Which copper oxides can be produced by the combined laser and plasma treat-
ment and can their concentration be controlled?

The laser-plasma treatment was investigated to study its effects on the surface composi-
tion. Multiple samples were treated with the combination of laser and plasma under a
controlled atmosphere. The initial surface composition for copper thin layers showed a
high amount of CuzO, due to an oxide layer formed in contact with the ambient atmo-
sphere, which left only a small amount of metallic copper. After varying treatment times
of 5-10s with the combined treatment, the copper layers exhibit an increasing amount of
CuO. By varying the treatment time, it is therefore possible to change the ratio between
Cus0 and CuO from the initially high percentage of CusO to up to 90% CuO. The hypoth-
esis was made that CuO is produced by further oxidizing CuoO as suggested by Gusakov
et al. [28]. This was supported by the investigation of copper bulk materials. Here, CuO

was only observed after the treatment had already produced CusO in the samples.

Can the findings be transferred to bulk materials?

Thin films provide an accessible system for investigation, but are generally unsuited for
applications. Bulk materials are therefore more desirable. To this end, copper foils were
investigated. The initial surface composition revealed a considerably higher concentration
of metallic copper, which was attributed to the ratio between the oxide layer thickness
formed in contact with the atmosphere and the penetration depth of the XPS analysis
into the material. For thin layers, a high fraction is oxidized, resulting in a higher CusO
concentration. In bulk materials, on the other hand, the oxide layer constitutes only a
small fraction of the XPS device’s penetration depth. However, under the combined laser-
plasma treatment with the fs-laser, the concentration of the copper oxides increased. It
was discovered that firstly, metallic oxygen gets oxidized to CusO. After the formation of
Cuz0, it can be further oxidized by the plasma species to CuO. Longer treatment times,
therefore, lead to a higher CuO content. The synthesis technique could be applied to
bulk materials, ensuring both surface structuring and control over surface stoichiometry.

Additionally, the surface modification of bulk materials has proven to be quite resilient
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under atmospheric conditions, which may make the process more accessible.

5.0.1 Future Measurements

Although stoichiometric changes can be observed in the synthesized surfaces, further in-
vestigation is still required. This study was not yet able to measure the changes in the
catalytic performance of copper and how the synthesis process can be tuned to optimize se-
lectivity and efficiency. Future measurements could investigate gas chromatography (GC)
to determine the product composition of a CO2-RR. This would enable the investigation of
which surface structures and stoichiometries facilitate more efficient and selective copper

surfaces.

Another important aspect of improving the setup is the synthesis time. Currently with the
20 Hz ns-laser takes about 3 h to treat an area of 1 cm x 1 cm. A considerable improvement
could be a laser with a faster repetition rate that allows scaling up the scan velocity.
Another limiting factor is the COST jet. The plasma power is restricted to approx. 1-
3W. An APPJ with a capillary as described by Winzer et al. [144] could considerably
increase the plasma power to produce higher species densities. It can also be operated
with a wider and more confined effluent, reducing the influence of ambient atmosphere on

the treatment through reduced quenching of reactive species.

To optimize reactive species densities, a general understanding of the oxidation mecha-
nisms of copper is needed. Here, a simulation of the copper oxide formation is required.
It could help identify how deeply the oxides penetrate into the sample and predict the
species ratio of atomic oxygen and molecular oxygen needed to facilitate the formation of

specific oxide ratios.

The combination of laser and plasma can also be extended to other materials in catalysis,
such as silver (Ag). It can also be used in the CO2-RR to produce CO. Similar to copper, a
change in surface structure and stoichiometry could improve the catalytic performance by
producing AgO. The proximity to the copper case regarding the plasma species facilitates
an easy transition. Another example is titanium. Titanium nitride (TiN) nanoparticles
are of high interest in photocatalysis. The laser-plasma treatment is able to produce
nanoparticles via PLIDS and could contribute to the nitridation of titanium through
reactive nitrogen species produced by the COST jet. These examples should illustrate
the system’s potential flexibility.
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