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Abstract

Laser-induced order and disorder on both chemical and structural level through absorption of
femtosecond (fs) laser pulse was investigated on different metal (e.g. Al or Ti) and metal oxide
systems (e.g. FexOy or TiOx) in order to modulate their surface chemistry and topography. For
example, semiconductor materials were engineered towards their optical, electrical and
electronic properties by femtosecond laser treatment to improve their water splitting properties.
Thin metal and metal oxide films with tunable photophysical properties can be used for new
solar harvesting systems, which might fulfill the demand for renewable energy and reduce CO»
emission, which poses one of the biggest challenges in the current era. The combination of
chemistry (precursor synthesis), material science (thin film fabrication and device engineering)
and physics (femtosecond laser treatment) is rarely performed due to the sheer complexity of
the different subjects, but has been proven to be invaluable in this work to develop a
fundamental understanding of the relationship of the surface treatment and the functional

properties.

The first step was to standardize the laser structuring parameters to enable reproducible
processes. In order to reduce random absorption and scattering of the laser beam on interfaces
like grain boundaries, metal films were introduced to efficiently absorb the photon energy due
to their high free electron density. For this reason, either metal substrate (Al or T1) or a sputtered
metal film (Al) were used. The metal oxide thin films were grown by plasma-enhanced

chemical vapor deposition (PE-CVD) techniques.

With reproducible laser processing more complex systems could be investigated, for example
the effects of gradual changes in laser fluence on films of titanium oxide in combination with
iron oxide, or bimetallic oxides (MA1>O4, M = Ni, Co) were studied. Possible structures ranging
from shallow to deep ripples to particle formation were observed. Surface roughness, ripple
depth, hydrophobicity and absorption was found to improve with increasing laser power.
Additionally, laser treated titanium oxide layers revealed a gas sensing response towards
reductive gas (H2) at room temperature. Through precise parameter tuning, the titanium oxide

thin films could be crystallized by laser-assisted patterning.

Laser-induced texturing of metal substrates has shown to improve two-fold, the
photoelectrochemical performance of titanium oxide (from 0.031 to 0.061 mA/cm?) and iron
oxide absorber films (from 0.028 to 0.057 mA/cm?) due to increased light trapping, and

availability of a higher number of surface states. The photoelectrodes patterned by fs laser



pulses were investigated towards their light absorption, conversion efficiency, morphology,
crystallographic structure and composition, to further improve the understanding of periodically

patterned materials by laser treatment.

Moreover, transition metal spinel films (MALOs4, M = Ni, Co) were decomposed by laser
treatment with the intention of embedding transition metal clusters into an aluminum oxide
matrix, forming so called CERMETSs (ceramic-metal composite materials). These show unique
optical and catalytic properties as supported by photocatalytic degradation of methylene blue.
It could be observed that laser treated NiAl,O4 samples showed photocatalytic performance,
while compositional studies have shown that laser treatment reduce the divalent transition metal

centers to elemental state producing Ni/ or Co/Al2O3 nanocomposites.

In summary, this research improved the understanding and possibilities of ultrashort laser
pulses to structurally and compositionally modify metal and metal oxides systems, and enhance
their properties for many different applications, like photoelectrochemical water splitting, gas

sensing or photocatalysis.



Kurzzusammmenfassung

Laser-induzierte Ordnung und Unordnung sowohl auf chemischer als auch struktureller Ebene
wurde durch die Absorption von Femtosekunden (fs) Laserpulsen untersucht, um verschiedene
Metall- (z. B. Al oder Ti) und Metalloxid-Systeme (z. B. FexOy oder TiOx) beziiglich ihrer
Oberflaichenchemie und Topography zu modulieren. So wurden zum Beispiel
Halbleitermaterialien durch Femtosekundenlaser-Behandlung auf ihre optischen, elektrischen
und elektronischen Eigenschaften hin entwickelt, um ihre wasserspaltenden Eigenschaften zu

verbessern.

Diinnschichten aus Metall- und Metalloxiden mit abstimmbaren photophysikalischen
Eigenschaften konnen fiir neue Solaranlagen verwendet werden, die den Bedarf an erneuerbarer
Energie decken und den CO»-Ausstof reduzieren konnten, eine der groiten Herausforderungen
der heutigen Zeit. Die Kombination aus Chemie (Priakursorsynthese), Materialwissenschaft
(Diinnschichtabscheidungen und Gerdteanwendung) und Physik (Femtosekundenlaser-
Behandlung) wird aufgrund der schieren Komplexitdt der verschiedenen Themengebiete selten
durchgefiihrt, hat sich aber in dieser Arbeit als unschitzbar erwiesen, um ein grundlegendes
Verstiandnis der Beziehung zwischen der Oberflichenbehandlung und der funktionellen

Eigenschaften zu entwickeln.

Der erste Schritt war die Standardisierung der Laserstrukturierungsparameter, um
reproduzierbare Prozesse zu ermdglichen. Um die zufillige Absorption und Streuung des
Laserstrahls an Grenzflichen wie zum Beispiel Korngrenzen zu reduzieren, wurden
Metallschichten eingefiihrt, die aufgrund ihrer hohen freien Elektronendichte die
Photonenenergie effizient absorbieren. Aus diesem Grund wurde entweder ein metallisches
Substrat (Al oder Ti) oder eine gesputterterte Metallschicht (Al) verwendet. Die diinnen
Metalloxidschichten wurden mittels der plasmaunterstiitzten chemischen

Gasphasenabscheidung (PE-CVD) abgeschieden.

Mit reproduzierbarer Laserprozessen konnten komplexere Systeme untersucht werden, z. B. die
Auswirkungen graduellen Anderungen der Laserfluenz auf eine Kombination aus Titanoxid
und Eisenoxid, oder auf Schichten aus bimetallischen Oxiden (MAl,O4, M = Ni, Co). Mogliche
Strukturen, die von flachen {iber tiefe Wellen bis hin zur Partikelbildung reichen, wurden
beobachtet. Es wurde festgestellt, dass sich Oberflichenrauhigkeit, Welligkeit, Hydrophobie
und Absorption mit zunehmender Laserleistung verbessern. Zusitzlich zeigten laserbehandelte

Titanoxidschichten eine hohere Gassensorik gegeniiber reduzierendem Gas (Hz) bei



Raumtemperatur. Durch prédzise Parametereinstellung konnten die diinnen Titanoxidschichten

durch lasergestiitzte Strukturierung kristallisiert werden.

Die laserinduzierte Strukturierung von Metallsubstraten hat zu einer Verdopplung gefiihrt, die
photoelektrochemische Leistung von Titanoxid- (von 0,031 bis 0,061 mA/cm?) und Eisenoxid-
Absorberschichten (von 0,028 bis 0,057 mA/cm?) wurden aufgrund ihrer erhohten
Lichtfangleistung und der Verfligbarkeit einer hoheren Anzahl von Oberflachenzustinden
verbessert. Die durch fs-Laserpulse strukturierten Photoelektroden wurden auf ihre
Lichtabsorption, Umwandlungseffizienz, Morphologie, kristallografische Struktur und
Zusammensetzung hin untersucht, um das Verstdndnis von periodisch strukturierten

Materialien durch Laserbehandlung weiter zu verbessern.

Dariiber hinaus wurden Ubergangsmetall-Spinellschichten (MAL:O4, M =Ni, Co) durch
Laserbehandlung mit der Absicht zersetzt, Ubergangsmetallcluster in eine
Aluminiumoxidmatrix einzubetten und so genannte CERMETs (engl. flir ceramic-metal
composite materials, Keramik-Metall-Verbundwerkstoffe) zu bilden. Diese zeigen einzigartige
optische und katalytische Eigenschaften, die durch den photokatalytischen Abbau von
Methylenblau unterstiitzt werden. Es konnte beobachtet werden, dass laserbehandelte NiAl,O4-
Proben eine photokatalytische Leistung zeigten, wéhrend Kompositionsstudien gezeigt haben,
dass die Laserbehandlung die zweiwertigen Ubergangsmetallzentren in den elementaren

Zustand reduziert und Ni/ oder Co/Al,O3-Nanokomposite produziert.

Zusammenfassend ldsst sich sagen, dass diese Forschung das Verstindnis und die
Moglichkeiten ultrakurzer Laserpulse verbessert hat, um Metall- und Metalloxidsysteme
strukturell und kompositorisch zu modifizieren und ihre Eigenschaften fiir viele verschiedene
Anwendungen, wie zum Beispiel die photoelektrochemische Wasserspaltung, die Gassensorik

oder die Photokatalyse, zu verbessern.



Table of Content

1 INErOAUCHION cuuueerineeiiiinniicnnttensnniecsntnecssssnesssssncssssncsssssesssssessssssassssssnssssssace 1
2 Theoretical Background: Thin Film Synthesis and Modification............ 3
2.1  Materials and MOdifiCatiONS .........cooueeiirieriiiieiieieeee e 3
2.1.1  Material Challenges for Energy Harvesting...........ccccceevueeniienieniieniienieeieen 3
2.1.2  State of the Art Materials ........cccooouirieiiiiinieeeieeee e 3
2.2 Fabrication Methods of Multi-Dimensional Materials............cccceeeveeeiienienieenieennene. 9
2.2.1  Effects of Different Deposition Methods on Metal OXides ..........cccceevuerveneennnene 9
2.2.2  Vapor Deposition Methods ..........cccueeviieiiiiiiienieiiierie ettt 10
2.2.3  Sputter Deposition Methods.........ccceeeiuiiiiiiiiieniiiiieieeitee e 10
2.2.4  Plasma Enhanced Deposition Methods ............ccceeuieriieiieniiniiieiecieceeceeee 11
2.2.5  Post-Synthesis ModifiCation ............ccccveeeiuieeriiieeiiie e 12
2.3 Physical and Chemical Modification of Materials ............cccceeevveeecieenciieeniee e 13
2.3.1  State of the Art Structures and Enhanced Properties ..........ccccevevievcieeenieeennnen. 13
2.3.2  HEteIrOJUNCEION ...eeieiieeiiieeiiieeieeeeieeeeieeeeveeesaeeeeaeeetaeeesaaeesnsaeesssaeessseeensseesnnsens 18
2.4 PhotoactiVve APPLICATIONS .......viieiiieeiieeeiieeeiee et e eetee et e ere e et eeetee e e e e esreeeenaeeenene 20
2.4.1  Principle of Photoelectrochemical Water Splitting.........ccccceevveevevveenceeenieeennnen. 20
2.4.2  Basic Photoelectrochemical Cells and Performance Analysis........c.ccccceveenneee. 21
2.4.3  Photocatalytic Degradation ............ccccccueeiiiiieriiieeiiie e 23

B T € £ 1) N0 1 ¥R 25
2.6 Laser-assisted Structuring Methods...........cocveeiiiieiiiieiiieceeee e 27
2.6.1  Laser PatterNing........ccccuieeiiieeiieeeiieeeiee ettt ettt aee e e e b e e enneas 27
2.6.2  Different Laser SYSEIMS .....cccuieriierieiiiieiieeieesiie ettt et iee e seveebeesaeeeeens 28
2.6.3  Influence of Structuring Parameters on Metals and Metal Oxides .................... 28
2.6.4  Laser Processing TEChNIQUES .......cceeeuieriieiieniieeiiesiie ettt 29
2.7  Other Strategies for Surface Modifications ............ccceevuieriieriieniieniieeie e 31
2.7.1  Physical Surface Modification Methods ............cccceeviieiiiiniiniiiiiecieeieeieee 31
2.7.2  Chemical Surface Modification Methods............ccccevvieiiriiiniininiiinieenicceee 31

3 Results and DISCUSSION......ccceieeieriericssnrisssnnessssnecssssescsssseessssseessssscssssassaes 33
3.1  Establishment of Laser Treatment Parameters ............cceccvevvieriienieenieniieieeieeiens 33
3.1.1  Laser Patterning of Metal SyStems.........c.ccccuveviieriiiiieniieiieeie et 33
3.1.2  Laser Processing of QUAartz SYStEIMS .........cccueeruierireiiieniieiienie et sieeeiee e e 45
3.2 Laser Treatment of Metal Oxide Thin Films............ccccoeviiiiiiiiiiniiiiieieeceeeee 51

3.2.1  ScCOPE ANA OVEIVIEW ....eiiiuiieiiiieeiiiieeieeeeieeesieeesteeeseaeeessaeeesaeesseeesseeessseesnsseeens 51



3.2.2  Metal SubStrate SYSIEMS .....cc.eeruiieiieiieeiieeiie ettt eee ettt e e e 52

3.2.3  Metal Interlayer SYSTEM ......ccueeiiiiiiiiieeiiecie ettt 55

3.3 Water Splitting Properties of Laser-Textured Metal Substrates.............cccccvevveenee. 62
3.3.1  Scope and OVEIVIEW......occuiieiieiieeiieeiieeiteeiieettesiteesteesiaeeaeeseaeeseessaeenbeessseeseens 62
3.3.2  Influence of Annealing on PEC Performance ............cccccoeeveriienieniienieenieenens 63
3.3.3  PEC Performance of Laser-Textured Systems..........ccecueeviieriienieniieniienieeinens 74

3.4  Laser Treatment of MALOs (M = Ni2", Co?") FilmS......coovvevemeeeeeeeeeeeeeean. 83
3.4.1  Scope and OVEIVIEW......cccuiiiiieiieeiieeiieeiteeiieeitesiteeteesaeesbeeseresseessaeenseessseeseens 83
3.42  Analysis of M[AI(O'Pr)s]a (M = Ni**, C0?") Precursor........cocoevvveveeueverernnne. 83
3.43  Deposition and Analysis of MALO4s (M = Ni%*, Co*") Layers ........ccccovvvere... 85
3.4.4  Photocatalytic Degradation of Methylene Blue ...........ccccoevevveniiiiiiiiicieciee 90

4  Experimental Part.......ciiiineinseinsnnnsnncsseicssnecsssecsssncssssessssncsssscsssnesnns 101
4.1  Substrates and ANNEAIING ........cccvieiiiiieiiiieciie e 101
4.2 Deposition MeEthOdS. .........eiiiiiiiiiiieciiecee ettt e e e ere e e saraeen 101
4.3  Laser Treatment EXPeriments.........ccccveeeuieeriiieeiiieeiiieeeieeeieeeieeesveeesreeesveeesnveeens 102
4.4 Characterization MethOdS...........coiiiiiiiiiiiiiiee e 103
4.5 PrecursSOr SYNRESIS.....ccciiiiiiiieeiiieeieeeieeeeiee et et e et e e e treesseeesbeeesseeesaseeenssaeens 107

5 Summary and QUK ......ccueieeiciiinicnienssnnicsssnnicssnsecssssnessssssesssssssssssees 109
60 ReEfEIeNCEeS ...ccueeineeiiniiininisneicsnnicsnicssecsssncsssesssssesssnscsssscsssssssssessssessssssssane 113
AN 1] 4 =) 11 ) G i
Tl EIKIATUNG oottt ettt e e taa e e taeeesaeeesaeesnseeesnseaenns 1
7.2 PUBIKAtIONSIISTE. ....eeitiiiiieiie ettt e 1

T3 CUITICUIUIM VITAC coeeiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeee e 11l



Abbreviations
AFM

CA
CERMET
CIER
CSP

DI

DTA
EBSD
EDX
EI-MS
FIB

FTO
HER
LASER
LIPSS
LP-CVD
MB
ME-CVD
MO
MOF
Nd:YAG
Nd:YLF
OER
PE-CVD
PEC
POM

RF

RhB
SEM
STEM
TGA
THT
w/0

XPS
XRD

atomic force microscopy

contact angle

ceramic-metal composite material
chlorine evolution reaction
concentrated solar power

deionized

differential thermal analysis

electron backscatter diffraction
energy dispersive X-ray spectroscopy
electron ionization mass spectroscopy
focused ion beam

fluorine doped tin oxide

hydrogen evolution reaction

light amplified by stimulated emission of radiation

laser-induced periodic surface structures
low pressure chemical vapor deposition
methylene blue

microwave enhanced chemical vapor deposition

methyl orange

metal-organic framework
neodymium-doped yttrium aluminum garnet
neodymium-doped yttrium lithium fluorid
oxygen evolution reaction

plasma-enhanced chemical vapor deposition
photoelectrochemical water splitting
polyoxometalates

radio frequency

rhodamine B

scanning electron microscopy

scanning transmission electron microscopy
thermogravimetry analysis
tetrahydrothiophene

without

X-ray photoelectron spectroscopy

X-ray diffraction






Introduction

1 Introduction

The need for renewable energy sources and the transition away from fossil fuels is an important
avenue, which is accompanied by research in many different energy conversion technologies,
including for example!!! geo- and hydrothermal (including tidal and wave power),”?) wind
power, biomass produced power (biomass/-gas/-fuel) and solar, for example as concentrated
solar power (CSP), photovoltaics and photocatalysis.’] The conversion can be either directly
into electricity, which is the case for CSP and photovoltaics, or into a chemical energy carrier,
like hydrogen or hydrocarbons.'! These are promising choices, usually converted via
electrolysis or fuel cells!® due to their easy handling.!®! Using harvested solar energy to split
water into oxygen and hydrogen is possible through photoelectrochemical water splitting
(PEC), which allows a one-step conversion, minimizing transformation losses. While this is a
viable way to produce hydrogen in lab scale, it still underperforms at industrial large scale
application because of the interfacial losses and high overpotentials, which reduces the overall
efficiency. This needs to be addressed by feasible large-scale cell designs and new photocatalyst
materials. These can be ceramics, especially metal oxide semiconductors, which function as
absorber and charge transport layers with tunable optical, electrical and electronic properties. "
81 Other ways to utilize the solar energy is the photocatalytic degradation of pollutants, where

catalysts are used to decompose organic components under illumination.

Figure 1: Overview of the many capabilities of laser irradiation of metal oxides and their possible applications (a),
reprinted with permission from ), copyright WILEY 2018, SEM image of femtosecond laser-induced periodic
surface structures on stainless steel with low (b) and high overlap (c), reprinted with permission from [, copyright
Royal Society of Chemistry 2018.



Introduction

Enhancing the fundamental properties of these materials is a vital part of today's research, and
can either be done on a physical level, like using multi-dimensional systems and
nanostructuring, or a chemical level, by introduction of foreign atoms (doping) and changing
the oxidation state. These modifications, and even a combination of both, is possible using a
variety of methods, with laser pulse treatment enabling precise changes through its many
tunable parameters. While continuous beams and long pulses have their own application, the
unique possibilities of ultra-short pulses in the femtosecond region is undeniable, as the time
frame for reordering of atoms, carrier and thermal diffusion, and the evaporation processes are
in the pico- to nanoseconds regimes. By providing short energy burst below this, non-thermal
melting and multi-photon interaction is possible area through the use of the femtosecond laser

setups, allowing many enhancements without damaging the surrounding.
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2 Theoretical Background: Thin Film Synthesis and Modification

2.1 Materials and Modifications
2.1.1 Material Challenges for Energy Harvesting

Fundamental for energy harvesting applications is the solar energy absorption, which can be
improved by structural and compositional modification,!'!! while other requirements include
the charge separation of the photogenerated electron-hole pairs, carrier mobility and lifetimes,
and the surface electrochemistry to efficiently split water.l'?! The band gap edges must fit the
water splitting potential while compensating for losses in the system. Generally, the gap should
be around 1.8 - 2.2 V to absorb most of the visible light. Stability against both the chemical
environment and photo corrosion is desired, which is a problem with long time measurements.
Additionally, the materials should be cheap and abundant, to increase the industrial viability,

and make the processing environmentally friendly.['*!
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Figure 2: Band edge energies of different n-type semiconductor materials compared to the water splitting potential.
Adapted from ['4],

2.1.2 State of the Art Materials

A short overview of commonly used n-type semiconductor materials, including multi-layer and
doped metal oxide systems, is given in Table 1. The account below focuses on the most
prominent materials, iron(IIl) oxide in the hematite phase (Fe>O3) and titanium(IV) oxide
(Ti0O2) in the anatase phase, with their effect on the water splitting performance, while less

common n-type materials will only be mentioned briefly.[!3!
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Table 1: Most common materials for photoelectrochemical water splitting, including exemplary multi-layer and

doped systems, with their photocurrent density (calculated vs. RHE).

Figure 3: Standard solar irradiation spectrum (AM 1.5G)8 with the main absorption bands of TiO,, Fe;O; and

COF6204.

wavelength / nm

Material System Photocurrent Density in mA/cm? | References
a-Fe,03 single crystalline nanorods 4.32(1.23 V vs RHE) [15]
Si: a-Fex O3 1 wt.% Si doped thin film 0.7 (1.23 V vs RHE) [16]
a-Fe>03/TiO; thin film with TiO, underlayer 0.68 (1.5 V vs RHE) [17]
TiO, nanorods 0.8 (1.23 V vs RHE) [18]
H:Aw/TiO; hydrogenated gold nanoparticles in nanorods 3(0.8 Vvs RHE)" [19]
TiO»/Sn0O, 3D hierarchically branched nanowires 1.0 (1.2 V vs RHE)" 201
WO3 thin film 4.2 (1.23 V vs RHE) (21]
Gd:WO; 4 wt.% Gd in tungsten oxide nanoplates 2.28 (1.2 V vs RHE)" (22]
WO3/BiVOy4 tungsten oxide nanorods covered with BiVO4 2.3(1.23 V vs RHE) (23]
ZnO nanowires 0.057 (0.2 V vs RHE)" [24]
Zn0/S:ZnO | 8 wt.% S in zinc oxide core-shell nanocomposite 1.08 (0.3 V vs RHE) 23]
In,O5 nanowires 1.2(0.42 V vs RHE)" [26]
In,05/In,S;3 core-shell nanocubes 6.19 (0.2 V vs RHE)" 27]
*Recalculated to RHE
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Iron(1ll) oxide

The hematite phase of iron(IIl) oxide (Fe>Os) is the thermodynamically most stable!*! and
usually crystallizes around 600°C.B% It is one of the most promising materials for
photoelectrochemical water splitting due to its stability and abundance in nature.''’! Hematite
is stable under PEC conditions!*! and has a band gap of around 2.2 eV, that imparts high visible
absorption and a maximum theoretical solar-to-hydrogen efficiency of around 13%*?! to
15%31 (AM1.5 global). However, it has a rather low absorption coefficient, low carrier
mobility!*¥ and a short intrinsic hole diffusion length of only around 2 - 4 nm, which leads to
significant recombination losses.[*!! This can possibly be compensated by electronic doping,

using for example silicon,!'®! titanium!®*> or tin,B% 371

which increases charge carrier
diffusion.*® Gold modification leads to changes in morphology and structures due to local
reactions of Au®" with Fe®, which was deposited before subsequently annealed to form hematite
(Fe205).** This enhances both the absorption and charge separation through the localized
metal/oxide contacts. By adding titanium to the iron/gold system, the performance was found
to increase even further, a result of improved optical properties, with both higher bulk and
surface charge injection efficiency.**! Hematite in multi-material systems also leads to boosted
photoelectrochemical performance, for example as top layer on titanium oxide, leading to
enhanced absorption!” or nanorods surrounding single crystalline SnO> nanobelts, where an
increased electrical conductivity through self-doping was observed.®! A TiO, underlayer
limited the electron back injection from FTO into hematite and hole injection from hematite
into FTO, while a TiOz top layer increases charge transfer from hematite to the electrolyte. Both
processes improve the charge carrier dynamics.[*”! This multi-layer system can be further
improved with patterning!*" 4?1 or by using core-shell structures.[*}] Other electron-blocking
layers can be added on top of the hematite to prevent contact with the electrolyte, for example
with ultra-thin ZnO, which ultimately results in a FeoO3/ZnFe2O4/ZnO system that blocks

electrons and allows hole diffusion through surface states instead of the valence band.[*/!

Figure 4: Crystal structures of wustite (FeO, a)[*], magnetite (Fe;0a4, b)[*®) and hematite (Fe»Os, ¢)*”! from iron
oxide.
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Titanium(IV) oxide

Titanium oxide (TiOz), another prominent photoabsorber material, has low cost and high
stability in both acid and alkaline conditions.[*¥! It absorbs in the UV region, which is only
around ~4 - 5% of the solar spectrum. Among the two commonly used TiO; phases, rutile is
thermodynamically more stable and, while strongly depending on the synthesis route, can
crystallize around 600°C.[*°! It exhibits a band gap of ~3.0 eV, with a maximum theoretical
solar-to-hydrogen efficiency of 2.2% (AM 1.5 global)*?! due to the very low charge carrier

(597 The metastable anatase phase is formed

lifetime, which is only a few tens of nanoseconds.
around 500°C, depending on the processing method.[>!! It exhibits a band gap of ~3.2 eV, with
a maximum theoretical solar-to-hydrogen efficiency of 1%!*¥ to 1.3%*?! (AM1.5 global). The
electron lifetime of anatase of several microseconds is much higher than those of rutile, while
the holes decay after a few nanoseconds.”’! Doping allows to increase the visible light
absorption without decreasing the stability, and has been investigation with several metal

39 or nitrogen.l*! This often

cations®*>%! and non-metal anions,'*® 37 like tin,!*® hydrogen!
results in the formation of midgap states, causing band gap narrowing. By incorporating
hydrogen in the TiO; lattice, for example through hydrogen plasma treatment,¢! ©2I the Ti*"
centers are locally reduced to Ti**, accompanied by the darkening of the material, resulting in
so called "black titania". This material exhibits an increased level of defects and increased light
absorption. Plasma treatment can etch lattice oxygen atoms, creating electron traps and
scattering centers for free charge carriers.”®! The incorporation of nitrogen adds additional
energy levels above the valence band, narrowing the band gap further. Increasing doping level
can turn N:TiO; into a p-type semiconductor, depending on whether nearby oxygen atoms
occupy the surface sites.[®*) Co-doping of nanowires with hydrogen and nitrogen, by annealing
them in Ho/Ar and NH; atmosphere, results in synergistic effects between the reduced Ti"> and
nitrogen, shifting the absorption maxima from ~420 nm (TiO2 without annealing) over ~550 nm
(N:TiO2) to ~570 nm (H/N:Ti0,).*¥) Co-doping of tungsten and nitrogen also results in
increased photoabsorption,®* with time-dependent and normal density functional theory (TD-
DFT and DFT) calculations revealing interstitial nitrogen next to titanium vacancies adding an
energy level around ~1.9 eV above the valence band maximum, acting as a trap state that
promotes recombination. Substituting titanium with tungsten, in addition to the substitution of
a nearby oxygen by nitrogen, adds shallow in-gap levels near conduction band minimum and
valence band maximum. This band gap narrowing again increases the photoactivity.[®! With a
multi-material system, for example titanium oxide nanorods on tin oxide nanowires, enhanced

performance because of higher surface area, improved light absorption and better charge
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collection, has been seen.>"! Gold nanoparticles, used to create surface disorder by increasing
the amount of Ti** and oxygen vacancies, increase the PEC performance. This effect is even

further enhanced by hydrogenation.!'”)

Figure 5: Crystal structures of brookite (TiO, a),I®” anatase (TiO», b)[%*! and rutile (TiOz, ¢)*! from titanium oxide.

Tungsten(VI) oxide

Tungsten oxide (WO3) is stable under acidic conditions and to photocorrosion, but dissolves in
strongly alkaline solutions.[?!! It has a band gap around ~2.5 - 2.8 eV!"% and absorbs in the
visible region of the solar light. The bare material exhibits slow charge transfer at the
semiconductor/electrolyte interface in addition to rapid electron-hole recombination.[’!! The
maximum theoretical solar-to-hydrogen efficiency ranges from 4.8%1*% to 6%
(AML.5 global). By combining it with BiVOs, the performance can be increased, attributed to
faster charge separation and reduced recombination.?*! This can be further improved by adding
Co-Pi as co-catalyst.’””l Tungsten(VI) oxide is also used as gas sensor!’*] and electrochromic
material.’¥ While it is usually not doped due to the high intrinsic electron mobility there is a
wide variation in PEC performance, depending on the deposition methods and surface

structures.!”?

b).i..

®
‘W6+
L Joky

Figure 6: Crystal structures of monoclinic (WO3, )% and cubic (WOs, b)["’! from tungsten oxide.
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Zinc(1l) oxide

Zinc oxide (ZnO) has a band gap of around ~3.3 eV with in very weak visible light
absorption,’® but exhibits high electron mobility, optical transparency and can be produced in
bulk at low cost.””! It is chemically stable in water, but not resistant to acidic or basic
environments, which leads to its common use in photocatalytic degradation®” or gas sensing
reactions.®!] The combination of core-shell structures with sulfur doping, which leads to
substitution of oxygen sites, introduces mid-gap states in ZnO while also functioning as

(251 Adding silver nanoparticles as co-catalyst

protective layer, which enhances the PEC activity.
enhances light absorption and charge separation through the localized surface plasmon
resonance effect.®?) A three component system of zinc oxide for the UV absorption and
cadmium sulfide for the visible light absorption, in addition to nickel oxide as co-catalyst,
improves the charge separation compared to a reference system, while using only nickel oxide

on zinc oxide results in an inactive material.[®%]

Indium(11l) oxide

Indium oxide (In.03), which is very stable in aqueous environments, has a high conductivity®¥

and a favorable band edge structure for PEC water splitting.[®! It exhibits a wide band gap of
around ~3.5 eV, and solely absorbs UV light.!®¢ It can be narrowed to around ~2.9 eV through
carbon doping®”! or by applying different structures such as cubes,®® nanowalls or
nanotowers,® which also increase the PEC performance. This is further improved by
combining the band gap narrowing with a multi-layer system of In;O3;@In2Ss core-shell
nanocubes, which increase the charge transport due to improved band alignment of the two
semiconductors.!?”! Nitrogen doping shows positive effects for the interstitial sites, leading to
singly ionized oxygen vacancies.”” Other uses include high performance gas sensor with

nanobelt structures,*!! UV laser or in light emitting diodes.!*”

[93]

Figure 7: Crystal structure of cubic (In,O3) from indium oxide.
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As seen above, by changing the dimension of materials, disadvantages can be suppressed and
improved properties can be achieved. A vital role in designing multi-dimensional materials,
like thin films, mesoporous or anisotropic structures, is the fabrication method, which will be

discussed in the following section.

2.2 Fabrication Methods of Multi-Dimensional Materials

The deposition methods are categorized into physical (e.g., evaporation, sputtering),¥
solution, or gas phase chemical processes (e.g., sol-gel, hydrothermal, atomic layer or chemical
vapor deposition),”®*! with some using a combination of physical and chemical phenomena (e.g.,

ball-milling, reactive sputtering, etc.).['> %]

2.2.1 Eftects of Different Deposition Methods on Metal Oxides

Different structures can be reached by using a variation of deposition method, which have their
own effects on the photoelectrochemical water splitting performance, and can be seen on Fe;O3
as example in the Table 2. The most established deposition methods for the fabrication of thin

film PEC electrodes is discussed in this section.

Table 2: Structural and chemical effect on the photocurrent densities of FeoOs3 through deposition techniques and
modifications.

Fe,O; Photoanodes Structure Methods Photocug/ir;tcgf nsity in Reference
Si:Fe,05 mesopglrrcl)lus thin atmospheric pressure CVD 2.2(1.23 V vs RHE) [97]
Co-Pi/Fe;03 nanorods hydrothermal 0.27 (1.23 V vs RHE) [98]
Fe,03 nanoflake hydrothermal 2 (2.2 V vs RHE) 9]
Ti:Fe;03 nanorods hydrothermal 0.72 (0.43 V vs RHE)* [100]
) nanoporous hydrothermal, [101]
Ru:Fe;0s nanorods doctorblading >.7(1.23 V vs RHE)
Fe,0; thin film pulsed plasma deposition 0.09 (1.23 V vs RHE) (2]
Fe,0; wormlike solution-based 1.26 (1.23 V vs RHE) [15]
Pt:Fe,0; doped, wormlike solution-based 2.19 (1.23 V vs RHE) [13]
Pt:Fe;03/Co-Pi | doped, wormlike solution-based 4.32(1.23 V vs RHE) (1]
Fe,0; nanotubes sonoelect'rocl'lemlcal 1.41 (0.7 V vs RHE) (1031
anodization
. thin film with . .
[17]
Fe,03/Ti0, TiO, underlayer spin coating 0.68 (1.5 V vs RHE)
) thermal evaporation, (39]
Fe»03/Sb:Sn0O; nanorods chemical bath 0.88 (1.23 V vs RHE)
y 1 wt-% doping, . . [16]
Si:Fe,03 thin film ultrasonic spray pyrolysis 0.7 (1.23 V vs RHE)

“Recalculated to RHE
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2.2.2  Vapor Deposition Methods

Gas phase deposition methods, for example microwave-enhanced (ME-) or low-pressure (LP-)
chemical vapor deposition methods (CVD),!'*! produce a film by thermally decomposing an
evaporated precursor on heated substrates.!'! Most of the chemical reactions take place on the
surface, as the molecular concentration in the gas phase is very low, where nucleation would
lead to a powdery coating. The deposition can also be performed on complex surfaces or
masked substrates, while a high range of materials is available. The resulting film can be either
amorphous or crystalline, depending on substrate temperature, which also influences the purity
of the film, as higher temperatures will burn the carbon contaminations from the incorporated
precursor in the lattice. Disadvantages include the high temperature needed to decompose the
precursor, which means substrates with low thermal stability can't be used, and the sometimes
expensive equipment required. Additionally, the precursors can be expensive, difficult to

produce, unstable or hazardous.

C heater D)
. thermal decomposition evaporation
asflow
g B S
B S
-
precursor
Susceptor reservoir
C heater D)

Figure 8: Schematics of the CVD process. Adapted from [1%6],

2.2.3 Sputter Deposition Methods

Sputtering is a physical method based on glow-discharge between the working and counter

electrode.l'?’

I After ionizing the reaction gas, for example argon, the highly energetic plasma is
accelerated towards the target material, which is etched by this ion bombardment. This liberates
atoms and ions, which deposit onto the substrate. The layers are of high purity, and the low
process temperature allows the use of heat sensitive substrates. Many solid materials can be
used as target, and some are not usable with other deposition methods. The reaction of the
etched particles with the surface leads to a good adhesion, and masks can be used to produce

structures. Metal nanoparticles can be grown through sputtering onto ionic liquids, followed by

10
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thermodynamically driven self-assembly,['%1 which in the case of gold can perform as catalyst,
or even template for vapor liquid solid (VLS) growth.!'®! This mechanism involves growth of
one dimensional structures (nanowires or fibers). Some limitations of this process include the
low deposition rate, sometimes expensive targets and low yield on the substrate, as the whole

chamber is deposited during a process.

target

reaction
gas
L

B

vacuum
pump

substrate

Figure 9: Schematics of a sputter deposition process.

2.2.4 Plasma Enhanced Deposition Methods

Plasma enhanced processes such as the plasma enhanced (PE-) chemical vapor deposition
(CVD),!'!% are hybrid methods that use plasma to split the precursors through collisions with
kinetically agitated electrons, which are produced by ionisation of the reaction gas. It is ignited
by electrical power, resulting in electrons, ions and neutral particles, which oscillate between
the electrodes.!''" These particles fragment the precursor molecules through collision, which
then deposit onto the substrate (see Figure 10), which can also be masked to deposit a pattern.
A wide variety of plasma gases can be used, ranging from argon and nitrogen to oxygen and
hydrogen and even mixtures. Depending on the desired material, the plasma gas can also be
used as precursor, like acetylene for carbon thin films.!''?! As the substrate does not need to be
heated during the deposition, the use of thermally sensitive substrates like polymers is possible,
but in turn only amorphous films with high carbon content can be deposited. Additionally, 1D

materials can be grown at elevated temperatures.

11
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substrate substrate

I. process and precursor gas introduction I1. plasma ignition and fragmentation

o8

)

O .O .
‘o ® 4 ¥
substrate substrate
II1. precursor decomposition and deposition IV. layer formation

Figure 10: Schematics of the different steps during a plasma enhanced chemical vapor deposition process.

2.2.5 Post-Synthesis Modification

The methods mentioned above can also be used to induce changes post-synthesis, for example
plasma sputtering processes also allow to etch the material, and is used to clean surface, create
patterns or even change the surface chemistry by using different gases. Better accuracy and
control over the etched structure results from the use of self-limiting Atomic Layer Etching
(ALE). In most cases, plasma is used,!''*] which overcomes the limitations of continuous and
isotropic etching by alternating cycles of gas flux and ion bombardment, removing material
layer-by-layer with very little damage. Thermal ALE processes also exist, using the thermal-

drive of the reaction.!'!¥

The fabrication method of a materials plays an integral role in its performance for different

applications, yet the modification on a physical or chemical level is necessary to improve them

even further, and current methods are discussed in the following section.

12
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2.3 Physical and Chemical Modification of Materials
2.3.1 State of the Art Structures and Enhanced Properties

Changing a material on physical and/or chemical level can result in new and unique properties,
for instance, hydrogen treated titania (H:TiO;) exhibits a substantial improvement in
photocatalytic activity through induced disorder, and is also known as black titania.l®"! Highly
disordered materials (e.g. amorphous) exhibit very low absorption and many surface states,
while highly ordered materials (e.g. single crystalline) inherit very high absorption, yet fewer
surface states (see Figure 11). By inducing order and disorder, these properties can be tuned,
and even materials with alternating crystalline and amorphous areas can be achieved. The
amorphous domains improve the absorption cross-section with more dangling bonds and
improved electron diffusion processes. The crystalline stripes on the other hand enhance the
charge transport properties through additional mid-gap states, as shown in latest

simulations.!'3 113
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Figure 11: Schematics of induced order and disorder with their changes in absorption and surface states.

surface
states

Many different types of modifications will be briefly discussed in this section, ranging from 1D
or 2D structures, a combination of different phases, controlled doping, and layer by layer
configuration of different materials in stacks (see Figure 12). In order perform at peak
efficiency, an optimal combination of these method is often employed, with some example also

discussed.
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2%9,9 2 2%
2 09 0209,
amorphous

stack of
different
materials

Figure 12: Schematics of the different dimensions of a material with their diffusion distances, and
physical/chemical modifications, either through changes in crystallinity (amorphous, crystalline or a composite),
introduction of foreign atoms (doping) or the combination of different materials in stacks.

Structural Modification of Electrodes

2D structures for photoelectrochemical water splitting are in most cases thin films (see Figure
13c and f), often made of Ti02,['1%1 a-Fe,O3!''7 or WO; 1!®! or nanosheets made of MoS,!H!”! or
In>S3/1?% Increasing the thickness of the layers, next to the increase in absorption, result in
longer charge carriers diffusion distances. Even with the increased light harvesting, the overall
PEC performance is found to decrease because of the higher recombination rates, depending on
the charge carrier lifetime.l'?!! A way to circumvent this is using 1D electrodes (see Figure 13b
and e), which allow decoupling the direction of light absorption and the charge carriers
diffusion.!'??! A long axis can absorb light while a shorter axis allows a smaller shorter distance

for the carriers (see Figure 13g).l1%*
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a) 0D b) 1D c) 20

inowall

anopyramia

Figure 13: Overview of 0D (a), 1D (b) and 2D (c) nanostructures, reprinted with permission from 2!, copyright
Elsevier 2013, and corresponding SEM images, with (d) reprinted with permission from ['>!!, copyright Elsevier
2013, (e) reprinted with permission from 124, copyright American Chemical Society 2010 and (f) reprinted with
permission from ['23], copyright Royal Society of Chemistry 2003, as scheme and as SEM image. The influence of
nanostructures on the diffusion path distances Lp is compared to bulk materials (g). Adapted from ['26],

This increases the active electrode-electrolyte interface area, further improving the PEC
properties, and can be even higher when using hollow materials.['?”] State of the art 1D
structures are typically nanorods made out of materials like TiO2,['2®1 ZnOU?) or WO3,!13%
nanotubes of TiO,['3!) carbon!'*?! or TasNs!!33! or nanowires of a-Fe,O3!'3* ZnOl*! or
In,05 2! Other structures, like spikes or pyramids, are also observed, but they are less common
compared to nanoparticle or quantum dots (see Figure 13a and d).['**! These structural
modifications allow a tunable band gap and thus visible light absorption by size variation, and

are generally used as sensitizer on base structures.['*®! For instance, the morphology of hematite
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can be modified by increasing the Si doping content in order to obtain a large range of
structures, manifesting in hollow, ellipsoids particles to 1D nanowires.!'*”) Other examples are
discussed in section 2.2.1, with reference to the structural effects on the PEC performance

summarized in Table 2.

Mixed Cation Phases

The fabrication of a defined junction between two modifications of one material, like

138

amorphous/crystalline, or different phases, like rutile/anatase in TiO»,!*®! is achievable through

[138] [139] 140]

fabrication methods, ratios, additives! or post processing steps like local
annealing!'*!! or simply adding a different layer.['*?] This allows to tailor properties like
absorption, conductivity and photoexcitation, which commonly increase from amorphous to
crystalline phases in semiconductor materials, due to a defined band gap and fewer surface and
trapping states, especially at the grain boundaries. On the other hand, the defects in the crystal
structure can be modified and lead to improved optical and electrical properties through added
mid gap states, which for example can be a result from oxygen vacancies in the TiO; lattice.['+*]
Hematite/magnetite films have boosted PEC performance due to their improved electron
transport to the charge collectors, increasing with magnetite content, while hematite only
resides on the surface. Additionally, the charge separation and overall electrical conductivity is
increased by using the different chemical constitution and energy levels of the Fe™ and Fe**

jons. 144

N doped TiO, lattice
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Figure 14: Schematic of a nitrogen doped TiO lattice, showing the additional electron after substitution.

Adding impurities to a semiconductor material below a certain amount is called doping. For
example, substituting silicon with an element owning fewer electrons, like boron, a positive

charge remains in the lattice. This is known as positive (p-) type doping. Alternatively, adding
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phosphorus with an additional electron results in a negative charge, known as negative (n-) type
doping. They generally add additional energy levels, changing the band gap levels, and by
variation of the dopant and its concentration, the optical, electrical and structural properties can
be tuned. Examples for doped materials and the effect on PEC electrode materials can be found
in section 2.1.2, Table 1, and include hydrogenation of hematite and gold nanoparticles on TiO»

or silicon doping.

Charge Carrier Blocking Layers

Blocking layers are often used to prevent charge carriers from diffusing in undesired directions,
which can be achieved by using a material with specific band gaps. An example is the
FTO/WO3/SnO2/Bi1VO4 system, where the generated holes in the BiVOs4 layer are prevented
from traversing towards the FTO because of the much lower valence band of the SnO», while
the photoelectrons can freely move towards the conductive layer, as seen in Figure 15.!*31 This
increases the PEC performance if the thickness stays below approximately ~6 nm,
corresponding to the Debye length.['*¢! In a FTO/TiO./a-Fe>O3 systems, the amorphous TiO2
underlayer prevents electron diffusion from FTO into the hematite absorption layer in addition
to stopping the hole transfer from hematite to FTO, as discussed in section 2.1.2.1*% For ZnO
nanowires, a TiO2 in anatase phase as underlayer decreases the overall PEC performance, while

a ZnO as a top layer on TiO2 increase both open-circuit voltage and fill factor.l!*?!
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; %
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2 T E 2 Hzo
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T WOs  4Bivo,
FTO

Sn0O,
Figure 15: Energy diagram of a multi-layer PEC system with SnO, blocking layer. Adapted from [14],
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Mixed Metal Oxides

A combination of compositionally and structurally different metal oxides may lead to enhanced
properties, especially the charge transport and separation through synergistic effects. However,
due to the increased complexity and lack of established models to fully understand the
functional behaviour and electronic properties of these systems, the research on mixed metal
oxides is limited. By combining structural components with amorphous and crystalline phases,
like an amorphous NaTaO3z network decorated with crystalline NaTaO; nanoparticles, the
surface area is increased while also improving the charge separation through the structurally
heterogeneous amorphous-crystalline junction.['*”) Another example is a crystalline/amorphous
TiO2 core/shell systems increasing visible light absorption by narrowing the band gap through

(147 The combination

increased oxygen vacancies, while also improving the charge separation.
of nitrogen doped titania (N:TiO») in anatase phase as nanotubes covered with thin amorphous
tantalum oxy-nitride (TaOxNy) exhibits higher absorption, charge carrier separation and
diffusion because of surface-doping in addition to the heterojunction. The amorphous thin film
possibly has two different effects, as it increases charge carrier dynamics through the interface

18] Other amorphous and crystalline

while also passivating the trap states of the doped bulk.!
core-shell structures included crystalline ZnO with an amorphous Al>O3 shell, which works as
barrier layer and improved the open-circuit voltage while having reduced the recombination
rate, yet also decreasing the overall efficiency because of lower electron injection.['*?l 1D
structures like TiO: in rutile phase can also be decorated with amorphous sensitizer, like
phosphates nickel-chromium hydroxide, inhibiting the oxygen reduction.!'*” The effect on the

energy bands by using different materials, during contact and under illumination, are discussed

in the following section.

2.3.2 Heterojunction

To overcome the limitations of a single material, tremendous research is dedicated to the
investigation of bi-/ and multilayer systems. These are designed to combine different work
functions and band gap energies, while their interface forms the heterojunction, which enhances
the overall optical activity through additional absorption.!!>° Metal oxide semiconductors with
small band gaps are the main absorber of visible light and inject electrons into the adjacent
semiconductor layers. The other material need larger band gaps with optimal edge alignments
for the water splitting reaction.!'>!: 121 An improvement of the chemical stability can be reached
154

by adding a protective coating,!'>* which can also enhance the charge separation,!"** which is
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driven by the internal electrical field, a result from the electron and hole reordering during the

equilibration of the Fermi levels.!!>]
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Figure 16: Heterojunction of n- and p-type material before (a) and after being in contact (b). Adapted from ['3],

The synergy of multiple materials can enhance several properties, but they also need to fulfil
additional requirements, for example the band structures should be similar, with the edges
partially overlapping to drive the charge separation. This is important as the reductive and
oxidative power of the charge carriers decreases with each diffusion step. If the energy
difference is too high, the electron will be below H'-reduction level and can't participate in the
water splitting reaction, which also applies for holes.['*”] This means that an increased charge
separation does not automatically lead to increased PEC performance, as misaligned band edges

will cause high energy loss and the accumulated charge will dominantly recombine.

Band Bending in Metal Oxide Semiconductors

When a semiconductor electrode comes into contact with aqueous electrolyte, their Fermi level,
which is the energy level with 50% probability of being occupied by an electron, will equilibrate
with the electrochemical potential of the H"/H> and O2/H,0 redox pair. This is done though
charge carrier diffusion towards the surface, which results in band bending,*® which
additionally leads to a depletion region at the interface, causing an internal electric field, also

promoting charge separation.!!>]
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Figure 17: Energy bands of semiconductor-electrolyte interface before/after equilibrium, and during illumination.
Adapted from 22,

During illumination additional electrons are excited into the conduction band which causes a
non-equilibrium state and split Fermi levels. The resulting quasi-Fermi level are from the holes,
which remains in equilibrium with the redox potential of the electrolyte, and from the electron.

Their energy difference is the open circuit voltage.['?]

All these methods can be used to enhance fabricated materials for a multitude of applications,
for example as photocatalyst for water splitting or the degradation of organic pollutants, or the

sensing of different gases, which will be discussed in the following section.

2.4 Photoactive Applications
2.4.1 Principle of Photoelectrochemical Water Splitting

The basic principle of photoelectrochemical (PEC) water splitting is to use harvested sunlight
to convert water into hydrogen and oxygen, using a suitable photocatalytic material, immersed
in an aqueous electrolyte, while often applying an external bias potential. This process can be
separated into the following main steps: (I) Sunlight is absorbed by the photoanode, which
excites electrons into a higher energy state and generate an electron-hole pair (equation 1). (II)
The holes diffuse towards the photoanode-electrolyte interface when using n-type materials,
and react by oxidizing water molecules to oxygen (oxygen evolution reaction, OER) and
protons. The electrons meanwhile diffuse from the photoanode through the conductive substrate
and wire towards the cathode (equation 2). (III) The protons diffuse through the electrolyte to
the cathode, being reduced to hydrogen (hydrogen evolution reaction, HER) (equation 3), which
results in a complete reaction (equation 4). There are several side reactions taking place, which
are discussed in the section 2.4.3.[1%]
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hv

photoexcitation e~ — e * + ht 1

anodic oxidation, OER 2H,0 + 4h* - 0, + 4H* 2

cathodic reduction, HER 4H" + 4~ - 2H, 3
. hv

complete reaction 2H,0 - 0,+2H, 4

The theoretical thermodynamic potential of the full water splitting reaction is 1.23 V, which is

used as the reference bias value for all following photocurrent densities.

2.4.2 Basic Photoelectrochemical Cells and Performance Analysis

The water splitting performance of photoelectrodes is commonly determined using modified
electrochemical cells with a photoelectrode assembly, with either n-type or p-type metal oxide
films on current collectors, like transparent conductive oxides (TCOs) or metals as working
electrode and platinum as counter electrode. To ensure comparability, the three-electrode
system consists of a working, a counter and a reference electrode, for example a reversible
hydrogen (RHE), silver/silver chloride (Ag/AgCl) or saturated calomel electrode (SCE). The
conductivity of the electrolyte can be adjusted by using either acidic or basic pH. This setup
ensures stable operation conditions of the electrodes and photocatalyst.!®? Possible
performance measurements include linear sweep voltammetry, to screen the water splitting
performance over an applied potential, cyclic voltammetry, to the see influence of repeated
measurements, or chronoamperometric measurements, to analyse the variation over time under
PEC conditions. A proper detector and monochromator allows incident photon-to-current
(IPCE) analysis, measuring how many photons are converted to electrons at which wavelength,

and how many contribute to the water splitting reactions.

electrons/cm?/s _ [jpn(mA/cm?)| - 1239.8(V - cm)
photons/cm?/s Prono(MW/cm?) - A(nm)

IPCE(A) = EQE(D) = 5

with 1239.8 Vnm representing a multiplication of the Planck's constant /# and the speed of light
¢, Pmono being the calibrated and monchromated illumination power intensity, and A being the

wavelength where this power was measured.!6!]

In standard PEC cells (see Figure 18), the evolving gases can be separated by either a
membrane, or by having both half-cell reactions in different compartments, connected by a salt
bridge. Another distinction for these cell types is to be either wired or not. The metallic wire

serves as a connection between the anode and cathode, increasing the distance electrons have
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to travel during the water splitting reaction. On the other hand, both active electrodes can be
positioned close to each other, significantly reducing the travel distance of the ions produced
during the reaction. For non-wired system, where the electrodes are fused together, the electron

travel distance is smaller, while ion diffusion distance increases.['%?!

4HY +4et

Figure 18: Standard PEC cell wired one-compartment system with the respective reactions. Adapted from [163],

One compartment PEC cells consist of a transparent container, like a quartz beaker, filled with
electrolyte, submerged electrodes and a proper light source. Much more complex systems
include in- and outlets to renew the electrolyte, a closed setup to prevent interaction with the
environment, electrolyte cooling or in situ analysis like hydrogen/oxygen gas sensors and mass
spectrometers. The main disadvantage is the mixing of the produced hydrogen and oxygen,
making it difficult to precisely estimated the amount of gas produced due to increased

recombination reactions near the electrodes.!'%!

Two compartment system are built to circumvent this problem by separating both electrodes.
This is achieved with a semi permeable separator, for example a proton exchange membrane,
which conducts protons but blocks H2/O> gases.l'%* A setup like this can be a H-shaped cell,
with both parts being connected by a small tube containing a separator,'®! with either no
reference electrode or one for each compartment. In the four-electrode setup, the potential
between the references can be measured, which additionally allows to analyze the losses and
resistance of the electrolyte. Up to this date, there is still no standardized cell or system, making

the comparison of different research groups difficult.['®
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2.4.3 Photocatalytic Degradation

Materials used purify water from organic pollutants with solar energy have similar requirements
to those applied for PEC water splitting (see section 2.1.1). Dyes like methylene blue, methyl
orange or methyl red, are often used in lab scale experiments as organic material. Photocatalytic
degradation can be homogenous, most commonly a liquid as active material in a liquid
environment, or heterogenous, often a solid catalyst in a liquid environment.['®) While the
decomposition steps are similar to the water splitting reaction (see section 2.4.1), the formation
of radicals is necessary, which can either be seen in Figure 19, or with the equations using TiO»

as exemplary photocatalyst.[1”]

photoexcitation TiO, + e~ ’iZ TiO, + e * + h* 6
ionization of water h* + H,0 - H* + HO' 7
hydroxyl hole reaction h* + HO™ - HO 8
oxygen electron reaction e "+0, - 0, 9
protonation of superoxide 0,” + H* - HO, 10
disproportionation of superoxide 2HO, - H,0,+ 0, 11
dissociation of hydrogen peroxide H,0, — 2HO 12
dye degradation dye + HO" — degradation 13
dye oxidation dye + h* — oxidation 14
dye reduction dye + e™™ — reduction 15

The catalysts absorbs light (UV in case if TiOy), exciting an electron (e7) from valence to the
conduction band, with a hole (h") remaining (see equation 6). These can react on the surface of
the semiconductor with either water (H,0) to produce a proton (H', see equation 7), or a
hydroxyl ion (HO", see equation 8), resulting in an hydroxyl radical (HO") in both cases. This
radical is a very strong oxidizing agent. The electron (e7) can react with oxygen (O2) to form a
superoxide (07", see equation 9) while preventing electron-hole recombination. This radical
further reacts with a proton (H") to form a hydroperoxyl radical (HO2, see equation 10), which
can disproportionate into hydrogen peroxide (H»0;) and oxygen (O, see equation 11).

Hydrogen peroxide can further dissociate into two hydroxyl radicals (HO', see equation 12).

23



Theoretical Background: Thin Film Synthesis and Modification

A

Energy / eV

0,
reduction
0,"
=
A (=
Tio, =
©
£
Egap -g .
S degradation
> @ by-plcoducts
H* + HO
oxidation
H,
dye

Figure 19: Photocatalytic degradation mechanism of a metal oxide in the presence of a dye. Adapted from [16%,

Table 3 shows materials used for water purification with dye mimicking organic pollutants,

together with a rough estimation of their degradation performance. A conventional

experimental reactor system for measuring the dye decomposition in of thin films is shown in

Figure 20.

Table 3: Examples of photocatalytic active materials for dye degradation.

Photocatalytic Material Dye Degradation Reference
ON MO ~65% after 5 h
et RhB >95% after 60 min o)
. MO ~75% after Sh
Big-CiNy RhB >05% after 40 min
ZnO MB >85% after 20 min [170]
Zn0O-rGO MB >95% after 20 min
ZnO/Ti0O, MO >90% after 150 min (7]
TiO; RhB >35% after 1 hour 172]
N:TiO; RhB >95% after 1 hour
. MO >80% after 120 min
[173]
Ti0:@Fes04 MB >75% after 120 min
Ti10,/zeolite MO ~90% after 90 min [174]
1.5% Pt:TiOx/zeolite MO >95% after 90 min
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Figure 20: Schematics of a degradation reactor system with thin film photocatalyst.

2.5 Gas Sensing

The precise surface reactions during the gas sensing process is still not fully understood. As one
theory suggests, the sensing is only indirectly influenced by the surface composition and lattice
oxygen atoms, and instead the chemisorbed gas molecules and their added electron densitiy
result in the overall change in conductivity, while the change in resistance is measured during

the analysis.[!"]
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Figure 21: Scheme of band bending through chemisorbed oxygen and depicting the depletion zone. Adapted from
[122]
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During the interaction of the gas species with the sensor, the charge carriers diffuse as a result
from either electrons being transferred from the adsorbed species to the material, or the other
way around. This phenomena of two semiconductors being in contact, as discussed in section
2.3.2. It ultimately leads to an internal electric field and band bending. As the charge carrier
concentration in the material decreases towards the surface, a depletion zone is formed,
influencing the conductivity. This change is directly dependent on the amount of adsorbed gas
molecules.['”®) Gas sensors follow similar requirements to the photoactive materials discusses
before, as they need to be cheap, non-toxic and easy to produce, while performing reliable,
remain small and use a low amount of power, with high selectivity and sensitivity.
Semiconductor metal oxides are the most well investigated group of materials. Next to this,
infrared conductivity, infrared adsorption, electro chemical or catalytic combustion gas sensors

177

exist.'’”) The deposition and modification methods discussed before apply for the fabrication

of gas sensing electrodes, and a list of common materials is depicted in Table 4.

Table 4: Common gas sensing materials.

Active Material Gas Detected Reference
H, [178]
. CcO [179]
Tio; Ethanol [180]
Methane [181]
Ethanol [180]
CO [182]
(X—F6203 NH3 [182]
H 2 [182]
NH 3 [183]
In204 NOX [184]
H 2S [185]
CO ) [186]
ZnO N2 [186]
Ethanol [187]

All the applications discussed above need new materials with high functional performance, low
production cost and easy device integration. While the current methods for fabricating and
modifying materials enable boosting the performances, each one is limited in its own way. A
superior technique would involve the production and treatment in an energy and atom efficient
way, minimizing material requirements while maximizing functional performance. A method

like this is the use of laser systems, which will be discussed in the following section.
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2.6 Laser-assisted Structuring Methods

The modulation of the topology and morphology of a metal oxide surface and the introduction
of defects, vacancies or patterns, can produce unique properties!'®! compared to the bulk
material.['®1 The following section focuses on laser-assisted methods due to their wide range
of application, and will introduce the most important parameters and their effects on different

materials.[!?]

2.6.1 Laser Patterning

Metals, dielectrics and semiconductors, when treated with lasers produce laser-induced periodic
surface structures (LIPSS), firstly reported by Birnbaum in 1965.! The actual physical
formation mechanism is still not completely understood, with two most prominent theories.
One is considering the interference of the incident light with the surface-scattered waves,!!"
1921 which presumes that the laser photons are either scattered or collectively excite the free
electrons of the surface and forces them to oscillate. This would result in a nearly perfectly
ordered periodic structure being imprinted on the surface. The other model considers the surface
self-organization through hydrodynamical processes,'®* " which would lead to periodic
structures with a high degree of disorder. Neither approach can solely explain the observed
properties of laser-driven patterning, yet a combined approach, under the assumption that the
interference could cause weak periodic changes of the surface temperature which then supports
the hydrodynamic processes, delivers a plausible explanation. The latter would result in defects

in the periodic patterns, also shifting the absorption wavelength.[!> 1] Many different laser-

induced structures can be obtained, as seen in Figure 22.

RN 4““' il i.».‘._ Sy 3 ! Al Y Y {

Figure 22: Examples of different laser-induced surface structures, ranging from rectangular cavity (a), the logo of
the Center for Physical Sciences and Technology (b), bio-inspired shark skin-like structure (c¢) and drag reducing
blade-riplet structure (d). Reprinted with permission from ['°7], copyright Springer Nature 2018.
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2.6.2 Different Laser Systems

A laser setup can be categorized into the physical state of the gain medium, for example

(198, 199) Solid-state gain mediums include neodymium-doped

solid-state, dye or gas systems.
yttrium aluminum garnet (Nd:YAG) or yttrium lithium fluorid (Nd:YLF) lasers, which have
~1% doping. Dye laser use organic dyes, which themselves are excited by another laser and
allow a defined emission wavelength. Gas lasers, for example helium-neon, has advantages like
very homogenous distribution of the gain medium, which allows for a much higher usable

volume, in addition to better cooling because of better diffusion. A few examples of

commercially available femtosecond laser systems can be seen in Table 5.

Table 5: Examples of commercially available ultrafast laser systems for material processing.

Laser System Average Energy Pulse- Repetition Central Referenc
(Company) Power per Pulse width Rate Wavelength e
Tangerine SP <I50fs | single shot | [200]
(Amplitude Systems) 0w <2000 to >10 ps [ to 40 MHz 1030 nm
Tangor 300 (Amplitude <500 fs | single shot | [201]
Systems) Z300W 1 =Imd 10 s | 1040 MEZ | 71030 DM
Spitfire Ace-PA-100 14 to 1 to 780 to [202]
(Spectra Physics) low | TtAml | <1206 00, 820 nm
Solstice Ace (Spectra 1 to 780 to [203]
Physics) SWEW | 20.5m) | <356 |0y, 820 nm
Monaco 1035-80-60 _ single shot _ [204]
(Coherent) <60 W 80w <350 fs t0 50 MHz 1035 nm
FemtoFAB (Workshop 200 fs to 1 kHz to _ [205]
of Photonics) <20 W <2m] 10 ps 1 MHz 1030 nm

Note: As a laser system consists of many different parts, distinguishing it only by e.g. the gain medium results in
important information missing to reach the above mentioned values.

2.6.3 Influence of Structuring Parameters on Metals and Metal Oxides

Lasers can precisely affect a small, local area due to the beam being focused on a very small

spot through several optics, and can be used for different methods due to their many tunable

.[206

parameter: 1 These include structuring processes like pinpoint ablation, local laser annealing

or patterning.[?%7]
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I Carrier-carrier scattering
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Figure 23: The timescales of energy transition during the laser excitation of a semiconductor (a), adapted from
[208] "and wavelength dependence on the penetration depth (b). Adapted from 2%%),

) Resolidification INEG—
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Carrier Removal
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The treatment depth of the beam in materials is mostly depending on the laser wavelength,
where the penetration depth decreases with higher energy. This is why UV lasers can be used
to dominantly treat the surface of thin films, while IR lasers are able to affect the bulk.
Additionally, some materials can be transparent to certain wavelengths, allowing focused
treatment in multi-layer systems. The beam power determines whether the substrate is melted,
vaporized or turned into a plasma, as higher intensity results in more energy absorbed. The
dwell time, also called pulse length, is the energy distribution over time, with ultra-short pulses
(107 s> tpuise >107' 5) transferring it nearly instantly, resulting in very high peak power. Longer
pulses (102 s > tyuse >107) have lower peak power, as the intensity is distributed over a longer

window of time. Alternatively, unpulsed beams can be used in continuous wave mode,*!%

which is often used for melting or cutting, with the downside of increased power fluctuation.!'*)
The diameter of a focused beam affecting the substrate, called spot size, distributes the beam
over a fixed area. If the whole energy is exposed to a very small area, a high peak intensity
similar to ultra-short pulses is reached. Bigger areas lead to lower peak intensity, and the energy
distribution over these spots are often resembling a Gaussian curve, with the highest intensity
in the center and decreasing towards the edges, depending on the laser setup, while different

shapes, like squares or circles, can also be used.

a ) long pulse beam b ) | ultrash:)rt
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Figure 24: The comparison of long (a) and ultra-short pulses (b) on thin films and substrates. Adapted from [2!1],
2.6.4 Laser Processing Techniques

By tuning these parameters, a plethora of effects can be achieved, like the physical removal of
solid materials using high intensity and ultra-short pulses. This leads to high energy distribution
on a small area, which breaks the chemical bonds and results in a gas or plasma. Longer pulses
or higher intensities can result in heat distribution towards the untreated area, which can be used
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to etch the surface of a film, increasing its roughness and surface area, or even create 1D
structures. On the other hand, longer pulses and lower intensity with repeated pulses can lead
to local melting through the accumulation of heat. In this case, depending on whether the atoms
are given enough time to rearrange in the lattice, amorphous materials can be crystallized
through this laser treatment. Shorter pulses can prevent this and force surface restructuring
through etching and without atomic rearrangement. For this, the pulse duration needs to be
below the time necessary for the thermal diffusion of the atoms, which roughly starts around
1071 5. Laser melting can also induce local solid-solid reactions, create new junctions in a multi-

layer system, or for hardening the surface.
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Figure 25: Overview of the different laser treatment options with different pulse lengths and light intensities.
Adapted from P,

Additionally, by laser treatment a material can be changed on a chemical level, for example by
separating bimetallic oxides into two phases or by partially oxidizing/reducing them. As the
process can be performed in air or with different gases, they have varying influence on the
surface during the treatment. Laser systems can also be used for depositing materials, for

example by laser beam etching, similar to the sputtering process.
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2.7 Other Strategies for Surface Modifications
2.7.1 Physical Surface Modification Methods

The physical removal of material is usually a dry process and can be achieved through many
different methods, which include mechanical methods like drilling, stamping or water jetting.
They are usually of low cost and very flexible with their substrates choice, and can result in
many different structures. A more precise but expensive method is the electron beam

(2121 which allows precise evaporation of material with a spot size down to ~1 um,

lithography,
without the need of masks. In contrast, plasma etching, where ionized gas collides with the
substrate to partially remove atoms, affects the whole substrate area, resulting in random
disorder. Masks and templates can be used to limit the treated areas, which allows to produce
order/disorder junctions. Nevertheless, these methods lead to gaseous etch products, which are

commonly removed by a vacuum system.

2.7.2 Chemical Surface Modification Methods

Chemical processes are often processes involving liquids that can react with the film or
substrate material, and can be much more material selective with a higher etching rate than
physical etching. Yet it is less precise, with increased removal of material under masks. The
process itself uses strong bases (e. g. ammonium hydroxide) or strong acids (e. g. hydrochloric,
hydrofluoric or phosphoric acid), which react selectively with the target material to dissolve it.
This leads to a significant amount of waste, as the dissolved material reduces the effectiveness
of the chemicals during prolonged processes, increasing the cost compared to physical etching.
On the other hand, the equipment is simple and cheap when compared to vacuum methods. A
common example for chemical etching is the removal of fluorine doped tin oxide (FTO), a
transparent conductive substrate common for solar harvesting application. In this process, zinc
paste and hydrochloric acid, in which FTO is stable, are used as chemicals.!*!*! The etching
process occurs in several steps, with zinc negatively charging the FTO surface, attracting H;O"
molecules, which react with the zinc to form ZnCl; and Hz. The hydrogen gas diffuses into the
FTO lattice and reduce the Sn*" of FTO to metallic tin, which is dissolved in the hydrochloric

acid, completing the etching process.!*!¥!
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3 Results and Discussion

3.1 Establishment of Laser Treatment Parameters

The development of a reproducible laser treatment process was a mandatory first step to allow
the investigation of surface patterning systems discussed in later sections. Through systematic
screening of processing properties correlation, the optimal regimes (e.g. for laser fluence or
pulse duration) were determined. Additionally, two different laser structuring setups (Spitfire
and Tangerine) were investigated, and the necessity of metal absorber films were shown to

show the advantages of a laser beam absorbing thin film.
beam splitter
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Figure 26: Experimental setup for laser treatment processes. Adapted from [141],

It has to be noted that only a few of the most relevant optimization steps were discussed, while
the corresponding parameters for each optimized and further analyzed system were part of their

respective sections.

3.1.1 Laser Patterning of Metal Systems

The first investigation was performed on metal systems consisting of either aluminum or
titanium coated with a metal oxide film of either TiOx or FexOy by PE-CVD. These were either
amorphous or annealed through an additional heat treatment step after deposition, and then laser

treated.
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3.1.1.1 Influence of Different Laser Setups on TiOx on Al

Two different laser treatment setups, the Tangerine and Spitfire systems, were used. Their
parameter were different in pulse length, optical systems, repetition rate and wavelength
(Tangerine 7, =280 fs, f=2000 kHz, A = 1030 nm, dsor = 33 um and Spitfire 7, = 100 fs,
f=5kHz, A=800 nm, dyo: = 10 pm, more details in section 4.3).

pitfir treated Sitfir tﬁl;-eated
amorphous TiO, annealed TiO,

Figure 27: In plane images of the amorphous (a) and annealed laser treatment with the Spitfire system of TiOx on
Al (b) with their respective pulse power.

Each was used on TiOx systems, and the color shift resulting from the periodic structures was
investigated by optical microscope. In this first step, the possible ablation of the coating did not
matter, as further optimization steps on preventing this were performed later. The treatment
with the Spitfire setup on the annealed TiOx system (see Figure 27a) showed a color shift
towards higher wavelengths from violet and dark blue towards light blue, until reaching
~1.00 mW. Below this, no structures impacting the optical properties could be observed, as the
color was identical to the untreated area, which was a result from impurities. These were very

common in PE-CVD processes with alkoxide precursors, where the as-grown film contained a
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215-2181 The amorphous samples (see Figure

high amount of carbon impurities, often M-CHj3.[
27b) exhibited a darker color until ~1.54 mW, which could be a result from light interference
in the periodic structure,!*!”! as the amorphous layer was around ~1.3 pm thick. Below this, dark
blue changed to light blue until ~1.30 mW, and no observable change with lower power. This
sample revealed a bigger color gradient compared to the annealed sample, even though the
treatment power was roughly the same. This could be due to the higher carbon content and
thicker amorphous film, as annealing would both reduce embedded carbon and produce a

denser, crystalline film.

Using the Tangerine setup on the annealed TiOx system (see Figure 27¢) revealed, next to a
dark stripe with a too high starting intensity, a color shift towards higher wavelengths from dark
green towards light green around ~264 mW, and the same color as the untreated area below
~224 mW, which would mean a lack of structures that affect absorption and reflection. The
amorphous system (see Figure 27d) showed inhomogeneous structural effects on the surface at
around ~400 mW, with several bright green stripes and randomly distributed particles, which
partially appear until ~350 mW. This showed the increased power fluctuation of the beam, a
major problem with higher intensity treatment. The color ranged from violet in some areas and
green in others, with no observable change below ~224 mW. There was no clear color gradient
which could be a result from increased fluctuations, and was not seen with the Spitfire system
or annealed sample. The amorphous film possibly contained increased dangling bonds due to

higher disorder and more voids,*?" preventing high controllability.

It has to be noted that while a much higher pulse power in the order of two magnitudes was
used with the Tangerine setup, its higher repetition rate reduced the average laser power to
around one order of magnitude. When including the different focusing optics and incident beam
diameters (Tangerine fopic = 63 mm, dpeam = 2.6 mm; Spitfire fopic = 100 mm, dpean = 10 mm,
more details in section 4.3), the resulting focal spot of the Tangerine setup (dspor = 33 pm) was
roughly three times larger than the Spitfire (dsor = 10 um). Together with the laser energy
distribution over an area (laser fluence), both systems remained comparable, yet the much

higher repetition rates still resulted in problematic heat accumulation.
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Tgere treated Tagerine treated
amorphous TiO, annealed TiO,

Figure 28: In plane images of the amorphous (a) and annealed laser treatment with the Tangerine system of TiOx
on Al (b) with their respective pulse power.

Unless otherwise specified, the Spitfire setup was used to perform the laser treatment in this
thesis because of its lower pulse duration resulting in higher photon densities for constant pulse
energies, with higher chance of nonlinear modification while keeping heat accumulation
minimal. Nevertheless, other materials not investigated in this work, with different linear and
nonlinear absorption coefficients, could need higher repetition rates for the desired

modifications.

3.1.1.2 Influence of Focal Point Position on TiOx on Al

In order to investigate the effect of the focal point position in comparison to the laser treatment
power, amorphous TiOx was used (see Figure 29a). The power was reduced as the x coordinate
increased, starting at 1.98 mW with x = 0 cm and ending at 0.11 mW with x = 10 cm. The focal
point, starting above the film with y=0 cm, was positioned directly on the surface at
y =0.5 cm, and went below the film as the y coordinate further increased to y =10 cm. The

sample picture revealed full ablation of the top layer and oxidation of the substrate at high laser
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powers (>1.15 mW) and a focal point close to the surface, with focusing above the surface
having a more prominent effect than below, as the white areas were most likely consisting of
AlOy (see Figure 29a). The physical modification of the surface by power variation and fixing
the focal point directly on the surface was investigated by SEM (see Figure 29b). This revealed
a full ablation above ~1.15 mW, with a highly structured yet damaged surface, as seen with the
increased amount of recast layers. This observation corresponded to the white color of the
sample, indicating an oxidized substrate. Below this energy level, where the color changed from
white to black, a partially ablated top layer could be observed, with both the partially exposed
substrate and metal oxide film being highly structured. The damage was reduced around
~0.90 mW and below, with fewer structures until ~0.39 mW, which was the minimum threshold

to observe any kind of surface structuring effect.

The effect of the focal point position with a fixed laser power of ~1.98 mW was also
investigated by SEM (see Figure 30). By positioning the focal point above the film, the results
were similar to a lower power of ~1.15 mW, with focus on the surface, where the top layer
partially ablated while both, it and the exposed substrate, became highly structured. When the
focal point came closer to the film, full ablation and substrate oxidation could be observed, with
a high degree of structures, and a damaged surface with recast layer. Further below the surface,
the metal oxide remained fully intact while containing laser induced patterns, similar to ~0.56
up to ~0.90 mW with the beam focused on the surface. If the focal point was even further below

the surface, no structural effect could be observed.
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Figure 29: The measurement grid of amorphous laser treated TiOx on Al (a), with X is marking periodic structures,
while N marks no structures, and their respective SEM images with fixed focal point and varying laser power (b).
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Figure 30: In plane SEM images of amorphous laser treated TiOx on Al with fixed laser power and varying focal
point, including their coordinates from the previous figure.
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Figure 31: In plane SEM images of laser treated TiOx on Al before and after annealing at 550°C for 2 hours.
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As the physical effect on the surface from the focal point position could be compensated with
variation of laser power, it was fixed to focus directly on the surface, keeping the beam energy

as main parameter to influence surface structures, further boosting reproducibility.

The effect of post annealing on laser induced structures was investigated using the TiOx system
(see Figure 29a) and comparing it before and after heat treatment. The energy regime between
~0.56 to ~0.9 mW was observed, while the focal point position remained on the surface. These
areas had structured metal oxide films with no ablation, making them useful for comparing the
influence of the heat treatment. Post annealing had no influence on the induced patterns, while
still allowing crystallization. This was important for processes involving an annealing step after

laser induced structuring, necessary for PEC electrodes.

The variation of laser parameters showed a similar trend with structural changes, largely
depending on laser focal point and fluence. For comparable analysis, amorphous titanium and
iron oxides (TiOx, FexOy) depositions on metal and quartz substrates were studied in detail in
later sections. Titanium substrates covered with titanium oxide was further investigated in

section 3.2.2, where the results of an optimized process are discussed.

3.1.1.3 Influence of Laser Spot Sizes on FexOy on Ti Systems

The effect of different spot sizes with d = 10 pm (see Figure 32) and d = 100 pm (see Figure
33), was investigated in the case of amorphous iron oxide (FexOy) deposited on Ti substrates
by PE-CVD. The substrate was changed to titanium to enable water splitting reactions in later
experiments, as they need annealing steps. In case of aluminum, this would result in a blocking
layer consisting of Al>Os. Titanium oxide on the other hand, either anatase or rutile, would
create an additional photoactive layer. FexOy was used as coating to easily distinguish between

fully ablated and periodically patterned metal oxide using EDX analysis.

With a laser treatment power ranging between ~1.80 and ~1.55 mW (see Figure 32, position
(0]5) and (2|5)), the top layer was fully ablated, as there was no red iron oxide film visible.
While this could be an effect of the highly patterned iron oxide, EDX measurements (see Table
6) revealed iron content far too low to be from the coating. Instead, it resulted from substrate
impurities, which could be up to 0.5-wt% according to the vendor (see section 4.1). The ablation
also led to the ablated layer being partially recasted onto the surface, also observable in the
SEM images. By reducing the laser power to ~1.50 mW (see Figure 32, position (3|5)), the

FexOy layer remained partially intact, yet with many cracks and craters.
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Figure 32: The measurement 1 x 1 cm? grid of annealed laser treated FexOy on Ti with a spot size of 10 um (a),
with X marking measured positions, and their respective in plane SEM images (b).
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Table 6: EDX compositions of annealed laser treated Fe,Oy on Ti at different laser powers, spot size of 10 pm.

Composition (EDX)

Laser Power Ti (%) 0 (%) Si (%) Fe (%) SEM Images
~1.80 mW 55.11 40.69 3.44 0.75 Figure 32 (0)5)
~1.55 mW 49.36 45.21 3.29 2.16 Figure 32 (2]5)
~1.50 mW 46.54 46.84 2.67 3.96 Figure 32 (3]5)
~1.42 mW 37.24 53.14 4.85 4.67 Figure 32 (4)5)
~1.22 mW 36.47 54.27 4.04 5.22 Figure 32 (6]5)

An increased spot size would lead to lower total time needed for a full laser treatment
experiment. Additionally, the screening was performed with a higher starting energy, as the
previous analysis on the same system showed barely any structural effect below ~1.22 mW (see
Figure 32, position (6|5)). While the top layer would definitely be ablated, the effect of high
power treatment on the substrate could still be investigated. The treatment between ~2.18 and
~2.99 mW (see Figure 33b and c) showed this effect. The substrate surface turned into highly
structured islands, separated by deep craters, which shrank with decreased beam power. The
iron signal (see Table 7) in the EDX measurement resulted from substrate impurities (up to 0.5-
wt% according to the vendor, see section 4.1), while the dark color resulted from improved
scattering and absorption. By laser structuring with ~1.83 mW (see Figure 33d), which caused
full ablation when a smaller spot was applied (see Figure 32b), instead led to a highly damaged
and partially ablated top layer with deep cracks, supported by the increased iron signal. The
substrate color turned towards red. By further decreasing the energy towards ~1.58 mW (see
Figure 33e), homogenous ripples could be obtained. The degree of structuring decreased even
further at ~1.41 mW (see Figure 33f) and ~1.23 mW (see Figure 33g), while the color shifted
towards orange. Treating with a pulse energy of ~1.06 mW resulted in nearly no observable
structures (see Figure 33h). XRD analysis could not be performed, as the iron oxide layer was
too thin in addition to the rough substrate to be properly measured with a molybdenum

source.[??!]
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1.41 mW (6]4) <1.41 mW

1.06 mW (8|4) 1.06 mW

Figure 33: The measurement grid of annealed laser treated Fe,Oy on Ti with a spot size of 100 um (a), with X
marking SEM measured positions (b), including their coordinates.
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Table 7: EDX compositions of annealed laser treated Fe Oy on Ti at different laser powers, spot size of 100 um.

Composition (EDX)

Laser Power Ti (%) 0%) | Si%) Fe (%) SEM Images
~2.99 mW 46.15 50.05 3.03 0.76 Figure 33 (014)
~2.18 mW 47.73 48.6 243 1.24 Figure 33 (214)
~1.83 mW 36.23 54.65 5.62 3.51 Figure 33 (44)
~1.58 mW 34.55 55.14 5.8 4.51 Figure 33 (514)
~1.41 mW 30.43 36.23 5.62 3.51 Figure 33 (6/4)
~1.23 mW 39.27 54.13 1.04 5.57 Figure 33 (714)
~1.06 mW 34.96 53.01 3.43 7.8 Figure 33 (814)

Overall, the smaller spot size resulted in reduced fluctuation and higher degree of control over
the surface structures, so it was exclusively used for further experiments. At higher powers the
coating was fully ablated, leading to a structured substrate. The effect on the metal oxide thin
films could be investigated at lower intensities. The former was further optimized and led to
the development of pre-structured substrates used in PEC water splitting, as discussed in section
3.3, while the latter led to the development of processes which enhanced many properties of

metal oxide thin films, as discussed in section 3.2.2.

® Laser Spot Size of 10 um W
full ablation94@ Laser Spot Size of 100 um \ ® O o
very high effect |
(partial ablation)
high effect |
(low ablation)
low effect
(no ablation)

very low effect
(no ablation)

no effect4 @ o0

00 05 10 15 20 25 3.0
laser power / mW

Figure 34: Correlation of laser power and structural effect using different spot sizes, with the usable regime outside
of full ablation and no structural effect highlighted.
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3.1.2  Laser Processing of Quartz Systems

Transparent quartz as substrate allowed the fabrication of multi-junction systems with precise
interface disordering due to energy absorption focused on a sputtered metal layer. These
systems were more sensitive towards power fluctuation, especially energy spikes, very thin
metal film might be evaporated together with the top layer at the beginning of a laser process.
While a combination of TiOx and FexOy was used, a double stack of the same material, or other
metal oxides not investigated in this research, are possible using the same procedure discussed
here. None of the samples were annealed, as the sputtered metal, even when positioned between

two metal oxide films, caused ablated areas during heat treatment.

3.1.2.1 Influence of Metal Interlayer on Quartz Systems

The necessity of a laser absorber layer next to the metal oxide films was investigated by
comparing quartz systems covered with TiOx and FexOy, either with or without a sputtered
layer. The metal free systems was treated with a laser power between ~1.3 and ~2 mW (see
Figure 35a), beginning with the higher intensities on the left side. Most of the area showed very
high ablation, seen in the SEM image (see Figure 35b). Without a metal layer, nearly all of the
beam power was absorbed uncontrolled as multi-photon, leading to highly chaotic and
randomized ablation. Full removal of the top layer could be easily identified by SEM, as the
non-conductive substrate was charged by the electron beam during the analysis, resulting in
bright white areas. The area around ~1.7 mW (see Figure 35¢) revealed highly structured TiOx
surrounded by the substrate, with no FexOy according to the EDX analysis (Fe signal: ~0.7 and
~6.4 eV). The surface structures exhibited no gradual decrease with lower laser power, and
instead increased or decreased randomly. The same phenomena could be observed in the laser
treatment regime of around ~1.3 mW (see Figure 35d), with the deviation in structure even

more prominent. No FexOy layer remained in this laser treated area, according to EDX analysis.
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Figure 35: Picture of a meal free laser treated FexO,/TiO on quartz (a) and the respective in plane SEM overview
image, and zoomed in images of the area treated with ~1.7 mW (c) and ~1.3 mW (d), including the EDX analysis

(©).

The laser treatment without a metal layer did not show any controlled absorption, and instead
was based on random absorption through multi-photon processes. This also led to a lack in

reproducibility, showing the necessity of either a metal as substrate or sputtered thin film.
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Figure 36: Optical microscopic measurements of a laser treated FesO,/Al/TiOx on quartz system (a), zoomed at
different intensities (b-1).

In comparison, the variation of laser power on the FexO,/Al/TiOx system (see Figure 36)
showed full ablation in the range of ~2.5 to ~8.5 mW, as indicated by transparency of the
substrate. A higher power was needed to fully ablate the films compared to the metal free
counterpart (see Figure 35) due to its superior energy distribution along the absorber layer.
Between ~1.5 and ~2.5 mW, the top film seems to be partially ablated, forming flake like
structures, an effect from the sputtered layer, often peeled off at elevated temperatures, in this
case from the accumulated heat of the laser treatment. Below ~1.2 mW, no structuring could be

observed through the optical microscope.

The effective power range for the quartz systems was further investigated and ultimately

allowed precise control over morphology and enhanced properties, discussed in section 3.2.3.1.
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3.1.2.2 Investigation of Quartz Systems with Inverted Metal Oxide Order

The inverted system (see Figure 37a) consisted of the quartz substrate covered with iron oxide,
a sputtered Al film, and titanium oxide on top, and was investigated to see if the metal oxide

layers were interchangeable, with the FexOy being much thinner than the TiOx film.

a) inverted system
TiO,/Al/Fe,0,:
TiOx Layer

Al Layer
FexO, Layer ——
Quartz Substrate—

b) C) Reference Area Reference Area

f) bottom layer

Figure 37: Schematic of the inverted stack, laser treated TiOx/Al/FeiOy on quartz system (a), a backlight
illuminated picture (b), in plane SEM images of the untreated reference area (c), and of the laser treated area (d),
with respective focus on the top (e) and bottom layer (f).

Table 8: EDX compositions laser treated TiOx/Al/FesOy on quartz at different laser positions.

.. Composition (EDX)
Position Ti (%) 0 (%) Si (%) | Fe (%) | Al(%) SEM Images
Reference 38.23 61.27 0.49 / / Figure 37¢
Top 36.83 60.69 0.64 1.09 0.46 Figure 37d and e
Bottom 22.08 52.28 10.89 12.02 2.73 Figure 37c and f
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The laser treated area showed higher transparency, as seen with backlight illumination (see
Figure 37b). This was a result of a thinner film through partial ablation or densification, also
supported by AFM analysis (see Figure 38). Additionally, the orange color and EDX analysis
indicated that the FexOy bottom layer remained (see Table 8), while the untreated reference area
(see Figure 37¢) exhibited no iron signal, as the thick TiOx film blocked the X-ray beam (see
Table 8). Additionally, only few particles on the otherwise homogeneous surface could be seen.
The laser treated area revealed a flake like structures (see Figure 37d), similar to previous
analysis (see Figure 36), with the top layer showing no significant change compared to the
untreated area (see Figure 37¢). The bottom layer (see Figure 37f) showed increased iron,
aluminum and silicon substrate content in addition to titanium (see Table 8), revealing that only
the top layer was partially ablated. This area had no periodic structures, as most of the laser
energy only affected and ablated the TiOx film through multi-phonon absorption. If the beam
would have reached the Al interlayer, morphological changes would have been observed,
similar to the previous experiments. The AFM analysis on the edge of the treated area showed
its separation by a laser induced crater (see Figure 38a), next to the untreated reference area.
This revealed an ablation depth of the fs laser beam through amorphous titanium oxide of
~500 nm, with a height deviation of around 40 nm in both the small (see Figure 38b) and big
range measurements (see Figure 38d) for the untreated area. The laser treated area exhibited an
even lower deviation in both the small (see Figure 38c) and the big range scan (see Figure 38e),
of only around 25 nm. Similar to previous analysis, SEM images revealed that the top TiOx
layer was partially ablated, while the remaining film exhibited no laser induced structures (see
Figure 37). As the measured area during the AFM analysis was only up to 50 um, they only
revealed information on a small part of the whole sample, which had to be taken into

consideration.
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0 50

Figure 38: AFM measurements of the laser treated TiOx/Al/FexOy on quartz system on the edge in 3D (a), with the
1 x 1 um? (b) and 45 x 45 um? reference area (d) and with the 1 x 1 um? (c) and 45 x 45 pm? laser treated area (e),
each with their respective height histogram.

75 100 125

The inverted metal oxide structure TiOx/Al/FexOy on quartz system was not further investigated
due to the limited effect of the laser treatment process. Instead, the processes for the normal
FexOy/Al/TiOx on quartz system was further developed, resulting in many improved properties,

as discussed in section 3.2.3.
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3.2 Laser Treatment of Metal Oxide Thin Films
3.2.1 Scope and Overview

The effect of femtosecond laser pulses with different intensities on two different metal oxide
systems (see Figure 39) were analyzed in this section, introducing order and disorder on a
physical level. An aluminum metal film was added for consistent energy absorption due to its
high free electron density,'*??! as discussed in section 3.1.2.1. The metal oxide layers!??’! and
the quartz substrate!?**! remained mostly transparent for the applied laser wavelength (1 =
800 nm), increasing overall reproducibility. Ultra-short laser pulsing (<ps) allowed very precise
disordering in the form of surface structures like ripples or particles. Properties like roughness
and ripple depth could be tailored, while the overall light absorption was improved.
Additionally, the surface hydrophobicity increased, and a gas sensing response of treated TiOx
system towards reductive gas (Hz) could be measured at room temperature. The crystallization
of titanium oxide through femtosecond laser pulses was possible where conventional heat
treatment would have led to ablation. All improved properties resulted from a mixture of

physical and chemical disordering.!!4!]

a) 2) P ——

Fe,0,/Al/TiO,:

™ Tqio: | Feo,L '
| i0,: | Laser treatment eOy Layer '
TiO« Layer , (post deposition) | Al Layer
| Al Substrate ' | 1 TiO« Layer |
- ==- : : \ Quartz Substrate |
|

Figure 39: Overview of the two different systems investigated, either TiOx on Al (a) or Fe,O,/Al/TiOx on quartz
(b), both laser treated with gradually increasing intensity.
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3.2.2 Metal Substrate Systems

The more simplified TiOx systems were used to further investigate effects of femtosecond laser
pulses on the TiOx film, with the process discussed in section 3.1.1. The laser wavelength of
A =800 nm resulted in a very low absorption in the amorphous TiOx film, providing a

dominantly indirect treatment effect.

3.2.2.1 Properties of Laser Treated TiOx on Al

Contact angle measurements of TiOx systems (see Figure 40) revealed increased
hydrophobicity of samples treated with higher laser power. The high energy intake caused deep
structures and a higher surface roughness which trap air, resulting in an increased contact angle
of up to 96°. This is in good agreement with the Cassie Baxter model.?> The low structuring
intensities of around ~1.47 mW resulted in shallow structures (see Figure 41), too small to have
any effect on the hydrophobicity, so untreated and low energy laser treated systems displayed

nearly identical contact angles of around 85°.

Figure 40: Contact angle measurements of the TiOx on Al system, untreated (a) and treated with a laser power of
1.47 mW (b), 1.67 mW (c) and 1.9 mW (d).
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In plane SEM images for the TiOx system showed more and deeper structures with higher laser
intensity. The untreated reference area (see Figure 41a) remained without additional structures,
but retained the rough surface of the substrate. With a laser power of ~1.47 mW (see Figure
41b), the surface was barely structured, similar to the untreated system, as only a few random
spots had ripples. With an increased power of ~1.67 mW (see Figure 41c) the surface was
completely covered in ripples, which varied from very shallow to deep craters. This could be a
result of random power fluctuations of the laser system and inhomogeneous film formation on
the rough substrate. At ~1.9 mW (see Figure 41d) the beam intensity was high enough to form

deeper craters and cracked the film through the accumulated heat.

Figure 41: In plane SEM images of the TiOx on Al system, untreated (a) and treated with a laser intensity of
1.47 mW (b), 1.67 mW (c) and 1.90 mW (d).['*!]
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Electron backscatter diffraction (EBSD) measurements revealed the effect of laser treatment on
TiOx films crystallinity (see Figure 42a). Rutile became the dominant phase, with a ratio of ~9:1
rutile:anatase (see Figure 42b) and no preferred crystallization plane (see Figure 42a and c).
The anatase phase only formed on the edges of the rutile sections, indicating that the decreasing
energy towards these edges was not enough to fully form the more stable rutile phase, which

occurred with enough energy.!*’!

Total | Partition
Fraction | Fraction

Rutile 0.148 0.898
Anatase | 0.017 0.102

Phase

Rutile

001 100

“_amorphous
Figure 42: EBSD measurement of the TiOx on A'lngystem (a) including the color coded phases and fractions (b)
and inverse pole figure (001) for the rutile phase (c),['*"! schematic of the energy distribution after beam absorption
(d), with red representing high energy density and blue representing low energy density, and its effect on the TiOx
phase (e). Adapted from [22¢],
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3.2.3 Metal Interlayer System

After investigating the substrate with one metal oxide layer in section 3.2.2, the more complex
FexOy/Al/TiOx on quartz systems, where a thin Al interlayer was positioned between a TiOx
layer below and a FexOy layer on top, were investigated. This system differs from the previous
one in three major aspects: First, a different material was used in addition to the former one.
Second, the thin metal film itself limits the distribution of absorbed energy, and last the

interaction between both oxides through the laser treatment could be investigated.

Fe,O,/Al/TiO,:
FexO, Layer

Al Layer
TiOx Layer >~y

Quartz Substrate —

Figure 43: Metal interlayer system with quartz substrate covered with TiOx by PE-CVD, Al by sputtering, and
FexOy by PE-CVD.

3.2.3.1 Properties of Laser Treated FexOy/Al/TiOx on Quartz

SEM analysis for untreated FexO,/Al/TiOx on quartz showed no surface structures (see Figure
44a). The cross section revealed thicknesses of ~150 nm for FexOy top layer, ~30 nm for the
sputtered Al layer, and ~1.3 pm for the TiOx layer (see Figure 44c, with the remaining TiOx
layer cropped for increased visibility). AFM measurements revealed a roughness value of
~9 nm for the untreated reference area (see Figure 44b). With a low laser power of ~0.6 mW,
long continuous ripples, ~700 nm apart, could be observed in both SEM and AFM images (see
Figure 44d and e). The roughness value of ~8.5 nm was nearly identical to the reference, and a
ripple depth of ~19.5 nm was obtained. The SEM cross section (see Figure 44f) showed
formation of small bubbles due to accumulated heat at and around the metal layer. While the
FexOy top layer was laser structured, the TiOx layer remained mostly unaffected. By utilizing
an increased power of ~1.75 mW, the ripples remained ~700 nm apart (see Figure 44g), which
supported the literature notion that the distance of the periodic ripples was intensity

independent.!??”]
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treated with a laser power of 0.6 mW (d-f), 1.75 mW (g-1) and 2.1 mW (j-1).

The single ripples were ~30 nm deep, with spikes in the laser energy output causing partial
crater formation, which resulted in increased roughness of ~43 nm (see Figure 44h). While the

ripples were bigger, the depth and periodicity was lower compared to those reported on other
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metal oxides, like zinc oxide, in literature.!*?®! The SEM cross section image (see Figure 44i)
showed that craters resulted from evaporation of the top and metal layer due to the sudden
increase in the lattice temperature. This seemed to be an extension of the bubble formation seen
at lower laser power. The bottom titanium oxide layer was also affected, as seen by ripple
formation. By further increasing the power to ~2.1 mW (see Figure 44j), the metal and top layer
were molten together as big particles with a diameter of ~300 nm (see Figure 441). The TiOx
layer remained structured and an overall roughness of ~89 nm, with an averaged ripple depth

of around 69 nm was attained (see Figure 44k).

[ particles Ti
C [ area between particles

Ti

Intensity

Binding Energy / keV

Figure 45: In plane SEM image of Fe,O,/Al/TiOx on quartz treated with a laser power of 2.1 mW (a), the
corresponding cross section (b), the EDX of the particles and the areas between them (c) and cross section SEM
image of the untreated reference (d), colorized with orange representing the Fe,Oy and blue representing the TiOy
layer.

EDX analysis proved the particles contained both iron (Fe signal: ~0.7 and ~6.4 ¢V) and
aluminum (Al signal: 1.5 eV), while the space between them did not (see Figure 45a). These
data was used to color the SEM images to containing iron (orange) and those without (blue, see
Figure 45b). In literature, melting of silver films by UV laser treatment resulted in similar, but
smaller particles, with a size of around 75 - 100 nm,?*! yet they were not combined with a

metal oxide top layer.
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XRD measurements of FexOy/Al/TiOx on quartz (see Figure 46) revealed two dominant
diffraction peaks next to the broad substrate signal between 5 and 17°, with one around 12.5°
corresponding to the (110) crystallographic plane of the rutile phase, which fitted as most
intense literature signal. The other diffraction peak around 11.5° (literature value: 11.7°)
corresponded to the anatase phase most intense signal, which belongs to the (101)
crystallographic plane. A slight shift towards lower 2 theta angles were a result of anatase being
forced to align to the smaller lattice parameter of the rutile phase. During laser treatment, the
amorphous material crystallized in both anatase and rutile modification. The latter phase is
thermodynamically more stable and thus needs more energy to crystallize, so a gradual change
from the amorphous to anatase to rutile was expected during the laser treatment. When
comparing the lattice parameters, the two edges of the anatase phase (Aungtase = Panatase =
3.78 A)?% glightly increased during the phase transition to rutile (Agyrire = Drutite =
4.59 A),311 while the third decreased drastically from Capgrqse = 9.51 A to Cryrize = 2.96 A.
So the shift in the XRD diffractogram was a result of anatase being forced to fit the rutile lattice
constants, as the decreased energy was not enough to crystallize the titanium oxide in the more
stable phase. This was supported by EBSD analysis of TiOx, which showed anatase formation
at the edges of rutile crystallites (see section 3.2.2.1 Figure 42). No other characteristic
diffraction peak for the TiO> phases could be observed due to the high background noise, and
no Fe,Oy phases were seen, even though a melting process was observed in the SEM cross
section images (see Figure 44c). The particles were either too small and the signal to noise ratio
too high to properly detect them with a molybdenum source,??!1 or the fast cooling resulted in

amorphous particles.

N Fe,O/AIITIO,
| TiO, anatase
[C21-1272]

TiO, rutile
[C21-1276]

Intensity

5 10 15 20 25 30 35 40
2 Theta/°

Figure 46: XRD measurement of FesO,/Al/TiOx on quartz, including anatase and rutile references. The asterisk
(*) marks the broad diffraction peak of the quartz substrate.
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The UV-VIS spectroscopic measurements of FexOy/Al/TiOx on quartz demonstrated enhanced
absorption in the range of 400 to 800 nm after laser treatment compared to all references (see
Figure 47). No distinguishable peaks could be observed in the measurement region. This could
be attributed to increased light trapping from the ripple structure seen in SEM and AFM images

[232-234] The noisy signal resulted from interference

(see Figure 44), matching previous results.
scattering of the different structured layers, much like structural coloration in nature.?!! The
absorption of untreated references (untreated Fe.O,/Al/TiO;) stems from a combination of two

metal oxides,?*!

while molten particles of the laser treated system (laser treated
Fe.0,/Al/TiOy), caused by high energy structuring, had a much higher cross section absorption
(see Figure 44c¢). The spectrometer could not distinguish between absorbed and reflected light,
which resulted in the reference including the aluminum layer (untreated Fe.O,/Al/TiOx)
exhibiting an overall higher "absorption" compared to the reference without Al interlayer

(untreated Fe.0,/TiO;),”*® as the Al layer could work as back reflector.

Laser Treated FexOy/AI/T iOX
Untreated Fe O /AI/TIO, Untreated TiO_
Untreated FexOy/TiOX Untreated Quartz
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Figure 47: UV-VIS transmission spectra of FesO,/Al/TiOx on quartz, untreated and laser treated, including
reference stacks with fewer layers.
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Figure 48: Contact angle measurements of Fe,O,/Al/TiOx on quartz, untreated (a) and treated with a laser power
of 0.6 mW (b), 1.75 mW (c) and 2.1 mW (d).

To investigate a potential application as gas sensor, TiOx on quartz were modified (see Figure
49a). Before deposition, Al stripes were sputtered on a quartz substrate and later separated
through laser pulses without ablating the TiOx film, which could be observed in SEM images
(see Figure 49c and d). They also support results from previous sections, where the laser energy
was absorbed by the metal layer first, and then influenced surrounding layers (see Figure 44a).
This forces the current to move through a metal oxide layer, allowing to measure its changes in
resistance after gas adsorption. The response of the amorphous titanium oxide towards
reductive gas (H>) showed a decrease in resistance with higher gas flow rates (from ~25 () at
25 scem Ha to ~175 Q at 200 sccm Hz, see Figure 49c¢), as hydrogen reacted with chemisorbed
oxygen (O2. O, O%) on the surface to form water molecules according to the following

mechanism: 237!

02_+2H2 = 2H20 (g)‘l‘ e 16
0~ + Hz = HzO (g) + e 17
02_ + Hz == H20 (g) + 29_ 18

The total change in resistance remained very small (~175 Q), while the background noise was
very high. This may be attributed to the low substrate temperature, and could barely be observed

below 25 sccm H». Higher temperatures, commonly used for gas sensing analysis, were not
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possible with sputtered thin films, as they would ablate. Nevertheless, the possibility of
fabricating gas sensing devices on heat sensitive substrates operating at room temperature by

femtosecond laser treatment was proven.

The introduction of metal films either as substrate or interlayer for laser treatment not only
improved the reproducibility, like discussed in section 3.1.2.1, but allowed to produce
crystalline TiOx in both anatase and rutile phases at targeted areas, while tailoring of the
morphology and roughness was also possible. The structural effect increased at higher pulse
energies, which ultimately led to molten particles, as seen in the SEM images of previous
samples (see Figure 44). Furthermore, improved hydrophobicity and increased optical
absorption through deeper ripples and craters. Last, fabrication of a TiOx gas sensing systems
without the need of an additional heat treatment step was possible, providing a change in

resistance at room temperature.
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Figure 49: The system used for the gas sensing experiments (a), the changes in resistance towards different H,
flow rates at room temperature (b) and in plane SEM images of the laser treated (c) and untreated surface (d).
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3.3 Water Splitting Properties of Laser-Textured Metal Substrates
3.3.1 Scope and Overview

The physical effect of femtosecond laser treatment of titanium substrates is discussed in this
section. The laser processing led to improved light absorption, photoconversion and overall
photoelectrochemical water splitting performance. Supplemental investigation with additional
absorber layers to boost the efficiency was performed, especially towards their spectroscopic,
microscopic, crystallographic and compositional properties. The positive effect of periodic
patterns was a result of an enhanced specific surface area and better in-plane light trapping

compared to flat surfaces.!?*®!

3.3.1.1 Development of Photoelectrochemical Water Splitting Electrodes

The investigated systems were separated into three types (see Figure 50). The first (Ti)
consisted of the patterned annealed titanium substrate, while the second (TiOx on Ti) and third
(FexOy on Ti) had either additional titanium or iron oxide thin films on top, which were
deposited by PE-CVD. A metal substrate was used to increase the reproducibility of the laser
treatment processes, as discussed in section 3, while heat treatment was necessary to form a
crystalline film. The development of an optimized annealing process was discussed in the

following section 3.3.2.

Untreated  Laseritreated

A A

--------------- 1x1cm?
Ti Substrate! </ area patterned Annealed Ti
ey — ) A
metal omde@depositlon . 0.032 vs. 0.051 mA/cm? |
Annealed TiO, or Fe O,

P o A,

0.031 vs. 0.061 mA/cm?2 (TiO,)
0.028 vs. 0.057 mA/cm?2 (Fe,0,)

_________________

top layer i

Figure 50: Overview of the different systems and their references investigated towards their optical properties and
PEC performance, with their respective photocurrent densities at 1.23 eV vs. RHE.[?*]
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3.3.2 Influence of Annealing on PEC Performance

In order to compare the performances of the different systems (see section 3.3.1.1), the
development of an optimized annealing process was mandatory. Most importantly, the
temperature 7' and duration #, were studied. The substrate itself could oxidize during the

291 or rutile

annealing process and form different TiO» phases, like anatase around 450°C!
around 600°C.[*! The latter was commonly applied in photocatalytical systems,!***] and has a
slightly smaller bandgap compared to anatase (approximately 3.0 eV vs. 3.2 eV), yet remained
unsuitable for photoelectrochemical water splitting due to its much lower charge carrier lifetime
of around 24 ns, compared to anatase with several microseconds.®” To limit rutile formation
in all systems, short annealing times of either 10 or 20 minutes had been chosen. Even though
longer durations would result in higher crystallinity, it would also lead to increased substrate
oxidation, which would in turn reduce the overall photocurrent densities due to the additional
interface, stemming from rutile formation at higher temperatures. In the case of bare Ti
substrates and TiOx on Ti sandwich structure, the annealing temperature was varied from 400
to 600°C, while 550 to 750°C were chosen for the FexOy on Ti system. This range was applied
to crystallize the hematite phase, a commonly used PEC electrode material.[**!! It has to be
noted that during the parameter screening, the lamp for the PE measurements was not calibrated,

so while the results were comparable to each other in this section, they could not be used as

reference to the laser structured systems discussed in section 3.3.3.

3.3.2.1 Ti Reference Systems

The Ti substrates did not demonstrate any photoelectrocatalytic performance, thus needed to be
oxidized to TiO2. Annealing durations of either 10 or 20 minutes at 400°C did not change the
water splitting performance of the bare substrate (see Figure 51a), while the samples shifted
towards more intense yellow, most likely due to substrate impurities (see section 4.1). The in
plane SEM images visualized the rough substrate surface, without any topological changes
through prolonged heat treatment (see Figure 51b). No additional diffraction peaks besides the
titanium substrate were seen in the XRD analysis (see Figure 51c and d), but the activity hinted

towards at least partial crystallinity. The oxide layer was most too thin to be detected by XRD.
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Figure 51: Overview (a) and small range XRD analysis of Ti substrates (b), annealed at 400°C for 10 or 20 minutes,
their SEM images (¢ and d), and the corresponding photocurrent densities (e), with pictures of the samples as

inset.[238]
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Figure 52: Overview (a) and small range XRD analysis of Ti substrates (b), annealed at 500°C for 10 or 20 minutes,

their SEM images (¢ and d), and the corresponding photocurrent densities (e), with pictures of the samples as
inset.[238]

While there was no performance difference between 10 and 20 minutes annealing at 500°C, the
overall performance improved compared to lower annealing temperatures, which would suggest

a thicker and/or more crystalline film. The sample color kept the trend of becoming more yellow
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with prolonged heating duration (see Figure 52a). In plane SEM analysis revealed the formation
of some small particles on the rough surface (see Figure 52b), yet any phase formation was still

too thin to be detected by XRD (see Figure 52¢ and d).
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Figure 53: Overview (a) and small range XRD analysis of Ti substrates (b), annealed at 600°C for 10 or 20 minutes,
their SEM images (¢ and d), and the corresponding photocurrent densities (e), with pictures of the samples as
inset.[238]
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The performance of 20 minute annealing at 600°C was much higher than the 10 minutes sample,
while the substrate color shifted from yellow to brown (10 minutes) and ultimately blue (20
minutes, see Figure 53a). Again, this color shift most likely comes from the impure substrate
material (see section 4.1). In plane SEM images showed fewer, however bigger particles (see
Figure 53b), while both the overview and small range XRD scan revealed no TiO> phase, which
would indicate a very thin film or very small particles of anatase and/or rutile, which could not

be detected (see Figure 53c and d).

Since high photocurrent densities were preferable to compare untreated to laser patterned
systems, the annealing parameters of 20 minutes at 600°C were chosen for the experiments in

section 3.3.3.

3.3.2.2 TiOx on Ti Reference Systems

An TiOx top layer on the already investigated substrate was produced to further improve the
water splitting performance through the additional absorber. TiO> enhanced light absorption

and both electron/hole diffusion, increasing the harvesting properties.

The overall PEC performance was nearly zero, because the TiOx layer acted as blocking layer
until further crystallization. Annealing for 20 minutes at 400°C resulted in slightly higher
photocurrent density, suggesting the formation of crystalline sections of the substrate. The color
of the substrate turned more intense pink (see Figure 54a), while in plane SEM images showed
the TiOx layer and particles on the rough substrate, with fewer particles after longer annealing
time (see Figure 54b). No phase could be observed through the XRD measurement, as the top

layer remained amorphous (see Figure 54c and d).
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Figure 54: Overview (a) and small range XRD analysis of TiOx on Ti (b), annealed at 400°C for 10 or 20 minutes,
their SEM images (¢ and d), and the corresponding photocurrent densities (e), with pictures of the samples as
inset.[238]

The overall performance after annealing at 500°C was much higher for the 20-minute duration.
The samples turned even more pink, with nearly no difference in photocurrent density between
10 and 20 minutes (see Figure 55a). An increased amount of particles was observed with shorter

annealing time, as was the case with lower temperatures (see Figure 55b). While no phase could
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be observed for the 10 minute sample, slight formation of the anatase phase, indicated by the
diffraction peak around 11.6°, which could be assigned to the (101) crystallographic plane, was
measureable for the 20 minute according to the XRD analysis (see Figure 55¢ and d).
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Figure 55: Overview (a) and small range XRD analysis of TiOx on Ti (b), annealed at 500°C for 10 or 20 minutes,
their SEM images (¢ and d), and the corresponding photocurrent densities (e), with pictures of the samples as
inset.[238]
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Figure 56: Overview (a) and small range XRD analysis of TiOx on Ti (b), annealed at 600°C for 10 or 20 minutes,
their SEM images (c and d), and the corresponding photocurrent densities (e), with pictures of the samples as
inset.[%]

The longer annealing time at 600°C resulted in higher PEC performance attributed to more
crystalline material, while the sample color shifted from pink to green, also partially visible on
the top edge of the 10 minutes system (see Figure 56a). The particles observed in SEM of the

10 minute formed a continuous film after increased annealing duration (see Figure 56b), while
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XRD analysis showed that both samples consisted of the anatase phase, indicated by the
diffraction peak around 11.6° which could be assigned to the (101) crystallographic plane, while
20 minute annealing time also resulted in rutile formation, indicated by the peak around 12.5°,

which could be assigned to the (110) crystallographic plane (see Figure 56¢ and d).

Even though rutile formation already began, 20 minutes annealing at 600°C still outperformed

other heat treatments and was chosen for the laser structuring experiments in section 3.3.3.

3.3.2.3 FexOy on Ti Reference Systems

An added FexOy top layer to the already investigated Ti substrate was produced, allowing to
improve the PEC performance through an additional absorber layer, by additional absorption,
boosting the light harvesting properties even further. Crystallized iron oxide exhibited increased
visible light absorption compared to TiO2, but suffered from shorter carrier lifetime and
diffusion length.>*?! During these measurements, the automatic shutter, which allowed to
measure dark and light current densities simultaneously, broke, resulting in all PEC results

depicting the dark (doted) and light (full) measurements.

The systems showed no activity at 550°C for 10 or 20 minutes, because the iron oxide phase
remained amorphous and acted as blocking layer. This meant any performance resulted from
the substrate and pin holes in the FexOy film. The sample color turned blue, similar to the
annealed substrates (see Figure 57a). In the in plane SEM images, small particles could be
observed (see Figure 57b), while the small range XRD analysis revealed no crystalline phases

(see Figure 57c¢). The temperature and duration were too low to form any iron oxide phase.
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Figure 57: Photocurrent density with pictures of the samples as inset (a) and small range XRD analysis (b) of
FexOy on Ti (b), annealed at 550°C for 10 or 20 minutes and their SEM images (c and d).[**8]

While there was only a marginal difference for 10 and 20-minute annealing at 650°C, it
performed superior to the lower annealing temperatures. This, in addition to the high onset
potential, indicated the formation of hematite, further supported by the red color of the sample,
which increased with longer annealing time (see Figure 58a). SEM images showed densely
packed particles, even more after prolonged treatment (see Figure 58b). XRD analysis revealed
formation of hematite for the 20-minute sample, with diffraction peaks around 15.1° and 16.2°,
which could be assigned to the (104) and (110) crystallographic planes. The oxidized phases of
the substrate could also be observed with a diffraction peak around 11.6°, corresponding to the
(101) crystallographic plane for anatase, and around 12.5° and 16.3° for the rutile phase,
corresponding to the (110) and (101) crystallographic plane, respectively (see Figure 58c¢). This
could be a result of crack formation, exposing the underlying substrate. Another explanation
could be densification of the hematite layer through annealing, which could lead to the detection

of the T1O; below it.
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Figure 58: Photocurrent density with pictures of the samples as inset (a) and small range XRD analysis (b) of
FexOy on Ti (b), annealed at 650°C for 10 or 20 minutes and their SEM images (¢ and d).[**®!

Longer annealing at 750°C resulted in decreasing PEC performance due to the formation of a
thicker rutile layer between the substrate and the hematite film. The sample color turned darker,
resulting from a combination of the blue substrate and red top layer (see Figure 59a). In the in
plane SEM images, fewer separated particles and increased layer formation could be observed
(see Figure 59b), while XRD analysis revealed intense hematite signal for both 10 and
20 minutes, with diffraction peaks around 15.1° and 16.2°, which could be assigned to the (104)
and (110) crystallographic planes, and very intense rutile signals from the oxidized substrate
around 12.5° and 16.3°, corresponding to the (110) and (101) crystallographic plane,

respectively (see Figure 59c). Additionally, nearly no anatase formation was observed.
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Figure 59: Photocurrent density with pictures of the samples as inset (a) and small range XRD analysis (b) of
FexOy on Ti (b), annealed at 750°C for 10 or 20 minutes and their SEM images (c and d).[**8]

To reduce the loss from rutile formation while still maintaining the crystalline hematite layer,
the parameters of 10 minutes annealing at 750°C were chosen for the laser structuring

experiments.

3.3.3 PEC Performance of Laser-Textured Systems

The following sections discussed the effects of laser patterned metal substrates on the
photoelectrochemical water splitting performance. This includes analyzing their optical
properties such as absorption and photon conversion efficiency in addition to surface
morphology and chemical composition in comparison to the untreated system discussed in

section 3.3.2.
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3.3.3.1 Patterned Ti Systems

The SEM images of the patterned substrate (see Figure 60a) showed a periodically structured
patterned surface with long continuous ripples. These physical changes, known as LIPSS (laser-
induced periodic surface structures), caused increased internal reflection.[**3] They remained
after annealing at 600°C for 20 minutes (see Figure 60b), imparting the surface with high

roughness. The long ripples were partially separated after annealing.

1

a) Ti no annealing & b) Ti 600°C 20 min {3

N

15 um
Figure 60: In plane SEM iages of laser treated Ti without (a) and after annealing at 600°C for 20 minutes (b).1238]
The untreated Ti annealed at 600° showed only a small increase photocurrent density (see
Figure 61a) with longer annealing duration, which overlaps with the results presented in section
3.3.2.1. The laser treated substrate, annealed with the same process using 600°C for 20 minutes
revealed a pronounced effect on the water splitting performance. The overall densities were
rather low (~0.050 mA/cm?) compared to other TiO. samples on FTO,?** due to the thin
photoactive layer and low substrate quality. The physically modified samples performed with
a significantly higher Incident Photon-to-Electron Conversion Efficiency and overall light
absorption (see Figure 61b), supporting the enhanced photocurrent density. The higher
absorption of the untreated samples around 550 to 750 nm came from substrate impurities, for
example iron or carbon with approx. 0.5 and 0.08 wt-% respectively (see section 4.1), which
also led to a coloration after annealing. No photons were converted above 500 nm, so only
titanium oxide contributed to the PEC performance due to its absorption and band gap around

3.2eV.2%]
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Figure 61: PEC water splitting performances of laser treated and untreated Ti (a) and their optical properties
measured with IPCE (at 1.1 vs. RHE) and UV-VIS spectrometer, including an inset picture of the laser treated
sample (b).[238!

The XPS survey of the annealed system revealed remaining substrate impurities like Ca or Si
(see Figure 62a), while the high resolution measurements of the Ti 2p range from both before
and after annealing, untreated and laser treated samples (see Figure 62b) showed diffraction
peaks from the Ti(IV) oxide, as expected. The signals centered around 459.0 eV (Ti 2p 3/2) and
464.8 eV (Ti 2p 1/2) were consistently observed for Ti 2p, according to the literature.***! The
O 1s high resolution spectra (see Figure 62c) showed the Ti-O and Ti-OH signals around
530.0 eV and 532.0 eV, respectively.[**”] Additionally, the signal around 526.0 eV indicated a
incorporated carbon-oxygen species of the substrate, most likely from the substrate production
process, which was also observed in the high resolution C 1s XPS spectra (see Figure 62d) for
every sample. Overall, the surface exhibited nearly identical composition, which proved that
the increase in photocurrent density (see Figure 61a) must result from laser induced physical

changes.
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Figure 62: XPS survey of the untreated and laser treated Ti, annealed at 600°C for 20 minutes (a) and high
resolution spectra of the Ti 2p (b), O 1s (¢) and C 1s (d). From top to bottom, the untreated and patterned Ti before
annealing, followed by both after annealing at 600°C for 20 minutes.?3!

3.3.3.2 Patterned TiOx on Ti Systems

The SEM images of the laser treated system after titanium oxide deposition and before
annealing showed the ripple structures remaining, indicating that the titanium oxide layer was
thin enough to not fill the ripples (see Figure 63a). After annealing at 600°C for 20 minutes, the
film densified, producing a more homogeneous coating (see Figure 63b) through the burned

carbon and increased crystallization. The laser-induced ripples were also seen after annealing.
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Figure 63: In plane SEM images of laser treated TiOx on Ti without (a) and after annealing at 600°C for 20 minutes
(b).[238]

The PEC experiments revealed increased PEC performance for longer annealing duration with
the untreated systems (see Figure 64a). Through the use of laser patterned substrates, it was
vastly improved, with IPCE measurements revealing that most of the light absorbed above
500 nm result in nearly no photocurrent density, while most of the absorbed UV light below
400 nm participated in the reaction (see Figure 64b). The UV-VIS analysis (see Figure 64b)
also showed an improvement through patterning. The annealed titanium oxide, which consisted
of both anatase and rutile phases according to previous analysis (see Figure 56¢ and d), absorbed
in the UV region,”® while the untreated system has additional absorption maxima due to
substrate impurities, which also led to the color of the sample. These had no effect on the PEC

performance according to [IPCE measurements.
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Figure 64: PEC water splitting performances of laser treated and untreated TiOx on Ti (a) and their optical
properties measured with IPCE (at 1.1 vs. RHE) and UV-VIS spectrometer, including an inset picture of the laser
treated sample (b).>38!
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The XPS survey spectra of the untreated and laser treated systems were nearly identical, with
some substrate impurities observable (see Figure 65a). The high resolution measurements of
the Ti 2p range (see Figure 65b) showed two peaks around 459.0 eV (Ti 2p 3/2) and 464.8 eV
(Ti 2p 3/2), which corresponded to Ti 2p, according to literature.l**®! In the O 1s high resolution
spectra (see Figure 65c¢) the Ti-O and Ti-OH signals around 530.0 eV and 532.0 eV were
observed.**”1 The O 1s and C 1s high resolution spectra, a slight peak shift of around 1 eV
towards lower binding energies after laser treated could be observed. Additionally, an increased
amount of the substrate was detected through higher roughness, while again the C-O substrate
species could be measured. As expected, the surface of both untreated and laser treated samples
were chemically identical, so the improved PEC performance must be a result from laser

induced physical changes (see Figure 64a).
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Figure 65: XPS survey (a) and high resolution spectra of the Ti2p (b), O Is (c) and C Is (d), with the top as
untreated TiOx on Ti, and bottom laser treated TiOx on Ti, both after annealing at 600°C for 20 minutes.>*]
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3.3.3.3 Patterned FexOy on Ti Systems

The SEM images of the laser treated substrate covered with amorphous iron oxide showed the
LIPSS on the substrate still remained after FexOy deposition (see Figure 66a). By annealing at
750°C for 10 minutes, the layer became more dense and packed particles formed with the

patterning still visible (see Figure 66b).

a) Fe,O,no annealing b) Fe,O, 750°C 10 min
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Figure 66: In plane SEM images of laser treated Fe,Oy on Ti without (a) and after annealing at 750°C for 10
minutes (b).[?3®

The PEC measurements of the untreated samples (see Figure 67a) showed a slight increase in
photocurrent densitiy when annealed longer, as the better PEC performance from the hematite
formation was counteracted by the thicker rutile blocking layer of the oxidized substrate. While
this trend was different from the previous experiments (see section 3.3.2.3), the total change
was legibly low, so the shorter heating duration was still used. The laser treated systems after
annealing at 750°C for 10 minutes resulted in an overall PEC performance nearly doubled
compared to the untreated sample, with higher photon conversion and absorption (see Figure
67b). While hematite increased the visible light absorption, the IPCE analysis revealed that its
contribution was very low, most likely due to limited electron extraction through the rutile

blocking layer underneath.
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Figure 67: PEC water splitting performances of laser treated and untreated Fe,Oy on Ti (a) and their optical
properties measured with IPCE (at 1.1 vs. RHE) and UV-VIS spectrometer, including an inset picture of the laser
treated sample (b).[3%

The XPS survey spectra showed, in addition to the iron signal, substrate impurities (see Figure
68a), a result from increased roughness and pin holes. In the Fe 2p high resolution spectra (see
Figure 68b), the distinct quintet of Fe2Os (Fe 2p 3/2) from 709.9 to 713.7 eV could be observed,
which corresponded to literature values.?*”! The O 1s high resolution spectra (see Figure 68c)
revealed the signals for Fe;O3 and Fe-OH around 529.9 eV and 531.6 eV, respectively.[*>° The
carbon-oxygen substrate species was seen in both the O Is and C 1s high resolution spectra,
and resulted from increased scattering laser patterned substrate, as they could only be observed
on laser treated systems. Again, no chemical modification of the surface was measurable,
indicating that the increased photocurrent density (see Figure 67a) must result from the laser

induced physical change.

Overall, laser patterning of metal substrates, with the possibility to add an absorber layer (TiO2
or Fe;03), enhanced the photoelectrochemical water splitting performance because of higher
photon harvesting and conversion properties. The surface composition of both laser patterned
and untreated samples was nearly identical according to XPS studies, revealing that the boost
must be a physical effect. The periodical patterns could also be observed after deposition of the
top layers and annealing. They led to increased surface area and in-plane light trapping,
ultimately resulting in improved overall absorption and incident photon to current conversion
efficiency, proving that the overall PEC efficiency relies on photophysical as well as

photochemical processes.
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Figure 68: XPS survey (a) and high resolution spectra of the Fe 2p (b), O 1s (¢) and C Is (d), with the top as
untreated FexOy on Ti, and bottom laser treated FexOy on Ti, both after annealing at 750°C for 10 minutes.?3#]
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3.4 Laser Treatment of MALO4 (M = Ni**, Co?") Films
3.4.1 Scope and Overview

Laser treatment to induce changes on a chemical level by reducing MAL,O4 (M = Ni**, Co*")
films to M/AbO3 was studied to identify new methods for obtaining nanocomposite films. A
precursor (M[AI(O’Pr)4]2) was synthesized by known routes!>>!->*3 and was used to produce
thin films by PE-CVD, which were investigated by XPS before and after laser treatment,
amorphous and after annealing. This led to the formation of transition metal clusters embedded

in an AlbO3 matrix (see Figure 69), known as CERMET (ceramic-metal composite materials)

254]

with unique properties.|

Figure 69: Possible effects of femtosecond laser treatment of MALO4 (M = Ni?*, Co?") films.

3.4.1.1 State of the Art NiAl,O4 and CoAl,O4 Materials

The NiA1>O4 spinel could be used as catalyst to reform raw bio-oil,'*>*! but was more often used
as precursor for Ni/Al,O3 or NiO/Al>,Os3 photocatalysts, with different transformation steps, like

256] jt's back reaction!®”! and transformation towards the inverse

heating in reductive gas,!
spinel.2*®I Ni® used for the degradation of organic pollutants, could be embedded into an AL,O3
lattice to enhance the efficiency and stability during photocatalytic reactions.[>>®! The spinel
CoAlOs is a pigment known as cobalt blue,?>”! while Co® was often added as co-catalyst for
photocatalytic degradation.**” Co/A1L,O; could perform as catalyst for the Fischer-Tropsch
reaction, 2! which enables the transformation of a gas mixture of CO and H; into long-chained
alkanes, alkenes and alcohols.2%%]

3.4.2  Analysis of M[AI(O'Pr)s]> (M = Ni?*, Co*") Precursor
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For the generation of phase pure MALO4 films, a single-source precursor (M[AI(O'Pr)4]2,
M = Ni?*, Co*") with the ratio of 0.5 (M:Al) was synthesized through the literature known route
(see section 4.5)[%31-253] and resulted in a dark violet liquid after purification (see Figure 70a and

b) in both cases.

a ) = NiAl,O, powder, 1000°C, 10h | NiAl,O, Reference [C71-0964] CoAlO, powder, 1100°C, 10h | CoAl,O, Reference [C82-2239]

O
N

Intensity
Intensity

2 Theta/® 2 Theta/°

Figure 70: XRD measurement of the NiAl,O4 precursor annealed at 1000°C for 10 hours (a) and the CoAl,O4
precursor annealed at 1100°C for 10 hours (b), including the respective picture of the purified precursor as inset.

XRD measurements (see Figure 70a and b) revealed phase pure spinel structure in both cases,
which proved the proposed precursor M:Al ratio of 0.5, with no different in 1000 or 1100°C
annealing temperature. Mass spectroscopic analysis (see section 4.5) revealed the dominant
signal as the molecular ion (M") peak missing one (H3C-) group, most likely due to a shielding

effect of the many isopropyl groups. This supported the proposed structure (see Figure 72).

The TGA measurement (see Figure 71a) of the CoAl,O4 precursor, performed under nitrogen,
showed the loss of solvent at the beginning, followed by the decomposition process. This

stopped at roughly 340°C, with a mass loss of approximately ~72%, corresponding to the
expected loss of ~70% (with Mco_prec. = 585.4 %and Mc¢oai,0, = 175.88 mi). The

ol

deviation could be attributed to the additional weight loss through solvent evaporation during
the decomposition step. DTA measurement revealed an endothermic signal around 320°C, a
result from a reaction using surrounding heat, like a decomposition and evaporation of
by-products. No crystallization could be observed as it would have led to exothermic signals in
the DTA measurements, most likely due to the limited time at elevated temperatures. EDX
analysis of drop coated CoAl2O4, after annealing at 1100°C for 10 hours (see Figure 71b),
revealed a M:Al ratio of roughly 0.4, which fit within the deviations of the not calibrated system.
The Ti substrate could be seen around 4.45 keV, but had been omitted from the calculation of

the ratio.
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Figure 71: TG- and DTA measurements of the CoAl,O4 precursor including the main mass loss during the
decomposition and evaporation step (a) and EDX analysis of drop coated annealed CoAl,O4 on Ti, with only the
Co, Al and O ratios shown (b).

3.4.3 Deposition and Analysis of MAL,O4 (M = Ni**, Co?") Layers

3.4.3.1 PE-CVD Process Development

Many different parameters influence the PE-CVD process, ranging from the different gas flows,
temperatures, chamber geometry, substrate positions, inlet systems, plasma gases and power,
most of them were fixed in accordance to other standardized processes. An uneven chamber
geometry, with a smaller rotatable reaction electrode and the chamber walls as counter
electrode, was used for all depositions. The plasma power was set to 100 W, with the reaction
gas being a mixture of 20 sccm O and a varied amount of Ar carrier gas. While the precursor
temperature was optimized, the substrates remained unheated. Their position was either direct
next to the inlet or the neighboring wall (see Figure 89a), only those on the wall had very
homogeneous coatings and were investigated further. The inlet system was a self-made T-
shaped metallic cylinder with two openings and room for a precursor reservoir, in order to allow
high precursor temperatures in addition to carrier gas. This was necessary as glass cracked at
the metal-glass connection with high temperatures. This temperature, the carrier gas flow and
deposition time were most influential on the layer growth and were varied through the
development of a standardized deposition process. The heat range was between 100 to 150°C,
as the purification step during the synthesis (see section 4.5) and the TG/DTA measurements
(see Figure 71a) revealed the evaporation and decomposition regimes at different pressures.
The duration was preferred too long than too short in order to prevent any precursor remaining
in the inlet system. Even without any precursor left, the pure plasma did not negatively affect
the deposited film. The carrier gas flow helped transporting the precursor from the container to

the chamber, and ultimately worked together with the temperature to provide the optimal
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precursor flow. If it was too high, the precursor might not decompose fast enough and result in
inhomogeneous films or condensed powder on the substrate. If the flow was too low, most of
the precursor would be decomposed before reaching the substrates. For this reason, the
precursor temperature during the optimized process would be steadily increased until reaching

150°C.

N
Y ,Aro ?J/A/
L5

Figure 72: Sketch of the M[AI(O'Pr)4]> (M = Ni** or Co?") precursor used in PE-CVD processes.

3.4.3.2 Amorphous and Annealed NiAl,O4 on Ti

The untreated NiAlO4 thin films were investigated towards their morphology, on both the
macroscopic and microscopic level, including their chemical composition, amorphous and after
annealing. The laser treated systems, including their photocatalytic performance, had been

discussed in section 3.4.4.2.

a) amorphous NiALQO, b) annealed N|A| ,0,

f’
L\.

Figure 73: In plane SEM images of untreated NiAl,O4 on Ti before (a) and after annealing (b), and their
corresponding pictures before (c) and after annealing (d).

86



Results and Discussion Laser Treatment of MALOs (M = Ni?*, Co?") Films

a ) amorphous untreated NiALO, R b) amorphous untreated NiALO,
not sputtered ; after 90 s of Ar sputtering
Detected % ® Detected % 2
Cis 68.56 S O1s 43.56 o
O1s 20.34 C1s 28.96
Si2p  6.28 Al 2p 18.7
2 N 1s 1.9 =y Si2p 4.37
4 S2p 115 4 Ca2p 2.04
i) Ca2p 1 9 Ni 2p 2.03
£ Ni2p 044 5 a £ Cu 2p 0.34
Cu2p 034 2 29 a
< Z 0 n :% o n N o
2 o2& Sz o & 6. Tao
: ;‘5‘% J\:/"M < 3 N ":<
&g < 2 < ?
3 Z
AR o e o R B
1000 800 . 600 400 200 0 1000 800 . 600 400 200 0
Binding Energy / eV Binding Energy / eV

Figure 74: XPS survey spectra of amorphous untreated NiAl,O4 on Ti before (a) and after 90 s of Ar sputtering
(b).

In plane SEM images of the amorphous NiAl,O4 sample (see Figure 73a) showed limited
particle formed, while the morphology of the substrate was retained. Annealing resulted in big
crystallites (see Figure 73d). Additionally, the small color gradient of the amorphous sample
(see Figure 73b), which came from small differences in thickness due to the size and roughness
of the substrate, disappeared after annealing (see Figure 73c). That indicates a more
homogenous film after densification. Even though the layers were too thin for XRD
measurements, the formation of crystalline materials was already proven by previous

experiments (see Figure 70a).

The XPS survey spectra of amorphous untreated NiAl,O4 without sputtering (see Figure 74a)

1051 which was adventitious and as

revealed many surface contaminations like example carbon,!
remains from the PE-CVD deposition.[?!3-2!8] The small amount of nitrogen, silicon and calcium
could be substrate signals, as seen in later measurements (see Figure 83). No titanium signal
could be observed. The copper and sulfur were external contaminations, as they only randomly
appeared during all XPS analysis in this research. As the amount of nickel and aluminum was

very low (see Figure 74b), the systems needed to be sputtered to allow high resolution Ni 2p

analysis (see Figure 75). This also resulted in decreased contamination, especially carbon.
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Figure 75: High resolution Ni 2p XPS spectra of amorphous untreated NiAl,O4 on Ti after 90 s of Ar sputtering.

The high resolution XPS spectra of the Ni 2p signal (see Figure 75) showed clear Ni** regions.
Due to the amorphous nature of the sample, the fit had to be performed manually, and was a
mixture of several literature-known materials. NiO was used as common nickel oxide, while
both NiCr,04 and NiFe>O4, the bimetallic nickel oxides in the spinel structure.[*3l No reduction
through the argon sputtering could be observed, as Ni’ would lead to a shoulder around

852.6 eV.[264]

The photocatalytical performances were discussed in section 3.4.4.2, including the comparison

of these samples to their laser treated variation.

3.4.3.3 Amorphous and Annealed CoAl,O4 on Ti

In plane SEM images of CoAl.O4 samples without annealing (see Figure 76a) showed no
particle formation while the morphology of the substrate was retained. Annealing led to many
small particles (see Figure 76d). Additionally, the dark brown color of the sample without
annealing (see Figure 76b), a result from the high amount of carbon impurities from the
PE-CVD deposition,?!>2!¥! turned into a greenish blue color after annealing (see Figure 76c),
which corresponded to a thin film of the cobalt blue spinel on the substrate background. Even
though the layers were too thin to result in any XRD signals, previous experiments already
proved that under these heat treatment conditions crystalline material would be formed (see

Figure 70b).
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a) amorphous CoAlLO, b) annealed CoAlLQ, & g
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Figure 76: In plane SEM images of untreated CoAl,O4 on Ti before (a) and after annealing (b), and their
corresponding pictures before (¢) and after annealing (d).

EDX measurements (see Figure 77) of a PE-CVD coated, amorphous CoAl>O4 film on silicon
substrate (Si signal: 1.7 eV) revealed a M:Al (M = Ni?*, Co?") ratio of ~0.54 (Co signal: ~0.8
and ~6.9 eV; Al signal: ~1.5eV), which corresponds to the expected value. During the
deposition process, many remnants of the decomposed precursor had been integrated into the
lattice in the form of M-CHs3,/2!3-218] Jeading to high carbon content.!'®) Additionally, the

penetration depth of around 1 um resulted in the Si substrate signals being measured.[?%
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Figure 77: EDX analysis of an amorphous CoAl>Oj4 thin film by PE-CVD on a Si substrate.

The XPS survey spectra of the annealed untreated CoAl2O4 film without sputtering (see Figure
78a), revealed high carbon content due to adventitious carbon, which was strongly reduced
through sputtering. This means the CoAl,O4 film was not free of pin holes or cracks after
annealing. Even though a very small aluminum signal could be obtained, the cobalt content on
the surface was too low to be detected, with only a small peak around ~780 eV, the position of
the Co 2p signal.[***! This problem remained after sputtering, making high resolution analysis

impossible. Nevertheless, it led to the reduced carbon content and indicated that nitrogen and
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silicon are part of the substrate (see Figure 78b). The argon signal was commonly observed

after sputtering, as it partially remains inside the chamber.
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Figure 78: XPS survey spectra of annealed untreated CoAl,O4 on Ti before (a) and after 780 s of Ar sputtering (b).

3.4.4 Photocatalytic Degradation of Methylene Blue

The photocatalytical degradation was performed with methylene blue (MB) as organic dye in
water by measuring its absorption peak at 664 nm in the UV-VIS spectra (see Figure 79), after
fixed durations. This procedure is commonly used in literature.°6: 2671 These values were
normalized to allow a proper comparison of different systems. First, the reference systems were
measured, followed by the untreated and laser treated MAL,O4 (M = Ni?*, Co*") films, which

were either without or after annealing.

3.4.4.1 Dye Degradation and Reproducibility

The degradation of methylene blue was measured every 60 minutes for a total of 6 hours, while
no additives like H>O> were used. This allowed to only analyze the degradation potential of the

fabricated MAL,O4 (M = Ni?*, Co?") systems.
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Figure 79: UV-VIS spectra of methylene blue (MB) during photocatalytic decomposition experiments (a), without
illumination but still at elevated temperatures (b) and without illumination as well as at room temperature (c), with
their normalized changes in absorption displayed over time (d).

The pure dye solution was investigated to distinguish between the photodegradation of the dye
itself and the fabricated materials in further experiments. For this, MB was analyzed under
experimental conditions (see Figure 79a), which showed a slow but constant decomposition of
around 20% after 6 hours. Without illumination (see Figure 79b), the absorption increased by
around 10%, as the lamp increased the temperature of the solution, leading to evaporation of
the water and increased dye concentration. Without any illumination and at room temperature
(see Figure 79c¢), a measurement deviation maximum of 2% in any direction was observed, as

no decomposition or evaporation took place.

In the next step, the degradation of MB was compared to the Ti substrates, which were used as
basis for the catalytic system during further experiments, either without (see Figure 80a) or after
annealing (see Figure 80b). The bare titanium substrate only blocked the incoming light while
taking no part in the degradation process itself. Instead, it reduced the total traveling distance
of the light through the MB solution. This limited the un-catalyzed decomposition of around

10%. Annealing the Ti substrate resulted in a very thin crystalline TiO: film, a known
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photocatalyst and showed increased photodegradation of around 33%. This was lower than
reported in literature,[*%®] which had increased active surface through the use of nanoparticles.
TiO> is the gold standard for photocatalytic degradation measurements, yet the thin films

172

produced were not as good as literature values!’?! due to being grown from Ti substrates

through thermal annealing. The system was not optimized as it only served as reference.
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Figure 80: UV-VIS spectra of the Ti substrates during photocatalytic decomposition experiments before (a) and
after annealing at 1100°C for 10 hours (b), with their normalized changes in absorption displayed over time (c).

The reproducibility of the measurements was investigated by using three different, amorphous
laser treated CoAl,O4 thin films (see Figure 81a-c). Even though the samples exhibited no
activity (see section 3.4.4.3 Figure 88), they still revealed small deviation in the measurements,
similar to the MB measurement at room temperature (see Figure 79c). Additionally, it could be
observed that sometimes after the first 60 minutes of illumination, the dye concentration slightly
became higher instead of decreasing. This phenomenon was observed in many different
measurements and could be a result of a higher initial room temperature on the measurement
day, causing increased evaporation during the first hour or a slow equilibration of the
concentration in the stock solution. The latter was reduced as much as possible, as the stock

solution was always stirred over night before the measurements were performed the next day,
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and during the experiment, a magnetic stirring bar was used to get homogenous distributed

concentration inside the system (see section 4.4).
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Figure 81: UV-VIS spectra of amorphous laser treated CoAl,O4 on Ti during photocatalytic decomposition
experiments, three times with identical parameters (a-c) and with their normalized changes in absorption displayed
over time (d).

3.4.4.2 Performance of Laser Treated NiAl,O4 on Ti
The effect of femtosecond laser treatment on NiAl>O4 thin films were investigated towards their

morphology on both the macroscopic and microscopic level and their composition after laser

treatment. Untreated samples had been discussed in section 3.4.3.2.

a) amorphous lasered
NiAlLO,

N

Figure 82: In plane SEM images of the amorphous laser treated NiAl,O4 on Ti (a) and annealed laser treated
NiALLOs4 on Ti (b) and their corresponding pictures before (c) and after annealing (d).
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In plane SEM images of the laser treated NiAl,O4 without annealing (see Figure 82a) revealed
a film with the morphology of the substrate retained with no laser induced physical structures
on the surface meaning the modifications remained on a chemical level. On a macroscopic
scale, the sample exhibited a small gradient in the substrate color (see Figure 82b), which was
not present after annealing (see Figure 82c¢). Additionally, big crystallites molten together to
form a film, which was revealed in the SEM images (see Figure 82d) with a bigger surface area

compared to the flat thin film.
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Figure 83: XPS survey spectra of laser treated NiAl,O4 on Ti before (a) and after 600 s of Ar sputtering (b).

The XPS survey spectra of the amorphous laser treated NiAloO4 without sputtering (see Figure
83a) revealed high carbon content due to adventitious carbon and precursor remnants in the
film.215-218] Addition signals were from the titanium substrate, calcium and nitrogen. The
detection of the substrate by XPS after laser treatment was also observed in previous
measurements (see section 3.3.3.2 Figure 65). Another explanation could be that the laser
treatment led to partial ablation or densification of the film, partially revealing the titanium to
the X-ray beam as the surface spectra were measured over a big area. Both sulphur and copper
were external contaminations, while both aluminum and nickel could only be observed after
sputtering (see Figure 83b) and remained below the threshold for high resolution measurements.
Nevertheless, it decreased the carbon signal while those of the substrate increased in addition

to the argon signal.

The amorphous NiAlO4 layer showed no photoactivity (see Figure 84a). This was expected,
as previous XPS analysis showed the amorphous layers consisting of Ni** (see Figure 75),
which might only work as co-catalyst according to literature.?®”! By laser treating amorphous
NiALOs, the activity drastically increased (see Figure 84b), with approximately 61% of MB
decomposed after 6 hours. Even though no high resolution XPS spectra of the Ni 2p signal from
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the laser treated films could be measured in the case of nickel, the laser induced reduction of
the metal from M*? to M° was proved in section 3.4.4.3 (see Figure 87), where the Co*" of
CoAl,O4 was reduced to Co’. Previous reports had shown that Ni’ clusters inside an Al,O3
matrix, which itself remained inactive, was a viable photocatalytic system.[>>®! The annealed
laser treated system (see Figure 84c) showed less activity in comparison with only
approximately 37% of MB decomposed after 6 hours, again through the laser induced
reduction. The annealing step before the treatment process crystallized the film in spinel
structure. The resulting big crystallites (see Figure 82d) might prevent contact of the dye with
the Ni° clusters or the crystalline NiAl,Os, which was not reduced, prevented the decomposition
while acting as recombination centers. Also, fully crystalline layers might be more resistant to

laser reduction than the amorphous film.

By annealing after the laser treatment (see Figure 84d), the system lost all of its photocatalytic
activity. The activity, no matter if amorphous or after annealing, must have resulted from the
laser treatment process, as no untreated material showed any activity. This also supported the
theory of laser induced Ni’ acting as catalytic centers, with thermal oxidation to Ni** reverted
the system towards no activity. The amorphous laser treated sample was measured without
illumination (see Figure 84¢) and proved the activity as a result of photoabsorption and not

inherent decomposition capabilities of the material.
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Laser Treatment of MALOs (M = Ni?*, Co?") Films
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Figure 84: UV-VIS spectra of amorphous untreated NiAl,Os4 on Ti during photocatalytic decomposition
experiments (a), the amorphous laser treated NiAl,O4 on Ti (b), the annealed laser treated NiAl,O4 on Ti (c), the
laser treated NiAl,O4 on Ti annealing after the laser treatment (d), the amorphous laser treated NiAl,O4 on Ti
without illumination (e) and their normalized changes in absorption displayed over time (f).
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3.4.4.3 Performance of Laser Treated CoAl;O4 on Ti

The effect of femtosecond laser treatment on the CoAl>O4 thin films was investigated towards
their morphology on both the macroscopic and microscopic level, and their composition after
laser treatment, including Co 2p high resolution XPS spectra. Untreated samples had been

discussed in section 3.4.3.3.

a) amorphous lasered
CoAlLO,

- A

b) annealed lasered
CoAlLO,

Figure 85: In plane SEM images of the amorphous laser treated CoAl,O4 on Ti (a) and annealed laser treated
CoAlLO4 on Ti (b), and their corresponding pictures before (¢) and after annealing (d).

In plane SEM image of the annealed laser treated CoAl,O4 sample (see Figure 85a) showed no
microscopic effect of the laser treatment except increased amount of cracks. On the
macroscopic level however, an effect could be seen as a change of color (see Figure 85b). This
was either from partial ablation and thinning of the film, or changes on a chemical level. After
annealing, the laser treated areas became darker (see Figure 85c), a possible effect of increased

structuring, which could also be observed on a microscopic level (see Figure 85d).

The XPS survey spectra of the annealed laser treated CoAlO4 film without sputtering (see
Figure 86a) revealed some adventitious carbon, with small cobalt and aluminum signals next to
the titanium signal from the substrate. Treated samples often exhibited increased substrate
signals, as seen before (see Figure 68). Through sputtering, the substrate impurities in the form
of nitrogen and calcium increased. In addition to the argon signal, the stronger Co 2p allowed

for high resolution measurement (see Figure 87).
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Figure 86: XPS survey spectra of annealed laser treated CoAl,O4 on Ti before (a) and after 600 s of Ar sputtering
(b).

The high resolution analysis of the Co 2p signal after sputtering (see Figure 87) revealed two
distinct cobalt species. The expected Co*" species, which resulted from annealing film at high
temperatures and a reduced Co” species, fit according to the literature values.!*>" This reduction
must have been through the laser treatment, as argon sputtering did not affect the oxidation state
in previous analysis (see section 3.4.3.2 Figure 75). This proved that laser pulse absorption
could result in a reduced metal embedded in the Al2Os lattice, coexisting with the CoAl,04

film, without a significant physical impact.

annealed laser treated CoAl,O,
after 600 s of Ar sputtering

Co° Regions

Co** Regions
Background

Intensity

800 795 790 785 780 775 770
Binding Energy / eV

Figure 87: High resolution Co 2p XPS spectra of annealed laser treated CoAl:O4 on Ti after 600 s of Ar sputtering.

While femtosecond laser induced reduction was used in previous reports,'*’%! the mechanism is
still not fully understood. Nonlinear absorption®’!! and the environment®’?! seem to be
important factors influencing the process. In water, solvated electrons (e”) are generated, who

act as reducing agents, with proposed reactions as followed:!?”!
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hv

H,0 - e~ + Hf + HO’ 19

e — €q 20

€aq + HO" —> HO™ 21
hv

H,0 — H + HO 22

H +H,0 - H30" + e;q 24

For laser treatment in ambient conditions, the electron necessary for the reduction could be a
result from the air at the treated area turning into a plasma.l?’* 2" For example, argon plasma

can result in reduction of metal ions.?”°

| This effect also supports the increased photocatalytic
performance for laser treated NiAl>Oy4 thin films (see section 3.4.4.2 Figure 84f), where no high

resolution spectra could be measured.

The photocatalytical performance of both amorphous and annealed untreated CoAl,O4 showed
no photoactivity (see Figure 88a and c). This was expected, as both amorphous and crystalline
CoAl;0O4 were not commonly used in literature. The NiAl,O4 thin films also exhibited no
intrinsic activity (see Figure 81a and d). yet after treatment, no matter if amorphous (see Figure
88b) or after annealing (see Figure 88d), there was no photocatalytic activity. Even after the
reduction of Co?" to Co®, as seen in XPS high resolution analysis (see Figure 87). Cobalt was

[260

commonly used as co-catalyst, like cobalt oxide/iron oxide composites?®” or cobalt doped

TiO2?""" and sometimes as pure nano cobalt oxide for hydrogen production, which is still

2781 1t has to be noted that only very few literature

inferior to the cheap iron oxide material.l
research articles showed any photocatalytic degradation of MB with CoAl,O4 nanostructures
under UV irradiation”’®! and often omitted an absorption spectra of the UV region, the range
used to excite the sample or provided no reference to the degradation analysis. Nevertheless,
pure UV excitation of the bare and laser treated CoAl>O4 had not been investigated in this
research, as the characteristic absorption peak of this material is at much higher

wavelengths.[280]

To summarize, precursors in the form of M[AI(O'Pr)4]> (M = Ni?', Co*") were synthesized and
investigated towards there thermal decomposition, elemental ratios and crystallinity after
annealing. MALOs (M = Ni*", Co*") thin films, produced using them in PE-CVD processes,
were analyzed on a macro- and microscopic level in addition to their composition. Femtosecond

laser treatment of these layers led to a reduction of the M** to M®and in case of NiALOx resulted
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in superior photocatalytic performance by degradation of methylene blue, while the CoAl,O4

showed no activity at all.
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Figure 88: UV-VIS spectra of amorphous untreated CoAlbO4 on Ti during photocatalytic decomposition
experiments (a), the amorphous laser treated CoAl,O4 on Ti (b), the annealed untreated CoAlO4 on Ti (c), the
annealed laser treated CoAl,O4 on Ti (d) and their normalized changes in absorption displayed over time (e).
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4 Experimental Part

4.1 Substrates and Annealing

Substrates: Metal substrates used include unpolished aluminum or titanium plates (grade 4
quality by Zapp Materials Engineering GmbH, see Table 9) and quartz were used as transparent

substrate. Additionally, silicon (001) was used for analytical purposes.

Table 9: Ti substrate impurities according to the vendor.[8!]
Fe C N (0) H
Ti (grade 4) 0.5 0.08 0.05 0.4 0.015

Annealing: All samples were annealed in a tube furnace (REST-E 230/3 by Carbolite Gero) at
different temperatures and durations with a heat rate of 10°C per minute. The samples were

positioned as close to the middle as possible, to minimize temperature deviation.

4.2 Deposition Methods

PE-CVD: All substrates were pretreated for 3 minutes with 20 sccm argon with an RF power
of 50 W. Standardized plasma enhanced chemical vapor depositions used either Titanium-
tetraisopropoxide ([Ti(O'Pr)4] by Sigma Aldrich), heated up to 80°C for a duration of 15
minutes, or Iron-pentacarbonyle ([Fe(CO)s] by Acros Organics) for duration of 10 minutes at
room temperature. Both used precursors were filled in glass flasks, and 20 sccm Oxygen with
a RF power of 100 W in the plasma vacuum chamber (Type DOMINO by Plasma Electronic
GmbH, see Figure 89). These precursors were used in excess to make sure there would a
deposition through the whole process duration. After reaching the pressure of 1 Pa in the
chamber, oxygen gas is added, resulting in roughly 2 Pa total pressure plasma ignition and
opening of the precursor valve. The pressure during the deposition was kept around 2.6 Pa in

case of TiOx and 2.4 Pa in case of FexOy thin films.
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Figure 89: Scheme of the PE-CVD chamber used for the experiments (a), with possible substrate positions marked
in red, and picture of the front/right side of the machine used (b).

The MALO4 was filled in a special precursor container, shaped like a T and made out of metal,
to allow high precursor temperatures and the use of carrier gas. During the deposition, a
precursor temperature between 100°C and 180°C was used, while the deposition time was kept
between 180 and 300 minutes. 20 sccm Oxygen and an RF power of 100 W was exclusively
used, while argon carrier gas varied from 2 to 4 Pa. The optimized standard process became as
follows: Roughly 500 - 700 mg of precursor was used, and the deposition started at a pressure
of 2 Pa (including the 20 sccm oxygen) with a precursor temperature of 100°C for a duration
of 20 minutes. The total pressure including carrier gas was kept at 6 Pa. The precursor was then
slowly heated over the course of 80 minutes to a temperature of 120°C, and kept at this
temperature for an additional 80 minutes. As last step, the temperature was raised over
20 minutes to 140°C, and kept for 40 minutes. The total deposition time was around

240 minutes.

4.3 Laser Treatment Experiments

The setup of the laser system is schematically shown in section 3.1 Figure 26. In order to
perform experiments with a broader parameter range, two different femtosecond lasers were
investigated. Tangerine by Amplitude Systems uses a pulse duration 7, ~ 280 fs, a repetition
rate of f=2000 kHz, focusing optic of fopic =63 mm and incident beam diameter of
dpeam = 2.6 mm with a resulting spot of dspor = 33 um, and central wavelength 4 = 1030 nm,
while Spitfire Ace by Spectra Physics uses a pulse duration of 7, = 100 fs with a line width of
A2 =60 nm, a repetition rate of /=5 kHz, focusing optic of fopric = 100 mm and incident beam

diameter of dpean = 10 mm with a resulting spot of dgo =10 um, and central wavelength
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A=800 nm. During the process. the linear-polarized laser beam first passes through a half-
wavelength plate (A4/2-wave plate) and a polarizing beam splitter, where the intensity is
adjusted. Afterwards, the beam is guided to the galvanometer scanner (ScanCube 7/10 by
ScanLAB), which is used to raster the laser spot and focus it on the sample surface, and the spot
size was chosen to be d = 10 um, unless otherwise specified. Processes were performed in air
at room temperature. The total processed area ranges from 5 x 5 mm?to 10 x 10 mm? in a line-
by-line scan, and the distance between laser spots in each line was Ax = 0.2 um. By using short
pulse length and low repetition rate only minor thermal effects were observed. In all processes
of the laser treated metal substrates (see section 3.3), a continuous pulse energy gradient was
applied over the processed field. The parameters not specified here will be displayed in the
corresponding section of the results and discussion chapter. The laser treatment of TiOx and
FexOy on Al, Ti or quartz substrates or quartz (see section 3 and 3.2) used a high-overlapping
rate, with a scanning speed of v = 280 um/s, which means that each line was exposed to
approximately N = df/v = 70000 pulses, with a time interval of ¢, = £/ = 0.5 ps between them.
The area was treated with 1000 lines per millimeter, with a line length of L = 1 cm. This means
after ot = L/v = 36 s a line was written with approximately 70000 pulses. In total, each site is
exposed to approximately ten such laser-heating cycles. A gradient in pulse energy was used,
increasing from Ein = 60 nJ to Emax = 200 nJ per pulse, which corresponds to the average laser

power from Ppin = 120 mW to Ppax =400 mW.

For the decomposition of the MAI1,O4 thin films (see section 3.4.4), the samples were structured
witha 3 x 3 field of varying intensity, ranging from ~0.5 to ~9 mW average power. In this case,
annealed samples were treated with nine intensities, 0.5, 0.75, 1, 1.5, 2, 3, 5, 7 and 9 mW, while
amorphous samples were treated with 0.5, 1, 2, 4, 5, 6, 7, 8 and 9 mW, due to the thicker layer

of amorphous films.

4.4 Characterization Methods

SEM/EDX: The scanning electron microscope (Nova Nano SEM 430 by FEI) used to analyze
the morphology was also equipped with an energy dispersive x-ray spectrometer (Apollo X by
FEI), which allows to determine the elemental composition of thin films. EDX analysis were

performed without a proper calibration.
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TGA/DTA: The thermogravimeter (STARe-system by Mettler-Toledo) was used to analyze the
decomposition and phase transformation with a TGA/DTA1 unit and a GC100 gas controller

to provide the nitrogen atmosphere. AlO3 was used as inert container for these processes.

XRD: X-ray diffraction (STOE STADI MP by STOE) analysis was performed using Mo-Ka
radiation (A = 0.71 A) and a linear PSD detector in reflection geometry to determine the

crystallinity and phase. The data evaluation program was WinXPOW by STOE.

FIB/STEM: Focused ion beam treatment and scanning transmission electron microscopy

(Helios NanoLab 600 by FEI) were performed to analyze the cross sections of thin films.

AFM: Topography measurements were done by atomic force microscopy (XE-100 by Park
Systems) using non-contact mode with a cantilever (PPP-NCHR by Nanosensors), where
region measurements were used to determine the roughness, while line scans were used to

analyze the depth of the ripples.

EBSD: Electron backscattering diffraction analysis were performed in a scanning electron
microscope (LEO 1560VP SEM by Zeiss) with a special detector (DigiView 4 EBSD detector
by Zeiss).

CA: Contact angle measurements were performed (DSA100 by Kriiss) to observe the changes
hydrophobicity of the surfaces with 2 ul drops and calculation the average over a minimum of

five measurements per area.

UV-VIS: Absorption measurements were performed in direct and in diffusive reflection (UV-
3600 Plus by Shimadzu) for reflecting surfaces in case of metal substrates, while materials on
transparent substrates like FTO or quartz were measured in transmission (Lambda 950 by

Perkin Elmer).

XPS: Elemental composition measurements of surfaces were done by x-ray photoelectron
spectroscopy (ESCA M-Probe by Surface Science Instruments), irradiated with Al-Ka rays (A
= 8.33 A). Survey scans were recorded with a detector pass energy of 158.9 eV, while high-
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resolution spectra used a pass energy of 22.9 eV. All spectra were referenced to adventitious

carbon at 284.8 eV. The analysis was performed using CasaXPS by Casa Software Ltd.

Gas-Sensing: Chemo-resistive gas sensing experiments were performed with a customized
system which consists of four electronic mass-flow controllers by Aero, a sensor chamber and
a heatable contact stage. Two source meters (K2400/K2401 by Keithley) were used for heat
control and resistance measurement, while a self-developed software (using LabVIEW by
National Instruments) controlled the electrical measurement and gas flow concentrations. The
total flow during all measurements was kept at 1000 sccm, while synthetic air was used as main
compound. The samples were investigated towards reductive gas (H2) at room temperature,
with flow rates ranging from 25 to 200 sccm. The sample consisted of sputtered stripes of Al
covered by a PE-CVD TiOy standard process (see section 4.2) and final laser treatment. Four fs
pulses with each ~1.5 mW per spot perpendicular in the middle of the aluminum stripe were
used. The goal was to cut the strip into two separated parts, and forcing the current during the
gas measurement through the top metal oxide layer (see Figure 49a). The disconnection was

measured by multi meter.

PEC: The photoelectrochemical water splitting experiments were done in a three electrode
setup, with 1M NaOH (pH = 13.6) as electrolyte, platinum wire as counter electrode, a saturated
calomel electrode (SCE) and the samples as working electrodes with an active area of
~0.64 cm?. For illumination, a 150 W xenon lamp (by Oriel) with a Schott KG-3 filter was used,
which was calibrated to approximately 1 Sun (AM 1.5 global, see Figure 90). The exception is
the optimization in section 3.3.2, where the lamp had a fixed focus, but was not calibrated. The
performance was measured using linear sweep voltammetry with a scan rate of 10 mV/s in a
potential range of -1 to 1 V vs. SCE using a potentiostat (VersaStat 4 by Ametek), comparing
light and dark measurements. The potential was then recalculated to the reversible hydrogen

electrode (RHE) for better comparison with literature values.
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Figure 90: Light power density of the xenon lamp used for PEC water splitting and photocatalytic degradation
experiments.

Photocatalysis: The photocatalytic activity of the bimetallic materials was investigated using
0.25 ml of a 1% w/v (10 g/l) solution of methylene blue (MB by 4BCR) and diluting it with
249.75 ml DI water to produce a stock solution of 0.001% w/v (10 mg/l), which was covered
with Al foil to prevent degradation. The measurement setup consisted of small beakers with
magnetic stirring bars filled with 20 ml of the MB stock solution. The substrates were fixed
inside the beaker, fully submerged in the solution, while illuminated by a 150 W xenon lamp
(by Oriel) with a Schott KG-3 filter and calibrated to approximately 1 Sun (AM 1.5 global, see
Figure 90). Every 60 minutes a UV-VIS spectra was measured and the peak of methylene blue
at 664 nm was used to measure the degradation over time. Every degradation experiment was

performed in a closed off black box.

Software: For the plotting of data points OriginPro 9 by OriginLab Corporation was used,
while Inkscape 0.92 by Free Software Foundation was used for schemes and illustrations. The
coloring of images was done with GIMP 2.10.6 by the GIMP development team. If any
additional software (other than those provided by the companies of the analytical machines)

was used, it is mentioned in the respective sections.
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4.5 Precursor Synthesis

Preparation of M[Al(O'Pr)s]2

The precursors were synthesized according to the literature known procedure (equation 25, with
M = Co*" or Ni*").??l In the first step, the potassium aluminum isopropoxide (0.015 mol,
1.5 mg) was synthesized by dissolving potassium (0.015 mol, 0.6 g) in dry isopropanol (30 ml),
adding aluminum isopropoxide (0.015 mol, 3.1 g) and stirring until fully dissolved.

MCl, + 2 K[AL(O'Pr)4] = M[AL(O'PT),], + 2 KCL L 25

Cobalt(II)-chloride (0.008 mol, 1 g) or nickel(II)-chloride (0.008 mol, 1 g) was added and the
resulting mixture was stirred at elevated temperatures of around 70°C overnight. The viscous
intermediate was distilled under vacuum beginning at 120°C and completing at 140°C. The
product was obtained as a dark violet liquid (M = Co*": 0.007 mol, 3.97 g, 585.36 g/mol;
M =Ni?": 0.007 mol, 4.03 g, 585.6 g/mol).

EI-MS: (70 eV, 42°C, M = Ni%"): m/z = 569 [M-CHs]"* (94%), 466 [M-CH3;-C3H7;-OC3H7]"*
(28%), 423 [M-CHz;-Al(OC3H7)2]* (32%), 409 [M-(CH3)2;-Al(OCsH)2] ™" (44%)

XRD: After heat treatment of ~1000°C for ~10h, phase pure MAIl,O4 compounds can be
observed (see Figure 70).
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S Summary and Outlook

The journey from the concept of combining expertise in laser physics with chemical and
material knowledge to create ordered/disordered systems ultimately led to optimized, ultrafast
laser treatment processes. They were able to improve a plethora of different systems and
materials for many applications (see Figure 91). Disordering can be understood as the breaking
of periodic potential and was for example achieved through decomposing bimetallic oxide
films, creating metal/metal oxide areas. On the other hand, ordering could be induced by laser
crystallizing amorphous metal oxides. These modifications can be traced back to changes on a
chemical and/or physical level, which was directly related to the laser treatment (see section
3.2). Phenomena including increased surface roughness and hydrophobicity through periodic
structures, which increased with processing power, or enhanced light absorption through
electronic changes and in-plane light trapping were observed. To enable this, femtosecond laser
pulses were mandatory, featuring to minimal photothermal effects, reducing damage to the

materials and allowing treated samples to be integrated as devices.

Structuring of metal oxide systems like FexOy/Al/TiOx on quartz led to precise
amorphous/crystalline junctions. In addition to this, tailored surface morphology, with high
laser power causing FexOy particle formation on structured TiOx bottom layer, could be
obtained. By decreasing the intensity, reduced ripples and craters on the FexOy top film were
achieved. The overall absorption was increased through these physical changes, improving
in-plane light trapping through the laser induced periodic surface structures (LIPSS). These
laser processes were additionally used to fabricate room temperature titanium oxide gas sensors
on a quartz substrate. The optical improvements were used to enhance metal substrates through
periodical patterns as base for photoelectrochemical cells (see section 3.3). The superior
performance was independent of the investigated systems, which included the bare Ti
substrates, and with added TiO2 or Fe;Os absorber layers. This also led to higher absorption,
photon conversion and ultimately photoelectrochemical performance, nearly doubling in some
cases. Since a heat treatment step was necessary to form crystalline materials to perform as PEC
electrode, the parameters like the temperature and time were carefully chosen. High values
would lead to rutile formation from substrate oxidation, acting as blocking layer, while low
values would result in a lack of crystallinity. The laser structuring of metal substrates could be
used in many systems, as it was top layer independent, boosting light harvesting performances
for applications like water splitting, photocatalytic degradation or in solar cells, which could be

further continued by treatment of TCOs. Another application would be alternating crystalline
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and amorphous areas, which can be achieved by striped laser patterns. The amorphous domains

increase the absorption cross-section due to more dangling bonds and improved electron

diffusion processes, while the crystalline stripes enhance the charge transport properties

through additional mid-gap states shown in latest simulations.
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Figure 91: Overview and summary of the process development, systems investigated, the analysis and resulting
properties with potential applications through femtosecond laser treatment presented in this work.
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Summary and Outlook

The chemical modifications possible through the laser treatment were shown on MAI,O4
(M =Ni%", Co*") thin films (see section 3.4). These were produced by PE-CVD with a
synthesized bimetallic precursor (M[Al(O'Pr)4]2). Laser induced reduction of the films has been
investigated by XPS, for both amorphous and crystalline phases. SEM studies revealed that the
physical effect of the treatment remained very low. The photocatalytic degradation of
methylene blue was investigated, showing that only the treated and thus laser reduced NiAl>O4
films exhibited any activity, a result from Ni° clusters embedded in the Al,Oj3 lattice. While this
product was known for its catalytic properties, it was never produced through precise methods
like femtosecond laser treatment. While the treated CoAl>O4 variant showed expectedly no
activity, they could potentially be used as a new way to produce Co doped Al>O3, with possible
application as Fischer-Tropsch catalyst. The chemical disordering of metal oxides was
universal and material independent, opening up hundreds of M doped M'xOy materials through
this method, resulting in evenly and precise distributed dopants, while the thin films can be
easily produced by evaporation of bimetallic alkoxide precursors using thin film deposition

processes.

To summarize, the combination of laser processing and different metal and metal oxide systems
resulted in a lot of unique and improved properties, which led to performance boosts in many

areas with several different applications.

With the knowledge gained in this research, development of optimized and reproducible laser
processes, with respect to the desired effects on a physical and chemical level, are achievable
for systems and materials not presented here. The industrial viability is very high, as all steps,
from precursor synthesis and deposition processes, to the laser treatment, can be easily scaled

up, with many different properties tunable on large areas with high reproducibility.
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7 Appendix

7.1 Erklarung

Hiermit erklére ich, dass die von mir vorgelegte Dissertation selbststindig angefertigt wurde,
und alle verwendeten Quellen und Hilfsmittel mit Verweisen im Text korrekt zitiert und
Berechtigungen aus Journalen eingeholt wurden, sofern der Inhalt ohne Anderung verwendet
wurde. Diese Dissertation hat noch keiner anderen Fakultéten oder Universititen zur Priifungen
vorgelegen. Mit Ausnahme der erwéhnten Teilpublikationen (Abschnitt 7.2) wurde diese Arbeit
noch nicht verdffentlicht, und wird auch vor dem Abschluss des Promotionsverfahrens nicht

vorgenommen. Mir, dem Autor ist das Bestimmungsprotokoll der Promotionsordnung bekannt.
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Bachelor-Studium im Fach Chemie an der
Universitidt zu Koln. Thema der Bachelorarbeit:
"Asymmetrische = Paterno-Biichi-Reaktion — mit
TADDOL-Derivaten", Note: 1,5

10/1999 - 06/2008

Abitur, Christian-Rauch-Schule (Bad Arolsen),
Leistungskurse: Mathematik, Englisch

DFG Projekte
2015-2018 Forscher ﬁ.1r das DFG Programm SPP1839
"Tailored Disorder"
Auslandserfahrungen

01/2019 — 02/2019

Wissenschaftliche Arbeit im Laserlabor von
Professor Doktor Yasuhiro Tachibana, Royal
Melbourne Institute of Technology, Melbourne,
Australien. Finanziert durch den DAAD.

11/2015 - 12/2015

Wissenschaftliche Arbeit in der Forschungsgruppe
von Federico Rosei, Institut national de Ila
recherche scientifique, Montreal, Canada.
Finanziert durch EU, FP7.

Konferenzbeitrige

21 - 25/05/2019

ENHANCE 2019: Posterbeitrag

27/01 - 01/02/2019

ICACC 2019: Posterbeitrag

25-30/11/2018

MRS Fall Meeting 2018: Prasentation vorbereitet

05 - 08/07/2017

AMAES VI: Posterbeitrag

27 -29/09/2016

MSE 2016: Prisentation

31/08 — 03/09/2016

AMAES V: Posterbeitrag und Présentation

06 — 08/04/2016

Manfred-Eigen-Meeting 2016: Posterbeitrag

il



