
 

 

 

 

 

 

 

Untersuchung von regelmäßigen Nanostrukturen 

für die solare Wasserspaltung 

 
 
 

Von der Fakultät für Maschinenbau 
der Helmut-Schmidt-Universität/Universität der Bundeswehr Hamburg 

zur Erlangung des akademischen Grades einer/eines Doktor-Ingenieurin/Doktor-Ingenieurs 
genehmigte 

 
 
 
 

DISSERTATION 
vorgelegt von  

 
 
 

 
Herman Kriegel   

 
Aus Berlin 

 
 

Hamburg, 2019. 
  



 

 
2 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gutachter 1: Prof. Thomas Klassen 

Gutachter 2: Prof. Ian Sharp 

 

Mündliche Prüfung am: 03.07.2019  



 

 
3 

 

 

 

 

Studies of regular nanostructures for solar 

water splitting 
 

 

Doctoral Thesis 

approved by the 

Department of Mechanical Engineering 

of the 

Helmut-Schmidt-University 
University of the German Federal Armed Forces 

 

for obtaining the academic degree of 

Doktor Ingenieur (Dr.-Ing.) 
 

presented by 
 
 
 

Herman Kriegel 
 

from Berlin 
 

Hamburg, 2019 



 

 
4 

 

  



 

 
5 

 

 
Abstract 

 

In pursuit of a sustainable energy economy, solar hydrogen generation via direct electrolysis using 

sunlight is a promising approach towards ecologically friendly fuels. However, photodriven water 

splitting faces numerous challenges that have to be overcome towards the development of stable and 

efficient systems, from the designing of new materials, to optimizing of light harvesting and integrating 

protection schemes for long-term viability. In this pursuit, TiO2 can serve in either of two roles: as a 

high band-gap absorber or as a protective coating for efficient semiconductors. 

In this work, the system of highly doped Silicon coated with atomic layer deposited TiO2 was studied 

with regard to deposition parameters, photoelectrochemical properties and the corrosion process. 

Amorphous films suffered from significant degradation under illumination in dilute sulphuric acid, 

which was found to be a two-fold process, chemical etching and a UV-photon induced photocorrosion. 

Stable and mostly crystalline anatase thin films were coated on precisely and (sub-)micro structured 

electrodes, based on lithography and plasma etching methods for Silicon, to increase active surface 

area, increase light absorption and reduce reflective losses. The correlation between structural shape 

and dimensions was evaluated in regard of beneficial and detrimental factors and an the impact of the 

conductive substrate became apparent. 

Optical simulation served to study the influence of electrode surface structuring on light management 

and is proposed as an invaluable tool for smart design of efficient, structured photoelectrodes. 
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Kurzfassung 

 

Um ein nachhaltiges System erneuerbarer Energie und Kraftstoffe zu entwickeln, kann solare 

Wasserspaltung einen wichtigen Beitrag liefern, Sonnenlicht zur Generierung von Wasserstoff zu 

nutzen. Um diesen Ansatz zu verwirklichen, gilt es noch eine Reihe von Hürden zu überwinden, um 

effiziente und langfristig stabile Materialsysteme zu realisieren. Titandioxid (TiO2) kann in der Idee eine 

von zwei Rollen einnehmen, als Absorber für Photonen im UV-Bereich, oder als Schutzschicht für 

effektive aber instabile Absorber. 

In dieser Arbeit wurden TiO2-Schichten auf hochdotiertem, leitfähigem Silizium untersucht, die mittels 

Atomlagenabscheidung (ALD) fabriziert wurden. Die Korrelation zwischen Abscheidungs-bedingungen, 

Photonenausbeute und Stabilität wurde evaluiert, wobei die Degradation amorpher Schichten auf zwei 

Teilprozesse zurückgeführt werden konnte, chemisches Ätzen und Photokorrosion unter UV-

Belichtung. 

Stabile, kristalline Schichten wurden auf präzise strukturierten Siliziumelektroden abgeschieden, 

welche durch Lithographie und Plasmaätzen bestimmt wurden und bessere Photonenausbeute und 

höhere aktive Oberfläche versprechen. Die Zusammenhänge zwischen den Formen und Größen dieser 

Strukturen und optischen wie elektrochemischen Eigenschaften wurde untersucht und vor- wie 

nachteilhafte Aspekte identifiziert. Des Weiteren konnte ein Einfluss des entarteten leitfähigen Trägers 

festgestellt werden. 

Optische Simulationen ermöglichten außerdem die Untersuchung des Einflusses von 

Struktureigenschaften auf die Reflektion und Absorption und können der Vorhersage optimierter 

Strukturen dienen, um optimale Lichtausbeute zu erzielen. 
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1.1 Introduction 
 

Over the course of the 4.5 billion years of existence of our planet and the development and evolution 

of life through 3.5 billion years, the energy input from the central star of our solar system has shaped 

the entire ecosystem. The delicate balance of suitable temperature and atmosphere that sustains life 

is dependent on the proximity to the sun, and solar input is ultimately the only source of energy, 

regardless of being in nutrition or fuels, fossil or renewable. From the initial fixation of solar energy in 

primitive organisms, through the development of more complex forms of life performing 

photosynthesis, to the end of the food chain of both herbivorous and carnivorous animals, all life is 

still fundamentally based on the conversion of energy that was initially supplied as photons.  

Before the evolution of humankind, all forms of life largely sustained an overarching form of balance, 

adapted to environmental changes or vanished from existence. Humanity has proven to be the most 

resilient and adaptable of all species, but also the most demanding on the environment. Apart from 

sustenance, additional fuels were consumed for warmth and light in early ages which millennia down 

the road has developed into industry, transport and luxury to support an ever more comfortable 

lifestyle of entire societies and higher life expectancy of individuals. 

Over the last 200 years, the enormous technological and medical advancements have led to an 

increase in world population from one to 7.6 billion, with close to ten billion people expected by 2050 

[1]. Additionally, the current average of 21.5 MWh per head energy consumption or 160 billion MWh 

globally [2] will massively increase with the advance of current development- and emerging countries 

to western levels. The entire progress, culminating in modern society, was largely facilitated by the 

unlocking of large stocks of fuels with high energy density, namely coal, oil and natural gas, which up 

to date still make up 85 % of the primary energy utilization globally [2]. 

However, the combustion of these fossil fuels has been correlated with numerous detrimental health 

and environmental effects, and the exhaust gases of power plants, industry and transport are 

associated with smog, diseases of the respiratory system [3,4], emission of greenhouse gases and the 

resulting global warming [5,6], as well as large-scale destruction of the environment for the excavation 

of resources. Considering that, natural oil and gas are also one of the primary sources of feedstock of 

the chemical and polymer industry and required for high-quality manufacturing, the combustion for 

energy conversion is subpar in terms of value-creation and potentially replaceable. 

Various emerging and rediscovered technologies have started to enable the use of so-called renewable 

energy sources and the conversion of abundant sources of wind and solar power into electrical energy 

both for grid distribution and for home use. Among the greater challenges of large-scale 

implementation of renewable energy are the lack of on-demand availability and the low energy density 

/ energy-to-weight-ratio of stored electrical power. Considering the sources, the temporal harvesting 

of renewable energy is one the one hand a major challenge on the stability of the electrical grid, 

potentially causing massive fluctuations, while on the other hand a matching between supply and 

demand for e.g. industry or household use, is entirely out of control without the means of intermediate 

energy storage.  

Transportation, both personal vehicles and the shipping of goods, as another major sector for the 

substitution of fossil fuels, is currently seeing a major renewal with the reassessment of electrically 

powered cars and even trucks to lessen the impact of emissions. However, the necessity for significant 

amounts of rare materials in current state of the art battery technology, severely limits the potential 

to make it the principal and predominant means of energy storage [2][7]. 
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Both of these questions advocate the utilization of alternative means of energy storage that is readily 

available, scalable, environmentally unproblematic and contains high energy density. Molecular 

hydrogen has been identified as a suitable candidate to satisfy these requirements and seen 

substantial research and development in terms of production, storage and conversion in fuel cell 

technology, with efforts ongoing. Nevertheless, environmental benefits of this potentially clean fuel 

are coupled to a green production of hydrogen, which prohibits steam reforming of natural gas and 

energy input from fossil fuels. Few pilot projects have previously employed (excess) electrical energy 

from renewable sources for the alkaline electrolysis of water to generate hydrogen gas that either 

could be used as fuel or combusted with biogas for heat and electricity generation [8,9]. 

 

Particularly the use of solar energy, with a global amount of 4.4 x 1020 J (1.22 x 1011 MWh) reaching 

the planet’s surface annually [10], provides a vast and highly predictable potential as an energy source 

for the generation of clean electricity and fuels. Although both photovoltaics and electrolysers are 

already at an advanced stage of development, the large-scale implementation that is required for a 

fundamental change in the energy economy cannot be supported due to the current requirements of 

catalysts for H₂ and O₂ evolution for water electrolysis [10]. 

An alternative means to convert solar energy into chemical bonds is a more direct approach based on 

photo electrochemical reactions that has been coined artificial photosynthesis due to similarities to 

the naturally occurring process. Semiconductors immersed directly in the electrolyte have been found 

to be ABLE to generate hydrogen and oxygen from aqueous solution under ultraviolet radiation [11]. 

While the photochemical reaction to break the O-H bonds of water into H₂ and O₂ requires illumination 

with wavelength shorter than 190 nm [12], the thermodynamic electrochemical potential of the 

reaction lies at 1.23 V (< 1000 nm) and can practically be facilitated with approximately 2 Volt (620 

nm). 

Although the proof-of-concept is more than 40 years old; and photo electrochemical cells (PEC) have 

been studied extensively in the 1970s and 80s, renewed research interest mostly over the last two 

decades has advanced the field significantly, with laboratory scale devices approaching economically 

viable stages [13,14]. Nonetheless, a number of fundamental challenges still need to be addressed: 

from identifying suitable, efficient, stable and abundant absorber materials, to coupling advantageous 

tandem configurations, to employing highly active catalysts and engineering suitable cell designs for 

appropriate light, electrolyte and gas management. Research has been extended to other, even more 

demanding reactions that may eventually provide an answer to CO2 capture and conversion as valuable 

chemical feedstock or liquid fuel. 
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1.2 Motivation and Goal 
 

Among the requirements of efficient solar water splitting are demands on effective light management 

and absorption as the basis for solar to hydrogen conversion (SHC), fast transport of generated charge 

carriers, low recombination losses and high reactivity towards water oxidation and reduction at the 

anode and cathode [16]. Only the use of stable, abundant and sufficiently cost-effective systems will 

make the concept economically viable, which requires exact tailoring of the individual components 

towards the ultimate goal of unassisted solar water splitting. 

 

The aim of this work is a fundamental study of the correlation between structuring and performance 

of a system of silicon-titanium dioxide-based photoelectrodes with precisely defined geometries. TiO₂ 

has a long-standing history in solar water oxidation and is probably the most studied material in the 

field, due to its abundance, low-cost and inherent stability. Additionally to its role as an UV-light 

absorbing semiconductor with potential for unassisted water splitting, it has garnered considerable 

interest as a protection layer for highly efficient but intrinsically unstable absorbers and tandems. The 

successful application in protection schemes relies on the inhibition of corrosion among other factors, 

and is studied under operating conditions. 

Silicon, on the other hand, is not only a long-reigning champion of (commercial) photovoltaics, but is 

also extensively studied for micro and nanofabrication due to its history and significance in computer 

technology, with a wide arrays of tools and methods available to design structured electrodes. 

Degenerately doped and highly conductive Silicon is employed in this work as the substrate that is 

shaped by a combination of lithography methods and dry etching, to act as a scaffold for a thin, 

conformal layer of TiO₂ deposited with nanometre precision by Atomic Layer Deposition. Systems 

prepared in this manner exhibit a vastly increased surface area compared to flat thin films while 

retaining a low demand on charge carrier mobility and lifetime, reducing reflective losses, and 

potentially enhancing the amount of absorbed photons. 
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2 Theory 
 

2.1 Basis of (Solar) Water Splitting 
 

The thermodynamically required potential for electrochemical water splitting is 1.23 V, based on the 

redox potentials of proton reduction and water oxidation [16] with the half reactions in acidic and 

alkaline electrolyte as:  

2 H+ + 2 e-
→ H₂   | E = 0.0 V vs NHE at pH = 0 

2 H₂O → O₂ + 4 H+ + 4 e-  | E = 1.23 V vs NHE at pH = 0 

Or 

2 H₂O + 2 e- → H₂ + 2 OH-  | E = -0.83 V vs NHE at pH = 14 

4 OH- → 2 H₂O + O₂ + 4 e- | E = 0.4 V vs NHE at pH = 14 

 

Practically, this electrolysis only proceeds at significantly higher potentials due to the complexity of the 

four-electron process of the oxygen evolution reaction (OER) [17]. Industrial scale processes operate 

at around 2 Volt cell voltage, at elevated temperature and using noble metal catalysts but achieve up 

to 70 % efficiency. The effective operation is reliant on running under constant and high load though, 

which does not pair well with fluctuation of energy from renewable sources [18]. 

 

For direct and potentially unassisted solar water splitting, the semiconducting absorber material is in 

intimate contact to the electrolyte and the photo-generated charge carriers provide the required 

potential for the oxidation and reduction reactions through the energy levels of the band gap. The 

system requires a complex interplay between suitable band positions, high photon absorption, fast 

charge carrier transport and facile catalysis. The two key concepts (Fig. 1) can be split into particulate 

systems or suspensions on the one hand and setups of separated anode and cathode on the other that 

share several of the characteristic features but differ fundamentally in some aspects. 

 

Figure 1 Schematic of photoactive nanoparticles for water splitting vs electrode configuration with a photoanode, dark 
cathode and locally separeted reaction sites. 
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Suspensions of semiconductor particles, commonly metal oxides, provide a very simple and technically 

undemanding approach that offers the benefits of high surface areas, very low mechanical stress and 

no danger of failure of electrical components. On the downside, these systems require a separate gas 

collection and separation system as hydrogen and oxygen are produced in close proximity, posing a 

potential hazard. Additional drawbacks reside in the lower flexibility and higher complexity of coupling 

different materials when forming tandem structures or depositing specific catalysts. To study one of 

the half reactions independently, sacrificial agents have to be employed that may distort experimental 

results [16,19]. Also, due to the small size of the semiconducting nanoparticles, the space charge layer 

is not fully formed and the benefit of enhanced charge separation not utilized to its full extent [15,19]. 

The prevalent alternative is the preparation of separate anodes and cathodes of which either one or 

both can be photoactive and selectively illuminated. These are commonly prepared as films and can 

be studied independently in-depth by a multitude of electrochemical techniques to investigate 

photovoltages, currents and properties derived from modulated measurements. Measuring in 2- or 3-

electrode configuration helps to not only determine overall efficiency but also to decouple the oxygen 

and hydrogen evolution reactions for separate study and optimization. The approach of film electrodes 

also offers convenient access to multilayer systems, tandem structures and electrochemical 

depositions (e.g. for co-catalysts). 

 
Figure 2 Schematic processes at an illuminated photoelectrode, (1) absorbtion of a photon and generation of an electron-hole-
pair, (2) charge separation, (3) band-to-band recombination, (4) charge transfer and (5) recombination through bulk or surface 
defect states. 

 

The fundamental processes [21–23] involved in solar water splitting are shown schematically in figure 

2 for a photoactive anode coupled to an efficient counter electrode. The illumination of the 

semiconductor leads to excitation of electrons (1) from the valence band (VB) to the conduction band 

(CB) generating positively charged holes as the minority charge carriers. Precluding the direct band-to-

band recombination (3), the pairs of charge carriers are separated (2) by an internal electric field or 

external bias, with holes travelling towards the semiconductor-electrolyte interface to perform the 

oxidation reaction (4a) if energetically viable. Defect states in the bulk (5a) or at the surface (5b) can 

enhance the carrier recombination (5a/5b) or provide a reactive pathway (4b). The accumulation of 

charges at the surface can lead to increased surface recombination when the charge transfer is slow, 

resulting in internal losses or photochemical degradation. 
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Reduction or oxidation catalysts are often applied to either increase the charge transfer rate from the 

semiconductor into solution [24], to passivate surface states, deactivating them for the recombination 

route [25] or to store and accumulate charges removed from the vulnerability of recombination [22]. 

Additional routine considerations focus on deliberate doping through additions or non-stoichiometry 

to induce p- or n-type of the material, to improve conductivity or affect the width of the space charge 

layer (“Wsc”) [16,26] in order to extract a larger amount of photogenerated charge carriers and improve 

the performance. 

 

Figure 3 Schematic depiction of inherent band bending in a n-type semiconductor with a large band gap spanning the water 
reduction and oxidation potentials in the dark and under illumination. Upon excitation the photogeneration of minority chareg 
carriers leads to the formation of split-up quasi-Fermi-levels and a reduction of band bending at the interface. 

 

Figure 3 shows schematically some fundamental aspects of the semiconductor-electrolyte interface 

for an n-type material in the dark and under illumination. When a semiconductor is put into a solution, 

or even in contact with oxygen of water molecules in air, majority charge carriers are transferred into 

redox levels of the electrolyte or surface states until Fermi and Redox levels are in equilibrium, leading 

to a formation of a space charge layer [27]. The width of this resulting electric field (WSC) depends on 

the charge carrier density ND, the dielectric constant ε and the potential drop Δφ by: 

𝑊𝑆𝐶 =
2𝜀𝜀0
𝑒𝑁𝐷

(ΔΦ) . 

If an external bias is applied or the electrode is illuminated, the Fermi-Level and bulk level of VB and 

CB shift according to the change in potential, but the position of the bands at the interface remains 

fixed, leading to a change in potential difference over the space charge layer (SCL) and its width. 

Depending on the applied potential, an accumulation, depletion or inversion layer is formed [16]. The 

band bending of the SCL presents a barrier for the majority carriers unless a sufficiently negative bias 

is applied to flatten the bands and forward charge transfer becomes possible.  

Under illumination pairs of charge carriers are generated which leads to a large increase in population 

of minority charge carriers. This decouples the common Fermi-level  (EF) into quasi-Fermi-levels (E*
F) 

for electrons and holes respectively and raises the bulk Fermi-level potentially up to flatband 

conditions when the illumination intensity is large enough and surface recombination negligible 

[28,29]. The change in potential drop of the SCL and change in EF can be measured through the change 

in open-circuit potential observed relative to a reference electrode.  
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Provided that the position of the valence band is positive enough, the photogenerated holes can 

oxidize an electrolyte species while an excess electron is transported to the counter electrode, reduces 

a species and balances the overall flow of charges. The transferred charge can be measured externally 

to quantify the proceeding reaction of gas evolution or corrosion when the processes are known. 

 

The list of requirements to achieve efficient unassisted solar water splitting comprises several key 

aspects of which some are in direct opposition of each other. The employed material(s) need to exhibit 

a small enough band gap to absorb and utilize a large fraction of the solar spectrum while also providing 

sufficient internal potential and suitable band positions to be energetically viable for both water 

oxidation and reduction [30]. This largely precludes the usage of a single absorber material and points 

towards the realization of the process through a tandem structure approach. The stacks require 

sufficient conductivity, charge carrier mobility and lifetimes to rapidly extract and convert generated 

charge carriers and minimise recombination losses. Finally yet importantly, a sufficient density of 

catalytically active sites is required to avoid a reaction bottleneck. 

 

Structured photoelectrodes - background 

The need to balance out the free mean path of photogenerated charge carriers and the great 

absorption depth, particularly in case of indirect band gaps, favours the creation of structured 

electrodes that can circumvent some of the fundamental drawbacks of some of the most promising 

materials [31]. Figure 4 demonstrates the comparison of two structuring approaches for 

photoelectrodes in contrast to thin or thick planar films. 

 

Figure 4 Comparison of Thick and thin flat films for photoelectrodes with structured electrodes in an approach to either 
structure the absorber, or coat a conductive scaffold material with a thin, photoactive layer. Indicated are required pathways 
for generated charge carriers (straight arrows), recombination (red cross) and losses from insufficient absorption passing 
through thin films. 

The case of planar, relatively thick films (Fig 4a) such as the micrometre scale of Silicon in solar cells, 

offers a large absorption depth that can utilize high photon flux even in materials of low absorption 
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coefficients. This requires though, generated charge carriers to be transported large distances, leading 

to recombination losses in many low-cost materials that have insufficient carrier mobility. Thin films 

(4b) offer facile extraction of charge carriers as the space charge layer can encompass the entirety of 

the layer but suffer from low utilization of the incident illumination as a significant amount is 

transmitted through the film. 

The ideas of (nano-) structuring the primary absorber (4c) or a conductive scaffold that is coated with 

a thin absorbing layer (4d) amalgamate a large absorption depth through the height of the structure 

with short required pathways to transport generated minority charge carriers to the electrolyte 

interface. Both forms can also be expected to show reduced reflective losses and the enlarged surface 

area lessens the demand on catalytic turnover, as the number of active sites is increased manifold [31]. 

The coated approach (4d) additionally implements short pathways for the majority charge carriers 

through the thin film, equivalent to the planar analogue (4b), but conversely exhibits an amplification 

of the interface between absorber and back contact. 

Similar to flat electrodes can either strategy be utilized with an absorber material on a metallic 

(opaque) substrate, on a conductive and transparent scaffold material or on top of a secondary 

absorber in a tandem configuration. 

 

Structured electrodes in the literature 

Several of the presented ideas have been realized and studied by research groups in the last decade, 

with the synthesis routes following two major schools of thought. 

In order to benefit from the unsurpassed properties of wafer-quality, semiconducting materials, Silicon 

is structured predominantly through top-down methods from bulk material [31], with the same idea 

potentially applying for III-V-semiconductors.  

Well-ordered silicon microwires have been prepared through methods of optical lithography and dry 

etching [32–36] while disordered, less-uniform nanowires can been fabricated through aqueous 

electron-less etching techniques [37–39]. These were either coupled with metal catalysts for hydrogen 

evolution [31,32,35,38] or coated with additional metal oxide absorbers such as TiO₂ [33,36,39], ZnO 

[35] or Fe2O3 [38] to be used as photoanodes. Narkeviciute et al. have utilized maskless plasma-etching 

for random structures of black Silicon to couple with Ta3N5 by ALD and nitridation in a core-shell 

tandem device [41]. 

 

Metal oxides commonly studied as photoanode materials can inherently be synthesised as high-

surface porous, nanorod or nanotube modifications. Anodization of Ti foil yields TiO₂ nanotubes 

dependant on the oxidation conditions [42,43], while wormlike, porous BiVO4 can be prepared through 

metal oxide decomposition [44] and reactive ballistic deposition (RBD) [45]. APCVD grown hematite is 

most prominent example of Fe2O3 presented by the Grätzel group [46] and templated growth of Fe2O3 

in nanosphere-prepared masks of gold on FTO [47] has shown plasmonic enhancements of absorption. 

Regular, inverse opal structures of various oxides (Fe2O3, TiO₂, WO3) [48–50] displayed enhanced 

absorption and increased active surface area for improved photocatalytic performance. 

Cuprous oxide (Cu2O) a potential candidate both for photo anode and cathode application, has been 

prepared in bottom-up synthesis by electrodeposition to form a dendritic morphology [51] yielding 

improvements in the order of magnitude for higher degrees of branching and the resulting excessively 

increased surface area. 
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Bottom up approaches to fabricate structured electrodes of high-quality IV and III-V semiconductors 

may be accessible through directed, epitaxial growth, being significantly more economical in terms of 

material input as has been demonstrated for Silicon wires fabricated by vapour-liquid-solid growth 

[52]. 

 

TiO₂ for photocatalytic water splitting 

The field of semiconductor-based, photocatalytic water splitting was initially opened up by Fujishima 

and Honda 1972 when they related the evolution of oxygen and hydrogen from aqueous solution to 

the potential generated by the UV excitation of a rutile TiO₂ electrode coupled to Platinum [11]. 

Through the use of single-crystalline material, which intrinsically provided large oxidative driving force 

from the band gap of 3 eV, improved conductivity by purposeful vacuum annealing and the acidified 

electrolyte in conjunction to the platinum counter electrode, they met the crucial requirements to 

enable unassisted water oxidation at the photoactive anode. They proposed photocatalytic hydrogen 

evolution to be similarly feasible at p-type semiconductors. 

Though a multitude of materials has been studied for the purpose, TiO₂ is not only the oldest but likely 

most intensively investigated semiconductor of the field. It occurs in three stable crystalline phases 

(Rutile, Brookite, Anatase) with optical band gaps from 3.0 to 3.2 eV and an amorphous modification 

[53–56]. Some of the major properties in regard to crystal structure and optical properties are 

summarized in Table 1. The Refractive index and band gap scale with the density of the phase, higher 

density goes hand in hand with a larger refractive index and lower band gap. 

 

Table 1: Prominent modifications of TiO₂ and selected properties 

 Rutile Brookite Anatase Amorphous 

Crystal system Tetragonal Orthorhombic Tetragonal -- 
Z 
 

2 8 4 -- 

Density g/cm3 

 
4.3 -4.7 4.123 3.895 2.9-3.8 

Band gap / 
corresponding λ 

 

3.02 eV / 410 nm 
[53] 

3.14 eV / 395 nm 3.24 eV / 383 nm 
[55] 

3.34 eV / 371 nm 
[57,58] 

Refractive index 
(550 nm) 

2.65 / 2.95 [59] 2.58 /2.7 (αβ /γ) 2.5 2.15-2.5 [60,58] 

 

Of the crystalline modifications, only rutile and anatase are active in photocatalytic water dissociation, 

with an ongoing scientific discourse over the higher efficiency of one or the other. The smaller band 

gap of rutile allows for larger absorption of the solar spectrum, but the positioning of the valence and 

conduction band and the resulting better charge transfer in anatase has been argued to be reason for 

commonly greater performance observed in the latter [61,62]. Interestingly, the conjunction of both 

phases has been found to outperform either alone, which is often attributed to the formation of a 

heterojunction and improved charge separation [63,64]. 

Electrodes of TiO₂ can and have been prepared through numerous approaches as the material is 

accessible by many methods, especially sol-gel synthesis [65–67] and anodization of Titanium [68–70]. 

Other techniques use electrophoretic deposition [71] from solution, thermal oxidation [72,73] of 
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metallic titanium or vapour-based techniques as sputtering [74–76], physical vapour deposition  [77], 

chemical vapour deposition [78–80] and atomic layer deposition [81]. The often initially acquired 

amorphous phase is converted to crystalline anatase or rutile through heat-treatment at intermediate 

(~ 500 °C) to high (~1000 °C) temperatures, respectively [82–85] which also serves to reduce defects, 

and tune doping and conductivity through choice of the annealing atmosphere [86,87]. The onset of 

crystallization to anatase has been observed as low as 250 °C while rutile is found to form from anatase 

starting around 700 °C [88]. Crystallization temperatures are highly dependent on film thickness 

[83][88] with thin films requiring greater thermal input to overcome the build-up of stress but the 

conversion can be inhibited entirely by carbon impurity levels of 3 % [83]. Conversely, were 

temperatures as low as 160 °C found to be sufficient to facilitate the crystallization of thicker films in 

the presence of preformed anatase seed crystals [85]. 

In all the employed phases and prevalent for oxide semiconductors, intrinsic n-type conductivity is 

commonly observed due to donor doping by oxygen defects and localized Ti3+ centres [86,87,89]. 

Improved photocatalytic properties have been found with reversible hydrogen-, self- and 

electrochemical doping [70,90–95] and states of transparent conductive oxides of TiO₂ have been 

achieved by significant incorporations of Tantalum, Tungsten or Niobium [96–101].  

Computation of the dielectric functions has revealed great similarities between anatase and the 

amorphous phase based on the electronic structures, with rutile being set apart and differing greatly 

in contrast [102].  Additionally, this emphasized the anisotropy of optical properties for the crystalline 

modifications, resulting in different refractive indices observed in single crystals (Table 1).  

The large band gap of any phase of TiO₂ limits the light absorption to energies in the UV range, severely 

restricts even the theoretically possible solar-to-hydrogen conversion efficiency (STH) to < 1% of the 

AM1.5 influx and precludes the economic viability of a TiO₂ absorber device. The (for stable oxide 

semiconductor) uncommonly beneficial position of the conduction band, more negative than the 

hydrogen evolution potential, though has garnered a large interest in controllably reducing the band 

gap by raising the valence band energetic level through anion doping (N, C, S) and co-doping [103]. 

Several reports have presented a decrease in the optical band gap with improved absorption in the 

visible range for an improved water oxidation performance, but an often accompanying, detrimental 

decrease of the conduction band maximum (CBM) below the H+/H₂ potential and diminished 

electrochemical stability has hampered the development of viable TiO₂ photoelectrodes. 

Thermodynamically, the oxidative corrosion potentials of pure TiO₂ are outside the range of water 

dissociation, with a given dependence on the pH as depicted in the Pourbaix-diagram [103–105]. Bard 

pointed out that the oxidative potential of TiO₂ -> TiO2+ + ½ O₂ + 2e- is 1.42 V vs RHE at pH = 0 [107], 

while Gerischer showed that at pH = 7 in electrolyte containing chloride, the formation of TiCl4 has a 

potential 0.5 V more positive than water oxidation [108]. These potentials are still encompassed by 

the position of the CBM and the photoanodes are in fact stabilized kinetically by the faster O₂ evolution 

than TiO₂ corrosion [108]. Large overpotentials for oxygen evolution may therefore play a crucial role 

in the instability of electrodes and an improved stability in some reports accounted for by the OER 

catalysts applied. 
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Figure 5 Pourbaix-diagrams of Titanium / TiO2 from recent literature by Acevedo-Peña et al. (a/b) [104]  and Scheuermann et 
al. (c) [105]. a) and c) are very similar, while b) contains hydrated species of the oxides. The main point of distinction here is 
the shift of the Ti(IV) to Ti(III) reaction potential at very low pH values across the threshold of H+/H2 reduction, indicating a 
small window of conditions allowing for dissolution of TiO2. 

 

Cathodically, the stability can be viewed slightly differently, depending on the basis for the 

construction of the Pourbaix-diagram. When hydrated species are considered, the reduction of TiO₂ to 

Ti3+ species energetically more favourable than proton reduction by up to 0.2 V at pH <2 (Fig. 5b). At 

higher pH the required potential is 0.6 V more negative than H₂ evolution and results in the passivating 

Ti2O3 phase. A desired partial reduction can be achieved by applying potentials of -0.4 to -2 V in neutral 

supporting electrolyte (Na2SO4) [94,108,109]. 

 

Since the pioneering work of Fujishima and Honda near half a century ago, TiO₂ has experienced two 

major renewals in research interest for the application in photoelectrochemical cells. The intrinsic 

properties of colloidal films with high surface area, proficient conductivity and stability have led to the 

widespread use of TiO₂ as the porous matrix for dye-sensitized solar cells (DSSC) [111]. In these the 

efficient absorption is achieved by the application of tailored dye-molecules that inject electrons into 

the conduction band of the TiO₂ and are recharged by the electron shuttling of a redox mediator in 

solution. 

The second rejuvenation of TiO₂ in the field of solar water splitting has come through its use as a 

protecting layer for highly efficient, expensive and intrinsically unstable absorbers. Historically, most 

of the peak performing systems, often based on champion absorber materials and tandems in 

photovoltaics, suffered from severe degradation under water splitting conditions that could deactivate 

the electrode within minutes [112]. The application of conductive, optically non-parasitic, stable 

overlayers has seen remarkable progress in recent years, opening up potential for new absorber 

materials. Current protection strategies revolve largely around amorphous TiO₂ that is stable against 

corrosion in acidic and alkaline electrolytes [113–116].  

For photoanodes the strategy initially relied on tunnelling through few nm of amorphous TiO₂ from 

the photoanode  [113], while photocathodes were less restricted with the conduction band of TiO₂ 

being positioned suitably for the electron transport to reduce protons [117,118]. Anatase TiO₂ films 

were shown to be more stable during hydrogen evolution [116] with the crystalline phase being 

beneficial for cathodic conduction while being anodically insulating [113,114]. This even provided 

additional stability under dark conditions of the device. 

With the introduction of “leaky” TiO₂ for photoanodes, amorphous TiO₂ films up to 140 nm [119], gave 

rise to thicker protective films that conducted charge carriers through impurity doping or the 
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“structural disorder” of the amorphous phase. This allowed for stable measurements over much longer 

time frames but was still often accompanied by a gradual loss in performance through loss of the 

indispensable catalyst [115,118]. Strategies to overcome this include temperate annealing and 

crystallization of amorphous TiO₂ to anatase [120] but the process window appears fairly small with 

detrimental side effects of increasing the TiO₂ layers resistance [121] and introducing/increasing the 

SiOx layer on Silicon substrates [120]. 

Ros et al. [122] have studied films of amorphous, multi-crystalline and mixed nature for the cathode 

reaction and characterized the charge transfer processes as being facilitated through the crystallites. 

Their long-time measurement also revealed the dissolution of amorphous material around the 

crystallites under the measurement conditions. 

 

 

2.2 Nanofabrication 
 

For several decades, driven by transistor fabrication and data storage, methods have been realized and 

improved upon to construct ever-smaller features and patterns with precise control. True to “Moore’s 

Law” [123,124], pattern density on computer chips has been multiplied again and again and the single 

digit nanometer regime is within grasp for large-scale fabrication [125,126]. Imaging and manipulation 

techniques down to the atomic scale [126] complement the capabilities of the field of 

“nanofabrication”.  

This processing at the nanometre to micrometre level consists of various top-down and bottom-up 

methods to implement desired structures, several of which were utilized in this work. The following 

fabrication techniques to create patterns (lithography), transfer said into wafer substrates (plasma 

etching) and deposit well-controlled thin films (depositions) were crucial in realising cm2 areas of 

structured electrodes. 

The terms “pitch” and “period” are used interchangeably throughout the text and denote the recurring 

distance between the centres of features regardless of their shapes (lines, pillars, holes) or 

arrangement (e.g. square arrays vs hexagonal ordering). In contrast, “node” refers to the critical 

features size or resolution limit, often the half-pitch of a pattern [127]. 

The generalized fabrication route is depicted in the following scheme (Fig. 6) and shows typical steps 

employed in the preparation patterned electrodes. After pre-treating the substrate, a pattern with 

period size P is created on the surface (Step 1) by a suitable lithography technique and manipulated to 

achieve the desired feature size (Step 2). It is then transferred through intermediate layers and into 

the substrate (Step 3). Sacrificial layers, mask material and surface impurities are removed (Step 4) and 

additional coatings deposited (Step 5). 
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Figure 6 Schematic preparation route towards regularly patterned, nano- & microstructured electrodes. From a sacrificial 
medium a pattern is first created (1) that can be tuned and shaped by selective etching steps (2). The surface pattern is 
transferred into the substrate (3), residual features and interfaces removed (4) and a conformal coating applied (5). 

 
 

Lithography Methods 
 

Processing techniques to fabricate and replicate structures make up a diverse field of methods, 

covering orders of magnitude in complexity, flexibility, precision and demands on equipment and / or 

time. Advanced techniques with near-nm resolution like electron-beam lithography may take days to 

pattern a surface of 1 cm2, while fast and easy routines like basic mask-based optical lithography are 

often limited in the feature size of µm by the diffraction limit. Nanoimprint lithography promises fast 

reproduction of a prefabricated master mold but suffers from poor pattern fidelity and reproducibility 

when not performed under optimal conditions.  

With the goal of periodically structured electrodes, the demand on the flexibility in pattern generation 

was considerably relaxed and a library of structures could be created from Laser Interference 

Lithography (LIL), Nanosphere Lithography (NSL) and mask-dependent optical lithography (OL). 

 

Laser Interference Lithography (LIL) 

Among the optical lithography methods, LIL is a maskless technique suitable to create periodic 

patterns. It utilizes the monochromatic exposure by the interference of two or more coherent laser 

beams [128,129] but otherwise shares many characteristics with conventional mask-based lithography 

and is processed similarly. Commonly, a thin film of a suitable photo-resist is applied to the substrate, 

exposed and then developed to selectively remove parts of the resist, leaving a patterned surface. 

Depending on the type of photoresist, the exposure leads to breaking of bonds in the resist and 
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subsequent dissolution in the development (positive resist) or a cross-linking that makes exposed areas 

insoluble (negative resist) [127]. 

To create an interference pattern, two methods have mainly been employed using either a beam-

splitter or a Lloyd-mirror setup. The former divides the incident laser beam and directs each part onto 

the substrate via additional mirrors where, depending on the incidence angels, oscillations in intensity 

are observed [129–131]. To change the angle of incidence, several optical elements have to be 

repositioned and aligned. The alternative, having the substrate on a rotatable stage with a mirror 

oriented perpendicular, is simpler and more stable in its setup [132,133]. The general setup, depicted 

in Figure 7, consist of the laser source and a spatial filter (focussing lens + 10 µm pinhole) that expands 

the beam into a narrow cone, and the substrate stage. Part of the beam illuminates the sample directly; 

another part is reflected from the mirror onto same. As a result, periodic interference fringes create a 

line pattern of exposure. 

The resulting pattern period (P) depends on the wavelength of the laser (λ) and the incident angle (θ), 

related by the formula 

𝑃 =
𝜆

2 ∙sin(𝜃)
 . 

 

 

Figure 7: Schematic setup of Laser Interference Lithography with depiction of occurring interference in the enlargement 
(orange circle). 

 

With the Lloyd-mirror, the incident angle can be adjusted easily by rotating the stage and the resulting 

pattern period can be tuned theoretically from half the laser wavelength to several times that. In 

practice, considering patterned area and exposure time, a small 405 nm laser can be employed to 

create patterns with pitch of 0.5 µm to 2.5 µm (this work). A pitch of 200 nm has been realised with a 

351.1 nm laser [134] and the optical limit can be pushed further with an immersion lithography type 

setup [135,136]. 

A single exposure with only one mirror leads to a simple line pattern, but additional mirrors or 

additional exposures after rotating the sample can generate more complex structures: holes, pillars or 
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elongated forms [137,138]. Similar to other techniques based on exposure-sensitive resists, the duty 

cycle - the ratio between structures and openings - can be tuned to some degree through the exposure 

time [134]. This will affect the linewidth of a linear pattern or can be utilized to selectively create hole 

vs pillar structures. 

The patterned area is dependent on the distance from the pinhole to the sample stage and larger areas 

exposed require longer distances and longer exposure times as the intensity decreases. This may limit 

the use of certain lasers, as an insufficient “coherence length” will lead to a loss in homogeneity of the 

pattern [133]. 

Utilizing optical lithography on reflective substrates can often create standing waves in the photoresist 

and result in wavy wall features [134,139]. These may be detrimental for subsequent pattern transfer 

or even lead to instability and pattern loss during development. Consequently, anti-reflective coatings 

are routinely employed, that both anchor the photoresist and suppress the standing waves depending 

on layer thickness and incident wavelength. 

Powerful lasers have more recently been used to structure suitable materials directly (Si, WO3) by a 

melting or ablation process [131,140] without use of a conventional resist material in “Direct Laser 

Interference Lithography” (DLIL). 

 

Nanosphere Lithography (also “Shadowsphere Lithograpghy”) 

Using the self-assembly of monodisperse beads in a close-packed monolayer offers access to (mostly) 

hexagonal patterns of pillars or holes via so called “Shadosphere” or “Nanosphere lithography” (NSL). 

It is a non-optical technique, which can be performed without advanced equipment to provide sub-µm 

patterns. 

The self-assembly of nano- and microspheres can be facilitated through different means and reports 

show use of the Langmuir-Blodgett technique [141], other assembly on a liquid medium [142,143], 

spin coating [144–147] and drop-casting/evaporation [148,149] for assembly on a solid surface. 

Most of those methods have a complex interplay of various factors and may require an entire new 

optimization for different particle sizes or substrate surfaces to be used. Beside the choice of material, 

commonly polystyrene or Silica [150], and functionalization for both the nanospheres and surface, the 

dispersion agent (water / alcohols) [151], particle concentration and reported spin speeds 

[70,145,147,152] vary greatly throughout the literature. 

The close-packed array is considered as a colloidal 2D crystal and as such can show common types of 

defects: point defects = missing beads, line defects = misalignment between ordered areas and 

interstitials = under-/oversized spheres. While the latter is solely dependent on the size distribution of 

the used particle dispersion, the first two are desired to be minimized through optimization of process 

parameters for each method. 

The size of the nanospheres can be tuned by appropriate reactive ion etching (RIE), e.g. with plasma 

containing oxygen or fluorine for polymer beads [147,153] or silica particles, respectively. CHF3 or CF4 

are frequently added to O₂ to achieve higher selectivity [154] or better smoothness upon shrinkage 

[151]. To avoid disrupting the close-packed ordering, polymer beads can be tenderly anchored to the 

surface by a mild heat treatment [153]. 

The close-packed mask of spheres offers several geometric features for subsequent nanofabrication, 

which are shown in Figure 8. Using the beads directly as the mask and shrinking them to the desired 
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size through plasma etching offers access to a hexagonal array of pillars [Cheung2006, Tan2004] while 

alternatively materials can be deposited that will utilize the interstitial space. Without manipulating 

the spheres, sharp (curved) triangles can be deposited in a three-fold symmetry from the interstitial 

spaces of a monolayer [141] and turned into pillars when etching into the substrate after removing the 

nanospheres [145]. Shrinking the beads first, depositing metal onto the substrate and removing the 

beads creates a honey-comb shaped mask [155]to etch a hole pattern into the silicon or produce pillars 

by metal-induced etching [149]. 

A library of more complex structures based on NSL has been shown to be available with additional or 

more complex fabrication tools [142,156] demonstrating the scope beyond hexagonal patterns. 

 

 

Figure 8: Representation of base fabrication routes towards pillar (positive) or hole (negative) patterns bases on nanosphere 
selfassembly. In the positive pattern transfer either a predeposited hard layer  or the (shrunk) nanospheres themselves ar the 
mask for substrate etching to create pillar structures. Alternatively, the pattern can be reversed by depositing a  metal around 
the assembled (shrunk) particles and removing the polymer beads to transfer a hole pattern in the negative pattern transfer 
route. 

 

Etching Methods 
 

Controlled and selective removal of material is a staple of top-down nanofabrication and essential to 

transfer a surface pattern into the substrate. Solid material is transformed into either a soluble or a 

volatile species using physical, chemical or electrochemical input to break the initial bonds [127].  

In liquid etching, dissolved ions can react with the solid phase if the reaction is thermodynamically 

favourable or electrochemical reduction/oxidation can result in a soluble oxidation state. Complexing 

counter ions can shift the equilibrium of an otherwise insoluble form to a complexed, soluble ion that 

favours the etching reaction. The process is often isotropic and can at best be guided by the crystal 

planes in a monocrystalline substrate (anisotropic etching), limiting the shapes and angles of the 

fabricated structures. 

Etching in the gas phase proceeds through physical or chemical processes or a “synergetic” approach 

[157]. The directionality of physical sputtering or ion beam etching, combined with the selectivity and 
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reactivity of chemical plasma etching culminates in reactive ion etching (RIE) [127] that provides 

immense versatility and control for advanced nanofabrication. 

 

Reative Ion Etching (RIE) 

Applying a strong electric field to gas at very low pressure can lead to a glow discharge and the 

formation of the plasma state, a hot mixture of ions, electrons, molecules and radicals. Under these 

conditions, reactive radicals can be generated at very high rate but have a movement range limited by 

diffusion. Ions on the other hand are produced in a lesser amount and can be accelerated in the electric 

field, providing high kinetic energy and overall a similar flux to the radicals [127]. Tuning the 

composition of the plasma feed gases, partial and total pressures and the plasma generation energy 

allows to create diverse conditions for controlled etching. 

The higher reactivity of radicals leads to chemical etching if the reaction product is sufficiently volatile 

and is associated with the isotropic component of dry etching. This is utilized to clean wafers, strip 

residual resist and organic interlayers by “ashing” in an oxygen plasma [127]. The radicals are used to 

oxidize and break down the polymer, removing most or all organic matter that is exposed. It can also 

be used to trim features of photoresist [158] or shrink the size of beads in Nanosphere lithography 

[147,151,153,154] to manipulate the mask before transferring it into the substrate. 

Plasma ions and electrons are generated in much lower density but can be separated due to the much 

greater mobility of the electrons [127,159], which are susceptible to the high frequencies of excitation. 

This leads to the build-up of a self-bias, depending the plasma input energy and the gases involved 

and, in consequence, ions are accelerated and contribute to etching by bombardment and sputtering. 

High-density plasmas can be generated with inductively powered sources instead of capacitive 

arrangements and used additionally to provide control over both ion energy and ion density for the 

etching process  [127,159]. The Inductively Coupled Plasma RIE (ICP-RIE) has advanced to be the 

essential tool of nanofabrication for high aspect ratio structures due to the superior capabilities in 

terms of selectivity and high etch rates. 

To transfer a pattern accurately, this directionality is a prerequisite to keep the lateral dimensions and 

avoid either undercut of the substrate or successively trimming the mask during the etching (Fig. 9). 

Transferring a pattern through an anti-reflective coating or removing a residual resist layer requires 

sufficient sacrificial feature height that can be lost during the etch, while the transfer from polymer to 

a Cr mask interlayer benefits from a high selectivity in wide range of conditions and can be pushed to 

into single digit nanometre fabrication under optimized conditions [160]. 

In order to create high-aspect ratio structures with dry etching, the process parameters need to 

support a high degree of directionality for the etching, minimizing isotropic contributions, while 

providing high selectivity to avoid significant etching of the mask. Two main process types have been 

developed to support to proper interplay between chemical reaction of the plasma components, 

sputtering and passivation required for Deep reactive ion etching (DRIE) of silicon. 

The “Bosch process” is an interloped routine of an isotropic etch step using SF₆ plasma and passivating 

with C4F8, which creates a protective film of fluorocarbons [161]. Both steps are conducted for just a 

few seconds each with every circle etching only hundreds or tens of nanometres [162,163]. The result 

is a scalloped profile and cannot quite achieve straight sidewalls. Modifications have led to a reduction 

of feature sizes on the walls below 10 nm though, allowing sub-100 nm features to be fabricated [164]. 

 



 

 
26 

 

 

Figure 9 Optimal pattern transfer (middle) and potential non-ideal contributions that impact the resulting shape in deep 
etching of the substrate with indicated resulting shapes. 

 

An alternative DRIE process has been established to create deep silicon structures based on a dynamic 

equilibrium process during the plasma etching between chemical reaction, passivation and sputtering 

[157,165] (Fig 10). Employing ICP-RIE with SF₆ and O₂ allows control over the rate of the different 

reactions via the composition of the plasma feed gas, the ICP and RF plasma power, total pressure and 

the substrate temperature [166]. The fluorine ions and radicals provided by SF₆ are the reactive species 

that can break the Si-Si bonds and form volatile SiF4. Due to the oxygen content SiOxFy is formed, that 

condenses at cryogenic temperatures and builds up a passivating layer. By ion bombardment and 

sputtering it is removed from the bottom of the structures, opening it up to further etching while the 

sidewalls remain largely unaffected. When the substrate is brought back up to room temperature the 

passivating layer is desorbed, leaving fewer residues than in the Bosch process. 

 

Figure 10 Scheme of interplay in cryostatic ICP-RIE with sidewall passivation by by fluoro and oxo radical species to Form SiOxFy 
layers, Ion bombardment and sputtering by ionic species to remove passivation at the structure bottom. Consequently, 
material is successively removed, predominantely in the direction from the plasma into the substrates. 

 

The process parameters in this cryogenic etching allow a modicum of control over etch rates and 

resulting wall angles [166], making it an interesting tool for fabricating diverse structures and achieve 

aspect ratios of over 20 or 30 [167]. The high selectivity allows using photoresists directly as an etch 

mask, avoiding supplementary metal hard masks and additional manufacturing steps. Additional 
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optimization may be required though, as the resulting profile strongly depends on feature sizes 

employed and the sensitivity of the process to the chamber conditions and preconditioning [164,166]. 

 

Atomic Layer Deposition 
Among the plethora of possible deposition techniques for photoelectrodes, none other than Atomic 

Layer Deposition (ALD) offers the control over precise layer growth and the capabilities to conformally 

coat high aspect ratio nanostructures.  

ALD is a version of chemical vapour deposition (CVD) [127] that started out as an epitaxial technique 

to grow II-VI compounds [168,169] and III-V (GaAs) semiconductors [170]. Unlike conventional CVD, 

ALD introduces the precursor gases sequentially and relies on the strong chemical absorption of a 

monolayer, but weak physical binding for multilayers of a precursor molecule [171].  

 

Figure 11: Schematic representation of ALD cycle process wit precursor pulses and purge steps. Detailed description in the 
main text. 

 

The process is depicted schematically in Fig 11. The activated substrate surface is exposed to the 

gaseous metal precursor, often a halide or organic conjunction that partially exchanges ligands to 

anchor chemically on the surface. Excess, unreacted precursor molecules are purged with inert gas 

before the secondary precursor is introduced. The remaining ligands of precursor 1 are chemically 

converted to provide new reactive sites for the following ALD cycle. The reaction products and excess 

of precursor 2 are expelled by subsequent purging and the set of steps can be repeated. 

The main requirements for ALD precursors are A) sufficient volatility at the process temperatures but 

B) inherent stability against thermal decomposition. C) The reactivity should prevent reaction with 

itself but allow for fast bonding on the surface up to a closed monolayer with D) volatile reaction 

products that can be purged out easily [172]. Within these constrains, a large fraction of materials that 

can be deposited is the group of metal oxides, covering most of the periodic table [172,173], but also 

Nitrides, Sulfides and elemental films are accessible via ALD. Typically, the properties of the metal 

precursor are tuned towards the process requirements, with the list of reaction partners mostly limited 

to molecular oxygen (O₂ & O3), nitrogen (N2) and hydrogen (H₂) as well as H₂O, H₂S and NH3 [173]. 
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Historically, the activation energy for the reactions was supplied through heating and the depositions 

were performed at elevated temperatures, i.e. at 200-400 °C (the window defined by above 

requirements A-D). With the introduction to plasma-assisted / plasma-enhanced ALD (PEALD), radicals 

became utilized as highly reactive species, allowing growth of films with higher purity and process 

temperatures to be lowered [174,175]. This has expanded the range of possible substrates for ALD to 

thermally fragile components, such as polymers or sensitive integrated circuits. 

The key aspect of ALD is the self-limiting process, which constrains the film growth to one monolayer 

per deposition cycle. This allows for conformal coating even of slim, high aspect ratio structures. The 

drawback, compared to CVD with both precursors simultaneously present in the reaction chamber, is 

a more demanding instrumentation and much slower film growth. The strict requirements also limit 

the available film compositions, although the library of materials is still expanding. 

Through atomic layer deposition, TiO₂ has become accessible for nanofabrication and deposition of 

conformal and precise thin films [176]. The varying demands on specific properties (semiconducting, 

“leaky”, dielectric) for different applications can be addressed through tuning of the deposition 

parameters, since the purity, crystallinity, surface roughness and optical activity are affected. 

Amorphous TiO₂, anatase and (partially) rutile [176] phase can be obtained without additional 

annealing procedures.  

The prevalence towards (hetero-)epitaxial growth leads to the initial growth of an amorphous film on 

glass or thermal silicon oxide while the formation of crystallites and a crystalline resulting film appear 

to be favoured by crystalline substrates [176]. With few exceptions the initial growth of smooth, 

amorphous thin films has been observed in the deposition process before crystallization could be 

detected after passing a critical  thickness of TiO₂ [83,177–180], which in turn leads to greater surface 

roughening compared to amorphous films.  

The choice of substrate can induce a crystalline growth earlier or even at the immediate onset of film 

deposition [177] but in the case of silicon, the growth on SiO2 is strongly favoured over Si-H allowing 

a selective deposition [181]. Employing a pristine, H-terminated Si surface can lead to island-like 

growth of crystallites immediately on the Si surface but does not completely suppress the formation 

of an SiOx interlayer [177]. 

A post deposition annealing of TiO₂ films containing anatase seeds, leads to rapid crystallization of the 

entire film, preserving the morphology [85] but impurities in a fully amorphous film can prevent any 

crystallization up to 850 °C [83]. 

Deposition rates for ALD of TiO₂ films range mostly from 0.3 to 0.7 Angström per cycle [179,182–184] 

but have also been reported higher and lower than that. At very low temperatures, high growth rates 

are seen, leading to amorphous films having very low density [185–187]. After the onset of 

crystallization during film growth, higher deposition rates have been observed and related to a higher 

density of available active sites for the deposition reactions [188]. 
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2.3 Electrochemical Techniques 
 

Open circuit potential measurements (OCP) 

Measurements of the open circuit voltage with respect to the reference electrode present a means to 

evaluate the position of the bulk Fermi-level of the semiconductor electrode in the dark and under 

illumination (Fig. 3) within the PEC cell. 

When the electrode is brought in contact with the electrolyte, charges are transferred until the Fermi-

level is in equilibrium with the (dominant) redox potential in solution, leading to the build-up of the 

space charge layer at the interface. Under perfect conditions this would lead to measuring the redox 

potential of the redox species in solution at conditions of zero net charge flow. In practice, the presence 

of surface states leads to the pinning of the Fermi level at the respective energetic level, reducing the 

maximum achievable band bending [19]. The effect can be determined and partially negated with the 

application of passivating catalysts that reduce the impact of surface states and lead to higher 

observed OCP for n-type materials, e.g. TiO₂ or Fe2O3 [189,190]. 

 

Under excitation by photons with energy above the band gap, the Fermi-level is raised and a negative 

change in OPC observed for n-type semiconductors. This photovoltage indicates the reduction of band 

bending and is limited by the flat band potential that can be obtained under higher illumination 

intensities for materials that experience few recombination losses. In practice, the OCP under 

illumination can only be used to approximate the flatband potential Efb [19]. 

Additional information can be revealed through the dynamics of the change of OCP at the start and 

stop of illumination and with slow changes over time. A continuous drift of the OCP under illumination 

can be indicative of photocorrosion [19], recombination rates in TiO₂ have been extracted from the 

potential decay plots for doped nanotubes or passivation layers [191,192] and slow injection of charges 

in a heterojunction. 

 

Voltage-Current and -photocurrent measurements (CV) 

Measuring dark and photo-currents reveals the energetics and rates of reactions at the electrode 

surface and is routinely used to quantify the performance as a convenient substitute to collecting and 

measuring the evolved products. In the absence of side reactions (electrode corrosion, parasitic 

electrolyte reduction / oxidation reactions), and with two and four electrons transferred per molecule 

of hydrogen or oxygen respectively, the collected current ideally reflects the water electrolysis 

reaction. 

Scanning the applied potential and measuring the resultant current in the dark reveals electrochemical 

reactions of the majority charge carriers, for n-type semiconductors the reduction of protons, 

dissolved oxygen or the electrode itself, while under illumination the minority carriers can be extracted 

at suitable potentials for oxygen evolution. The sign of photocurrent verifies the semiconductor type, 

while saturation current densities indicate the photon-to-electron conversion efficiency at the applied 

potential and the (delayed) onset of photocurrent may point to loss mechanisms for the electrode [19].  

For unassisted solar water splitting the performance has to be determined in a two-electrode 

configuration in absence of any applied bias, while for the standard of comparison of photoanodes the 
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photocurrent at the thermodynamic potential of the oxygen evolution reaction against RHE has been 

established [16]. 

 

Several means allow for the deduction of additional information from variations in the I-V-experiment. 

Measuring with scanning bias or at constant applied potential with periodically transmitted and 

blocked illumination not only shows dark and photocurrents in one scan, easily revealing photoinduced 

contributions, but may show current transients upon the switch. These spikes are a common sign of 

accumulation of charge carriers due to slow transfer kinetics at the interface and point to losses 

through recombination [193]. The ratio of the maximum spike current and stable photocurrent can be 

used to calculate rate constants of charge transfer and recombination [194]. If this accumulation 

occurs at the electrolyte interface, the addition of a suitable scavenger, i.e. hole scavenger for n-type 

semiconductors (H₂O₂, MeOH, I-, SO3
2-) [195], yields higher obtained photocurrents and can predict the 

potential of perfect charge transfer catalysis. 

Further limitations, can be observed when illumination from the front and backside of a transparent 

electrode show different resulting photocurrent, exposing insufficient mobility of majority or minority 

charge carriers [196], and by measuring resulting currents wavelength-dependent (IPCE) to provide 

the quantum efficiencies [16,19]. 

 

Lastly, the measured current is comprised of contributions from faradaic processes and capacitive 

charging at the interfaces. In the absence of the former does the latter scale linearly with the scan rate 

of the I-V-measurement, showing an increasing hysteresis. This difference between the two scan 

directions is utilized to determine the total surface capacitance (C), that is comprised of the geometric 

surface area (A) and specific capacitance (c): 

C = A * c. 

From a known electrode surface area (ideally flat), the specific capacitance can be calculated or the 

relative electrochemically active surface area (EASA) is compared for different structures of the same 

material. 

 

Mott-Schottky plots & equation (MS) 

The application of a small fast ac signal on top of a dc bias serves to probe the systems impedance, the 

frequency-dependent interplay between resistances and capacitances in series and parallel. The 

modulation is chosen small enough to stay in a linear regime of the current without changes in the 

surface processes and the rapid variation (10-1 – 106 Hz) allows to probe fast internal processes. 

 

The Mott-Schottky technique relies on the assumption of a simple equivalent circuit consisting of the 

series resistance and one resistance in parallel to one capacitance, called the Randles circuit in order 

to study the capacitance of the space charge layer. The measurement probes the capacitance at 

various applied potentials with a fixed frequency. The band bending in the semiconductor is 

predominantly affected by the applied potential (E) (see chapter 2.1), with the resulting capacitance 

(Csc) related by: 
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𝑒
) 

 

With εr and ε0 the relative permittivity and permittivity of vacuum, A the active surface area, e the 

elemental charge, ND the donor density, the Boltzmann constant k, absolute temperature T and the 

flat band potential Efb [15,197]. In absence of additional effects, the plot of 1/C2
sc against the applied 

potential, contains a linear range, which provides the flat band potential Efb from the x-axis intercept 

and the donor density in the slope of the linear increase. 

 

As the assumptions of the model rely on a very simplified model, the obtained values should be 

validated by measuring at different frequencies and both in anodic and cathodic direction. A frequency 

dispersion of the intercepts or slopes indicates contributions from side effects and different plots for 

the scan directions may point to corrosion or other faradaic charge transfer processes [19]. The model 

assumes the space charge layer to be the dominant capacitance in the system and neglects surface 

states, double layers and other contributions.  

 

Under illumination the measured Mott-Schottky plots and obtained Vfb shift anodically for n-type 

semiconductors due to an unpinning of the bands [28]. The shift in Efb can be used to calculate the 

additional charge stored in surface states. 

Significant interplay from other contributions to the measured capacitance can render the approach 

unsuited to the treatment of complex systems and a more throughout impedance analysis maybe 

required. This though offers the opportunity to “transform [frequency dependent resistances and 

capacitances] into chemical information” with impedance experiments and equivalent circuits [198]. 

 

Electrochemical Impedance Spectroscopy (EIS) 

A complete impedance analysis of the electrode can offer valuable insight into internal processes and 

interface reactions but requires extensively more time and is only suitable for very stable samples as 

surface layers may well change during the long experiments. Under reaction conditions, particularly 

with the transfer of electrons through surface states, the impedance also becomes considerably more 

complex [199]. 

 

Electrochemical impedance spectroscopy is a more comprehensive form of the Mott-Schottky analysis, 

that applies a small perturbation in bias at a fixed potential over a wide range of frequencies (e.g. 100 

kHz to 100 mHz). From the impedance response, the real and imaginary component are measured and 

plotted against each other in a Nyquist plot or as the amplitude and phase angle against frequency 

(Bode plot). The analysis occurs through constructing an equivalent electrical circuit (EEC) model of 

resistances, capacitors and inductors to fit and represent the measured data. A well-founded physical 

meaning of the elements is of existential importance for any reasonable evaluation, as physical 

different models can be mathematically equivalent and provide the same goodness of fit. Beside the 

physical meaning, a suitable EEC should on the one hand be comprehensive for the observed data over 
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a range of applied potentials but be reduced for redundancy of elements that prevent unambiguous 

fitting [200,201]. 

 

The transfer of charges from a semiconductor electrode to the electrolyte can occur either directly 

from the corresponding band or via surface states (Fig 11 centre), which has been expressed in two 

different EEC (Fig. 11, left and right) [202–205]. 

Both EEC provide an identical quality of fit for experimental data, as do two RC circuits in series to Rs 

and deductions concerning the underlying mechanism have to carefully evaluate the separate 

elements as well as their respective dependence on various factors. Additionally, elements in two and 

the same EEC can be assigned different physical origin (EEC of transfer via surface states) to e.g. portrait 

either trapping and charge transfer through states or charge transfer through the band in the presence 

of recombination [206] or the comparison of a catalyst [207]. 

 

Figure 12 Reduced schematic of semiconductor-electrolyte interface and transfer of minority carriers (holes) via two 
competing routes: directly from the valence band or mediated through surface states. Representation of the applied 
equivalent circuits for either included. 

 

Through the change over applied potential, illumination, addition of scavengers or catalysts, 

ambiguous elements can be identified or verified. 

 

Other common elements for EEC contain information about diffusion impedance (Warburg element) 

[199,208,209] or non-idealities of a capacitor (CPE), that are often contributed to inhomogeneity 

[120,203,210], surface roughness or adsorption of impurities [199]. The employed constant phase 

elements (CPE) may be utilized for interfaces that act not purely capacitive [199] but compromise the 

rigorous impedance analysis, as they can adapt to fit a wide range of data and can obscure other 

information. 
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2.4 Optical Characterization & Modelling 
 

A fundamental requirement of the photoactive electrode is the efficient absorption of light above the 

band gap as the basis for photon-top-electron conversion. Spectroscopic methods allow a direct 

evaluation of losses by reflection and transmission of photons through the active film (UV/vis 

spectroscopy) or the indirect determination of optical constants (Spectral Ellipsometry) to calculate 

extinction coefficients and effective absorption depth. Furthermore the rigorous modelling of 

reflectance, transmission and absorption of films, structures and multilayer electrodes (FDTD 

calculations) can be computed from this knowledge of the optical properties. 

 

UV/vis spectroscopy 

The absorption of photons in a material, regardless of form or modification cannot be measured 

immediately but has to be determined indirectly in optical spectroscopy. The fundamental relationship 

of 

100% I0 = 1 = A% + T% + R%  (0 < R%, T%, A%<1) 

ties together that the total irradiation intensity (I0) is split between absorption (A%), transmission (T%) 

and reflectance (R%). UV/vis spectroscopy relies on the measurement of reflectance and transmission 

of a solid or liquid sample and deriving the absorbed amount from known incident intensity  

A% = 1 – T% – R%. 

 

Absorption in the visible range is connected to electronic transitions and can be used to determine the 

optical band gap (not strictly the same as electronic band gap [19]) of a semiconductor, making it the 

go-to method to non-invasively probe the absorption coefficient over a wide wavelength range and 

derive the magnitude and nature of the band gap. The absorption coefficient (α) is directly 

proportional to the absorbance A, which is derived by the logarithmic relation [211] of 

A = -log (1-A%). 

The optical band gap is determined by plotting (αhν)n over hν with n = 2 or 1/2, typically called Tauc-

plot, finding the part of linear slope and extracting the x-axis intercept [212]. hν is the wavelength 

equivalent on the electronvolt scale (eV) and depends on the nature of the transition, being direct 

(n=2) or indirect (n=1/2) for allowed transitions. 

For specular samples, thin films on mirror-like substrates, the reflectance becomes dominated by 

interference phenomena (Fabry-Perot interference fringes [19]) and the determination of Eg is not as 

trivial fom UV/vis measurements.  

 

Spectral ellipsometry (SE) 

Smooth samples and films are unequivocally suited to be studied by spectral ellipsometry, which allows 

the determination of the (wavelength dependent) complex refractive index or dielectric function of a 

material.  
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The reflection and transmission of light at the planar boundary of two materials relies heavily on the 

direction of polarization of the incident wave when the illumination is not perpendicular to the surface. 

Under normal incidence the common degree of reflection [213,214] is  

𝑅 = 
(𝑛1 − 𝑛2)

2 + 𝑘2

(𝑛1 + 𝑛2)
2 + 𝑘2

 

independent of polarization with n1 and n2 the refractive indices of the two materials and k1 the 

extinction coefficient of the reflecting medium. With increasing angle of incidence (θi), the fraction of 

reflected light increases for polarization perpendicular to the surface (Rs) but decreases for polarization 

parallel to the surface (Rp) until it rises sharply towards total reflection (Fig. 13). The respective 

remainder is transmitted through the interface with a resulting angle according to Snell’s law of 

refraction.  

 

Figure 13 Reflective components of s- and p-polarized light at an interface of refactive indices n1=1 and n2=3 depending on 
angle of incidence (θi) 

 

The respective ratios of reflected light (Rs,Rp) or Fresnel coefficients (�̃�𝑠, �̃�𝑠𝑝) in absence of absorption 

can be expressed as 

𝑅𝑠 = �̃�𝑠
2 = ||

𝑛1𝑐𝑜𝑠𝜃𝑖 − 𝑛2√1− (
𝑛1
𝑛2
𝑠𝑖𝑛𝜃𝑖)

2

𝑛1𝑐𝑜𝑠𝜃𝑖 + 𝑛2√1− (
𝑛1
𝑛2
𝑠𝑖𝑛𝜃𝑖)

2
||

2

 

and 

𝑅𝑝 = �̃�𝑝
2 = ||

𝑛1√1− (
𝑛1
𝑛2
𝑠𝑖𝑛𝜃𝑖)

2 − 𝑛2𝑐𝑜𝑠𝜃𝑖

𝑛1√1− (
𝑛1
𝑛2
𝑠𝑖𝑛𝜃𝑖)

2 + 𝑛2𝑐𝑜𝑠𝜃𝑖

||

2

. 

Ellipsometry utilizes elliptically polarized light and the induced change in polarization upon reflection. 

The light source is coupled with a polarizer and the detector works in tandem to a polarization analyser 

that determines the ratio of Fresnel coefficients (ρ) and expresses it as amplitude ratio (Ψ) and phase 

change (Δ): 

ρ =
�̃�𝑠
�̃�𝑝
= tan(Ψ) 𝑒𝑖Δ . 

                                                           
1 k is neglectable for transparent media and low extinction coefficients, e.g. for Si > 500 nm and often omitted 
in the short Fresnel equation. 
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Figure 14 Simplified setup and working principle for spectral ellipsometry with schematic indication of incident polarization 
(E) and resulting polarization of reflected light (E’) 

Measurement angles between 60-75° utilize the large difference in Fresnel coefficients near the 

Brewster angle (=arctan{n2/n1}), which provides high sensitivity even for very thin films. Even sub-nm 

changes in the thickness of native oxides on Silicon or surface roughness have a significant impact on 

the phase change Δ and can be determined very accurately. 

Since spectral ellipsometry is an indirect measurement technique, the data evaluation relies on 

constructing and fitting an appropriate model to represent the obtained data. Models consist of the 

substrate, opaque or transparent, and applied layers, each represented by their respective complex 

dielectric function to account for the measurement signal. For very well-known and reproducible 

materials (e.g. monocrystalline Si) reported, tabulated data of optical constants can be employed, but 

others may rely strongly on the deposition conditions and have to be optimized as dispersions for good 

fitting results.  

 

Transparent layers with no significant absorption and contribution from k, can be very well described 

with the simple Cauchy-dispersion to reduce fitting parameters to just four (A, B, C, thickness), 

including layer thickness:  

𝑛(λ) = A +
B

λ2
+
C

λ4
 

 

In case of (partial) absorption or presence of a band gap, the real and imaginary part of the dielectric 

function can be generated by a point-by-point inversion of a virtual layer or fitting to a B-spline 

[215,216]. The imaginary part of the complex refractive index, responsible for absorption, can be 

assessed as an influence of oscillators (e.g. organics), band gaps (semiconductors) and free electron 

absorption (metallic) and combinations thereof. 

 

For (amorphous) semiconductors the two prominent models are dispersions of Tauc-Lorentz or Cody-

Lorentz format [217–219]. They are also most frequently used to fit TiO₂ films [180,187,220], differing 
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mainly in the onset of absorption (ε2) near the band gap Eg depending on the incident energy (E) by 

the following formulae [221]. 

  Tauc Absorption Formula:  𝜀2(𝐸) ∝ [(𝐸 − 𝐸𝑔)
2/𝐸2] 

Cody Absorption Formula:  𝜀2(𝐸) ∝ (𝐸 − 𝐸𝑔)
2 

 

The advantage of the described dispersions over the B-spline approach lies in the physical origin of the 

relation. The model is inherently consistent with Kramer-Kronig-conditions [187,216,222,223] and the 

absorption properties coupled to a band gap value. Physical properties as well as layer thickness and 

roughness can consequently be derived from a non-invasive and fast measurement technique. 

Coupling the setup to the chamber of atomic layer deposition or reactive ion etcher allows the in-situ 

spectroscopic evaluation of the layer growth or removal to study the ongoing transition [220,224]. 

 

 

Finite-Difference Time-Domain simulations (FDTD) 

The set of equations attributed to Snell, Fresnel, Lambert and Beer has shaped the quantitative 

understanding of the optical phenomena of refraction, reflection and absorption of light when passing 

through materials and interfaces. Accounting for the electric and magnetic component of the 

electrodynamic treatment of said, the Maxwell-equations in the differential time domain are used to 

calculate the propagation in a linear, isotropic medium by: 

 

∇ × E = −δB/δt and ∇ × H = −δD/δt + J 

with 𝐷 = 𝜀𝐸 and 𝐵 = µ𝐻 

 

(E: electric field, B: magnetic field, H: magnetizing field and D: electric displacement field, ε: dielectric 

constant, µ: magnetic permittivity and J: free current density, all capital letters denote vectors) [225]. 

Based on the respective curl functions, numerical solvers can calculated the light propagation by 

solving the 2D or 3D Maxwell equations in a grid-based, time-resolved simulation called Finite-

Difference Time-Domain [225,226]. Based on modern computation prowess, this allows to study the 

light-matter-interaction in arbitrary structures with great resolution. 

 

In the field of renewable energy research this is applied in the characterization of layer stacks in solar 

cells and surface structuring effects [227], modelling of transmission and absorption enhancement in 

plasmonic hole structures [46,155] and to show localization of plasmon resonance. For PEC cells it can 

be used to determine the fraction of absorbed light over the desired wavelength range of a structured 

photoelectrode or tandem structure to predict possible photocurrent density of the system [228]. It 

can also elucidate the localization of absorption for specific wavelength within a semiconductor 

structure [32,229]. 
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3 Methods and Materials 
 

3.1 Nanofabrication 
Substrates 

All semiconducting and highly conductive Si wafers (both n++ and p++ doped) were obtained from 

Siegert Wafer and SilChem. They were Czochralski- grown, single-side polished and (100)-oriented if 

not stated otherwise. P-type doping was delivered through Boron incorporation, n-type with Arsenic 

and the highly conductive substrates have a resistivity of 5 mOhm cm. 

 

Film depositions 

Atomic Layer deposition (ALD) was done with an Oxford FlexAL tool providing Plasma-Enhanced 

depositions capabilities (PEALD). All Si substrates were etched in buffered oxide etch 6:1 (NH4F+HF) for 

60 seconds to reduce or remove the native oxide layer. Etched samples were loaded either directly 

into the ALD or stored under inert atmosphere until coating. 

Wafers or pieces thereof were loaded on a 4 inch carrier wafer into an antechamber for transfer into 

the evacuated deposition chamber that was kept at the intended process temperature. After a preset 

warm-up time for the substrate, conformal depositions were achieved with successive cycles of 

precursor doses, plasma and purge steps. TiO₂ was deposited from Tetrakis dimethyl titanium (TDMAT) 

and oxygen plasma. The steps consist of 0.8 s precursor dose, 6 s Ar purge, 1 s pre-plasma gas 

stabilisation, 3 s plasma with RF power of 300W and 4 s post-plasma purge. 

 

Sacrificial layers 

Chromium hard masks of 5 nm to 50 nm were deposited using an e-beam evaporator (Semicore SC600) 

with deposition thickness controlled by a Quartz Microbalance.  

Intentional SiO2 layers were grown with PECVD at 350 °C with 1% SiH4/Ar and O₂ plasma, 5 s for 

estimated 7 to 10 nm of SiO2. 

 

Laser Interference Lithography (LIL) 

Wafers were dehydrated in a closed oven at 150 °C before use to remove bound water molecules and 

improve adhesion of spin coated layers. 

Dehydrated wafers were spin coated with Antireflective Coating AZ BarLi II 200 (MicroChemicals) at 

3000 rpm for 45 seconds to yield a 200 nm layer. This is to supress standing waves during the 

lithography exposure as well as serve as an adhesion layer for the photo resist. The coating was dried 

and hardened at 180°C for 1-2 min. After cooling, the resist PFI-88 A7 (Sumitomo) was applied using 

spin coating at 5000 rpm or 3000 rpm for 45 seconds and soft baked at 90 °C for 1 minute to give 

approximately 500 or 700 nm of resist layer, respectively. Full wafers were split into quarters or smaller 

pieces and transferred to the lithography setup in a closed black box to avoid pre-exposure from 

ambient light. 
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Laser interference exposures were performed using a Lloyd-mirror setup with a 405 nm laser of 50 mW 

(CrystaLaser) colliminated through a pinhole and lens. Angles of incidence from 23.9° to about 5° (0° 

being normal incidence to substrate / parallel to mirror surface) result in a line pattern with periods 

from 500 nm to 2500 nm. For hole and pillar patterns two exposures with 90° substrate rotation were 

performed with exposure times adapted to the intended pattern geometry. 

Exposed samples underwent a postbake treatment at 110 °C for 1 min before development in MF-26A 

(Megaposit) for 60 seconds, were rinsed with DI water and blown dry with Nitrogen. 

 

Optical Mask Lithography (OL) 

For larger features optical lithography with an ABM Inc. Mask Align and Exposure System was utilized 

with a positive tone mask of Chromium on Quartz set with 14 patterns of features 1-5 µm and period 

sizes 2-10 µm over the area of a 4 inch wafer. 

Wafers were dehydrated at 150 °C and treated in an UV/ozone cleaner for 5 min. HMDS as an adhesion 

promoter was applied by spin coating at 2000 rpm and bound by heat treatment on a hotplate at 100°C 

for two minutes. The positive photo resist maP-1215 was spin coated at 3000 rpm and pre-baked for 

one minute at 100°C. Exposure time varied - depending on pattern size and fill factor - from 2 s to 6 s. 

Postbaking at 120 °C for 1-2 min and development in maD-331 (Microposit) finalize the pattern 

preparation. 

 

Pattern transfer LIL and OL 

Developed substrates were plasma etched in Reactive Ion Etching (Oxford 80+ RIE) using 100 W plasma 

at 10 mTorr and 50 sccm O₂ for 120 seconds to transfer the lithography pattern through the 

antireflective coating employed in LIL and OL. In cases a Cr mask was used, the pattern is transferred 

into the Cr using ICP-RIE (Oxford PlasmaLab 150 Inductively Coupled Plasma RIE) at r.t. with 50 % Cl2 

and 50 % O₂, 500 W ICP power, 5 W RF power at 5 mTorr, etching 20-25 nm/min Cr.  

 

Nanosphere Lithography 

Hexagonal patterns were achieved with self-assembly of nanobeads with minimal size distribution. 

Suspensions were cast on a small volume of water directly on the Si wafers. Exact conditions depend 

strongly on particle diameter, surface functionalized and concentration/weight fraction in suspension 

but the example of 800 nm polystyrene particles, functionalized with COOH groups (Kisker Biotech) is 

given in detail. 

A large Petri dish, treated with a Fluorosilane (FAS) coating to make it hydrophobic, is used as 

containment for a 4 inch Si wafer with a 7-10 nm SiO2 coating (PECVD see above) onto which several 

millilitre of DI water is carefully pipetted to cover the majority of the wafer surface with resulting 1-

2 mm film of liquid. The FAS coating of the dish helps to prevent overflowing of the water which is 

contained by surface tension. 

The suspension of polystyrene beads (5% w/v = 50 mg/ml stock solution) is sonicated to break up 

agglomerates. Per wafer 50 µl are diluted with 150 µl ethanol (1:3) and the mix applied carefully to a 

small part of the wafer uncovered by water with an Eppendorf pipette. The water front initially retracts 
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but slowly creeps towards the suspension with the Ethanol evaporating. Upon contact of suspension 

and water, the particles are rapidly transferred onto the water surface where the assembly of larger 

areas of close-packed particles can be seen by iridescent colours in reflection. The wafers are left to 

dry slowly overnight, if possible covered against (air) disturbances but with little restriction to 

evaporation. Upon completion, 60-80 % of the wafer surface show coverage with close-packed 

nanoparticles, accompanied by some stacking and multilayers frequently along one edge and free 

areas with mostly non-ordered flecks of particles. 

 

Tuning Nanosphere based masks 

To shrink the close-packed nanospheres, these are first moderately anchored on the wafer surface by 

placing them on a 100 °C hotplate for 1 minute. Particle size can be reduced with Reactive Ion Etching 

(RIE) using 50 sccm O₂, 50 mTorr, 50 W plasma power at room temperature. The resulting DC bias 

stabilized at about 230-235 V 

The resulting pattern of spaced spheres can be used either directly as the mask for silicon cryogenic 

etching or inverted by evaporation of a 20 nm layer of Chromium and removal of the polystyrene beads 

to obtain a mask for a hole pattern. 

 

Deep Silicon etching 

Silicon substrates were etched in an Oxford PlasmaLab 150 ICP-RIE at cryogenic temperatures. 

Substrates were in good thermal contact with the carrier wafer by Fomblin oil spread in-between, and 

the carriers cooled from the backside with helium to -120°C. Standard parameters for vertical sidewalls 

in sub-µm structures consist of 42:8 sccm SF₆ : O₂ at 6 mTorr chamber pressure with RF and ICP plasma 

power of 5 W and 1000 W, respectively. A short “strike” step of 5 seconds with RF power 30 W is 

required to ignite the plasma. Conditions for the etch steps result in a DC bias of around 27 V. 

 

Further treatment 

Fomblin oil was removed with Ethanol and cloth immediately after etching. Remaining polymer 

spheres were removed by sonication, residual resist by ashing or piranha acid and Chromium masks in 

Chromium etchant (Ceric ammonium nitrate based). 

Residual photoresists were removed with acidic piranha solution. Surface oxides were reduced in 

buffered HF (NH4F:HF 6:1) before Atomic Layer Deposition. 

 

3.2 Electrochemistry 
Electrodes were prepared by cutting and breaking samples into approximately 5x5 mm pieces, which 

were scratched on the backside with a diamond scribe to remove any oxide layer and allow for better 

ohmic contact. This was established through Gallium-Indium eutectic and conductive copper tape to 

the steel back plate of the measurement cell. Using the eutectic is routinely employed to contact 

especially n-type semiconductors and acted as a safe guard here, although several tests showed no 

differences in the electrochemical behaviour without it due to the degenerate doping levels of the 
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substrate. The electrode surface was determined by the 5 mm O-ring used to seal the sample, giving 

an electrode area of 0.2 cm2. 

If not stated otherwise, 0.5 M (1N) sulphuric acid (H₂SO4) was used as the electrolyte and 0.5 M H₂SO4 

with 1 v-% Methanol (MeOH) as a hole scavenger to evaluate catalytic efficiency. Electrolytes were 

routinely purged with inert gas before use. Measurements were performed in a three-electrode 

configuration with Silver/Silver chloride as reference electrode and a coiled platinum wire as the 

counter electrode. 

Most photo electrochemical characterization (open circuit voltage, cyclic voltamograms, Mott-

Schottky, electrochemical impedance spectroscopy) was performed using a Versastat 4 potentiostat 

from Princeton Applied Research / Ametek with a 300W Xenon lightsource (LOT-Oriel) and AM1.5 

Global filter. Data of Electrochemical Impedance spectroscopy were fit using ZView 2® software from 

Scribner Associates Inc. 

 

3.4 Additional Characterization 
Electron Micrographs of the structure and morphology of patterns, etch steps and finalised electrodes 

were taken on a Zeiss Ultra 60 SEM using an in-lens detector to determine the metrology of samples. 

Additional images were obtained with a Leica Optical Microscope and a Keyence Laser Scanning 

Microscope VK-X250. 

Deposited materials were characterized by X-Ray diffraction with a Bruker D8 in using the gracing 

incidence technique at 1.0° incidence which provided better signals than 0.29° [230,231]. Raman 

spectroscopy was performed using a WITec confocal Raman-Microscope (alpha300 R) to determine as-

grown or annealed phases of TiO₂. 

Layer growth on flat substrates was determined using spectral ellipsometry (SE) either post-deposition 

with a Horriba John Yvon large band ellipsometer or in-situ and after ALD with a J.A. Woollam M2000. 

Modelling layer thickness and optical constants of grown layers was done with the respective 

softwares “DeltaPsi 2” or “CompleteEASE” using models that included reference data for Silicon and 

SiO2 (native oxide / thermal oxide) and allowed freedom for the TiO₂ layer to determine the optical 

properties of the grown films. 

UV/vis/NIR spectra for reflectance and transmission were recorded with an Agilent Cary 5000 in an 

integrating sphere configuration under an incident angle of 8 degrees with the specular port closed. 

To distinguish between diffuse and specular reflectance, the specular port could be opened to omit 

specular reflectance (at 8 degrees reflection). Spectra were taken with steps of 1 nm and a rate of 

300 nm/min. The samples area of interest was restricted by using round shaped masks of appropriate 

size and the illumination size chosen accordingly (diameter 4 mm to 12 mm). 

 

3.5 Simulation 
Simulations for reflection and absorption of photons in the Finite-Difference Time-Domain (FDTD) 

were conducted with the FDTD Solutions® software of Lumerical Inc®.  

All computations were performed in a 3D environment that encompassed the entirety of a feature. 

For structured models this entails the unit cell of a 2D crystal (pillars, cones, holes) or slim cross-section 

through a line pattern. For flat models x- and y- dimensions were chosen as small as 10 nm, if no 

artefacts occurred. The z-dimension for all ranged several 100 nm above the model and at least 100 nm 
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into the substrate. For all simulations, the time and temperature were kept at the pre-set values of 

1000 fs and 300 K. If not mentioned otherwise, the background index was ‘1’ for air. Mesh setting were 

chosen according to complexity of the structure and required resolution. For flat films the highest 

accuracy of ‘8’ for an “auto non-uniform”, or 1 nm of a uniform mesh could be computed within 

reasonable timescales, while for large structures in the micrometre range, the “auto non-uniform”  

mesh was reduced to ‘3’ to obtain a balance of accuracy, memory requirements and simulation time 

scales. 

For symmetric patterns and illumination polarization perpendicular to the x- and y-axis, appropriate 

symmetric boundary conditions were employed to reduce computation time, for other polarizations 

as well in z-direction PML (perfectly matched layer) boundaries were used. “Illumination” is a short 

pulse (< 10 fs) of a linearly polarized, plane wave (type Bloch/periodic) from 200 to 1200 nm 

perpendicular to the model surface. For reflection and absorption calculations of structures, 

simulations for s- and p-polarized illumination were averaged. 

2D Monitors for reflection and transmission recorded the entire wavelength range in 2 nm steps. For 

the calculation of absorbed power (“Pabs”) or electron-hole-generation rate a software-incorporated 

script (Object Library > Analysis > “solar_generation”) calculates absorption events from the material 

index and obtained electric field in a 3D mesh as fraction of source power. Absorption over depth for 

flat thin films was sampled with steps of 5 nm wavelength, the absorption in TiO₂ coated structures 

was computed at 365 and 320 nm exclusively. 

Wavelength dependent optical constants (frequency dispersions) were taken from the software library 

based on Palik [232] for Silicon and Silicon dioxide and extracted from ellipsometric modelling of self-

deposited samples for TiO₂ based on Tauc-Lorentz or more complex dispersions to accurately depict 

refractive and absorbing behaviour. 
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4 Results & Discussion  
 

4.1 Flat Electrodes of ALD-grown TiO2  
 

A. Growth and Characterization  
 

In order to better understand the performance of structured and coated electrodes and deconvolute 

various influences, flat analogues of the system were studied in depth. Preliminary tests had indicated 

that films of 50 nm TiO₂ deposited with a recommended recipe for anatase gave both good 

electrochemical performance and appeared conformal over structures with a depth of a several 

micrometres by SEM. For the reference, a series of films from about 10 to 100 nm TiO₂ was grown on 

n++-Silicon, as well as samples of intermediate thickness (~60 nm) either multi-crystalline or 

intentionally/deliberately amorphous. Those flat films serve as the basis to study growth behaviour, 

optical properties of the TiO₂ layer, as well as photo- electrochemical performance and stability. 

 

Growth behaviour of TiO₂ on Si 
TiO₂ films were grown by PEALD with target thicknesses of 10, 20, 30, 40, 50, 75 and 100 nm. Previous 

experiments indicated a growth of 50 nm of crystalline TiO₂ with 900 cycles for TDMAT and oxygen 

plasma as the precursors. For the intended films, the depositions were consequently scaled at 

180 cycles per 10 nm TiO₂. The obtained growth was studied by spectral ellipsometry post-deposition 

for all films and in-situ for the longest deposition with one spectrum taken after every cycle of TDMAT 

dose and oxygen plasma. 

The ellipsometry data of all samples were fit employing a model consisting of Si + SiO2 + TiO₂ (+ 

roughness). The silicon substrate is taken as infinitely thick; SiO2 thickness was determined from a 

measurement prior to deposition and kept fixed. Optical properties were used from the modelling 

software and are based on Palik [233]. The TiO₂ layer was modelled with one of either of three 

dispersions: Cauchy, Tauc-Lorentz or Cody-Lorentz and adapted with roughness where appropriate. 

Cauchy modelling while only applicable in the transparent spectral region of the semiconductor (e.g. 

here > 500 nm) is often used to determine a film’s thickness [220] in absence of any effects from 

absorption and therefore uncertainty of band gap value and nature (direct vs indirect). This serves to 

predetermine the thickness and then fit optical properties employing a dispersion suitable for semi-

absorbing films. 

Figure 15 shows the results of modelling the deposited film thickness (a) utilizing the three dispersions, 

granting freedom to all parameters of the TiO₂ layer and (b) the calculated difference from the growth 

target. For modelling by Cauchy only wavelength > 500 nm were considered, while Tauc-Lorentz and 

Cody-Lorentz were fit over the entire range of ellipsometry data. The obtained thicknesses are all close 

to the target and in good agreement with each other, with the exception of the 75 nm film that showed 

greater thickness for the Cody-Lorentz dispersion than the Tauc-Lorentz or Cauchy fit. 

Allowing the model to fit for roughness at the TiO₂-air interface moderately improves the quality of 

fitting (determined by the mean square error, MSE) but has to be used carefully. As can be seen in 

14 b) the modelled film thickness is decreased by 2-5 nm for films of 10-30 nm, while in return the 

apparent roughness takes values of 10-15 nm. Although these high values represent the 
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mathematically best fit, the origin of this apparent roughness has a different physical meaning. These 

thin films are very smooth as could be seen by additional techniques (see AFM below).  

  

Figure 15 a) Modelled thickness of deposited films for Cauchy, Tauc-Lorentz (TL) and Cody-Lorentz (CL) dispersion of TiO₂, b) 
Deviation between targeted and achieved deposition thickness for same dispersion, including freedom of fitting of roughness 
(r) for the semiconductor dispersions. Lines connecting data points as guide to the eye and dotted lines for theoretical perfectly 
linear growth. 

  

Figure 16 a) Modelled thickness of TiO₂ over 1800 cycles with Tauc-Lorentz dispersion and b) Band gap Eg extracted from 
fitting of ellipsometry data. Fitting of data was first optimized for last cycle of deposition and then fit dynamically backwards. 
Shown in b) are also band gap values of the separately deposited films. 

  

Figure 16a shows the change in TiO₂ film thickness over 1800 cycles. An induction period at the 

beginning cannot be observed, indicating the immediate growth of a closed film. Similar to the results 

for the separate samples, the deposition is divided into two growth regimes with a lower growth rate 

of 0.048 nm per cycle during the first 750 cycles, increasing to 0.064 nm/cycle for a fitting with fixed 

optical parameters for the TiO₂ layer. Allowing for freedom of the band gap Eg and centre of absorption 

E0 in the fitting does not change this behaviour. Reiners et al. [234,235] have similarly observed an 

increase in growth rate, linked to the onset of crystallization in the TiO₂ films. The higher growth rates 

were explained with more available Ti-OH surface groups at the crystalline phase over a mere increase 

in surface roughness offering more binding sites for the precursors. 
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The resulting development of the band gap parameter is depicted in Fig. 16b together with values 

obtained for the single depositions. It shows that early in the deposition and for thin films, the band 

gap is relatively high and decreases from 3.4 eV to 3.2 eV from 10 to 100 nm films. The values could 

be confirmed by surface photovoltage measurements [236] and are indicative of amorphous TiO₂ 

(3.34 eV [102,119]) and anatase (3.14 eV [54]) in accordance with similar values reported for ALD-

deposited TiO₂ [220,237], including a shift in the absorption edge over several hundred deposition 

cycles. 

In general, fitting with the Cody-Lorentz dispersion resulted in slightly better MSE values over Tau-

Lorentz model but with lower reproducibility. The higher degree of freedom granted with the 

contribution from sub-band gap absorption of the dispersion provided the fitting with different local 

minima for best fit at the cost of unambiguous results. Furthermore, the corresponding band gap 

values declined from 3.8 eV to 3.05 eV with increasing thickness, indicating rutile formation, which 

could not be confirmed by other measurements. 

Additional contributions to the absorption of the film can be implemented by adding a second Tauc-

Lorentz oscillator [220] or Gaussian oscillators [238]. The former option has a high degree of cross-

correlation of various parameters and was not suitable to fit these films while the later does not apply 

for multi-crystalline films and lacks a physical basis in this case. 

   

Figure 17 a) Refractive index, b) extinction coefficient and c) root of absorption coefficient over wavelength/energy for the 
deposited TiO₂ films for an indirect band gap 

   

The modelled optical constants for the TiO₂ films show not only a constant decrease of the band gap 

with increasing film thickness but also small raise in refractive index (Fig. 17a) and extinction coefficient 

(Fig. 17b). Compared to database entries [59,239] obtained values fall into an intermediate range. 

Values of the extinction coefficient, e.g. n = 2.5 at 550 nm agree well with [239]. Indices close to 3.0 

have been reported for rutile [59] and below 2.0 for (presumably) amorphous phase of lower density. 

Hu et al. have remarked on the formation of a mixed SixTiyO2 phase during the early cycles of ALD of 

amorphous TiO₂ on the SiO2 oxide layer [240]. Such is not well defined in terms of optical properties 

and has defied attempts as an interlayer in the modelling of ellipsometry data. As such it would have 

greatest impact on the modelling for the thinnest films and may have given rise to apparent high values 

for film roughness. The formation of Titanium Silicide (TiSix) at the Ti-Si- metal interface has been 

observed  [241,242] with a proposed equilibrium between Si + TiOx <-> SiO2 + TiSi2. For PECVD grown 

films of TiO₂ on Silicon an XPS signal indicating a TiSi species was identified but attributed to sputtering 

effects [243]. 
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The morphology of the ALD grown TiO₂ films was studied using Atomic Force Microscopy (AFM) [244]  

and transmission electron microscopy (TEM) [236]. Cross-section TEM for the 10 nm films shows a very 

homogenous amorphous film. Dark field TEM indicates the formation of seeds of crystallites (the bright 

spots) within the film. By AFM the surface is very smooth and unperturbed. At 40 nm film thickness 

crystallites of various sizes are embedded in the amorphous film. Small crystallites penetrate the films 

surface by several nm and can be seen in the AFM surface topography scans. Darkfield TEM additionally 

shows few very large crystallites that only have a small hillock protruding. At 75 nm thickness, the film 

consists of platelets of crystal up to some hundreds of nanometres wide that make up the majority or 

entirety of the TiO₂ layer. The small hillocks protrude from the flat surface on average by 6, 7 and 8 nm 

for 30, 40 and 50 nm films respectively, with the crystallite surface area making up 1 %, 2 % and 7 % 

respectively by analysis of the AFM images. The 75 nm film contains only a small fraction of amorphous 

phase and 100 nm TiO₂ appears fully crystalline.   

 

   

   

 

Figure 18 Electron micrographs and AFM surface pictures of films with 10 nm (left), 40 nm (middle) and 75 nm (right) thickness. 
In the thinnest films, tiny crystallite seeds appear to be present within the film, as seen by the light flecks in the darkfield image 
(middle left). In the 40 nm film, crystallites of various sizes are present, some penetrating the surface and apparent in AFM. 
The 75 nm film is multicrystalline with vaguely pyramidal shapes that are topped by a hillock. 

100 nm 
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For further characterization of the as deposited films, X-Ray diffraction and Raman spectroscopy were 

performed to analyse the crystal phase. Figure 19 shows the diffractogram (a) of a 100 nm films and 

the corresponding Raman spectrum (b). Thick films show the reflexes for the 101 (25.7°) and 200 plane 

(48.4°) of anatase as well as the triplet of the 103, 004 and 112 planes (around 38°) [245]. In the thinner 

films, the signal perception becomes ever weaker with the consequence of the 30 nm film barely 

showing a reflex for the 101 plane (c). Similar can be observed in the Raman spectra. Thick films exhibit 

peaks with Raman shift of 140, 395 and 634 cm-1 characteristically for anatase, with the 515 cm-1 peak 

overlapping with the silicon substrate signal. Films below 50 nm thickness only exhibit the barest signal 

trace for anatase. 

These results confirm the perception obtained from TEM images of higher degrees of crystallization 

occurring only in thicker films. Thinner films have a smaller crystalline fraction, which results in little 

crystal volume to contribute to XRD or Raman signals. 

  

Figure 19 a) X-ray diffractogram and b) Raman spectrum of 100 nm TiO₂ film on Silicon. c) Development of the strongest signal 
respectively over film thickness – 25.8° reflex and 140 cm-1 peak – due to combined effect of increasing film thickness and 
crystallinity. 

   

Figure 20 a) UV/vis reflectance spectra of films collected in integrating sphere consistent of both diffuse and specular 
component. Measurement of bare Silicon for comparison (black).  b) Diffuse contribution only by omitting specular reflectance. 
Given thickness as defined deposition target. 

 

Figure 20 shows the reflectance spectra of the various films. Optically, they retain their mirror-like 

appearance and high reflectivity but become coloured at film thicknesses greater than 30 nm. Thinner 

films only darken slightly, which is matched by the featureless broad reflectance over the visible region. 

Reflectivity in the UV is successively suppressed up to 20 nm TiO₂ film but stabilizes for all films > 30 nm 
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in the range of 200-300 nm. At greater film thickness the UV/vis spectrum and apparent colour become 

dominated by interference effects, e.g. with a reflectance maximum from 400 to 450 nm for the 75 nm 

film and the blue appearance.  Due to the dominance of interference, these measurements cannot be 

utilized to determine the optical band gap through Tauc-plots. 

When the specular reflection is eliminated (Fig 21b), only the films of 75 and 100 nm thickness show 

any reflectance in the UV/visible range, peaking at about 2.5 %. In general, all the films are too smooth 

with regard to the incoming wavelength to scatter significant amounts of visible light. 

 

Simulations of Flat TiO₂ Films on Silicon 
The interaction of light with matter depending on refractive index and absorption coefficients can be 

computed and simulated even for multi-layer systems, nanostructures and photonic objects. Utilizing 

the optical constants extracted from spectral ellipsometry (Fig. 17 a/b), the deposited TiO₂ films were 

computed with the FDTD package of Lumerical®. Optical constants of Silicon, Titanium and SiO2 as 

collected by Palik (Handbook of Optical Constants of Solids) [232] are part of the software library. 

Figure 21a shows the computed reflectance of perfectly flat TiO₂ films on a planar Silicon substrate 

without any interlayer. 105 nm of TiO₂ was included instead of 100 nm, as it is closer to the physical 

result than the intended “100 nm” used for short description throughout the text.  

   

Figure 21 a) Simulated Reflectance of TiO₂ films on Silicon for thicknesses approximating the films as determined by 
ellipsometry (bare silicon included: black line) and b) fraction of incoming light absorbed within 5-105 nm of TiO₂. 

  

Simulated reflectance is in very close agreement to measured UV/vis reflectance data (Fig 20a) with 

small deviations remaining. These can be attributed to one of or a combination of minor factors: 1) 

Surface roughness (Fig. 18), 2) small differences in optical constants for thinner films (Fig. 17) and 3) 

differences in thickness between planned deposition and resulting film (Fig. 15). The impact of a SiO2 

interlayer is expected to affect all films similarly; though, computations have shown negligible 

differences for 1-2 nm SiO2. 

With increasing film thickness, absorption in the UV increases rapidly and saturates for films > 20nm 

TiO₂ (Fig. 21b). With more than 50 nm TiO₂, films benefit additionally from absorption of photons close 

to the band gap. Similar information can be gleaned from the absorption profiles over depth (Fig. 22) 

that show that the majority of (ideal) absorption occurs in the first 20 nm of the TiO₂ films. 

200 400 600 800
0

10

20

30

40

50

60

S
im

u
la

te
d

 R
e

fl
e

c
ta

n
c
e

 [
%

]

Wavelength [nm]

200 400 600 800

0

10

20

30

40

50

60

70  105 nm

 75 nm

 50 nm

 40 nm

 30 nm

 20 nm

 10 nm

 5 nm

A
b

s
o

rp
ti
o

n
 i
n

 T
iO

2
 f

ilm
 [
%

]

Wavelength [nm]



 

 
48 

 

Benefits from reflection at the TiO₂-Si-interface cannot be gained as residual light intensity having 

passed through thin TiO₂ once is not reflected but absorbed in the Silicon close to the interface. 

 

 

Figure 22 „Cross-sections“ of absorbed power in selected TiO₂ films (z > 0) on Si (z < 0) for 10, 20, 50 & 100 nm over wavelength. 
The medium is air. Dashed lines denote the interface. 

  

200 400 600 800
-100

-50

50

100

0

Wavelength [nm]

z
 [
n
m

]

0,0

0,2

0,4

0,6

0,8

1,0

Absorbed power (relative)

200 400 600 800
-100

-50

0

50

100

Wavelength [nm]

z
 (

n
m

)

0,0

0,2

0,4

0,6

0,8

1,0

Absorbed power (relative)

200 400 600 800
-100

-50

0

50

100

Wavelength [nm]

z
 (

n
m

)

0,0

0,2

0,4

0,6

0,8

1,0

Absorbed power (relative)

200 400 600 800
-100

-50

0

50

100

Wavelength [nm]

z
 (

n
m

)

0,0

0,2

0,4

0,6

0,8

1,0

Absorbed power (relative)



 

 
49 

 

Additional Depositions & Reference Samples 
Plasma assisted ALD of TiO₂ was also done for 500 cycles at different temperatures from 40 °C to 300 °C 

and studied by spectral ellipsometry. The resulting films were between 27 and 36 nm thick for 300 °C 

to 100 °C deposition temperature, respectively, but more than 60 nm for the deposition at 40 °C. 

Optical constants for the low temperature deposition deviated most strongly for the series indicating 

a TiO₂ film of very low density. Differences between 200 °C and 300 °C depositions were minor while 

the deposition at 100 °C showed the same band gap by Tauc-Lorentz dispersion but slightly lower 

extinction coefficient and refractive index. Even the depositions at 300 °C were below the critical 

thickness for rapid crystallization of the films and remain predominantly amorphous. 

 

Table 2: Resulting film thickness and selected optical parameters for depositions of 500 cycles TiO2 at 

40-300 °C with PEALD 

 

 

Reference films of amorphous and anatase TiO₂ on highly doped Silicon were grown at both 100 °C 

and 300 °C on full 4 inch wafers of n-Si 100 oriented, p-Si 100 and n-Si 111. The different substrates 

served to determine that neither doping nor Silicon orientation has an influence on the TiO₂ growth, 

optical or electrochemical behaviour. Depositions of 900 cycles at 300 °C showed strong XRD and 

Raman signals for anatase, while 100 °C deposited films are amorphous by both techniques. For the 

depositions, the purge times after the precursor dose and the plasma were shortened by 1 second 

each, leading to a 20 % increased growth rate, presumably due to some CVD contribution. Resulting 

films were 60 nm thick at 300°C and 65 nm at 100 °C deposition temperature. The 300 °C deposited 

films show similar topography by AFM as the 75 nm of the discussed series, as well as similarly strong 

Raman intensities, indicative of the high degree of crystallinity. 

The resulting band gaps by modelling ellipsometric data are Eg = 3.26 for the more crystalline film with 

a refractive index of n = 2.55 at 550 nm and Eg = 3.36 with n = 2.32 for the amorphous film. The latter 

is considerably less than for the amorphous phase in thin films of 300°C deposited TiO₂(10nm) (n = 2.5). 

The difference goes back to a lower film density by the less compact deposition (ratio of growth rates 

= invers ratio of refractive index n which is proportional to the density). 

 

 

  

Deposition 
Temperature [°C] 

 
Film thickness [nm] 

 
Refractive index 

 
Band gap [eV] 

40 63.4 2.00 3.45 
100 36.0 2.33 3.38 
200 29.2 2.48 3.30 
300 27.3 2.50 3.29 
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B. Electrochemistry of Films with 10-100 nm TiO₂ 
 

The series of TiO₂ films with 10 to 100, transitioning from amorphous to crystalline anatase, were 

studied by various photo- electrochemical techniques to elucidate the role of the mixed phase and 

impact of film thickness. Besides benchmarking the performance by determining photocurrents 

respective to the applied potential, additional insights were obtained from complementary 

measurements of open circuit voltage, Mott-Schottky plots and electrochemical impedance data. 

Amorphous TiO₂ was found to be prone to corrosion in the electrolyte, which was studied separately 

in some detail. 

 

Performance of ALD TiO₂ thin films depending on layer thickness 
The most common reference point for comparing biased photoanodes is the photocurrent at 1.23 V vs 

the Standard Hydrogen Potential (SHE), the thermodynamic onset potential of oxygen evolution 

[15,246,247]. Figure 23 shows the current densities at 1.23 V under AM1.5 illumination for the set of 

ALD films on n++-Silicon. Up to a film thickness of 40 nm, the photocurrents remain very low at 10-

15 µA/cm2 and mostly independent of film thickness. Starting off at 50 nm thickness, the 

photocurrents increase to 130 µA/cm2 for a 75 nm thick film and appear to stabilize. The addition of 

methanol to the electrolyte as an efficient hole scavenger leads to increased currents by about 10 % 

for the thickest films, but only 5-8 % for the films of 20-50 nm TiO₂. The thinnest film of only 10 nm 

shows no improvement at all. 

The 20 nm film is a small local maximum in terms of current. At this thickness, the entirety of the film 

is strongly excited and close to maximum absorption is already achieved compared to thicker films (Fig. 

20-22). Recombination losses in thicker films that are still predominantly amorphous, would account 

for the decrease towards 40 nm film thickness. 

 

 

Figure 23 Photocurrent density at 1.23 V vs SHE with respect to film thickness of ALD TiO₂. Measured with and without added 
MeOH. 

 

Both the photocurrents densities and the improvement can be related directly to the trends observed 

in Raman spectroscopy and XRD. While the amorphous majority of material in the thin films shows a 
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baseline of photocurrent, the notable increase correlates closely with the increasing anatase content. 

The observed enhancement with a hole scavenger also appears to favour crystalline TiO₂, indicating 

that the current in amorphous TiO₂ is not as limited by the charge transfer into the electrolyte without 

methanol, or similarly impeded when oxidizing the alcohol. 

   

Figure 24 Cyclic voltammograms at 25 mV/s scan rate under chopped illumination for a) 100 nm TiO₂ and b) 20 nm TiO₂ on 
n++Si. Scans were taken in 0.5 M H₂SO4 without and with 1 % MeOH (v/v). 

  

Figure 24 shows the chopped scans of cyclic voltammograms for two cases in the sample series. Beside 

the depressed anodic photocurrents, the amorphous films exhibit a reduction peak around 0.2 to 0.0 V 

vs SHE that is related to a charging process under illumination when sufficient anodic potential was 

applied. Its magnitude is affected both by the scan rate and charging potential and duration. This has 

been observed and modelled for surface states in Fe2O3 films [248]. It occurred over all amorphous 

TiO₂ films in this work deposited with a number of different parameters. 

Furthermore, the (predominantly) amorphous TiO₂ films show a large hysteresis from 0.5 to 1.25 V 

under illumination, which could be either an irreversible reaction or a photocapacitance, which will be 

further elaborated in a later section (EIS). 

 

Figure 25 Cyclic Voltammograms (100 mV/s) under AM1.5 illumination normalized to maximum photocurrent (at 1.7 V vs 
SHE). Capacitive currents and the reduction peak at +0.1 V are inflated in this representation. 
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The evolution of the photo electrochemical response with increasing TiO₂ thickness can be seen in a 

normalized plot of the photocurrents (Fig. 25). Films of 10 to 40 nm show the equivalent of a very low 

“fill factor” that is raised for 50 nm TiO₂. The 75 nm and 100 nm, mostly crystalline, TiO₂ films show 

the onset of photocurrent near 0.0 V and more semblance of a plateau at higher applied potential. This 

“fill factor” gets the lowest for the 30 nm film and indicates an undesirable charge separation, which 

might lead to the holes being trapped deep in the amorphous phase. We have observed a similar effect 

in surface photovoltage experiments. 

 

Already during the voltammograms under illumination, a slow decrease in photocurrent for the 10 nm 

film could be observed. Further characterization often lead to a complete loss in photoactivity and 

revealed similar I-V-curves to the bare substrate. The 20 nm film was more resilient but decreased also 

after extensive measurements. All other films showed increases in photocurrents over measurement 

time, particularly with cathodic polarisation and illumination.  

Optically (by eye and Laser Scanning Microscopy) all films up to 50 nm were thinned during the photo- 

electrochemistry, which was confirmed by spectral ellipsometry. Observations at a Laser Scanning 

Microscope and in more detail using AFM revealed that the crystallites in the film remain apparently 

unchanged and are successively more exposed while the amorphous matrix is removed. This leads to 

a small increase in total electrochemically active surface area, but more importantly exposes the 

crystalline TiO₂ fraction. Considering that the anatase is the more active phase this serves doubly both 

by increasing the active area and removing detrimental amorphous material that is presumably 

trapping photogenerated holes. In the extreme case, this doubled the photocurrents for the 40 nm 

film and shifted the photocurrent onset by -150 mV. 

 

The lower photocurrents and late onset potentials of the more amorphous thin films of TiO₂ are 

accompanied by less negative open circuit potentials under illumination and smaller photovoltages. 

Figure 26 showcases the behaviour of the OCP when the sample is illuminated (starting at 30 s) and 

the relaxation after turning of the lamp (at 90 s). 

  

Figure 26 Open circuit potential of TiO₂ films over time, with negative photovoltage under illumination (30-90s) and slow 
relaxation.  b) is an enlargement of the OFF reaction for films 10-50 nm. 
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The 40-100 nm films follow a distinct trend of increasing photovoltage under illumination, as well as 

faster kinetics upon both excitation and relaxation. While the photo response is mostly as expected, 

with negative photovoltages for the n-type TiO₂ (and substrate), the thin films show an anomalous 

feature upon turning off the illumination. The films of 10-40 nm TiO₂ exhibit a fast negative voltage 

response before the slow positive relaxation becomes apparent. Most strongly, this occurs for 30 nm 

TiO₂ with a change of more than -50 mV against the expected direction. The films of 10, 20 and 40 nm 

also show this in a smaller manner, while the 50 nm film has a fast but miniscule step corresponding 

to an n-type semiconductor relaxation. 

Repeating the experiment under illumination with a 400 nm bandpass filter, i.e. without UV light, does 

not reproduce the feature, indicating that the Silicon substrate is not the source. Supplementary tests 

of various TiO₂ films, amorphous and crystalline, on highly doped n- and p-type Silicon at times show 

a small step in the same direction as the TiO₂ response (n++-Si), or spike of the opposite sign (p++ -Si). 

These changes in OCP, though, do not surpass 10 mV and decay in less than a second, due to the 

degenerate nature of the substrate, and can be differentiated easily. 

 

Figure 27 shows the OCP at discrete time steps, 60 seconds after turning on the light source, as well as 

5, 60 and 210 seconds after stopping illumination. It shows the steady potential under excitation (open 

black squares) of the films with the afore-mentioned minimum (with regard to negative photovoltage) 

potential of the 30 nm film. The described “p-type change” seen at “light off” counteracts the common 

negative photovoltage for 20-40 nm films. Adding it to the measured potential or considering the 

measured OCP shortly after switching off the light source (after 5 seconds, petrol triangles), depicts a 

more continuous trend.  

The successive slices (after 60 & 210 s, blue circles & squares) show the faster relaxation with thickness 

for films 40 to 100nm, as well as the 20 nm film relaxing faster than either 10 or 30 nm TiO₂. 

 

Figure 27 Open circuit potential values at four distinct times from Fig 26. Values under illumination (open squares), and at 
three distinct times after light is turned off (5 s - triangles, 60 s – dots, 210 s – full squares) show relaxation behaviour. Thin 

films (< 40 nm) show slow decay initially, thicker and more crystalline films decay very fast over first minute after light is 
turned off. 

 

The displayed potentials under illumination do not represent the flat band potentials of the samples. 
Variations in light intensity still affect potentials, meaning that the flat band situation is not reached 
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with the used radiation and would not be expected to with the significant recombination rates 
commonly observed in oxide semiconductors. 

 

To determine flat band potentials as well as donor densities in the TiO₂ films, Mott-Schottky plots were 
measured. Figure 28 shows measured plots at 1 kHz split into two groups of thicker and thinner films 
from the series. Data for the shown frequency is representative over a wide range with small frequency 
dispersion for the thicker films. 

  

Figure 28 Representative Mott-Schottky plots measured at 1 kHz for 10-100 nm TiO₂. Arrows indicate scan direction (overall 
from cathodic to anodic to cathodic). All films show a hysteresis. For films up to 50 nm, the large hysteresis and lack of linear 
correlation C-2(V) prevent the application of the Mott-Schottky equation. 

 

Applying the Mott-Schottky equation for the data of 75 & 100 nm TiO₂, a flat band potential of -0.1 V 
vs SHE is obtained, with the slope yielding donor densities of 3 to 6 x1019 cm-3. The predominantly 
amorphous films, deviate strongly from ideal Mott-Schottky behaviour and cannot be treated with the 
simple formalism. All the films have in common that the capacitance is decreased on the scan in 
cathodic direction, coinciding with the smaller photocurrents in the cathodic scan direction (Fig. 24 & 
25). 
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Reference Samples – Amorphous vs Crystalline TiO2 
For comparison, amorphous and crystalline films of TiO₂ with similar thickness were studied that had 
been deposited at either 100 °C or 300 °C. The growth, phase analysis and optical properties were 
described above. Figure 29 shows the I-V curves under chopped illumination and changes in open-
circuit potential upon illumination and relaxation. Both films are close in thickness (amorphous: 65 nm, 
crystalline: 60 nm), have similar reflectance behaviour but are representative for the predominantly 
amorphous or crystalline samples of the previous series. As expected, the anatase phase is much more 
photoactive. Both the photovoltage and the photocurrents are higher, and the photocurrent onset 
potential is several hundred mV more negative.  

  

Figure 29 a) Chopped cyclic voltammogram and b) two consecutive scans of open circuit potential (OCP) of amorphous and 
crystalline reference samples, TiO₂ on Silicon. Scan rate in a) is 25 m/s and the interval for chopping 5 s per cycle of light and 
dark. In b) the sample was illuminated from 30 to 90 s. 

 

Currents and potentials are independent of the type of degenerate Silicon (highly doped P100, N100 
or N111 oriented), but all samples exhibit a small difference between the first two scans of the OCP 
under illumination. Both types of films have a rapid negative change in OPC immediately after the start 
of illumination, but a slower phase before reaching constant potentials. 

The first scan of the amorphous film (blue) stabilizes at values more positive than the initial potential 
and remains more positive during the additional measurements (dashed blue). For crystalline films, 
the first scan stabilizes more slowly than the repetitions. The effect appears to be irreversible and may 
point to a surface reaction. 

 

Mott-Schottky plots for the reference films (Fig. 30a) differ less than the full series varying over 
thickness and crystallinity. The 300 °C grown, anatase films show linear V-C-2 relation for positive 
potentials with no hysteresis. Flatband potential and donor density are similar to the 100 nm TiO₂ film 
(-0.1 V vs SHE, ~1019 cm3). The amorphous film has a similar capacitance but exhibits a significant 
hysteresis. Neglecting that, the values of ND and Vfb appear somewhat similar. 

Measuring Mott-Schottky plots at very slow frequency, e.g. 10 Hz (Fig. 30b) under illumination and in 
the dark, reveals textbook-like characteristics of Fermi-Level pinning [28]. Under illumination, part of 
the linear plot C-2 vs V is shifted to positive potential as the bands are unpinned [28]. The slope is 2.5 
times lower than at 1 kHz and the Efb shifted 50 mV more positive. 
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Figure 30 a) Mott-Schottky plot of amorphous and crystalline TiO₂ at 1 kHz in the dark. b) Mott-Schottky plot of crystalline 
TiO₂ in the dark and under illumination. c) Capacitance at 10 Hz from (b). d) difference of capacitance under illumination and 
in the dark for three frequencies. 

  

Taking the capacitances from these measurements, a difference between the dark and illuminated 
electrode can be seen near 0 V vs SHE (Fig 30c). Plotting the difference reveals an asymmetric peak 
centred at 0.15 V vs SHE associated with a slow process (Fig. 30d). It is nearly an order of magnitude 
smaller at 31.6 Hz compared to 10 Hz. Applying the perturbation at 100 Hz, results in the peak being 
nearly gone and a very slow rise of capacitance (~10-8 F) at potentials positive of 0.5 V. Utilizing the 
direct difference of capacitances instead of the reciprocal, puts the additional capacitance in parallel 
to the space charge layer, not in series. 

 

Electrochemical Impedance Spectroscopy 

A full electrochemical equivalent circuit (EEC) model has previously been proposed to treat 
semiconductors in solution and describe charge transfer both directly from the conduction band and 
through surface states [207,249]. The model (Figure 31b) contains two capacitances, for the Space 
charge layer (C(SC)) and the surface states (C(traps)) and resistances for the charge transfer through 
the bulk (R(ct,bulk)), through the trap states (R(ct,traps) and the trapping process (R(trapping)). Using 
it to fit impedance data is uncommon though, as the elements for competing processes cannot be fit 
unambiguously. 
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The model is often simplified by eliminating either route of charge transfer (Fig. 31 a & c) and suitable 
to fit EIS data that show two time constants [200]. Mathematically, both models fit with exactly the 
same confidence (“Chi-Squared” or “Sum of Chi-Sqr”) and identically to two Randles circuits in series.  

 

 

Figure 31 EEC for semiconductors in solution with charge transfer from the bands (a), model with competing mechanism (b) 
and with charge transfer via surface states (c). 

 

To identify the mechanism of the charge transfer, contributions from surface states and other 
influences, EIS data from -0.1 V to 1.7 V vs SHE was fit to both models for measurements performed in 
the dark and under AM1.5 irradiation. Additionally, a hole scavenger (1 % Methanol) was employed 
for crystalline TiO₂ in a measurement under illumination to further study the impact of catalysis and 
help identify suitable EEC elements. 

Unlike most treatise on EIS of similar systems, the following analysis considers both pathways of charge 
transfer both in the dark and under illumination. Frequently, the process is taken to only allow charge 
transfer through the bands in the dark, while transfer through surface states is only considered under 
illumination [200]. 

 

Comparing the four main elements of both equivalent circuits, the capacitances for the space charge 
layer and traps and the resistances for charge transfer and trapping (Fig. 32 a-h), the similarities 
between both models for the crystalline TiO₂ films become easily apparent. Several of the elements 
are fit with nearly the same values for both models and result in identical trends over the applied 
potential. 

The dominant elements in both variations are the Capacitance of the space charge layer (CSC) and the 
charge transfer resistance (Rct). This results in the well-behaved Mott-Schottky plots (see above) and 
the close representation by the simple RC element it is based on with a minor impact from the trapping 
process. Taking the 1/C2(SC) over potential from the fitting of the impedance data, results in a Mott-
Schottky plot yielding ND = 2-3 x1019 cm-3 and Efb= -0.165 V vs SHE. 

The resistance of the charge transfer in both models is reduced by more than an order of magnitude 
under illumination and goes through a minimum at 0.2 V vs SHE in 0.5 M sulfuric acid and 0.15 V with 
the addition of methanol. Calculating the total resistance from the slope in the CV (Fig 33 a/b) 
supplements this finding for scans under illumination. 
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Figure 32 Fitting results for the EEC elements for crystalline TiO₂ with charge transfer directly from the valence band (left hand 
column) or via  surface states (right hand column) in the dark (red), under illumination (blue) and under illumination with 1 % 
MeOH added (yellow). 
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Figure 33a) CV in the dark and under illumination, b) Resistance derived from slope of (a) (smoothed over 50 points), shown 
for both scan directions and c) Current splitting between anodic and cathodic scan direction at 100 mV/s from (a). 

          

With methanol, the resistance is also smaller at higher anodic potentials by about 20 % explaining the 
higher photocurrents that can be observed.  

The secondary elements, associated with the trapping, provide valuable additional information 
regarding the charge transfer mechanism and the entire system. Considering the curse of C(traps) over 
the potential for both models, reveals the presence of two additional capacitances of which that for 
the surface states is only captured by the model of ct via surface states. 

Allowing charge transfer only through the bulk (Fig. 31b), an additional capacitance independent of 
illumination is observed, that increases negative of 0.4 V vs SHE at least to 0 V vs SHE. A similar 
capacitance is observed in the hysteresis of the corresponding CVs (Fig. 33c) and appears independent 
of the addition of the hole scavenger. 

Taking the capacitances of traps from the model with charge transfer via the surface states (Fig. 31c), 
a light induced capacitance is observed on top of the just described rise (Fig. 32 second right side). The 
difference between dark and illuminated is shown in Figure 34 (blue), with a peak centred around 0.15 
V. Included (red) are the values obtained from the Mott-Schottky plot at 10 Hz (fig 30d) with similar 
peak values at 0.6 µF. 

 

 

Figure 34 Differential capacitance induced by illumination extracted from electrochemical impedance (blue) and Mott-
Schottky plots at 10 Hz (red). 
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Taking all the obtained information into account, the model of charge transfer through the surface 
states is more applicable under illumination than ct from the bulk. Compared to other reports 
[200,249] for Fe2O3 and mathematical modelling, the surface state capacitance is significantly smaller 
both absolute and compared to the capacitance of the SCL. With regard to the high ratio of the 
resistances for ct and trapping, a fast detrapping rate compared to the rate of ct after the theoretical 
work of Bertoluzzi et al. can be deduced [201]. Considering the small capacitance (and density) of 
surface states, losses from surface recombination are therefore not expected to be a major bottleneck 
in photo-induced water oxidation. 

 

Impedance Analysis of Amorphous TiO₂ on n++-Si 

The previously described measurements for amorphous TiO₂ showed the distinction from the 

crystalline layers which is confirmed by measurements and modelling of impedance data. The models 

utilized for the treatment of 300°C grown TiO₂ on highly doped Silicon, conducting charge transfer from 

the valence band or through the valence band cannot be applied successfully for the low temperature 

deposited films. 

Cyclic voltammograms measured in the dark (Fig. 35a - red) reveal an entirely blocking behaviour and 

no passing of Faradaic current above 0.5 V vs RHE, which lead to the application of an EEC preventing 

charge transfer, that can be derived from either of the above circuits by removing the R(ct,x) element. 

Enabling charge transfer improves the fitting results for measurements <0.2 V, but does not 

significantly affect depicted elements and is omitted at this point. The fitting results for the capacitance 

C(1), derived capacitance C(CPE) and the present resistance are shown in Fig 36a-c including derived 

pseudo Mott-Schottky-plots (1/C2). 

Under illumination, the best applicable equivalent circuit is the reduction to a Randles circuit 

incorporating a constant phase element (CPE) (Fig. 35c) with the fitting results shown in Figure 37. The 

use of the flexible CPE over clean capacitances prevents revealing underlying features but a more 

complex EEC suffer from major discontinuities, cross-correlation of elements and poor accountability 

for single elements. 

 

 

Figure 35 Cyclic voltammograms of amorphous TiO₂ in the dark and under illumination with the respective electrochemical 
equivalent circuits (EEC) applied. 
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Figure 36 Fitting values of capacitances and resistance for EEC of amorphous TiO₂ film as an anodically charge-blocking layer 
in the dark. 

 

Figure 37 Fitting values of capacitance and resistance for EEC of amorphous TiO₂ film under illumination. 

 

All depicted elements for the amorphous TiO₂ film are clearly different from the crystalline 

modification. The common feature shared among the fitting results in Figures 36 and 37 for dark and 

illuminated measurement occurs around 0.25 V vs RHE. Agreeing with the onset of reduction current 

in the dark CV scan, the resistances are decreasing strongly at potentials negative of the potential both 

in the dark and under illumination. In the dark this is accompanied by a rise of the capacitance in series 

to the resistance and a peak in capacitance for the parallel element. Under illumination a photocurrent 

sets in positive of this value and the resistance decreases to a flat plateau. In light of 

photoelectrochemical corrosion described in the next part, this may mark the potential barrier to 

access energetic level for anodic corrosion and accelerate the charge transfer into unstable states 

leading to dissolution of TiO₂. 

 

Corrosion of Amorphous TiO₂ 
A loss of electrode material was observed both for 100 °C grown amorphous TiO₂ electrodes and for 
the thinner films grown at 300 °C. The former were studied in more detail to establish the dissolution 
effect and parameters affecting it. Significant loss of photoactivity, the strongest sign of corrosion, was 
observed most commonly after experiments under illumination and with applied negative potential, 
which consequently are the focus of this study. 

The etchability of TiO₂, and the higher stability of annealed TiO₂ (anatase) over amorphous TiO₂ is 
known [127,251,252] but often limited to warm, concentrated acids or HF. In the light of the recent 
research interest of protective coatings utilizing TiO₂ for photoelectrodes, it becomes paramount to 
better understand the underlying principles. 
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Etching experiments in this work were performed under similar conditions as the photo 
electrochemistry, utilizing the same measurement cell and electrolyte. To establish a baseline, initial 
experiments were performed at open circuit potential, denying the flow of charges from the working 
to the counter electrode. TiO₂ films were measured with ellipsometry after corrosion and the rate was 
determined from the residual film thickness. Figure 38 (a) shows the remaining film thickness after 
corrosion up to 60 h in the dark and under illumination identical to other photoelectrochemistry 
experiments; part (b) depicts the calculated etch rates. 

 

 

Figure 38 (a) Measured Film thicknesses as modelled by spectral ellipsometry after etching in the dark or under illumination 
and (b) resulting etch rates plotted against logarithmic time scale for improved visibility. Connecting lines are meant to serve 
as guideto the eye. 

 

Exposing the amorphous TiO₂ films to 0.5 M Sulfuric acid at room temperature leads to a continuous 
thinning of the film thickness with an average etch rate of 0.2-0.3 nm/h. The apparent low values for 
short etch times may be due to an induction time or experimental uncertainty in measuring the 
corroded area by ellipsometry as it was still within 1 nm of the non-etched film and optically not 
discernible. 

After corrosion under the AM1.5 illumination, the optical changes in the film were much more 
apparent, as the material was etched on average with 1.7-1.8 nm/h with considerably lower rate for 
the 2 h experiment (1.2 nm/h). This means a 4-6 times enhancement of corrosion under illumination. 

 

In order to study the impact of incident light, more specifically the excitation of TiO₂, corrosion 
experiments over 15 hour were performed with various filters (thorlabs [data online]). Using a 400 nm 
longpass filter to eliminate UV contributions, an etch rate of 1.4 nm/h was observed, indicating that 
band gap excitation in TiO₂ is not the main factor of enhanced corrosion. Various other optical filters 
were employed (thorlabs: FGUV, FGS900, FGB37) to remove IR contributions or illuminate with UV 
light only. As the cell warms up under illumination, the electrolyte temperature was measured close 
to the electrode with a Pt-100 thermosensor.  

The obtained etch rates and maximum temperatures are summarized in Figure 39 with additional 
experiments. 
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Filter name / 
legend name 

Transmitted wavelength 
or condition 

SolSim Full illumination 
FGL400 > 400 nm 
FGS900 260 – 900 nm 
FGUV 300-400  nm 

& 700-900 nm 
 

sc Short circuit to Pt counter 
electrode 

 
oven Set to 55 °C, electrolyte 

temperature 36 °C 
measured 

 

 

 

 

A correlation between etch rate and employed wavelength range is not immediately apparent but a 
close relationship to the cell’s temperature can be seen. This thesis was further supported by 
conducting the experiment in the dark at slightly elevated temperature (“oven”) similar to the 
conditions in the cell under illumination, leading to an etch rate of 1.4 nm/h. Also the addition of a 
hole scavenger (“MeOH”), potentially to rapidly extract photogenerated charge carriers to prevent 
oxidation, did not decrease the average etch rate much (1.65 nm/h). Utilizing the temperature data 
and etch rates for an Arrhenius plot (Fig. 40) reveals an activation energy of about 70 kJ/mol. 
Temperature values under illumination may be underestimated though as they could not be measured 
immediately on the electrode surface but only in close proximity within the electrolyte. 

  

  

Figure 40 Arrhenius-plot for the etch rate of amorphous TiO2 with a linear slope of -8.39x103 K. 

 

Under open-circuit conditions, electrochemical corrosion is expected to be hindered unless the 
working electrode can be separated into anodic and cathodic regions, similar to a galvanic cell. With 
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Figure 39 Etch rates and obtained cell temperatures in the dark, under AM1.5 illumination and with various filters. If not 
donated as “sc”, corrosion was at open circuit potential. 
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only oxidation or reduction occurring, charge transfer is imbalanced and an electric field builds up in 
the electrode that counteracts the electrochemical potential for corrosion. 

Allowing excess charges to be extracted by short-circuiting the working electrode to the Pt counter 
electrode, the additional impact of (photo-)electrochemical corrosion can be determined. Etch rates 
remain largely unchanged in the dark and when illuminating with visible light only (FGL400S filter) but 
more than double (4.4 nm/h) under full illumination. Additional experiments in a Zero Resistance 
Ammeter configuration (ZRA) to measure the passed charges, showed neglectable current in the dark 
but under illumination amounted to 4.3-5 mC/10 nm of removed TiO₂ for 4-14 h (accounting for base 
corrosion at open circuit). Assuming an approximate density of 4 g/cm3 for compact amorphous TiO₂ 
(close to anatase), a one electron oxidation or reduction consumes about 4 mC/10 nm. Measured 
charges exceed the required amount to oxidise TiO₂ to TiO₂+ found in the Pourbaix depiction by 
Acevedo-Pena et al. [104] but fall short  to achieve TiO₂++ and TiO3∙2H2O commonly found 
[103,105,253]. 

In consequence, it should be noted that the corrosion of amorphous TiO₂ in sulfuric acid is two-fold: 
The chemical component that is active in the dark and elevated by the temperature rise under 
illumination plus a photoelectrochemical corrosion that is dependent on UV excitation. 

The majority of reports on protective coatings of TiO2 is largely based on depositions using  TDMAT, 
similar to this work, with few exceptions involving TTIP [119] or TiCl4 [254]. In contrast, the common 
reactant is water or hydrogen peroxide with deposition temperatures ranging from 120 °C [116,118] 
to 250 °C [119,255] and no plasma-assisted depositions are reported. A great difference of using 
oxygen plasma as a precursor is the resulting carbon content in the low percentage range [82] in 
comparison to the cleaner thermally deposited films. The relationship between growth conditions, 
impurities and the corrosion mechanism should be evaluated separately. 

 

Conclusions for Flat Electrodes Comprised of Highly Doped Si and Photoactive TiO2 

 

Flat reference electrodes of ALD grown TiO2 were prepared with thickness ranging from ten to one 

hundred nanometres, as well as approximately 60 nm deliberately crystalline or amorphous.  

Raman and X-ray diffraction showed that the crystalline content of the TiO2 films increases with 

thickness, due to a delayed crystallisation during the film growth, with amorphous TiO2 being 

predominant for films up to 50 nm. Experimental optical properties such as reflectance, could be 

computed accurately and simulations of the absorbed fraction of incident power indicate that as 

little as 20 nm of (crystalline) TiO2 should suffice to achieve the maximal obtainable absorption for 

the flat TiO2 electrode. 

Amorphous and partially amorphous electrodes showed significant corrosion of the non-crystalline 

phase, which was studied explicitly. The impact of illumination and increased temperature was 

separated, pointing at a chemical etching with an activation energy of 70 kJ/mol and a UV photon 

induced process yielding 4-5 mC/nm of film as charge in externally measured photocurrent. 
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4.2 Results of Structured Photoelectrodes 
 

Structured photoelectrodes were fabricated by combination of lithography and plasma etching 

methods for patterning highly doped silicon substrates that were than coated by ALD with a TiO₂ thin 

film. Nanosphere and Laser Interference Lithography were employed to fabricate various sub-

micrometre patters, supplemented by mask based optical lithography for structures with period sizes 

of two to ten micrometres. 

The resulting structures were characterized by laser scanning and electron microscopy, diffuse UV/vis 

reflectance and photo- electrochemistry. The experimental results are additionally supplemented by 

optical simulations to elucidate findings. 

 

A. Microstructured Electrodes - Optical Lithography 
 

An optical lithography mask with 14 patterns (14x14 mm) over a 4 inch wafer was used to prepare sets 

of structures to be plasma etched synchronously. In total 11 wafers were prepared and three different 

plasma etching conditions used for 2-8 minutes to vary structure depth and wall angles. The patterns 

(6 sets of lines, 3 of holes and 5 of pillars) varied in period size of 2-10 µm, were up to 20 µm deep and 

coated with 50 nm of TiO₂.  

Examples for the impact of etching conditions are shown in Figure 41 to highlight some of the crucial 

considerations. A more throughout discussion can be found in the appendix. Generally speaking, the 

structure depth scales with etch time, proceeds nearly linearly with time for straight side wall 

conditions but can be reduced/restricted for narrow structures. 

At -120 °C the etch gas ratio of sulphur hexafluoride and oxygen in the plasma determines the wall 

angles; with greater oxygen content leading to more dominant passivation and tilted wall angles up to 

15° off vertical (Fig 41 a-c). On the down side, this also favours the creation of “black Silicon” through 

so-called “micro-masking”. Nanoscopic particles, residues or in inhomogeneities on the open surface 

prevent uniform etching and give rise to additional, non-ordered structures, commonly cones (Fig. 

41c). The black Silicon formation for these feature sizes largely overshadows any initial structure for 

etch times of more than 2 minutes, large holes as shown being somewhat an exception. 

 

 

Figure 41 Exemplary structures etched with IPC-RIE at -120 °C for 4 min with SF₆:O₂ ratios of a) 43:07, b) 40:10 and c) 35:15 
The structures are coated with 50 nm TiO₂ partially resulting in a camouflage-like relief along the walls and on top (scale bars 
1 µm). 
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The higher oxygen content additionally results in lower etch selectivity and greater attack on the resist 

mask, with time leading to a change in the openings. The wear and gradual loss is reflected in the rough 

and discontinuous wall shape in Figures 41 c and b (less). Even with low oxygen etch conditions (Fig. 

401), are the tops of the resulting structures often much rougher along the first quarter of height. After 

ALD of TiO₂, these areas appear to have much smaller crystallites, opposed to the large patches 

observed on the majority of the surface (Figure 42). 

 

 

Figure 42 High magnification electron micrographs to highlight the different crystallite morphology of TiO₂ after ALD on cryo-
ICP etched Si structures (scale bars 100 nm). The nanocrystallites occur along the walls of the top 20-25 % of the structures; 
the plates mostly cover the remainder including tops and bottoms and can also be found on flat crystalline samples that were 
not plasma etched. 

  

 

Reflectance of microstructured electrodes 

Structures with straight sidewalls predominantly expose flat surfaces to incident light in photo- 

electrochemistry and would be expected to benefit little from enhanced capabilities to absorb 

additional photons. This can be probed with UV/vis reflectance measurements, determining the 

inherent losses through back reflection. 

Diffuse reflectance in fact shows that for most patterns the reflective losses across the visible and UV 

range are decreased by roughly 1/3 compared to the flat film. Only the smallest structures, lines and 

pillars with lateral dimensions of 1 µm and pitch 2 µm, reduce reflectance more significantly, by up to 

75 %. Certain patterns, such as lines with period of 5 µm etched about 5 µm deep, create oscillations 

in visible and near infrared wavelength range. Some deeper structures exhibit this in the IR only. 

Patterns with angled side walls still show significant losses through reflection, particularly for large 

structures that present a large fraction of flat surface area. A stronger reduction in reflectance can be 

observed for most of the structures when etched eight minutes at 40:10 ratio, or four minutes and 

more with 35:15 SF66+O₂. This concurs with the rise of black silicon, much-roughened sidewalls and 

the decrease of flat areas and is not closely related to the micro-structures themselves. Examples to 

illustrate this point are shown in Figure 43. 
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Figure 43 Diffuse reflectance of two exemplary structured electrodes (pillars with diameter 2 µm, period 5 µm) compared to 
flat TiO₂ film on Si (Given ratios are SF₆:O₂ content during Silicon etch). Even though the longer etch (brown) creates a much 
deeper structure, reflectance losses are reduced by less than 50 %. The shorter etch with oxygen rich plasma (blue) reduces 
the feature size by resist trimming, therefore reduces the flat top and additionally results in tremendous amounts of black Si 

that suppresses reflectance more efficiently then the initial structuring. 

 

In comparison, different wafers (P 100, N100 and N 111 oriented) were etched without mask, to create 

random anti-reflective structures either through ICP-RIE (35:15 and 42:08 ratios of SF₆ + O₂) or wet-

etching with KOH and coated similarly to other electrodes with 50 nm TiO₂ through ALD. Plasma 

etching with a strong directional component opposed to anisotropy of silicon etching in KOH, is 

insensitive to the substrate crystal orientation and shows similar reflectance. Extended etching with 

oxygen rich plasma (15 sccm) initially produces a matt black sample (“black Si”), which appears matte 

purple once coated with 50 nm TiO₂. Etching with SF₆ rich atmosphere results in matte grey (“grey Si”), 

which is retained after ALD. Diffuse reflectance (Fig. 44) shows that the “black Si” variant once coated 

does not effectively suppress reflectance, with modest reduction in the UV range of approximately 

35 %. On the other hand, the “grey Si” is completely bereft of the interference feature, clearly indicates 

the bandgap of the TiO₂ and has a diffuse reflectance of <11 % in the visible and <3 % in the TiO₂ 

absorbing region. Substrates etched in KOH differ for wafer orientation, with the 111 Si wafer being 

structured less effectively than the 100 oriented that is preferentially etched over the 111 direction, 

resulting in a faceted surface [253]. 

 

Figure 44 Diffuse reflectance of randomly structure Si samples with 50 nm TiO₂ layer. Sample details given in the main text. 
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(Photo-) Electrochemistry of microstructured electrodes 

As all other photo-electrodes in this work, electrochemistry for these samples were measured in an 

O-ring sealed cell configuration to routinely expose the same surface area for all measurements. Many 

of the obtained structures though present very effective microchannels, resulting in leakage and 

exposure of the silicon substrate and backcontacts to the electrolyte, creating large dark currents. For 

comparison, two structures that did not show this problem, pillars with diameter of 1 µm and period 

2 µm (P1-2) and Holes with diameter 8 µm and period 10 µm were studied for all etch parameters.  

The photocurrents for flat sections of each wafer showed in shape the response of crystalline TiO₂  but 

fluctuated strongly in magnitude. To improve comparability, photocurrents for the structures were 

normalized to currents from a flat section of the respective wafer.  

 

EASA  

For intact patterned electrodes the electrochemically active area increases with structure depth both 

for the hole and the pillar pattern. The apparent increases amount to 12 times for straight sidewalls 

and twice that for angled structures in the large hole pattern, while the dense pillar formations show 

up to 50 times the active surface area of the flat counterparts. 

 

Values for the cylindrical shaped pillars (43:07 etched) show that the increase surmounts microscopic 

geometrical expectations which would account only for approximately 5 and 13 times for the hole and 

pillar patterns, respectively. It stands to reason that the additional surface roughness, both near the 

top of structures and the bottoms of non-masked areas, contributes significantly in that regard. In the 

angled structures, the generally rough sidewalls and additional black Silicon cones present additional 

surface area. 

 

Photocurrents 

Despite the large increase in surface area, almost all the tested electrodes showed lower performance, 

than their flat counterparts. The largest hole patterns (diameter 8 µm, period 10 µm) achieved 0.8-0.95 

times the photocurrents density, the set of small pillars (radius 1 µm, period 2 µm) ranges from 0.7 to 

1.1, with only the 2 min (1.02) and 8 min (1.1) sample of the 40:10 etch showing an improvement over 

flat TiO₂ films. 

The only trends that might – tentatively – be described is a small decline (0.94-0.89) in performance 

for the small pillars of the 35:15 etch series and modest increase (0.85-0.93) in big holes with straight 

side walls. Across the set of different patterns etched with 43:07 ratio, similarly, no clear trends can 

be extracted and will not be speculated upon in this work. 

 

In summary, the set-up of microstructured Si coated with 50 nm TiO₂ shows significantly increased 

EASA but reflective losses remain rather large and the electrodes showed decreased electrochemical 

performance. The conducted approach offers no observable improvement in performance for coated, 

opaque photoelectrodes as the utilized Si-TiO2-system, but may be found beneficial when studying 

dark electrodes that require controllably enhanced active surface area. 
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B. (Line) Patterns in the Order of 1 µm – Interference lithography 
 

Patterns of 500 nm to 2.5 µm period size could were accessible with laser interference lithography 

(LIL), the focus being line patterns with 50 % duty cycle (area fraction of openings). For the smallest 

periodicity several cm2 of patterned surface (picture Fig. 45) could be obtained with one exposure, 

with the area decreasing with increasing pattern pitch. 

 

Figure 45 Picture of 4 inch (10 cm) quarter wafer patterned with lines of 500 nm pitch. Iridescent colours show interference 
across the periodic structures covering >3/4 of the substrate. Exposures for 2 µm period, not shown, pattern a strip only 

0.5 cm wide. 

 

Morphology 

With dry etching up to 120 seconds, using a plasma gas ratio of 40:10 SF₆ + O₂ for slight tilt in the 

sidewalls, structure depths of up to three µm were obtained and coated with 50 nm of TiO₂ by ALD. 

Examples of well-defined, structured electrodes prepared in that manner are shown in Figure 46. A 

discussion of observed systematic defects in less-ideal samples can be found in the appendix. 

 

Figure 46 a-c Cross-section electron micrographs of examples of LIL structures from Si coated with TiO₂. Period size is one 
micrometre, etch times are 10, 45 and 120 s respectively, resulting in depth of 0.275, 1.25 and 3.2 µm (SF₆: O₂ ratio = 40:10). 
Effects of of anisotropy in dry etching become apparent on the bottom of the structures with extended etching (scale bars 
1 µm). 

 

High-resolution electron micrographs showed depositions to be conformal across the entire depth 

within measurement uncertainty (<5 %). The line roughness of the photoresist is transferred with the 

plasma etching and still apparent after ALD coating, dominating the sidewall roughness. On the flat 

top of the structures, the TiO₂ film consists of the large platelets shown previously. 
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Optical characterization 

 

Figure 47 Diffuse reflectance of line patterns fabricated with LIL with periods a) 1000 nm and b) 500 nm, coated with TiO₂ 
(a: 50 nm, b: 30 nm). Indicated values represent the depth of the structures, which generally lowers reflective losses. 

  

The prepared structured electrodes were visibly darker to the eye when viewed from the top but still 

showed significant iridescence when tilted due to the regular (sub-)micrometre patterning. Measured 

diffuse reflectance, as shown for two series in Fig 47 a-b, confirms decreased reflectivity in the UV 

range by up to 70 % for the deepest structures prepared. Patterns with pitch of 2.5 µm to 0.7 µm, all 

dry-etched with the resist as the immediate mask, exhibit a monotonous decrease in measured 

reflectance across the visible and UV range. The diffuse reflectance of 0.5 µm line pattern (Fig. 47 b) 

for two different film thicknesses of TiO₂ (30 and 60 nm) changes less systematically, with overall 

lowered reflectance but different features occurring. This was traced back in part to changes in cross-

section profile due to plasma etching effects and strong undercut at the mask evident in SEM. 

 

 

Figure 48 ) Measured and calculated diffuse reflectance for 1 µm period, line pattern with slightly angled side walls. Measured 
data as above (45a), calculated (open circles) for Period=1 µm, width of Si core 0.6 µm at bottom, 0.45 µm at the top and 
coating of 50 nm TiO₂ with height as indicated. b) Depiction of the modelled structure with Si (red) and TiO₂ (blue). 
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The observed reflectance of the prepared structures could be modelled in good approximation with a 

simple trapezoidal geometry. The obtained results for three different depths are shown in overlay with 

measured data for the UV and visible spectral range (Figure 48). Although the measured pattern is not 

entirely uniform and shows a number of defects that affect measure reflectance, both the initial form 

and the trends of decreasing reflectance are well represented in the calculated values, giving credence 

both to the general approach the employed simplification of the structure. 

 

Photoelectrochemical performance of LIL structured electrodes 

The changes in electrochemical performance for LIL structured photoelectrodes was evaluated on the 

basis of photoinduced current at 1.23 V vs SHE, the thermodynamic potential for electrolysis of water 

in the dark. Figure 49 shows the photo current densities at this potential for three sets of structures, 

line patterns of various depths with period sizes of 0.7 µm, 1.0 µm and 2.5 µm. both in acidic electrolyte 

and with the addition of a hole scavenger to evaluate an impact from limited catalytic efficiency.  

 

Figure 49 : Photocurrent densities at 1,23 V vs SHE for LIL line patterns 0.7, 1.0 and 2.5 µm. Black in 0.5 M H₂SO4, blue with 
1% MeOH. 

   

The trends show that for all period sizes an improvement over the flat samples occurs, with increased 

currents by up to 60 % for the smallest patterning. The maximum increase for the larger structures is 

less at 15 and 20 %, respectively. For pitch of 0.7 and 1 µm, a decrease at greater depth also becomes 

apparent, yielding not only a stagnation in improvement but highlighting the large impact of 

detrimental effects. At the greatest depth, these structures provide even less photocurrent, than their 

flat counterpart. For the largest pattern size of 2.5 µm only a small increase is observed up to the depth 

fabricated for these patterns. 

With the addition of methanol, which should effectively extract photogenerated holes, increased 

currents can be observed, which replicate the same trends as the bare electrolyte. This indicates that 

poor catalytic performance is neither the root of the behaviour nor the limiting factor. 

 

For additional comparisons, structures of different shape but same periodicity were fabricated by the 

same methods. Square arrays of pillars with pitch of 1 µm and holes with pitch 2.5 µm were 

characterized. The pillar pattern (Fig. 50a) shows increased photocurrents up to 60 %, significantly 

more than the corresponding line structures, while the large holes only show a small increase before 

losses outweigh the additional improvements (Fig. 50b). 
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Figure 50 Photocurrent densities at 1,23 V vs SHE for LIL 1.0 µm pillar (a) or 2.5 µm hole (b) patterns. Black in 0.5 M H₂SO4, 
blue with 1% MeOH. 

  

Overall, two trends can be observed for the sets of structured electrodes. Firstly, most of the structures 

have only a limited range over which improved performance can be observed. Secondly, the position 

of the peak of improvement appears to be related to the “openness” of the structures: larger period 

size or less restricted patterns (i.e. pillars are more open than lines, holes are the most restricted) 

support enhanced performance from greater depth. 

Reasons for improved performance can be found in reduced reflectance losses, improved light 

absorption and larger available reaction surface of the structured electrodes. The main detrimental 

factors can encompass decreased photovoltage, greater interface recombination and limited diffusion. 

 

Studying the morphology of the coated electrodes after photoelectrochemistry indicates an additional 

impact from a mixed phase of the TiO₂ coating in some samples. In few places the films appear thinned 

along the sidewall of a wall structure (Figure 51a) or entirely gone in some places (Fig.  51b), which 

points towards an instability of the coating. Considering the usual platelet-like appearance of the initial 

coating, these areas may have been lacking a seed for crystallization and remained amorphous during 

the growth. 

Such damages to the electrode were observed only for few samples of the series and detected only in 

deeper structures of period ≤1 micrometre. Spatial limitation for these lines likely affects precursor 

diffusion and plasma penetration during the ALD process, hindering crystallite formation [172].  
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Figure 51 a & b Electron micrographs of samples after photoelectrochemistry showing thinning of the coating or partial loss 
along the structure walls (scale bars 200 nm). 

 

The surplus material at the bottom of the structure in Fig 51a (observed exclusively in this sample, 3 

µm deep, same as Fig. 46c) can only be speculated upon at this point, as it is unlike any other electrolyte 

residue observed. It may be that acidic electrolyte was initially trapped in the deep structures and 

proceeded to etch the amorphous TiO₂, which accumulated in the “pores”. Upon evaporation of the 

liquid residue, it solidified upon reaching critical concentration, preserving the shape of the menisci 

but cracking in the later stages of drying. 

 

Conclusions for LIL based structures 

 

The line patterns based on a single exposure from Laser Interference Lithography provide structured 

photoelectrodes with reflection suppressed by half in the essential range of light absorption and 

moderate increase in reactive surface. The reflectance of the coated structures could be modelled 

appropriately with a simple trapezoidal approach for the line structures, providing a good agreement 

of experimental data and simulation. 

The photoelectrochemical performance shows a maximum increase of 60 % over flat reference 

samples at 1.23 V vs NHE but also a comparable decline for deeper structures. Both the size and 

geometry of the patterns affect the interplay between the two opposing trends, with either occurring 

less pronounced for the larger structures. 
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C. Sub-Micrometre Patterns of Pillars Based on Nanosphere Lithography 
 

Based on hexagonal ordering, closed-packed 2D patterns can be achieved that provide greater density 

of structures compared to a square array. Nanosphere self-assembly was utilized to fabricate patterns 

with hexagonal pitch of 0.8 µm based on polystyrene spheres functionalized with –COOH groups on 

the surface (Fig. 52, 53 a & b). The bead size was reduced with O₂ plasma in reactive ion etching (Fig. 

53 c) and the pattern transferred into silicon by cryo-ICP-RIE (Fig. 54) to produce pillars before coating 

with TiO₂ by ALD. A pattern of holes can be generated by inverting the pattern before the Silicon etch, 

as described in earlier chapters. 

   

Figure 52 Photographs of some exceptional examples of patterns from self-assembled nanospheres (0.8 µm) on 4 inch wafers 
of Si (a) and Quartz with Chrome mask (b). Areas of unbroken and fluid colouring due to near perfectly close-packed ordering, 
fractured and less reflective (e.g. left side on b) with smaller crystallites and more defects. 

 

Morphology 

 

Figure 53 a & b Electron micrographs of low and medium magnification of the assembled polymer beads. Crystallite borders 
and defaults apparent in white (a) or black (b). c) Electron micrograph of shrunk PS spheres after 300 s of RIE (Scale bars 
100 µm, 10 µm, 1 µm). d) Example of 3D model structure for optical calculations. 

 

A series of pillar samples that was studied in depth is presented in Figure 54 (shown just after Silicon 

ICP-RIE, before ALD of TiO₂), together with a schematic visualization of the models used for Lumerical 

calculations, consisting of 2-3 conical pieces per pillar. The structures were fabricated on highly p-

doped Silicon and ALD coated with 30 and 60 nm of TiO₂. 
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Figure 54 Cross-section electron micrographs of pillars prepared by the NSL route and cryo-ICP etching for 30-240 seconds. 
The resulting depth are 0.95, 1.9, 3.7 and 6.3 µm (Si height), all scale bars represent 1 µm. Insets: Schematic depiction of 
refined models for optical calculations, red = Si, blue = TiO₂. 

 

The SEM shows that even with a low oxygen content in Si etching (SF₆: O₂ ratio = 42:08), the resulting 

structures have slightly angled features for etch times of at least 60 seconds. Due to the nature of the 

polymer beads as the etch mask, being slowly eroded and continuously reduced in size, angled conical 

pillars can be obtained while black Si formation is avoided. At longer etch times (e.g. 240 s), the PS 

shrinkage appears accelerated with a higher surface to volume ratio of the beads, creating larger 

angles but compromising the mask integrity. 

Measurements of Raman spectra revealed no signal for crystalline TiO₂ for a flat 30 nm coating but the 

Eg peak of anatase at 140 cm-1 became apparent for 1-2 µm pillars and was apparent distinctly for 

deeper structures. The flat and structured samples with 60 nm TiO₂ additionally exhibited the peak at 

634 cm-1 (anatase Eg), demonstrating the presence of anatase on the pillar structures, although 

quantification is not possible. 

 

Optical properties – experiment and modelling 

The diffuse reflectance for the structures coated with 30 and 60 nm TiO₂ is shown in Fig. 55 together 

with modelled results from Lumerical FDTD. Analogous to other structures the reflectance is 

significantly reduced with deeper structuring. Measured reflectance in the UV is decreased from 35 % 

at 300 nm to 6 % experimentally and 2 % for simulated data. In absence of transmission and considering 

A% = 1 – T%, absorption may be enhanced by approximately 1.3 to 1.5 times. 
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Figure 55 Diffuse reflectance of pillar structures with 30 nm TiO₂ (a) or 60 nm TiO₂ (b). Lines are experimental data, symbols 
from calculation. Given values represent pillar height as seen in Fig 53. 

  

Both the measured and the simulated data show oscillatory features for pillar heights up to 3.7 µm 

originating from the regular, periodic pattern. For the experimental data, these are an exclamation to 

the pattern homogeneity and low defect density (with respect to the influence on grating-like 

reflectance). The calculated reflectance is based on non-polarized light but cannot account for 

differently oriented well-ordered areas, which diminishes the interference effects as do defects and 

small flecks of unpatterned areas present in the experimental samples. 

The depicted model structures of three conical sub-parts (insets Fig. 54) was necessary to obtain the 

shown agreement between experimental and simulated data. Cylindrical and one-piece conical 

features as simplified models showed a large deviation and were not suitable to approximate the 

fabricated electrodes. 

 

The refined models were utilized to characterize the localization of absorption in the films and Si 

structures for monochromatic incident light. Wavelength of 365 nm, the “i-line” of a Hg-lamp and a 

common UV laser diode [254], was studied as well as 320 nm (3.9 eV) to probe deeper within the 

absorption of TiO₂ (see optical simulation in 4.1 A). 

 At 365 nm (3.4 eV), just above the band gap of anatase, the calculated absorption is observed largely 

within the Si part of the structure and decreases to 1/100th of the maximum values within 60-70 nm 

from the interface of the tip. Probing with 320 nm instead, results in the photons being absorbed 

mainly within the TiO₂ film. For this wavelength, the absorption profiles are (partially) shown for the 

four pillar structures with a coating of 60 nm TiO₂ (Fig. 56). 

A great amount of absorbed power is located on top of the structures, which is exposed directly and 

experiences the largest illumination intensity per area. The sidewalls also contribute to photon 

absorption, which decreases to below 1 % of the maximum within two micrometres for Fig. 56 b/c but 

even four micrometres for the largest pillars. The larger wall angle in these allows for more efficient 

exposure and light capture. The shortest of the pillars, having largely a vertical structure, prominently 
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displays an oscillation of the absorbed power at monochromatic illumination with maxima spaced 

160 nm apart, half the incident light (although for 365 nm illumination, oscillations are 210 nm apart).  

 

Figure 56 Calculated absorption profiles through the cross-section of the pillar structures with 60 nm TiO₂ coating and 320 nm 
illumination from the top. Scale of absorbed power logarithmic and relative for simplification but same for a-d, x- and y- axis 
1:1 to scale, b)-d) approximately cropped by a factor of 2 compared to a. The full plots are shown in larger scale in the 
appendix. 

 

Figure 57 a) Cumulative absorbed power (relative) throughout the 2D cross-section of the pillars and a flat film for comparison, 
z-direction from the top of the Si structure. b) Enlargement of a). 

 

The previous results are condensed for facile comparison in Figure 57. Considering the simulation mesh 

size, the integrated absorbed power from top to bottom of the pillars is plotted, with an enlargement 

of the first micrometre in b). The apparent increase in total absorbed power over the flat film is 2-fold 

for structures up to 4 µm but 5-fold for the largest. It has to be kept in mind that the total absorbed 

power should be calculated over the entire 3D structure or the 2D results could be scaled with the 

respective distance to the pillars central axis, to recreate the 3D calculation assuming homogenous 

power distribution over 360° rotation. 
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This 2D approach clearly overestimates the improvement as compared to the 30-50 % increase 

deduced from reflectance but showcases the potential of tailoring the wall angles in regard to base 

reflectance losses. 

A separate look into promising examples of simple geometry obtainable by different etching 

techniques can be found in appendix 

 

In order to study the impact of immersing the structured electrode in an aqueous electrolyte, the 

simulations were additionally performed with a constant background index of 1.36 in approximation 

of water. Effects of additional interfaces present in a PEC cell (air to quartz to water) were disregarded 

and the plane wave source is virtually immersed. Figure 58 a shows the reflectance over the same 

wavelength range in comparison for air or water as the medium. It can be seen that reflectance for all 

structures and the flat model is mostly repressed which is in agreement with the assumption of a 

simple relation to the Fresnel equation (see chap. 2.4 –spectral ellipsometry). In short, the smaller 

difference in refractive indices leads to a lesser degree of reflection. 

 

Figure 58 a) Simulation of reflectance for pillar structures with background index of 1 (air, solid lines) or 1.36 (water, dashed 
lines) with b) enhancement of smaller wavelength range. 

 

For comparison figure 59 shows the absorption cross-sections and differences of either medium with 

logarithmic colour plots for the largest pillar form. Optically, the side-by-side comparison reveals that 

in air the penetration depth reaches further down along the structure height (a over b). The difference 

plots (c and d) show that in the aqueous medium over the majority of the cross-section much less light 

is captured (especially yellow and red areas in c) with few spots that experience a slight enhancement 

(<10-3 relative, blue areas in 58d). 

For the second largest (3.7 µm) structure (Fig. 60 a-d), the effect is reversed, with enhanced light 

absorption when the structure is immersed in aqueous medium (Fig. 60d).  

A comparison of the cumulatively absorbed power (Fig 61 a) shows that over the entire structure, the 

trends are changed with the different background refractive index and the two sets of smaller (0.95 / 

1.9 µm) and larger (3.7 / 6.7 µm) pillars amount to similar cumulative absorption. Over the cross-

section of the 6.7 µm pillar, 40 % less light is absorbed (Fig. 61b), but the 3.7 µm structure is enhanced 
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by 40 % in total. The two smaller structures while enhanced over the first hundreds of nanometres, 

overall absorb slightly less in water over the entire height. 

  

 
Figure 59 Cross-section of absorption profiles for 6.3 µm pillar structure (x-/y-axis not to scale) in a) air and b) water, colour 
logarithmic but wider than above, covers 10-3 to 1 relative. c) shows the larger absorption in air over water (colour scheme 
10-5 to 10-1, green to red) and d) areas of larger absorption in water (10-6 to 10-1, (yellow)/green to blue). 

 

 

Figure 60 Cross-section of absorption profiles for 3.7 µm pillar structure (x-/y-axis not to scale) in a) air and b) water, colour 
logarithmic but wider than above, covers 10-3 to 1 relative. c) shows the larger absorption in air over water (colour scheme 
10-5 to 10-1, green to red) and d) areas of larger absorption in water (10-6 to 10-1, yellow to blue). 
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Figure 61 a) Cumulative absorbed power (relative) throughout the 2D cross-section of the pillars in medium with refractive 
index 1.36, z-direction from the top of the Si structure. b) Ratio of absorbed cumulative power in water over in air. 

 

Photoelectrochemical performance of NSL structured electrodes 

NSL based photoelectrodes were prepared on p++-Silicon and coated with 30 and 61 nm of TiO₂ 

respectively. By cyclic voltammograms at varying rates, the electrochemically active surface area 

(EASA) was determined relative to the flat analogues (Fig. 62a). The EASA increases continuously both 

for the thin and the thicker TiO₂ film with increasing pillar height 

For the 30 nm, mostly amorphous TiO₂ coating, the current density at the thermodynamic potential 

for electrolysis increases from 21 to 29 µA/cm2 and from 28 to 33 µA/cm2 with addition of methanol 

(Fig. 62b). Throughout the experiments, the electrodes showed stable performance and no indication 

of degradation. 

Similar to comparable electrodes shown previously, the onset potential of anodic photocurrents is 

around +0.4 V vs SHE in positive scan direction (Fig. 62c).  At lower potential, spikes in the opposite 

direction occur (positive current when light is switched off) and cathodic photocurrents can be 

observed at potentials <0.5 V vs SHE. 

Comparing the current response for chopped illumination (Fig 62d) shows little difference in the anodic 

regime, different structure heights show the same photocurrent onset and similar currents. At bias 

below 0.5 V vs SHE though, the structured electrodes show much larger capacitive/irreversible  

currents, which increase with pillar height. Additionally, the scans towards negative bias show cathodic 

photocurrent that appears largely independent with feature size and very large spikes that become 

dominant for large pillars. 

The prominent spikes of current, which are not affected by the addition of a hole scavenger, 

demonstrate substantial recombination at the Si-TiO₂ interface and indicate a similar origin as in the 

band-alignment proposed by Hwang et al. for TiO₂ on p-Si [37]. 

The partial p-type character can also be found in the OCP measurements in form an immediate 

negative change in potential up to 50 mV when illumination is stopped, with the slow relaxation of the 

n-type TiO₂ following (see below).  

 

 flat 60nm TiO2

 0.95 µm  1.9 µm

 3.7 µm  6.3 µm

0 1 2 3 4 5 6

0,0

0,2

0,4

0,6

0,8

1,0

1,2
T

o
ta

l 
p

o
w

e
r 

a
b

s
o

rb
e

d
 [

re
l]

in
 w

a
te

r

z from the top [µm]

 flat 60nm TiO2

 0.95 µm

 1.9 µm

 3.7 µm

 6.3 µm

0 1 2 3 4 5 6

0,6

0,8

1,0

1,2

1,4

E
n

h
a

n
c
e

m
e
n

t 
o

f 
a

b
s
o

rb
e

d

p
o

w
e
r 

w
a
te

r/
a
ir

height [µm]



 

 
81 

 

 

 

Figure 62 a) EASA of coated pillar structures relative to flat analogues, b) Photocurrent densities at 1.23 V vs SHE with and 
without hole scavenger (1 % MeOH), c) Voltammogram under chopped illumination of 30 nm TiO₂ film on p++-Si separated 
into anodic (grey) and cathodic scan direction (red) with 25 mV/s and d) chopped Voltammogram for flat electrode and 2 
depths of pillars with 30 nm TiO₂ in cathodic scan direction. 

 

Pillars of the p++-Si coated with 60 nm TiO₂ show a more distinct change in photoelectrochemical 

response. Figure 63a shows the photocurrents at 1.23 V vs SHE with and without added methanol, 

which both exhibit a significant decrease for taller pillar structures.  

 

 Unlike the LIL-based patterns that showed a decline in performance but retained the shape of the 

photocurrent curves, the performance of NSL based structures deteriorates differently. As apparent in 

Fig 63b, the decline in anodic photocurrent is accompanied by a shift of oxidation onset potential to 

more positive bias as structure heights are increased. Together with this change, photocurrent spikes 

occur similarly to the thinner, amorphous films of 30 nm TiO₂ coatings.  
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Figure 63 a) Photocurrent densities at 1.23 V vs SHE with and without hole scavenger (1 % MeOH), b) chopped Voltamogram 
for flat and 2 depth of pillars with 60 nm TiO₂ in cathodic scan direction. 

 

For the 1.9 µm pillars, spikes appear at negative potentials, but even at 0.2 V vs SHE, currents take 

about 0.1 seconds to stabilizes when illumination is switched on or off (Fig. 64), not instantly as for the 

flat films. Large structures exhibit sharp spikes of that decay over 0.2 seconds, which even exceed the 

observed currents (e.g. -25 / +40 µA for on/off at 0.2 V vs SHE) at less anodic potentials. 

  

Figure 64 Potentiostatic measurement at 0.6 to 0.0 V vs SHE under chopped illumination for various pillar heights 

 

For oxide semiconductors that suffer surface recombination losses, spikes of the same sign as the 

photocurrent are often observed, particularly when trapped charge carriers are released when the 

light is switched off. In this case, the opposite sign indicates that the degenerately doped Silicon for 

large structures is not an innocent conductive substrate. It has either an impact on the contact 

formation and band bending in the TiO₂ layer or provides a photopotential, counter acting the TiO₂. 

The cathodic spikes at light switched on could stem either from photogenerated electrons in the 

p-Silicon being transferred to the TiO₂ or trapped at the interface and/or photogenerated holes in TiO₂ 

experiencing unfavourable band bending in the TiO₂-Si interface region (Figure 65). The similarities in 

the Voltamograms of larger structures with 60 nm TiO₂ to the thinner, amorphous films additionally 
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point towards a more complicated interplay between the TiO₂ phases and the substrate (see Fig. 63b 

& 62d). 

 

Figure 65 Simplified proposed band diagram between TiO2 and highly p-doped Si. The decrease in observed photocurrents 
could either be related to the poossible barrier observed by electrons at the interface (red path) or due to recombiantion at 

the interface from photogenerated holes in TiO2  recombining with photogenerated electrons from the Silicon (orange). 

 

A dedicated look at the behaviour of the open circuit potential under illumination turning on and off, 

shows that for thin films of TiO₂ on the substrate similar features can be found (Fig. 66a). Upon 

illuminating, a miniscule positive spike (<5 mV) can appear while a clear negative step (30-50 mV) 

shows at stopping illumination. For 60 nm films (Fig. 66b) both are mostly gone, only for the largest 

pillars, a small contribution (5 mV) of p-type like change occurs at off. Changes in OCP for the TiO₂ 

coating always appear on the time scale of several seconds to even minutes, while the monocrystalline 

Silicon reacts on the millisecond scale. The fast nature of the p-type appearance in the OCP 

measurement points therefore strongly to an involvement of the substrate rather than an effect on 

the TiO₂ side of the interface. 

Additionally, it can be seen that the relaxation of the 60nm TiO₂ layer changes drastically from small 

to intermediate structures sizes and slows further with increasing pillar height. The decay behaviour 

mostly follows a double exponential decay relation with the two respective time constants shown in 

Figure 66c. The fast component ranges from 4-17 seconds, the slow component increases steadily from 

30 to 440 seconds with increasing size. This points to a large amount of trapped charge carriers with 

slow detrapping dynamics for tall structures at e.g. crystal boundaries or possibly interfaces to 

amorphous material. 

 
Figure 66 Measurements of the OCP for 30 and 60 nm TiO2 (a and b, respectively) under illumination (start at 30s) and 
relaxation (at 90s). c) time constants for fitting the relaxation of 60 nm TiO2 coated structures with double exponential decay. 

 
Mott-Schottky-plots from 10 Hz to 10 kHz are dominated by the positive slope of an n-type material 

and show no sign of p-type contributions. Normalized for the electrochemically active surface area 

(from Fig. 62a) they reveal a very similar response at 10 Hz for 60 nm coatings on all pillar sizes. At 
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1000 Hz a deviation for the tallest pillars is observed (Fig. 67b), starting with 120 s etched Si (green) 

and the largest shifted strongly towards negative potential / smaller capacitance.  

 

 

Figure 67 Mott-Schottky-plots at 10 Hz and 1000 Hz for series of pillars normalized by the relative electrochemically active 
surface area. 

Both the flat electrode and small pillars (0.95 / 1.9 µm) show a small dispersion for applied frequencies 

of 10-1000 Hz, with a big change at 10 kHz. Mott-Schottky-plots of taller structures change 

continuously in the same span, meaning that the simple relation that Mott-Schottky plots are based 

on, is much less applicable over the frequency range. Observed trends show similarities to Mott-

Schottky measurements of the thinner coated pillars, indicating a presence of amorphous TiO2 and a 

disturbance in the simplified picture of a homogenous TiO2 coating with the capacitance dominated by 

the space charge layer. 

SEM characterization of samples studied by electrochemistry showed no signs of degradation of the 

films, which would reveal unstable sections, but the presence and detrimental effects of amorphous 

TiO₂ cannot be ruled out along the pillars. 

 

Conclusions NSL based electrodes 

Utilizing nanosphere lithography hexagonal arrays of periodic pillar or hole patterns can be fabricated 

to create structured photoelectrodes based on Silicon and an absorber coating. The morphology and 

resulting optical properties of a series of pillars based on 0.8 µm polymer beads, was shown and 

reconstructed in FDTD simulations. The reflectance of the Si-TiO2 structures could be computed 

accurately by models constructed from three conical pieces, providing a very close match to 

experimentally determined diffuse reflectance in air. For comparison the expected reflectance of the 

model electrodes in a photoelectrochemical cell, immersed in aqueous electrolyte, was computed, 

showing smaller inherent losses from reflectance. 

Additional optical simulations were conducted to reveal highly active areas in the cross-sections of the 

structures with regard to photon absorption and idealized electron-hole-pair generation. Depending 

on the specific dimensions of the pillars, enhanced absorption was computed either for water or air, 

with differences as large as 40 % overall. 
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In terms of photo- electrochemical performance, structures coated with a thin film of TiO2 (30 nm) 

showed only a minor impact from the pillar sizes, with a small increase in observed photocurrent. 

Thicker coatings (60 nm) show decreasing photocurrents for larger structures and an anodic shift in 

onset-potential. From measurements of photocurrents, observed transients and the change in open-

circuit potential under illumination, a role of the underlying p++-Silicon substrate can be deduced, that 

diminishes photocurrent densities. An additional impact from non-crystalline TiO2 on larger pillars, 

increased defect density and complex band alignments appears very probable. 
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5. Conclusions and Outlook 
 

On the outset of this thesis, the fabrication of precisely and regularly structured photoelectrodes was 

envisioned in order to better comprehend the impact of nano- and microstructures of electrodes on 

the overall efficiency of photon-to-electron conversion. The combination of lithographic methods and 

plasma dry etching for the conductive substrates, with the conformal coating capabilities of ALD to 

deposit thin absorber layers, offered a powerful tool box in the assembly of photoanodes based on 

Silicon and Titania. The study of TiO2 was particularly of interest as it can serve in different roles, either 

as the photoactive layer or as a protective coating. 

 

In order to first comprehend the interplay between deposition parameters for the TiO2 layer and its 

performance and stability, flat reference electrodes were fabricated that targeted that very matter. 

The resulting films were studied by various methods to determine intrinsic properties, including 

thickness, phase (anatase vs amorphous) and optical properties and found an uncommonly high critical 

thickness for complete anatase transformation of grown films (>50 nm). As a result, most thin films, 

even those grown plasma-assisted at 300 °C, were predominantly amorphous and showed low 

inherent photoactivity and a proclivity to corrosion. Already-formed crystalline seeds appear relatively 

exempt from the corrosion and can be exposed more by removing surrounding unstable material, 

which tends to increase observed photocurrents. 

To distinguish between the electrochemical behaviour of crystalline and amorphous TiO2, films of 

similar thickness were prepared and studied in depth. The higher photoactivity of the anatase phase 

was demonstrated by significantly higher photocurrents and underscored by faster charge carrier 

dynamics observed in the open circuit potential. Mott-Schottky and impedance analysis of the 

crystalline modification indicated a minor impact from charge-transfer (resistance) through surface-

states, which was confirmed by moderate improvements with the addition of a hole scavenger. 

Amorphous films did not follow the simple approach of Mott-Schottky plots and cannot be modelled 

with the conventional - moderately elaborate - equivalent circuits in impedance spectroscopy that 

further consider the charge transfer mechanism. 

The observed corrosion of amorphous films was studied independently and could be separated into a 

chemical process with an activation energy of 70 kJ/mol and electrochemical contribution that is 

stimulated by UV illumination. 

 

From the tool box of semiconductor nanofabrication, optical, laser interference and nanosphere 

lithography were uesd to prepare regularly patterned surfaces with period sizes of 10 µm to 0.5 µm. 

By cryogenic plasma-etching with SF6 + O2 in ICP-RIE, the patterns were transferred up to several 

micrometres deep into the silicon substrate to generate aspect ratios in the order of one to ten and 

then covered by Atomic Layer Deposition with a 50 nm, predominantly crystalline coating of TiO2. 

The structured electrodes showed moderately to strongly supressed reflection compared to the flat 

counterparts, with smaller patterns reducing the losses the strongest. Using computational methods, 

the optical behaviour could be reproduced in simulations, which can be used to potentially develop 

and predict optically optimized structures. A more in-depth analysis of the simulations allowed to 

compute absorption events in the coated structures, helping to visualize highly active areas and 

redundant aspects of the fabricated electrodes. Initial simulations with a background index of 1.0 for 
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air allowed a facile comparison to experimental data obtained in UV/vis spectroscopy, in order to verify 

the computational methods. Employing the higher index for water (n = 1.36 at 320 nm) revealed 

distinct differences in the absorption cross-sections and general reflective behaviour, highlighting its 

importance in explanation of photo-electrochemical results. 

In terms of photoelectrochemical performance, the large, micrometre-scale patterns with thin active 

coatings showed no improvement for the obtained photocurrents actually suffering from detrimental 

effects. Smaller patterns, prepared by laser interference lithography with period sizes ranging from 2.5 

to 0.5 µm, affected performance more significantly. Photocurrent densities increased for small to 

moderate aspect ratios, but decreased at greater pattern depth for most series of structures. An 

interplay between trench width and pattern geometry determines the “openness” and accessibility 

towards the walls and bottoms of the formations, enabling the greater surface area to come into play 

beneficially. 

 

Finally, patterns were prepared on highly conductive p++-Silicon with nanosphere lithography and dry-

etching that produced hexagonally close-packed arrays of pillars. These showed the impact of the 

underlaying substrate, that did not serve as a mere innocuous scaffolding material. With thin films of 

mainly amorphous TiO2, small p-type contributions could be observed in electrochemical experiments, 

which resurfaced for the largest structures covered in mainly crystalline TiO2. This helped to 

understand the gradually decreasing electrochemical performance observed, as higher defect 

densities in the TiO2 and unfavourable electrical fields in the band alignment, dampen the output. 

 

Potentially, the approach of precisely patterned photoelectrodes can shed further light on the impact 

of surface structuring and unravel particular contributions from light, charge carrier and electrolyte 

management. Particularly the powerful computational available today, will be valuable to optimize 

structures in these aspects. The results of simulations in this work may have given a glimpse of their 

utility and can prove useful to better understand some aspects of the complex system that is a 

photoelectrode. 

This work focussed on highly conductive substrates, that did not provide potential or photocurrent for 

the electrochemical reaction, but all the methods described can easily be used for semiconducting n- 

or p-Silicon and the creation of structured tandem assemblies. 

The nanofabrication techniques are most well developed but not exclusive for monocrystalline Silicon 

as the substrate. With different plasma etching chemistry, III-V-semiconductors are also accessible for 

precise structuring and can provide an alternative with bandgaps of e.g. 1.3-1.4 eV and significantly 

higher absorption coefficients than Si. 

Alternatively, semi- transparent, structured electrodes based on coated quartz and sapphire are 

feasible. Although crystalline SiO2 is more demanding to etch controllably, the greatest challenge lies 

in the conformal deposition of a transparent and conducting intermediate layer. Some reports for ALD 

of fairly conductive doped oxides based on TiO2, SnO2 or ZnO as well as TiN, are promising starting 

points for that development and show the feasibility of the idea. 
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Appendix 
 

Tauc-Lorentz vs Cody-Lorentz formalism 

Full form of Tauc-Lorentz and Cody-Lorentz dispersions for the dielectric function of  a (amorphous) 

semiconductor as by the operating manual for spectral ellipsometry [221] 

 

Both dispersions share the basic characteristics of 

𝜀(𝐸) = 𝜀1 + 𝑖𝜀2 

for the complex dielectric function consisting of the real (ε1) and imaginary (ε2) component.  

 

The real part (ε1) is derived in both cases from the integral (Kramers-Kronig integral form) of the 

imaginary part: 

𝜀1 =
2

𝜋
𝑃∫

𝜉𝜀2((ξ)

𝜉2−𝐸2

∞

0

𝑑𝜉 

 

 

The fundamental oscillator relation in Tauc-Lorentz is: 

𝜀2 = [
𝐴𝑚𝑝 ∙ 𝐸0 ∙ 𝐵𝑟 ∙ (𝐸 − 𝐸𝑔)

2

(𝐸2 − 𝐸0
2)2

∙
1

𝐸
]  𝑓𝑜𝑟 𝐸 > 𝐸𝑔 

With the amplitude (Amp), centre energy (E0) and broadening (Br) of the Lorentz oscillator 

 

 

The more complex Cody-Lorentz is expressed as:  

𝜀2 =

{
 
 

 
 

𝐸

𝐸1
𝑒𝑥𝑝 (

(𝐸 − 𝐸𝑔 − 𝐸𝑡)

𝐸𝑢
) ; 𝑗𝑢𝑠𝑡 𝑎𝑏𝑜𝑣𝑒 𝑡ℎ𝑒 𝑏𝑎𝑛𝑑𝑔𝑎𝑝 (𝐸 < (𝐸𝑔 + 𝐸𝑡))

(𝐸 − 𝐸𝑔)
2

(𝐸 − 𝐸𝑔)
2
+ 𝐸𝑝

2
∙

𝐴𝑚𝑝 ∙ 𝐸0 ∙ 𝐵𝑟 ∙ 𝐸

[(𝐸2 − 𝐸0
2)
2
+𝐵𝑟2𝐸2]

; 𝑎𝑡 ℎ𝑖𝑔ℎ𝑒𝑟 𝑒𝑛𝑒𝑟𝑔𝑖𝑒𝑠 (𝐸 > (𝐸𝑔 + 𝐸𝑡))

 

With additional parameters Et, Ep, and Eu describing the transition region and Urbach tail. 
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Imaginary part of the dielectric function for Tauc-Lorentz and Cody-Lorentz dispersions with values 

appropriate for TiO₂ [221] in direct comparison. 
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Full GIXRD and Raman data for flat TiO₂ films on n++-Si, 10-100nm TiO2: 

 

 

X-Ray diffractograms for 30-100 nm TiO₂ thin films on Silicon. The major reflexes of anatase are at 25.3° 

(101), 37.7° (112), 47.9° (200). Graphs offset for clarity. 

  

 

 

Raman spectrum of ALD thin films TiO₂ on n++Si series, Top to bottom: 100 nm (red), 75 nm (blue), 50 

nm (yellow), 40 nm (green), 30 nm (lilac), 20 nm (grey), 10 nm (rose), n++Si (black). Graphs offset for 

clarity. Signals stemming from anatase as marked, broad background of fluorescence from Silicon. 

Large scale peaks from Rayleigh scattering (0 cm-1) and Raman band of Silicon (~510 cm-1) 

  

20 30 40 50
0

5

10

 30 nm  40 nm

 50 nm  75 nm

 100 nm

C
P

S

2 Theta [°]

0 500 1000

Eg

B1g

C
C

D
 c

ts

rel. 1/cm

Eg



 

 
91 

 

Extended discussion of the Morphology of Structures based on Optical Lithography 

 

For the largest of the prepared structures, fabricated by mask-based optical lithography, 14 patterns 

were projected by one mask onto a 4 inch wafer with the intention of having identical conditions for 

all further processing steps. The dimensions (summarized in Table XX) varied by a factor of 5 but the 

resulting duty cycle (fill factor) differed by as much as a factor of 25. 

Table: Geometric parameter of micrometre seized patterns by optical lithography.  

Pillars 
(diameter/period) 

 Lines 
(width/period) 

 Holes 
(diameter/period) 

1 2  1 2  1 2 
1 5  1 5  4 5 
1 10  1 10  8 10 
2 5  2 5    
5 10  2 10    
   5 10    

 

In consequence, the exposure times for the patterns had to be adjusted for different groups of patterns 

by covering portions of the wafer in order to minimize over- and under exposure of e.g. pillars 1-10 vs 

holes 1-2 (size-period), respectively. Slim structures were still lost easily, as the were the least stable 

both as resist against the development and during reactive ion etching, prone to be lost by 

undercutting. 

In general, the etching profile can be affected by the size of openings and the overall material that is 

exposed to etching. Narrow openings have been seen to limit the diffusion-controlled transport 

process of reactive species in the plasma etching, impacting on the balance between etching and 

passivation. In patterns with low duty cycles the large amount of material being etched can locally 

consume a significant amount of reactant, resulting in a different mixture and changed etching 

conditions. 

On average, the etch rate decreases with increasing oxygen content in the plasma feed gas from 

2.5 µm/min at 43:07 ratio of SF6 + O2, to 2.3 µm/min at 40:10 and 1.6 µm/min at 35:15. The smallest 

structures etch slower by up to 1/3 under the chosen conditions and show most strongly decreasing 

etch rate with time. Examples for pillars with initial diameter of 1 µm, period 2 µm etched for 2 minutes 

are shown to illustrate the change in wall angle and decreased etch depth (scale bars 1 µm). 

   

 

In general, most patterns show a reduced average etch rate for longer etch times, but for the 40:10 

etch mixture, the very open patterns (particularly L1-10, L2-10 & P5-10) shown an acceleration in 

etch rate from 2.3 to 2.7 µm/min. 
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Examples of different patterns from the same wafer that were etched simultaneously to showcase 

the impact of pattern dimensions on the resulting etch depth and wall angles (ICP-RIE -120 °C, SF6+O2 

= 43:07, 4 min). The small pattern (line width 1 µm, period 2 µm) has vertical side walls, while the 

larger (w = 2 µm, p = 5 µm) is angled by +1.2°. The pillars (e.g. diameter 1 µm, p = 5 µm) all showed 

negative wall angels of -1° to -4°. All scale bars are 1 µm 

 

The largest undercuts observed occurred for slim pillar patterns with wide spacing and were as large 

as -5° off the perfect verticality. 

    

 

With greater oxygen content in the plasma mixture, the walls become positively angled with up to 

14° inclination but the trenches also show the formation of black Silicon at longer etch times. For a 

gas ratio of 40:10, this was mostly apparent after 8 minutes of etching, but for 35:15 already at 4 

minutes. Additional defects and irregularities occur when the angled walls, have met a common 

point and further etching is pinched off. 
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Defects and issues with LIL prepared samples 

 

The fabrication route via Interference Lithography was one of the primary means towards periodically 

structured electrodes, with low technical demands and potentially high throughput. The very simple 

nature of the setup and non-optimized processing though, led to some critical non-idealities that have 

to be taken into account beside the variation of geometric parameters. 

Figure ZZZ1 shows a top view electron micrograph of an exposed and developed sample (P = 500nm) 

and a specimen after full processing (P = 1000 nm, ICP time only 5 s). The exposed pattern shows that 

the resist lines are not quite straight and vary slightly in thickness. Additionally, resist residues appear 

to remain in some interstitial space. Both will limit the homogeneity of the patterned surface and affect 

mask transfer and cryo etching. The figure after full processing shows the impact of resist residue or 

unfavourable exposure to Silicon etching. The inset shows the cross-section after etching with the 

apparently successful pattern transfer from the resist (top) into the Silicon (bottom). Both are from 

the same piece of sample and only few cm apart. 

 

Scale bars 1 µm 

 

The deep etching of Silicon with cryo ICP-RIE using either the resist directly as the mask or employing 

an additional Cr hard mask is an additional source of inhomogeneous pattern fabrication. During 

extended plasma etching the resist may become charged up and start to deflect ions from the plasma 

at specific angles. As a result, the sidewalls obtain “kinks” instead of smooth profiles. 

Having a Cr mask for deep etching frequently led to a significant undercutting at the top of the Silicon 

substrate and can even result in a mask loss that compromises the entire pattern at longer etching 

times. Considering the additional processing steps and consequent potential for error, the use of 

additional mask was foregone in most cases. 

 

Scale bars 1 µm and 500 nm  
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Full size FDTD of PS-based Pillars 

 

The simulations of absorbed power for the pillar structures from chapter 4.2 C are shown below for 

excitation with 320 and 365 nm each. The garish colour code spanning three orders of magnitude was 

chosen to better highlight the localization of potentially photogenerated charge carriers, although the 

colour contrast can be misleading for the intuition. The scale for the chosen rainbow spectrum is 

identical for all 8 graphs and depicts relative differences in absorption from the top ~ 10 % of absorbed 

power in red, 10-1 % in yellow and green, down to the 0.1 % range with blue and purple. Everything 

below is left black, although more features (within the pillars) can also be found the next three orders 

of magnitude. 

Under illumination close to the band gap (3.4 eV, 365 nm), the dominant proportion of excitation 

occurs within the Silicon at the interface to the coating and less than the 10 % mark is achieved in the 

intended active layer of TiO2. As was shown in the main text, photons with higher energy (3.9 eV) are 

absorbed in the anatase film and can contribute to charge carrier generation for the oxygen evolution. 

On the one hand, this analysis can be used to evaluate the match or mismatch between absorption 

depth and known free pathways of (minority) charge carriers and whether e.g. photogenerated holes 

are likely to reach the surface or prone to be lost by recombination. On the other hand, the 

comprehensive analysis of such data for a (structured) tandem cells over the utilized spectrum, can 

help to predict the expected current matching of the employed materials and reduce necessary 

experimental iterations during the development. 

 

ICP-RIE = 30 s → height (Si): 0.95 µm 

320 nm                                  365 nm   

ICP-RIE = 60 s → height (Si): 1.9 µm 

320 nm                                  365 nm   
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ICP-RIE = 120 s → height (Si): 3.7 µm 

320 nm                                  365 nm 

ICP-RIE = 240s → height (Si): 6.3 µm 

320 nm                                  365 nm 
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Additional simulations of model structures 

 

With a powerful computation tool at hand, rational design of optimized structures becomes feasible. 

Two very commonly occurring nanostructures of Silicon are black-Silicon cones, observed in maskless 

plasma etching, and (inverted) pyramids that are formed when 100-oriented wafers are etched in KOH 

and the 111 facets are revealed [253]. The latter is governed by the angles between crystal planes and 

results in walls angled 35.3° off the vertical (54.7° from the surface plane). For black Silicon cones, 

observed cone angles in this project were often 20-24°. 

 

Starting from these geometries, the reflectance in air was calculated for various feature sizes coated 

with 50 nm of TiO₂, which is shown in the figure below. For cones (a) the reflectance is efficiently 

suppressed to less than 5 % over the entire wavelength range while for the inverse pyramids (b) not 

as much. In the UV, the reflectance remains between 5-15 %, with the ridge at 365 nm at more than 

20 % reflectance. 

  

Calculated reflectance for coated (a) conical and (b) inverted pyramid structures (lines at every 10 %, 

Period = 0 represents flat electrode). Insets are schematic cross-sections through the model with 

Silicon = red, TiO₂ = blue and “air” = grey. 

 

The cross-sections of absorbed power are shown for Si cones of diameter 200 and 500 nm respectively, 

covered with 50 nm of TiO₂. A 320 nm illumination shows a generous absorption over the majority of 

the TiO₂ film, with the larger structure (b) utilizing greater length and area of the sidewalls. In both 

cones a beacon of absorbed power can be made out in the tip of the Si, which is highlighted further in 

a plot with linear scale for absorbed power (c). Sharp tips of the non-absorbing substrate, even when 

coated should probably be avoided as photons absorbed here will not contribute to the electron-hole-

pair generation in the intended absorber coating. 
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Cross-section through cones with diameter 200 nm (a) and 500 nm (b-c) with the relative absorbed 

power of 320 nm incident light on a logarithmic scale (a/b) or linear scale (c). 

 

Allowing for more freedom in the structure’s ratio between horizontal and vertical sizes, the 

reflectances of periodic patterns of cones and inverted pyramids was calculated for Periods = 200, 500 

and 1000 nm (= lateral dimension) and from 100 to 1000 nm height/depth. 

 

Inverted Pyramids: 

The inverted-pyramidal structures are not as effectively anti-reflective, and losses remain in the 

10-20 % range at UV photon energies. 

 

Calculated reflectance of inverted pyramid structures with period 200 nm, 500 nm and 1000 nm up to 

1000 nm deep (Lines every 10 %) 
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Cones: 

Square arrays of coated, conical structures are more viable for anti-reflective purposes. For period 

sizes (=bottom diameter) of 200, 500 and 1000 nm, the reflection in the UV is reduced below 5 % for 

aspect ratios of about 1 and higher and even less at longer wavelength (dark green in graphs below). 

In aqueous medium, with refractive index of 1.36, changes appear most significantly in the visible to 

IR range, with only a minor impact in the wavelength of interest for TiO2. 

    

Calculated reflectance of coated conical structures of diameter 200, 500 and 1000 nm with increasing 

height (Lines every 5 %, note longer y-axis for c). 

 

Same in H₂O medium, diameter/period sizes = 200, 500 and 1000 nm. 

 

“Outlook”: 

The optical simulation of structures is most viable for, but not limited to, periodic patterns, which allow 

for a small box of computation using periodic and symmetric boundary conditions. Simulations are just 

as feasible for single structures, but become a lot more demanding for irregular or randomized 

structures, which require a significantly larger simulation environment to include enough different 

specimen. 

The material system of Silicon + TiO2 is just one of a multitude that is imaginable, but any promising 

material candidate with known optical properties can be included. The simulations are not limited to 

a two-material structure but can incorporate an optimized or theorized multilayer system and as part 

of a multi-physics software, the results, i.e. absorption / generated charge carriers, can be treated 

further to compute charge flow, resulting photopotentials and short-circuit currents. 
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