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Abstract 

The global greenhouse gas emissions have to be drastically reduced within the next years 

to limit the anthropogenic climate impact. The largest emissions in the sectors energy, industry, 

traffic and buildings are driven by the use of fossil fuels, which therefore have to be replaced 

by renewable sources. A promising route to achieve this is the utilization of solar energy in the 

concept of photoelectrochemical (PEC) water splitting, which generates solar fuels. For this a 

photoelectrode is immersed in an aqueous electrolyte which drives electrochemical water 

splitting at its surface by photogenerated charge carriers. A variety of material requirements 

for the photoelectrode arises, e.g. a suitable bandgap and chemical stability. The material class 

of complex metal oxides offers a wide variety of possible photoelectrode materials coupled 

with the intrinsic stability of oxides. A bottleneck of these oxides is their usually moderate 

optical absorption and weak charge carrier transport properties. It is either necessary to work 

with nanostructured samples or with high quality thin films to address this mismatch. Two thin 

film deposition techniques to individually tackle these challenges are atomic layer deposition 

(ALD) and pulsed laser deposition (PLD). These two are used in this thesis to deposit 

extremely thin photoabsorbers. The growth processes, the film properties and the suitability of 

materials and processes are studied and evaluated. 

The first part investigates ALD of Bi2O3 from [Bi(tmhd)3]. Thermal and plasma-enhanced 

(PE) deposition process are established with growth rates of 0.24 and 0.35 Å/cycle, 

respectively. The PE process does not only show an increased growth rate but also results in 

less carbon contaminations, 4.3 at.% compared to 9.4 at.% for the thermal process. Both 

effects are explained by incomplete ligand removal in the thermal process but complete 

removal in the PE process, which is shown by real-time spectroscopic ellipsometry (RT-SE). 

An improvement of the SE-model by fitting two layers allows to simultaneously follow the 

surface Bi(tmhd)x layer as well as the bulk Bi2O3 film in the PE process. 

The second part investigates ALD of Mn2V2O7 as a possible ternary absorber material. 

Individual binary processes of MnO and VOx are optimized at 200°C with growth rates of 

0.91 Å/cycle and 0.25 Å/cycle, respectively. Both are combined in a supercycle to deposit the 

ternary Mn2V2O7. Post-deposition annealing in argon leads to crystallization into the desired β-

phase with an indirect bandgap of 1.83 eV. While the material does show a photoresponse in 

a PEC cell, the photocurrents are very low and correspond to absorbed-photon-to-current 

efficiency (APCE) values below 1%. 

The last part investigates PLD of CuBi2O4, especially the influence of the deposition 

parameters laser fluence, substrate temperature and oxygen background pressure. All thin 

films exhibit excellent quality in terms of phase purity, composition, bandgap (1.85 eV), charge 

carrier transport and photocurrents. As final quality criteria unmatched APCE values of up to 

76% demonstrate the suitability of PLD to deposit high quality absorber materials. Low laser 

fluences and high substrate temperatures slightly improve the material properties while an 

oxygen background pressure should be avoided. 

  



4 

 

Kurzfassung 

Innerhalb der nächsten Jahre müssen die globalen Treibhausgasemissionen substantiell 

reduziert werden um drastische Klimaveränderungen zu verhindern. Die größten Emissionen 

in den Sektoren Energie, Industrie, Verkehr und Gebäude beruhen auf dem Einsatz fossiler 

Energieträger welche folglich durch erneuerbare Ressourcen ersetzt werden müssen. Ein 

vielversprechender Ansatz ist die Nutzung von Sonnenenergie zur photoelektrochemischen 

Wasserspaltung, welche solare Brennstoffe erzeugt. Dabei wird eine Photoelektrode in 

wässrige Lösung getaucht und an ihrer Oberfläche wird die elektrochemische Wasserspaltung 

durch photogenerierte Ladungsträger angetrieben. Dies führt zu vielfältigen Anforderungen an 

das Material der Photoelektrode, wie eine passende Bandlücke und chemischer Stabilität. Die 

Klasse der komplexen Metalloxide beinhaltet eine Vielfalt möglicher Photoelektroden-

materialien mit der intrinsischen Stabilität von Oxiden. Herausforderungen bei diesen Oxiden 

sind eine oft geringe optische Absorption kombiniert mit schlechtem Ladungsträgertransport. 

Um diese Diskrepanz zu lösen können nanostrukturierte Proben oder Dünnschichten mit sehr 

hoher Qualität eingesetzt werden. Zwei Abscheidemethoden die diese Ansätze bedienen 

können sind Atomlagenabscheidung (ALD) und Gepulste Laserabscheidung (PLD), welche in 

der vorliegenden Arbeit genutzt werden um extrem dünne Photoabsorber herzustellen. Die 

Wachstumsprozesse, die Dünnfilmeigenschaften sowie die Eignung der gewählten Materialien 

und Prozesse werden untersucht und bewertet. 

Der erste Teil behandelt die ALD von Bi2O3 aus [Bi(tmhd)3]. Ein thermischer und ein 

plasmagestützter Abscheideprozess werden etabliert mit Wachstumsraten von je 0,24 und 

0,35 Å/Zyklus. Neben der erhöhten Wachstumsrate erzeugt der plasmagestützte Prozess 

auch geringer Kohlenstoffverunreinigungen von 4,3 at.% im Vergleich zu 9,4 at.%. Beide 

Effekte werden durch eine unvollständige Entfernung der Liganden im thermischen, aber 

vollständige Entfernung im plasmagestützten Prozess erklärt. Dies wird durch 

spektroskopischer Echtzeitellipsometrie (RT-SE) gezeigt. Eine Erweiterung zu einem 

optischen Zwei-Schicht-Modell ermöglicht die gleichzeitige Beobachtung der Bi(tmhd)x 

Oberflächenschicht zusätzlich zur Bi2O3 Festkörperschicht.  

Der zweite Teil untersucht die ALD von Mn2V2O7, einem möglichen ternären 

Absorbermaterial. Die individuellen binären Prozesse zur Abscheidung von MnO und VOx 

wurden bei 200°C optimiert und zu einem Superzyklusprozess kombiniert, um Mn2V2O7 

abzuscheiden. Die binären Wachstumsraten betragen 0,91 und 0,25 Å/Zyklus. Eine 

thermische Nachbehandlung in Argon führt zu einer Kristallisation in die gewünschte β-Phase 

mit einer indirekten Bandlücke von 1,83 eV. Das Material zeigt eine Reaktion auf Licht, aber 

die Photoströme sind sehr gering mit internen Quanteneffizienzen kleiner 1%. 

Der letzte Teil untersucht die PLD von CuBi2O4, insbesondere den Einfluss der 

Abscheideparameter Laserfluenz, Substrattemperatur und Sauerstoffdruck. Alle 

Dünnschichten sind von hervorragender Qualität im Sinne von Phasenreinheit, 

Zusammensetzung, Bandlücke (1,85 eV), Ladungsträgertransport und Photoströmen. Als 

finales Kriterium zeigen bisher unerreichte interne Quanteneffizienzen von bis zu 76% die 
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Eignung von PLD zur Abscheidung von Absorbermaterialien. Geringe Laserfluenzen und hohe 

Substrattemperaturen führen zu einer leichten Verbesserung der Materialeigenschaften 

während die Präsenz von Sauerstoff vermieden werden sollte.  
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1 Introduction 

1.1 Energy demand and CO2 emissions 

The 2015 Paris agreement states that the global temperature increase should be kept well 

below 2°C while pursuing efforts to limit it to 1.5°C.1 Universal consensus links this rise in 

temperature to the anthropogenic greenhouse effect with CO2 as the primary greenhouse 

gas.2,3 As a consequence, the emissions of CO2 have to decline drastically, by 7.6% per year 

between 2020 and 2030 for the 1.5°C goal.4 While this decline may be met in 2020 due to the 

Covid-19 pandemic, it will be a huge task for the coming years.5 Two values illustrate the 

challenge: over the last two decades the global CO2 emissions increased by about 2% annually 

and the global energy demand will continue to grow by 1.3% annually during the next two 

decades.6,7  

To address this mismatch and to meet the Paris conditions today’s major energy sources, 

oil, coal and natural gas, are not suited. Carbon-neutral energy has to be generated on large 

scale. Since nuclear power has many disadvantages, renewable energy sources are the 

obvious choice. These include solar energy, hydropower, biomass and wind, as well as some 

niche techniques like geothermal or tidal energy. The first four offer the largest potentials and 

are already playing a significant role in today’s energy supply. Among these four one clearly 

stands out in renewable energy potential, which is solar energy. 

Actual estimates of the energy potentials exist but show large variations depending on the 

underlying assumptions on technological and economic feasibility.8–12 What various reports 

have in common is the conclusion, that only solar and wind have enough potential to cover the 

global energy demand.  

Putting it in numbers it looks like this: The global total energy demand in 2018 was about 

600 EJ or 166 PWh.7 This energy corresponds to a constant and continuous power 

consumption of about 19 TW. Depending on the source, the potential of wind power is 4 – 

600 TW, while estimates of solar potential range from 118 – 23000 TW.8–11 This clearly shows 

that solar energy is the most promising energy source. Korfiati et al. considered the solar 

potential on a more economic basis. They concluded that 613 PWh (= 3.7x the global energy 

demand) could be harvested annually with a competitive price tag of 3 – 20 ct/kWh.13 IRENA 

investigated the 2019 levelized cost of electricity which are 6.8 ct/kWh for solar energy, 

11.5 ct/kWh for offshore wind and 5.3 ct/kWh for onshore wind.14 Furthermore auction and 

power purchase agreement (PPA) prices are given with 3.9 ct/kWh for solar energy and 8.2 

and 4.3 ct/kWh for offshore and onshore wind, respectively. This shows the ongoing decline in 

renewable power generation prices. With the cheapest fossil-fuel competitor at an auction price 

around 4.9 ct/kWh solar energy is not only environmental friendly but also the cheapest 

available option. 
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1.2 Limits of solar energy 

In principle, solar energy conversion using photovoltaic (PV) systems can fulfill the global 

energy demand. However, this is only the first step of a carbon neutral energy solution. Various 

additional challenges arise. Three main points are: 

1) Transport distance: The optimal place to harvest solar energy may be far away from the 

big energy consumers. Around 70% of the global energy is consumed in cities but they cannot 

produce these amounts of energy themselves.15 For example Berlin has the potential to 

generate 5.9 TWh per year from photovoltaics.16 This covers only about 43% of the electricity 

demand of the city and even less of the total energy consumption. On the scale of Germany, 

about 742 TWh of electricity could be generated from PV on roofs and fronts of houses 

anually.17 This could in principle cover the German electricity consumption but only 30% of the 

total German energy consumption.18  

To address this discrepancy remote areas have to be used to harvest solar energy. The 

electricity has then to be distributed by extensive grids. With increasing size, flexibility and 

resilience, building such grids become increasingly difficult. The maybe most famous attempt 

to realize such a system of remote solar energy production and extensive distribution, 

Desertec, failed in 2014.19 

2) Temporal mismatch in supply and demand: The solar flux is inherently fluctuating not 

only due to e.g. clouds but also with the day-night cycle and the seasonal cycles, which are 

shown in Figure 1. 

 

Figure 1: (a) Average daily PV generation and load profile of a typical south Australian household for 2015;20 
(b) Effect of latitude in the daily insolation throughout a year.21 

Obviously the largest solar energy output is around noon when the sun reaches its 

maximum altitude (blue line) whereas the consumption maxima are in the morning the evening 

when PV generation is low (orange line). Similar mismatches occur throughout the year, 

especially outside the tropic latitudes. During summer the solar irradiation allows strong 

utilization of PV but its output decreases during winter.  
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With these fluctuations it is very challenging to operate an electrical grid around the year by 

PV only. A diversification of the energy sources can partly solve the situation but some 

fluctuations still remain. To make a renewable-based energy system operational and resilient 

energy has to be stored on varying time scales. Partially this is already done e.g. by pumped-

storage hydroelectricity but these are mainly suited for shorter peak demands during daily 

cycles. Furthermore they heavily rely on the local topography. An upcoming technique is 

battery storage but in terms of cost, scarcity of materials and capacity they do not meet the 

requirements for large scale storage yet.22 

3) Electricity cannot replace everything: In many applications, like transport and heating, 

electricity can replace fossil fuels. However, some processes do not only rely on fossil fuels as 

energy source but as synthetic building block as well. Most prominently this includes ammonia 

synthesis in the Haber-Bosch process from grey hydrogen or chemical synthesis from oil 

products.23 But also other applications are difficult to electrify due to practical considerations. 

Examples are the reduction of iron ore in the steel making process (technically difficult), 

aviation or heavy-duty transport (low energy density of electricity storage in batteries).23 For 

these applications some kind of chemical fuel is needed or is at least most promising. 

As a consequence, the use of solar generated electricity has to be accompanied by one or 

more technologies that address the issues of distribution, storage and chemical utilization. The 

probably most promising and internationally most promoted pathway is the adoption of 

hydrogen technologies in varies applications.23–27 Benefits of hydrogen include the relatively 

easy and green production from water, the already existing industrial experience in handling 

and its versatile use in fuel cells, combustion and as a chemical feedstock.23,25 Together with 

CO2 it is the key element in Power-to-X (PtX) and carbon capture and utilization (CCU) 

processes e.g. to produce renewable kerosene and other chemical compounds.23 Long 

storage times are possible as well as large distance transport and it has the possibility to be 

adapted in heavy-duty transport and aviation.23,28 

However, various challenges remain to be solved. These mainly include the poor volumetric 

energy density and the currently high cost. For efficient transport and storage hydrogen has to 

be ‘compressed’ in some kind of way. This could include actual compression by high 

pressures, liquefaction at low temperatures or chemical binding e.g. in liquid organic hydrogen 

carriers (LOHCs) or ammonia. These additional conversion steps in the supply chain introduce 

energy losses. These are about 5 – 20% for compression, 20 – 45% for liquefaction and 45% 

for conversion into NH3 or loading of LOHCs, all with respect to the initial gravimetric energy 

content of the hydrogen (J/kg).23,29 Even without these factors the current cost of green 

hydrogen is not yet competitive. It currently is in the range of 4 – 8 $/kg. To be competitive with 

fossil sources the price has to drop to 1.2 – 2.5 $/kg, which seems possible.23,28 
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1.3 Solar hydrogen production 

Innovations have to be adapted and huge upscaling processes have to be tackled to 

achieve the required cost reduction. As stated before sunlight is a desirable energy source, 

with various possible techniques to produce green hydrogen. The most promising techniques 

include combined PV-electrolysis systems, direct photoelectrochemical (PEC) water splitting 

and thermochemical water splitting.24 In conservative practical estimations all three of these 

techniques can achieve solar-to-hydrogen (STH) efficiencies around 12%.30 PEC water 

splitting e.g. offers the additional advantage of mild operating conditions at atmospheric 

pressure and ambient temperature.24 Therefore the PEC water splitting process is introduced 

in more detail. 

In photoelectrochemical water splitting a semiconductor (SC) is used as a photoelectrode, 

immersed in an electrolyte, and illuminated. The generated photovoltage drives the two 

reactions of water electrolysis, water oxidation (or oxygen evolution reaction OER) and water 

reduction (or hydrogen evolution reaction HER). To aid the understanding the basic principles 

of a semiconducting photoelectrode are described. 

Semiconductors are bulk materials with a bandgap EG of around 1 – 3 eV between the 

electron-filled valence band and the empty conduction band. A basic example of an intrinsic 

semiconductor is shown in Figure 2a. This could e.g. be undoped silicon. Important parameters 

defining the properties of the semiconductor are illustrated. The vacuum level Evac is the energy 

where an electron is unaffected by the semiconductor (i.e. a free electron) and has no kinetic 

energy. The ionization energy IE is the minimum energy needed to remove an electron from 

the semiconductor, i.e. the difference of the valence band maximum EVBM and Evac. The 

electron affinity EA is the maximum energy gained when an electron is added to the system 

i.e. the difference between Evac and the conduction band minimum ECBM. The Fermi level EF is 

defined as the energy with an occupation probability of 50%. In an intrinsic semiconductor 

(without illumination) this is exactly in the middle of the bandgap, as the number of electrons 

in the conduction band is the same as the number of holes in the valence band. The Fermi 

level can be seen as the average energy of an electron in the semiconductor and thereby as 

electrochemical potential of the electrons. The work function ϕ is the difference between Evac 

and EF. The bandgap EG is the energy between the conduction band minimum and the valence 

band maximum and can also be calculated by 𝐸𝐺 = 𝐼𝐸 − 𝐸𝐴.  

The amount of mobile charge carriers in the valence and conduction band can be changed 

by doping. Donor-dopants add free electrons to the conduction band, which is called n-type 

doping, visible in Figure 2b. Thereby the Fermi level is shifted towards the conduction band. 

Vice versa the addition of acceptor-dopants, adding free holes to the valence band, is called 

p-type doping, shown in Figure 2c. The Fermi level is shifted towards the valence band. 
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Figure 2: Energy diagrams of semiconductors; (a) intrinsic semiconductor including the definitions of the 
vacuum level Evac, the energy of the conduction band minimum ECBM, the Fermi level EF the valence band 

maximum EVBM, the ionization energy IE, the work function ϕ, the bandgap EG, and the electron affinity EA; (b) an 
n-type semiconductor; (c) a p-type semiconductor.  

For PEC applications the semiconductor is in direct contact with an electrolyte and 

illuminated. The corresponding situations are illustrated for an n-type semiconductor in Figure 

3. Figure 3a shows the previously described semiconductor isolated next to an electrolyte. 

Eredox marks the redox potential of the reaction that should be driven, e.g. the OER.  

In Figure 3b the semiconductor and the electrolyte are brought in contact, charge carriers 

can flow from one to the other. For the n-type semiconductor these are mainly electrons. This 

will happen until the electrons will have the same energy at both sides of the interface, i.e. if 

the Fermi level meets the redox potential. At this point a dynamic equilibrium of charge 

transport is reached. The initial energy difference between EF and Eredox is counterweighted by 

a built up potential drop ΔϕSC. This potential drop describes an upward band bending near the 

interface caused by the positive charges of non-mobile ionized donor species, which remain 

during depletion. This band bending is only occurring close to the interface in the so-called 

space charge region. The width of this space charge increases with increasing ΔϕSC and 

decreasing charge carrier concentrations and temperature. It is typically in the range of 5 – 

500 nm.11 

 

Figure 3: Energy diagrams of (a) an n-type semiconductor and an electrolyte; (b) an n-type semiconductor and 
an electrolyte in electrical contact with equilibrated Fermi level and redox potential, also indicated the width of the 

space charge region WSC and the potential drop ΔϕSC; (c) the semiconductor-electrolyte junction under 
illumination (hν) with Fermi level splitting into quasi Fermi levels of the electrons EF,n and the holes EF,p, and the 

photovoltage Vph. 
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Figure 3c shows the described junction under illumination. Light (shown as hν) excites 

electrons from the valence band into the conduction band and holes remain i.e. electron-hole 

pairs are generated. This external energy input disturbs the previously described equilibrium 

and the description with a single Fermi level is not suitable anymore. As an alternative the 

concept of quasi Fermi levels can be used to describe the situation. Separate quasi Fermi 

levels for electrons EF,n and holes EF,p represent their concentration at a certain point in the 

semiconductor. The additional electrons in the conduction band barely affect the overall 

electron concentration in an n-type semiconductor, therefore EF,n is practically at the same 

energy as EF. The opposite is true for the holes, their initial concentration in the n-type 

semiconductor is very low. The photogenerated holes dominate, which causes the shown EF,p 

at a lower electron energy. The difference of the quasi Fermi levels, the quasi Fermi splitting, 

is interpreted as the thermodynamic driving force caused by the illumination, i.e. the 

photovoltage Vph. 

The generated charge carriers will not remain in their position after photoexcitation. The 

holes are consumed by the water oxidation (the OER) at the semiconductor/electrolyte 

interface. This interface therefore acts as a kind of ‘selective contact’ for holes. At the opposite 

side, the n-type semiconductor is in contact with an electrically conducting material with a lower 

work function. This material acts as a selective contact for electrons. These selective contacts 

form the driving force for charge separation. The electrons will move to the counter electrode, 

which is connected to the semiconductor, and drive the HER. More detailed introductions on 

semiconductors, junctions and their use in PEC applications are given in various 

textbooks.11,31,32 

The electrochemical splitting of water into H2 and O2 requires a thermodynamic voltage of 

1.23 V. However, additional energy barriers must be overcome to drive the OER and the HER 

leading to required voltages of 1.6 – 1.8 V.33–37  

Generating such high voltages with photoelectrodes is far from trivial. In a single absorber 

this would require a very large bandgap, as e.g. TiO2 with Eg = 3.2 eV exhibits. However, only 

a small fraction of the solar spectrum is converted into mobile charge carriers by such a wide 

bandgap absorber, limiting the theoretical solar-to-hydrogen (STH) efficiency to less than 2%.33  

A common way to circumvent such limitations is the utilization of two separate 

semiconductors in a tandem cell. Such a tandem consists of a large band gap top absorber 

and a small band gap bottom absorber. The top one absorbs high energy photons of the 

incoming light while low energy photons (i.e. hν < Eg,top) transmit onto the bottom absorber. 

Both absorbers generate a photovoltage. By a connection in series these voltages are 

summated to generate the desired 1.6 – 1.8 V. 

The maximum theoretical STH efficiencies and the corresponding bandgaps were 

investigated in various studies with identified STH values of 21 – 31%.33,38,39 The bandgap of 

the top absorber is typically 1.65 – 1.8 eV, the bottom absorber has a bandgap of 0.95 – 

1.34 eV, depending on the assumptions of the model. The widely used silicon with a bandgap 
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of 1.12 eV nicely fits the principal requirement for the bottom absorber. In combination with a 

1.6 – 1.8 eV bandgap top absorber an STH efficiency of 25% is theoretically possible.39  

Numerous studies of such tandem PEC devices for solar water splitting were published, 

using silicon, perovskites, organic dyes, III/V semiconductors, and oxides as absorbers. 40–45 

STH efficiencies of up to 18.5% were reported.46 However, each of the employed materials 

has its challenges, e.g. perovskites are struggling with stability, III/V-SC are expensive and not 

suitable for large scale fabrication and organic dyes only give low photocurrents. Each of these 

particular material classes was previously used to build photovoltaic devices and is now 

employed in PEC cells as well.37  

In this sense the case of oxides is special. This class of materials was not adopted from PV 

applications but specifically chosen to withstand the harsh photoelectrochemical conditions.37 

They are promising for PEC applications due to three important properties: (1) their inherent 

stability against oxidation (as they are already oxidized), (2) their easy fabrication and (3) their 

outstanding versatility with more than 8000 ternary oxides.35,47  

Early research focused on available and/or promising binary oxides like Fe2O3, TiO2, Cu2O 

or WO3.48–50 As these do not give the desired performances also ternary oxides were 

considered as possible absorber materials. Especially the yellow pigment BiVO4 was 

investigated in detail due to the easy preparation and high defect tolerance.51 Other complex 

metal oxides that aroused interest of PEC researchers include CuBi2O4, SnWO4, CuWO4, 

Mn2V2O7, Fe2TiO5, BiMn2O5 and Cu3V2O7.47,52–59 

Moderate extinction coefficients and poor charge carrier dynamics are shared bottlenecks 

of these oxides.11,32,60,61 For example, a few µm of material may be needed for reasonable 

absorption and charge carriers generation, but simultaneously these charge carriers only have 

diffusion length of a few tens of nm before they recombine.50–52,60 This mismatch is illustrated 

in Figure 4.  

Figure 4a shows the situation in an absorber on top of a flat substrate. The thickness is 

adjusted to the absorption within the material, which determined by its absorption coefficient 

through Lambert-Beer’s law (Figure 4b). After excitation, the charge carriers can only travel 

distances much shorter than the film thickness due to the inherently short charge carrier 

diffusion length.32 Only electrons close to the substrate and holes close to the electrolyte are 

able to leave the absorber (indicated by the ruled areas at the interfaces) and thereby generate 

a photocurrent. The majority of charge carriers in the bulk of the film rather recombine in 

between without contributing to the current.51,62 
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Figure 4: (a) Charge carrier transport in a flat metal oxide absorber anode; (b) Absorption according to 
Lambert-Beer Law with a moderate extinction coefficient: (c) Charge carrier transport in an ETA on a 

nanostructured scaffold. 

This clear mismatch of charge carrier excitation and extraction has to be addressed.63 A 

straightforward approach is the utilization of nanostructures to decouple light harvesting from 

charge carrier transport in a geometrical way, as shown in Figure 4c.62 A (conducting) high 

aspect ratio scaffold, e.g. nanocolumns or nanotrenches, is covered with an extremely thin 

absorber (ETA). Incident light from the top is absorbed vertically throughout the depth of the 

structure whereas the generated charge carriers only have to travel horizontally through the 

thickness of the ETA. Maximum photocurrents can then be achieved with a structure depth in 

the order of the absorption length and a film thickness in the order of the charge carrier diffusion 

length.62,64 

The use of metal oxide covered nanostructures in a tandem device was shown for various 

materials.  BiVO4 as oxide is among the most recent and successful examples as shown in 

publications of Qiu et al., Pihosh et al. and Chakthranont et al.62,63,65 Their key parameters are 

summarized in Table 1.  

The first two reports show impressive STH efficiencies proving the working principle of a 

tandem PEC device with an oxide top absorber. However, their bottom absorber and especially 

their complicated device architectures limit their use beyond the demonstration scope. 
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Table 1: Overview on published nanostructured tandem PEC devices employing BiVO4. 

Author Qiu et al.65 Pihosh et al.62 Chakthranont et al.63 

Used oxide Mo:BiVO4 BiVO4 W:BiVO4 

Oxide 
deposition 

Spin coating Electrodeposition Spray pyrolysis 

Scaffold 
material 

SiO2 WO3 Si 

Scaffold 
fabrication 

Reactive ion etching 
Glancing angle 

deposition 
Deep reactive ion etching 

Bottom 
absorber 

Perovskite photovoltaic 
cell 

III/V photovoltaic cell Black Si (scaffold) 

Device 
architecture 

Beam splitter 
 
 

 

PV cell perpendicular 
using scattered light 
 

 

Integrated stack 
 

 

STH 
efficiency 

6.2% 8.1% 0.45% 

 

Chakthranont et al. report another way which is discussed in more detail. They employ a 

monolithic architecture, which essentially resembles Figure 4c. Furthermore the 

nanostructured scaffold (black silicon) acts as the bottom absorber. Unfortunately the resulting 

STH efficiency of 0.45% is very low. Two main reasons are identified: a low photocurrent from 

the BiVO4 top absorber and an overall low photovoltage of the device. The maximum 

theoretical current density of the BiVO4 absorber is mentioned to be 7.5 mA/cm2. Contrary to 

that the actually measured current densities do not exceed 2.2 mA/cm2, even if additional 

voltage is applied. Problems could be weak material properties or inaccurate estimations of 

structure depth and film thickness. In a two-electrode setup without an applied voltage (i.e. 

stand-alone spontaneous water splitting) the current density is even lower, around 0.3 mA/cm2. 

This indicates that the photovoltage is very low and only facilitates minimal currents. The silicon 

shifts the onset potential by about 0.5 V while BiVO4 can generate around 1 V, which leaves 

only minimal overheads to drive the OER and HER. A mentioned origin of losses are the BiVO4-

Si interface and the Si bulk due to defects created during nanostructuring. In summary 

Chakthranont et al. give an excellent proof of concept and starting point for further 

optimizations of nanostructured Si – metal oxide tandem PEC devices but not a suitable 

solution.  
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1.4 This thesis 

The growth of thin films with excellent photoelectrochemical properties and onto 

nanostructures is far from trivial. Within this thesis two separate techniques are employed to 

grow extremely thin absorbers and to tackle both challenges from different angles.  

In chapters 3 and 4 atomic layer deposition is used as a highly conformal thin film deposition 

technique. ALD is known for its excellent surface coverage over large areas and into complex 

geometries, as will be explained in section 2.1.1. But so far it has been rarely used for PEC 

absorbers due to impurity issues and the challenging process optimization. 

In chapter 5 the opposite approach is applied. Pulsed laser deposition is utilized to grow 

high quality films with quick initial process setup but with difficulties when large areas or 

nanostructures should be coated. 

Chapter 3 elucidates ALD of Bi2O3, a binary oxide which is found in various promising 

ternary oxide absorbers. A thermal and a plasma-enhanced (PE) process for the deposition of 

Bi2O3 from [Bi(tmhd)3] are optimized and the films are investigated in detail. It will be shown 

that the plasma-enhanced process offers benefits in growth rate and contamination level. 

Furthermore both processes are investigated by real-time spectroscopic ellipsometry giving 

additional insight into the growth. For the PE process a novel double-layer optical model is 

introduced allowing simultaneous screening of the periodic occurring Bi(tmhd)x surface layer 

and the stepwise growing bulk Bi2O3. However, difficulties in process control will be addressed 

leading to a dissuasion of the process. 

Chapter 4 picks up on chapter 3 but with an alternative material, Mn2V2O7. Thermal ALD 

processes of the binary oxides, MnO and V2O5, are adapted and combined into a supercycle 

to deposit Mn2V2O7. Crystallization into the desired β-phase is confirmed by XRD and an 

almost stoichiometric composition of Mn2V2.06O7.12 is achieved. An additional MnO sacrificial 

layer is introduced to avoid photocorrosion and PEC activity is shown. However, the film 

performance is exceptionally low, which is most likely linked to intrinsically poor semiconductor 

properties of Mn2V2O7.  

Chapter 5 follows the second approach by PLD of CuBi2O4 from a single target. A case 

study follows the influence of the deposition parameters laser fluence, substrate temperature 

and background pressure on a range of film properties. It is shown, that low fluences and high 

substrate temperatures offer slight benefits, e.g. in terms of the often limiting charge carrier 

diffusion length. Moreover it is proven that PLD is an excellent technique to grow thin films in 

high quality, e.g. in terms of crystallinity and contamination levels. Especially the use of a single 

target allows quick access to reasonable results. This makes PLD especially suited for initial 

material studies to evaluate the overall suitability of the material for PEC. 

In the final Chapter 6 the results are summarized and possible next steps are proposed. 

Furthermore some key findings of these thesis are discussed in a broader context. This 

includes the suitability of ALD and PLD to deposit extremely thin absorbers, their general 
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potentials in PEC research, the suitability of oxides as absorbers in PEC devices and the 

contribution of PEC water splitting on a global energy scale. 
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2 Methods and experimental section 

2.1 Thin film preparation 

A variety of thin film preparation methods are used in all sectors of thin film technology, in 

solar energy conversion this includes sputtering, evaporation or chemical vapor deposition 

(CVD).31,52,53 In this thesis two deposition techniques will be used which are known for their 

excellent growth control making extremely thin absorbers accessible, atomic layer deposition 

(ALD) and pulsed laser deposition (PLD).66,67 

2.1.1 Atomic layer deposition 

 Working principle 

Atomic layer deposition is a CVD derived method relying on self-limiting chemisorption 

reactions. The films are grown in a layer-by-layer fashion by alternating exposure of the 

substrate to two (or more) gaseous precursors.68–70 Recently, this principle was even extended 

to solution based ALD.71 Mainly oxides are deposited in this manner by using a highly reactive 

and volatile metal organic precursor which will be oxidized by the co-reactant. This second 

precursor can e.g. be water, oxygen or ozone.67,72 The idealized reaction mechanism is 

illustrated in the top part of Figure 5. 

 

Figure 5: Surface reactions and saturation during an ALD cycle.67 

The first step in Figure 5 corresponds to the exposure with the metalorganic precursor M’L2 

leading to the chemisorption reaction: 

-𝑀-𝑂𝐻 + 𝑀′𝐿2  → -𝑀-𝑂-𝑀′𝐿 + 𝐻𝐿 ↑ (1) 

The gaseous precursor undergoes a ligand exchange type reaction. The metal M’ binds to the 

surface while the ligand L gets hydrated forming the (volatile) byproduct HL.73 The byproduct 

is removed in a subsequent purge step. Both steps combined are referred to as the first half-

cycle. 

The third step is the exposure to the co-reactant. The remaining ligand is removed from the 

surface and a hydroxyl-terminated surface is generated:  

-𝑀-𝑂-𝑀′𝐿 + 𝐻2𝑂 → -𝑀-𝑂-𝑀′-𝑂𝐻 + 𝐻𝐿 ↑ (2) 



20 

 

Another purge step removes the byproducts, finishing the second half-cycle and completing 

the ALD cycle. In this way a hydroxyl-terminated surface is generated similar to the initial 

surface but with a single atomic layer of the desired metal oxide added. Hence the name atomic 

layer deposition. Other reaction mechanisms are possible, especially strong oxidizers (e.g. an 

O2 plasma) can drive combustion-like mechanisms.66,73 Depending on the deposition 

parameters (primarily the used precursors) a characteristic growth rate is observed, referred 

to as growth per cycle (GPC). This is the most important descriptor of an ALD process. Thin 

layers with precise thickness control in the sub-nm range are grown by repeating the ALD 

cycle.  

All surfaces used in this thesis are assumed to be hydroxyl-terminated, i.e. the deposited 

films itself (Bi2O3, Mn2V2O7, and CuBi2O4) but also the surface of the used substrates (i.e. 

silicon (which has a native SiO2 surface), FTO (dominantly SnO2), and quartz (SiO2)).68,74 

Typically, oxide surfaces get hydroxylated when exposed to ambient air by the reaction of 

water with bridging oxygen at the surface:75 

-𝑀-𝑂-𝑀- + 𝐻2𝑂 ⇄  2 -𝑀-𝑂𝐻 (3) 

The bridging oxygen species is less reactive than the hydroxyl termination, some precursors 

only react with the latter.76 One further has to keep in mind that this is an equilibrium reaction 

which is usually shifted to the left with elevating temperatures on metal oxides.68,73,75,77 

Puurunen for example assumes a steady decrease from 10 to 0 available surface sites per 

nm2 between 0 – 1000°C.73 

The ALD mechanism relies on self-limiting chemisorption reactions, i.e. the precursors 

readily react with the initial surface groups as long as they are present and reachable. They 

do not react with newly formed surface groups, byproducts or the precursor itself. Since only 

a single monolayer is adsorbed, the reactions saturate and stop without the need for any 

external trigger. The purge steps remove any excess (i.e. unreacted) precursor molecules and 

byproducts. This self-saturating nature is the unique feature of ALD leading to the excellent 

thickness control, uniformity and conformality. These growth characteristics are described 

further in Characteristics of ALD below. 

 Each of the process steps (precursor adsorption, purge, co-reactant adsorption, and purge) 

can be described by a saturation curve where saturation is achieved after a certain time of 

exposure/purging, see the bottom part of Figure 5. Too short dosing times lead to incomplete 

surface reactions with a lower GPC. Too short purge times can lead to CVD-like gas phase 

reaction and an increased growth when precursors or byproducts are still present during 

reactant dosing. 

In saturated conditions each ALD cycle adds a well-defined layer of the desired material. 

One would initially expect that one monolayer is deposited per cycle. Thereby the GPC would 

only be defined by the deposited material, i.e. given by the distance between two neighboring 

metal atoms in a crystal lattice, which is usually around 2 Å. However, practically the growth 

rates are often lower, sometimes only about 0.1 Å/cycle indicating sub-monolayer 

growth.70,78,79 
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Two factors can lead to reduced growth rates by depositions of sub-monolayers: (1) A 

limited amount of available reactive surface sites and (2) steric hindrance of the adsorbed 

precursor molecules.75  

One reaction partner in the described mechanism is at the substrate surface, the reactive 

surface site. In general OH-groups are assumed to be such a reactive surface site.67,68,75 

Depending on the precursor and the reaction mechanism other surface sites may not be 

reactive, as described oxygen bridges.75,76,78 Therefore very few reactive surface sites may be 

available, depending on the substrate material, the precursor and temperature. It is therefore 

possible that all reactive sites are occupied and still not a full monolayer is adsorbed. 

The second factor is steric hindrance.67,70,78,79 In most cases the ligand of the metalorganic 

precursor is bulkier than the metal center. Therefore it may block access of the metal center 

to the reactive surface site.73 For instance, thmd-containing precursors lead to adsorption 

densities below 1 adsorbate/nm2 while up to 10 reactive surface sites/nm2 are present.68,73,80 

Therefore surface saturation is achieved while reactive surface sites are still present, i.e. with 

a sub-monolayer of the metal center. The size demand is one of the characteristics that has to 

be kept in mind for the appropriate precursor choice, especially when upscaling and cost 

reductions are planned.  

More detailed insights into ALD growth are e.g. given by Puurunen.73,75 

 Temperature windows 

The described ALD mechanisms require a certain temperature. The temperature range in 

which ALD is operational with an (almost) constant GPC is called the “temperature window”. 

The range of the temperature window is dependent on the reactants and the reactor. The 

temperature window and its possible limits are schematically shown in Figure 6. 

 

Figure 6: Temperature window of an ALD process.81 

The chemical reactions during ALD have an activation energy. In ALD processes this 

energy has to be provided in both half cycles. In “classical” ALD processes this energy is 

provided by the temperature of the substrate. Processes relying only on thermal energy input 
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are therefore called thermal ALD (T-ALD). Contrary to that “energy-enhanced” ALD processes 

exists where additional energy supplied e.g. by a plasma in plasma-enhanced ALD (PE-ALD). 

The limited reactivity of the precursors towards the surface sites gives in a lower limit of the 

usable substrate temperature. Below this temperature the GPC decreases as the 

chemisorption reaction cannot be driven.  

The adsorption behavior of the precursors causes the second possible lower temperature 

threshold. If the pressure in the ALD chamber exceeds the vapor pressure of the precursor at 

the used temperature the precursor will condense and form multilayers. This leads to an 

increased growth rate. This temperature threshold therefore depends on the precursors (vapor 

pressure) and the reactor (base pressure). 

At elevated temperatures the opposite effect can occur, even the more strongly bound 

chemisorbed monolayer may not be built and therefore the GPC decreases. Again, this 

“desorption” effect depends on the precursors and the pressure in the reactor. 

The fourth possibility is decomposition of the precursor at high temperatures. At some point 

it is possible that a precursor thermally decomposes leading to CVD-like growth with increased 

deposition rates.  

However, even within the temperature window the GPC is not necessarily constant. This is 

usually attributed to a varying amount of reactive surface sites with increasing temperature, 

but also changing reaction mechanisms are possible.75 A temperature-dependent GPC within 

the temperature window has e.g. been reported for ALD of MnO2 by Mattelear et al., where the 

GPC increases with increasing temperature.82 To ensure ALD growth it is advised to establish 

saturation curves at both edges of the temperature window. 

 Characteristics of ALD 

Three growth characteristics of ALD can be derived from the self-limiting nature of ALD, 

which are illustrated in Figure 7. The first is precise thickness control. The desired film 

thickness can be set precisely by the number of ALD cycles. With each cycle the film thickness 

increases by the GPC, which is in the Å range. Looking at PEC device preparation this control 

is very beneficial, e.g. ohmic resistances of protection layers can be minimized when the 

needed film thickness is set precisely. 

 

Figure 7: Thickness control, uniformity and conformality in ALD.67 
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Excellent surface coverage is an implication of the self-limiting nature of ALD. 

Chemisorption occurs on the whole substrate, covering edges etc. and leaving no pinholes.81,83 

In PEC applications this can avoid short circuits between an electrolyte and the back contact, 

making ALD attractive to deposit protective layers. The excellent surface coverage leads to 

the second and third characteristic of ALD: excellent uniformity and conformality. Uniformity 

refers to similar film thicknesses over large areas. Good uniformity offers great potentials for 

upscaling of ALD processes. 

 Conformality describes the coverage within complex geometries like high aspect ratio 

nanostructures, which is shown in Figure 8.80,84 Excellent uniformity makes ALD a powerful 

tool to grow metal oxides as extremely thin absorbers on nanostructured scaffolds, as 

described in chapter 1.3. A detailed look on conformality in ALD and ALD onto nanostructures 

is e.g. given by Cremers et al.80 

 

Figure 8: Perfectly conformal ALD-grown Al2O3 (light grey) on nanostructures (dark grey).84 

 ALD precursors 

As indicated above the precursor choice is essential when an ALD process is implemented. 

The precursors have to fulfil a variety of requirements which are:75,81 

1. Self-limiting adsorption mechanism  

2. High vapor pressure 

3. High reactivity towards the surface and the co-reactant 

4. Thermal stability against decomposition 

5. Availability 

6. No etching processes of the surface or the growing film 

7. Low toxicity, safe handling and easy byproduct treatment 

As described above the first requirement is mandatory but factors 2 – 4 are crucial for 

efficient deposition processes as well. The vapor pressure of a precursor has to be at least in 

the range of the reactors base pressure at the deposition temperature to enable efficient dosing 

without condensation. The precursor should readily chemisorb at the substrate surface at the 

desired temperature. Some precursors require high temperatures to react, which is not 

compatible with sensitive substrates like organic compounds. The same is true for the co-

reactant adsorption in the second half cycle. In addition, the precursor has to be stable to avoid 



24 

 

decomposition (in the bottle, in the gas phase, and on the surface) which can lead to CVD-like 

growth. 

If these basic requirements are met some other beneficial aspects can be considered. 

Common precursors as trimethylaluminium (TMA) are easily commercially available. Less 

used precursors may be prepared upon order by specialized vendors. Otherwise precursors 

have to be synthesized by the respective research group. Precursor synthesis (and the 

preceding precursor design) is a whole research area itself with specialized research groups. 

Etching processes can occur (see ALD of multinary systems below) where the by-products 

attack the substrate or the growing film itself, which is limiting the growth rate. Also components 

of the deposition tool can be vulnerable, e.g. chlorinated precursors may lead to HCl as 

byproduct which can cause corrosion problems in the pumps etc. Adequate off-gas treatment 

has to be ensured. 

The second type of precursors are the co-reactants. The co-reactant usually introduces a 

second species into the growing film. In the work presented in this thesis this is oxygen for the 

desired metal oxides. The requirements are in principle similar to the metal organic precursors 

although they are usually more easily met. For example water, the most used co-reactant, is 

volatile, stable, available, non-toxic, and handled easily. As a consequence, the ability of water 

to remove ligands of the metal precursor is often the most critical aspect. If water is not effective 

in removing the ligands more potent oxidizers are required. These are for example H2O2, O3, 

or an oxygen plasma. Less frequently used oxygen sources are alcohols or alkoxides72,81.  

Deposition of metals, nitrides, sulfides etc. require other co-reactants, e.g. hydrogen 

plasma, NH3, and H2S. These processes are not considered in this work. An extensive 

database of all kinds of published ALD processes, the ”Atomic limits” database, was recently 

established, which use is recommended. The overview periodic table of the database is shown 

in Figure 9, the database can be accessed via:  

https://www.atomiclimits.com/alddatabase  

https://www.atomiclimits.com/alddatabase
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Figure 9: Periodic table figure of the “Atomic limits” ALD database.85 

 ALD of multinary systems 

The most extensively studied ALD processes (e.g. ALD of Al2O3 from TMA and water) 

deposit binary materials. Usually one element is introduced by the precursor (aluminium) and 

one from the co-reactant (oxygen). However, the most promising oxides for solar water splitting 

contain two or more metal species and making ALD of these materials more challenging.47,72 

Various approaches exist to deposit multinary systems by ALD. Very common is the 

supercycle approach. In this approach two binary ALD processes are executed in an 

alternating fashion, i.e. x cycles of material A and y cycles of material B form one supercycle, 

as illustrated in Figure 10. One defining factor of such a process is the cycle ratio CR defined 

as 𝐶𝑅𝐴 =
𝑥

𝑥+𝑦
 and vice versa for material B, but expressions like x:y are common as well. By 

altering the cycle ratio the stoichiometry of the desired multinary material can be tuned. Very 

small cycle ratios can be used to dope e.g. material B with material A. 

 

Figure 10: Schematic steps of a binary and a supercycle ALD process.67 

Furthermore, the bilayer period of a supercycle can be adjusted. Instead of 1 cycle A and 

1 cycle B one could also perform 5 cycles of A and 5 cycles of B maintaining a CR of 0.5. The 

first case has a period of 2, i.e. the total amount of (binary) cycles in one supercycle. The 

second case has a period of 10. The period of a supercycle alters the distribution of the 



26 

 

materials A and B: a small period leads to a well distributed mixture while larger periods form 

nanolaminar stacks. 

Finding compatible binary ALD processes is a main challenge in the supercycle approach. 

A key requirement is a matching deposition temperature, which is preferred to be kept constant 

throughout the deposition process (otherwise heating and cooling times would drastically 

increase deposition times). Therefore, the temperature windows of the individual ALD 

processes have to overlap.72 This may be tuned by the selection of precursors and co-

reactants.67 If the temperature criterion is met a multinary deposition should be possible.  

Two more effects should to be taken into account to have precise process control. The first 

one are etching reactions. It is possible that ALD processes are not compatible because the 

precursors of process A etches the material deposited in process B e.g. by a ligand exchange 

reaction as discussed for Al2O3/ZnO ALD:86 

-𝑍𝑛-𝑂𝐻 + 𝐴𝑙𝑀𝑒3  →  -𝐴𝑙
𝑂𝐻−

 

𝑀𝑒 
− + 𝑍𝑛𝑀𝑒2 ↑ (4) 

This loss in zinc has to be countered by increasing the cycle ratio of ZnO. 

Second, nucleation plays an important role for all ALD processes but especially in 

supercycle ALD. As indicated above the substrate surface has an influence on the ALD growth. 

After nucleation of a (binary) ALD process the growth is steady, i.e. after each ALD cycle an 

identical surface is generated and the GPC is stable. At the beginning of a deposition this may 

be different. When material A is grown on a heterosurface, i.e. anything but A, the reactivity of 

the surface may differ, i.e. the number and type of surface sites. An increased reactivity leads 

to surface-enhanced growth with a larger GPC, a decreased surface reactivity to a nucleation 

delay, see Figure 11. Such a nucleation phase may not be present at all, but there have been 

reports of cases where it takes more than 100 cycles until the GPC stabilizes.54,87 

 

Figure 11: Thickness development during a supercycle ALD process; full line: ideal growth without nucleation 
effects, dashed line: with accelerated growth of B on A, dotted line: with nucleation delay of B on A.67,72 

The nucleation behavior plays a key role in supercycle depositions. For example, assuming 

a cycle ratio of 0.5 with a growth of a full monolayer and a period of two, each ALD cycle would 

be on a heterosurface. Therefore, the GPCs of binary processes may help to choose the initial 
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cycle ratio when developing the recipe, but the nucleation behavior should be studied in more 

detail for precise composition control. One way to reduce the influence of nucleation effects is 

an increased bilayer period of the supercycle. 

A second approach is the deposition of stacks. Separate layers of the desired materials A 

and B are deposited on top of each other in individual processes. The resulting layered 

structure is then annealed to form a multinary phase. The benefit of this approach is its easy 

implementation: the depositions can be executed at different temperatures and the influence 

of nucleation processes are less pronounced. A drawback is the necessary annealing step, 

the sample must be heated to allow diffusion of the different elements throughout the whole 

film while all other components of the sample should not be affected. This is of course not 

always the case and gets more difficult when complex devices are built. One has to keep in 

mind that also a film deposited with the supercycle approach may requires annealing but the 

degree of reorganization within the film is minor compared to stack deposited films. Both 

techniques were utilized to deposit ternary metal oxide photoabsorbers, e.g. BiVO4 by the 

supercycle approach and CuWO4 by stack deposition-annealing.54,88,89 

Further possibilities to deposit multinary oxides are the utilization of single-source 

precursors with two (or more) different metals in one precursor molecule or co-dosing two (or 

more) precursors at the same time. A recent review by Mackus et al. gives a broad overview 

on ALD of multinary systems.72 

2.1.2 Pulsed laser deposition 

Pulsed laser deposition (PLD) is a physical vapor deposition technique introduced by Smith 

and Turner. It caught interest as tool to deposit YBa2Cu3O7-x, a high-temperature 

superconductor, from a stoichiometric target.90,91 Since then PLD has become an attractive 

technique to deposit a variety of thin film materials.92,93 

For PLD a high-powered pulsed laser (usually Nd:YAG or KrF-Excimer with pulse 

frequencies of 1 – 100 Hz) is focused on a target material. The laser pulses exhibit a high 

fluence (usually 1 – 5 J/cm2) and rapidly heats up the target surface to up to more than 

5000 K.94 This temperature enables rapid evaporation of the target material at the irradiated 

spot. Thermal equilibration with the surrounding material is not possible in the timeframe of the 

short laser pulse (typically between 3 and 25 ns).92,95 The result is a stoichiometric ablation 

from the target.95 The ablated material is partially ionized by the laser and forms a plasma 

plume, which rapidly expands away from the target surface and is collected by the substrate.92 

This process is visible in Figure 12. 
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Figure 12: Photograph of the PLD setup during a deposition.96 

The ablated species typically have high kinetic energies in the range of several hundred eV 

and allow the formation of dense and compact films.97 By the short pulse length a strong 

supersaturation of arriving species on the substrate is achieved, leading to a large number of 

nucleation sites compared to molecular beam epitaxy or sputtering, which allows smooth layer-

by-layer growth.92  

An outstanding advantage of PLD is the availability of high-purity target materials and their 

direct deposition without the use of any additional compounds.92 Especially compared to wet 

chemical techniques like drop-casting this eliminates contamination sources like organic 

solvents, which could generate carbonaceous impurities. Furthermore, multiple targets can be 

can be utilized using a target carousel allowing complex stoichiometries by accurately tuning 

the number of shots on each target.95 This has e.g. been shown for CuBi2O4 grown from Bi2O3 

and CuO in this so called alternating target approach.98  

These features make PLD an excellent technique to deposit thin films with well-defined 

thicknesses and compositions while keeping simple morphologies.97 Thereby it is especially 

suited to investigate fundamental material properties, generate new benchmarks thereof and 

to identify the performance limiting properties of photoelectrochemical materials.97 

The properties of the deposited films can be further tailored by the deposition parameters 

laser fluence, affecting the ablation behavior, background gas, affecting the target-substrate 

transfer, and substrate temperature, affecting the material accumulation and crystallization.99–

102  
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2.2 Analytical techniques 

2.2.1 Spectroscopic ellipsometry 

Spectroscopic ellipsometry (SE) is an optical technique to determine the thickness and 

optical constants of thin films by the change in polarization upon reflection. A detailed 

description of the method, including instrumentation and application, is e.g. given by Fujiwara 

or Tompkins and Irene.103–105 

Considering reflection on a flat interface the polarization of incoming light can be divided 

into p- and s-polarization. For p-polarization the electric field E oscillates in the plane of 

incidence before and after reflection, while s-polarization is oriented perpendicular to p-

polarization, as shown in Figure 13a. 

 

Figure 13: (a) Representation of the electric field part of p- and s-polarized light during reflection; (b) 
constructive interference at a thin film.104 

The boundary conditions dictate that the components parallel to the interface are 

continuous. These components are the electric field E of the s-polarized (visible in Figure 13a) 

and the magnetic field B of p-polarized light. Due to this requirement, s- and p-polarized light 

are affected differently and a change in polarization occurs. Applying the boundary conditions 

to the Fresnel equations describes the phenomenology that reflection and refraction induce a 

change in amplitude and phase of the p- and s-polarized light. The amount of change is 

determined by the thickness d and the complex refractive indices N of the materials. N is 

defined as the combination of the index of refraction n and the extinction coefficient k by 𝑁 =

𝑛 + 𝑖𝑘. Furthermore absorption within the thin film and interference effects have to be 

considered as illustrated in Figure 13b. 

This polarizing effect is utilized in SE. Two values are measured, the amplitude ratio Ψ and 

the phase difference Δ of the reflected p- and s-polarized light, as shown in Figure 14. Each 

for an instrument dependent set of wavelengths λ and, if possible, for a set of different incident 

angles θ. The calculation from Ψ and Δ to N and d is however not trivial and relies on a pre-

defined optical model, which is optimized during evaluation. These optical models rely on 

known optical constants or specific oscillators to accurately resemble the desired materials. 
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Figure 14: Scheme of an SE measurement: incident linear polarized light (Δ=0°, Ψ = 45°) and reflected 
elliptical polarized light with altered Δ and Ψ values. 

The two most interesting oscillators in the context of this thesis are the Cauchy and the 

Tauc-Lorentz oscillator. The Cauchy model is suited for transparent materials and to 

parameterize the major refractive indices.76,103 It is generally given by 

𝑛 = 𝑛0 + 
𝑛1

𝜆2
+  

𝑛2

𝜆4
 (5) 

𝑘 = 0 (6) 

Where n0, n1 and n2 are the Cauchy parameters without a direct physical representation. 

Tauc-Lorentz oscillators are especially suited for amorphous materials with a single 

bandgap, e.g. semiconductors or transparent conductive oxides.104,106 Crystalline fractions or 

higher-energy transitions can be taken into account by additional Lorentz oscillators.76 Tauc-

Lorentz oscillators are defined by 

𝜀1,𝑇𝐿 =  𝜀∞ +
2

𝜋
𝑃 ∫

𝜉𝜀2,𝑇𝐿(𝜌)

𝜉2 − 𝐸2
𝑑𝜉

∞

𝐸0

 (7) 

𝜀2,𝑇𝐿 =  {

𝐴𝑇𝐿𝐸0(𝐸 − 𝐸𝐺)2

(𝐸2 − 𝐸0
2) + 𝐶2𝐸2

∙
1

𝐸
 𝑓𝑜𝑟 𝐸 >  𝐸𝐺

0 𝑓𝑜𝑟 𝐸 ≤ 𝐸𝐺

 (8) 

Where ε1 and ε2 are the real and imaginary parts of the dielectric function defined by 𝜀1 = 𝑛2 −

𝑘2 and 𝜀2 = 2𝑛𝑘. Furthermore E is the photon energy,  ATL is the transition matrix element, EG 

the bandgap, E0 the peak transition energy, ε∞ the high frequency dielectric constant, P the 

Cauchy principal part of the integral and C a broadening parameter. 

 

2.2.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a common technique to investigate the 

composition of thin films or surfaces. Overviews are e.g. given by Hüfner or Ratner and 

Castner, a widely used handbook is written by Moulder et al.107–109 

XPS utilizes the photoelectric effect for both qualitative and quantitative elemental analysis. 

X-ray photons eject core electrons from the sample which are detected in dependence of their 

kinetic energy. To make these values comparable a suitable reference is required. Most 
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commonly this is the Fermi level of the spectrometer. By ensuring electrical contact between 

sample and spectrometer their Fermi levels adjust and the relation between the different values 

is: 

ℎ𝜈 = 𝐸𝐵 + 𝐸𝑘𝑖𝑛 +  𝜙 (9) 

Here, hν is the known energy of the incoming photon, EB is the binding energy of the electron 

in its initial state relative to the common Fermi level, Ekin is the kinetic energy of the photon 

measured by the spectrometer and ϕ is the work function of the spectrometer. ϕ is determined 

beforehand by calibrating the spectrometer. This is usually done with a piece of gold foil, since 

the binding energy of the Au 4f7/2 peaks is well known. The photon energy hν is dependent on 

the X-ray source and usually in the range of 1 – 6 keV. Common X-ray sources are either metal 

anodes like aluminium or copper with fixed photon energies or adjustable synchrotron 

radiation.  

The binding energy EB is the desired value which is characteristic for each element and 

core level. Furthermore the local electron density induces small changes in the binding energy, 

the so-called ‘chemical shift’. This shift depends on the oxidation state, the binding modes and 

the surroundings of the investigated element and can be used to gather information on these. 

The characteristic binding energies are tabulated in databases to allow detailed 

assignement.109,110 

Apart from single signals at certain binding energies other effects may occur, which can 

give additional information on the sample. Most prominently these include multiplet splitting 

due to spin-orbit coupling in p, d or f states, satellite peaks due to shake-up or shake-off 

processes, or Auger lines. 

Furthermore XPS is a quantitative technique. The specific signal intensity, i.e. its peak area, 

is directly dependent on the number of atoms in the sample. For normalization a sensitivity 

factor is used which accounts for different cross sections of the elements. The sensitivity 

factors are dependent on the measurement setup, e.g. the X-ray source and the incident angle. 

Sensitivity factors are usually reported in the respective manual of the XPS setup.111 However, 

even then a calibration with samples of known stoichiometry can give different sensitivity 

factors.112 The atomic fraction of each element can be calculated by: 

𝑍1 =  

𝐴1
𝑆1

∑
𝐴𝑛
𝑆𝑛

𝑛

 (10) 

Here Z is the atomic fraction, A the peak area and S the sensitivity factor. 

2.2.3 Time-resolved microwave conductivity 

Time-resolved microwave conductivity (TRMC) is a contactless technique to evaluate the 

charge carrier transport properties in semiconductors. Among others Savenije et al. describe 

the technique in detail.113  
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The electric field of a microwave accelerates mobile charge carriers in a sample. Due to the 

high frequency of the microwaves (in the X-band 8 – 12 GHz) this induces a wiggling of the 

charge carriers rather than perturbing their diffusional motion. The ability to absorb the 

microwaves is directly dependent on the ability of the charge carriers to move i.e. their mobility 

and on their number i.e. the charge carrier concentration. Combined they give the 

photoconductivity. Therefore, from the absorption of microwave power, the photoconductivity 

of the material can be calculated. It is often possible to calculate the concentration of the photo-

generated carriers from the incident light intensity and the absorption coefficient. With this 

information, it is then possible to calculate the mobility of the carriers. There is, however, one 

complication. The electric field affects all mobile charges, it is therefore not possible to 

distinguish the individual contributions from electrons and holes. Thus, only the weighted sum 

of their mobilities can be estimated. 

These TRMC measurements can be conducted on all kinds of photoactive materials. 

However, low mobility samples as metal oxides may not give sufficient signal-to-noise ratios 

in simple transmission measurements. Therefore a specific cavity, with a size that corresponds 

to the microwave wavelength, is employed to generate a standing wave. The sample is 

positioned at the maximum amplitude, which increases the sensitivity of the setup by a factor 

of more than 10. Such a cavity is schematically show in Figure 15. 

 

Figure 15:Schematic microwave resonant cavity, the red sinusoidal waves represents the standing wave 
conditions with the sample at a maximum, photoexcitation by a monochromatic laser from the left and microwave 

probing from the right.113 

Microwaves are coupled in from the right through the iris. Within the cavity the majority of 

the microwaves are reflected by the brass grid on the left and the wall on the right, generating 

the standing wave. The brass grid offers a fair trade off between reflection of the microwaves 

and transmission of visible light. The laser excitation pulse is incoming through the quartz 

window and the brass grid, generating excited charge carriers in the sample. These absorb 

the microwaves, lowering the microwave power.  

Throughout this process the reflected microwave power is constantly measured as a 

function of time with nanosecond resolution using a detector that is connected to an 

oscilloscope. The photoconductivity can be determined after laser excitation when the 

maximum of excited charge carriers is present. Subsequently the microwave absorption 

decreases which can either be attributed to a decrease in mobility, e.g. by trapping or by a 

decrease in amount of excited charge carriers. Both of these processes inhibit the charge 
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carrier transport and the decrease in absorption can be fitted as a decay function. The decay 

gives an effective lifetime of the excited charge carriers, also called TRMC decay time τ. 

Combining both values, photoconductivity and TRMC decay time, the diffusion length of the 

excited charge carriers is estimated. 

The calculation of these values works as follows. Prior to the TRMC measurement itself the 

sensitivity factor K of the cavity is estimated from a measurement of the resonance curve. It is 

calculated by: 

𝐾 =

2𝑄𝐿(1 +
1

√𝑅0

)

𝜋𝑓0𝜀0𝜀𝑟𝐿𝛽
 

(11) 

With QL being the quality factor of the cavity, R0 the depth of the resonance curve, f0 the 

resonance frequency, ε0 the dielectric permittivity of vacuum, εr the relative dielectric 

permittivity of the sample, L the length of the cavity and β the ratio of length to width of the 

cavity. 

Following this the relative change in microwave power ΔP/P directly relates to the change 

in conductance ΔG: 

∆𝑃(𝑡)

𝑃
=  −𝐾∆𝐺 (12) 

Where the conductance ΔG can be expressed as integrated conductivity at depth z Δσ(z) over 

the film thickness d: 

∆𝐺 = 𝛽 ∫ ∆𝜎(𝑧)𝑑𝑧
𝑑

0

 (13) 

In there the conductivity is the product of the number of charge carriers, their charge and their 

mobility 

∆𝜎(𝑧) = 𝑒𝑁(𝑧)Σμ (14) 

Here, e is the elemental charge, N(z) the concentration of excited charge carriers at depth z 

and Σµ the sum of electron and hole mobility µe + µh. This substitution gives: 

∆𝐺 = 𝛽𝑒Σμ ∫ 𝑁(𝑧)𝑑𝑧
𝑑

0

 (15) 

Assuming that no recombination occurs during the initial laser excitation the number of charge 

carriers (i.e. the integrated charge carrier concentration) equals the laser intensity I0 times the 

sample absorptance at the laser wavelength, A, times the internal quantum yield in 

photoexcitation ø: 

∆𝐺 = 𝛽𝑒𝐼0𝐴øΣμ (16) 
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And finally  

∆𝑃(𝑡)

𝑃
=  −𝐾𝛽𝑒𝐼0𝐴øΣμ (17) 

to link the change in microwave power to the mobility sum Σµ. One has to keep in mind that 

the number of charge carriers can only be assumed to be I0Aø directly after photoexcitation. 

The number of charge carriers declines over time, as well as their mobilities, which is visible 

by the decay of the measured signal as mentioned above. 

Nevertheless the representation of TRMC measurements shows øΣµ, denoted as 

photoconductivity, as “measured” value. Although this is not entirely correct this way of 

visualization is chosen to enable comparability with other studies. The optimal way to evaluate 

and present TRMC measurements is still part of discussions. 

The TRMC decay time τ is extracted from fitted decay functions and the diffusion length LD 

estimated by:  

𝐿𝐷 =  √
T𝑘𝐵τΣμ

𝑒
 (18) 

Assuming that ø = 1, with the temperature T and Boltzmann’s constant kB. 

 

2.2.4 Photoelectrochemical measurements 

The photoelectrochemical (PEC) performance of the photoabsorber thin films are evaluated 

by photocurrent measurements. This includes linear-sweep voltammetry, chronoamperometry 

and incident photon-to-current efficiency. All of these measurements were performed in a 

home-built cell facilitating a three-electrode setup with frontside or backside illumination, as 

schematically shown in Figure 16. The three-electrode setup allows to ensure that there is a 

defined voltage between the reference and working electrode while the measured current is 

running between work and counter electrode. In this way it is possible to circumvent any 

influence of the reactions at the counter electrode and to focus exclusively on the working 

electrode with a well-defined potential.  

In linear-sweep voltammetry the photocurrent is measured in dependence of the applied 

potential during a single sweep, usually from the open circuit potential to HER or OER 

conditions. When the measurement is continued by going back to the initial potential it is called 

cyclic voltammetry, which can consist of multiple cycles. The measurements can be conducted 

in the dark, under simulated sunlight (AM 1.5 illumination), or with chopped illumination to give 

information on the dark-, light-current and/or charge transfer kinetics. 
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Figure 16: Schematic PEC cell with the sample as working electrode (WE), a platinum counter electrode (CE), 
a Ag/AgCl reference electrode (REF) and a quartz window for frontside illumination, illumination from the back is 

also possible through a hole (not visible) if the substrate is transparent.96 

In chronoamperometry the current is measured in dependence of the time while the applied 

potential is kept constant (therefore also called potentiostatic measurement). This is usually 

done to investigate the stability of a sample or to determine the photocurrent more accurately 

as kinetic effects leading to transients can be avoided. 

Incident photon-to-current efficiency (IPCE) measurements rely on a different light source. 

Instead of AM 1.5 illumination a tunable monochromatic light source is used to investigate the 

wavelength dependence of the photocurrent while the potential is fixed. The IPCE is calculated 

by  

𝐼𝑃𝐶𝐸(𝜆) =  
ℎ𝑐

𝑒

𝑗(𝜆)

𝜆𝐼0(𝜆)
 (19) 

With λ being the wavelength of the incident light, h the Planck constant, c the speed of light, e 

the elemental charge, j the measured photocurrent density and I0 the incident light intensity. 

By dividing the IPCE by the absorptance A the absorbed photon-to-current efficiency is 

calculated: 

𝐴𝑃𝐶𝐸(𝜆) =  
𝐼𝑃𝐶𝐸(𝜆)

𝐴(𝜆)
 (20) 

2.2.5 Further techniques 

 X-ray diffraction 

X-ray diffraction (XRD) is a common technique to investigate the crystal structure of 

materials. Scattering of X-rays at the atomic lattices is utilized to identify crystalline phases. 

Sharp signals are visible if constructive interference is occurring following Bragg’s law: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙  𝑠𝑖𝑛𝜃 (21) 

Here, n is a positive integer, λ is the wavelength of the incident X-rays, dhkl is the distance 

between crystal lattice planes, and θ is the half angle between the incoming and the outgoing 
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X-ray that enters the detector. The resulting diffractogram acts as fingerprint of the material 

and can be compared to diffractograms generated from reported crystal structures. Thin films 

only offer very little material to interact with the X-rays. In grazing incidence configuration the 

sample is illuminated at a very small angle (e.g. 0.5°), by this almost horizontal pathway a lot 

more material of the thin film can interact with the X-rays which increases the signal-to-noise 

ratio. In a first estimation the amount of illuminated material is proportional to the cotangens of 

the angle of illumination. 

 UVVis spectroscopy 

UVVis spectroscopy is used to investigate the optical properties of the deposited films in 

terms of absorption coefficients α and bandgaps EG. For this purpose the transflectance TR 

(i.e. the sum of transmission and reflectance) of the samples is measured using an integrating 

sphere. The absorption coefficient α is then calculated by  

𝛼 =  
−ln (𝑇𝑅)

𝑑
 (22) 

with d as film thickness.  

The bandgaps are calculated from linear fits of the Tauc plots. There the parameter (𝛼ℎ𝜈)
1

𝑛 is 

plotted vs. the photon energy with n = 2 for the indirect bandgap and n = ½ for the direct 

bandgap. Tauc plots are a common way to determine the bandgap from the optical absorption 

of a material. By plotting (𝛼ℎ𝜈)
1

𝑛  vs. ℎ𝜈, a quadratic (n = 2) or square root (n = ½) type increase 

of the adsorption is visible in a linear way i.e. a straight line. When this linear part is 

extrapolated to (𝛼ℎ𝜈)
1

𝑛 = 0 the bandgap is determined with an easily adapted routine which 

enables comparability. A quadratic or square root type dependence are typical for an indirect 

or direct bandgap, respectively.   
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2.3 Setups & routines 

2.3.1 Sample preparation  

 Substrate cleaning  

Silicon substrates (Si-Mat, (100) orientation, n-type, 1 – 10 Ω/cm2) were rinsed with 

Millipore® water prior to depositions without additional cleaning. For Bi2O3 ALD an additional 

Al2O3 adhesion layer was deposited by 35 ALD cycles from trimethylaluminium (TMA, min. 

98% Strem) and water (Millipore®) at the temperature of the subsequent Bi2O3 ALD process. 

The pulse/purge times were 0.1 s / 4 s / 0.1 s / 6 s. The Al2O3 thickness was measured by SE. 

FTO (TEC 7, Pilkington) and quartz substrates (Spectrosil 2000, Baumbach & Co Ltd.) were 

cleaned in an ultrasonic bath of 1 vol.% Triton solution (Triton X-100, laboratory grade, Sigma 

Aldrich), deionized water, and ethanol (≥99.99%, Sigma-Aldrich) for 15 min in each solution, 

followed by drying under a stream of compressed nitrogen. 

 Atomic layer deposition 

All ALD experiments were performed on a Picosun® R-200 Advanced ALD reactor equipped 

with a remote plasma source (PicoplasmaTM). All samples were kept in the reaction chamber 

for 30 minutes before each deposition to reach a thermal equilibrium. 

For Bi2O3 ALD tris(2,2,6,6-tetramethyl-3,5-heptanedionato)bismuth(III) ([Bi-(tmhd)3], min. 

98%, Strem) was used as a bismuth precursor. Typical [Bi(tmhd)3] exposure/purge times were 

5 s/10 s and 3 s/5 s for the thermal (T-ALD) and the plasma- enhanced processes (PE-ALD), 

respectively. Water (Millipore®), kept at room temperature, or an oxygen plasma were used as 

the oxygen source for the thermal- and plasma-enhanced processes, respectively. Typical 

water exposure/purge times were 8 s/8 s. Typical exposure and purge times during the plasma 

step were 35 s and 15 s, respectively. Thermal ALD of Bi2O3 was usually performed at 270°C, 

whereas plasma-enhanced ALD was done at either 270 or 290°C. Typically, 100 ALD cycles 

were executed, resulting in 2−5 nm thick films. 

For thermal ALD of Bi2O3, real-time ellipsometry measurements, and plasma half-cycle 

optimization [Bi(tmhd)3] was kept at 190°C in a PicohotTM 200 source system. The boosting 

functionality of the Picosun® R200 operation software was used for [Bi(tmhd)3] injection. The 

boosting parameters were: 600 sccm “boost flow”, 0.5 s “pre-empty” (giving the effective 

[Bi(tmhd)3] dosing time), 1.2 s “master fill”, and 0 s “post-empty”. For [Bi(tmhd)3] exposures 

longer than 0.5 s the described exposure procedure was repeated with a purge time of 10 s 

following each dose. The maximum water exposure within one dose was 1 s followed by 8 s 

purging. For longer water exposures multiple consecutive water doses were executed, with a 

purge time of 8 s following each 1s water dose. Nitrogen gas (99.9999%) was used as carrier 

and purge gas; 50 sccm through the [Bi(tmhd)3] and the water line, respectively. For all other 

plasma depositions [Bi(tmhd)3] was kept at 190°C in a PicohotTM 300 source system. Again 
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nitrogen gas was used as a carrier and purge gas. An oxygen plasma was used as oxidant. 

An Ar/O2 mixture (40/100 sccm) was ignited with a plasma power of 2800 W. The deposition 

temperature was varied between 200 and 330°C.  

Precursors for V2O5 and MnO ALD were vanadium(V)tri-isopropoxy oxide (VTIP) and 

bis(ethylcyclopentadienyl)manganese(II) ([Mn(CpEt)2]) kept in PicohotTM 200 sources, 

respectively. Depositions were usually carried out at 200°C with a thermal lid installed. VTIP 

was heated to 100°C and typical pulse / purge times were 0.1 s / 20 s / 2 s / 10 s. [Mn(CpEt)2] 

was heated to 110°C and typical pulse / purge times were 0.5 s / 20 s / 0.5 s / 10 s. 

 Pulsed laser deposition 

PLD experiments were performed using a custom-built pulsed laser deposition system from 

PREVAC. The target is hit by a KrF-excimer laser (LPXpro 210, Coherent) pulse (λ = 248 nm, 

25 ns) with fluences of 1.5 – 2.5 J/cm2. The substrate temperature was varied from room 

temperature (298 K) to 300°C. The background pressure in the chamber was 5x10-7 mbar 

(vacuum conditions) or a specific oxygen amount was introduced into the system. The target 

was prepared by mixing CuO (4.37 g) and Bi2O3 (25.63 g) in the stoichiometric ratio, grinding 

the mixture in a ball mill for 1 h, and pressing it into a pellet. Afterwards two sintering steps 

were performed. In the first, the pellet was annealed to 700°C with a heating rate of 150°C/h 

and kept at the final temperature for two hours. In the second one, it was annealed at 800°C 

and kept there for 10 h. The structure of the pellet was studied by XRD, which revealed a pure 

tetragonal CuBi2O4 phase.114 Typical densities of targets prepared in the described way are 

around 80% of the theoretical densities of monoclinic materials. 

 Annealing 

If samples were annealed the following conditions were used: Bi2O3 was annealed in a 

muffle furnace at 450°C for 2 h in air with a heating rate of 10°C/min. If not explicitly stated 

otherwise Mn2V2O7 was annealed in a tube furnace under argon flow at 500°C for 2 h with a 

heating rate of 10°C/min. CuBi2O4 was annealed in a muffle furnace at 550°C for 2 h in air with 

a heating rate of 10°C/min. 

2.3.2 Sample characterization 

 Spectroscopic ellipsometry 

Spectroscopic ellipsometry measurements were performed on a J.A. Woollam Co., 

M-2000X, 210 – 1000nm ellipsometer, both in-situ (i.e. mounted to the ALD reactor) and ex-

situ. Ex-situ measurements were performed under three angles θ, 70°, 65° and 60°. In-situ 

measurements were performed under a fixed angle of 68°. Optical models rely on Tauc-

Lorentz oscillators for Bi2O3, MnOx and Mn2V2O7 and Cauchy models for SiO2, Al2O3, the Bi-

thd surface layer and VOx. The CompleteEASE software of Woollam was used to define and 

fit all optical models. 
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 X-ray photoelectron spectroscopy 

XPS measurements were executed using a SPECS PHOIBOS 100 hemispherical analyzer 

and a monochromatic X-ray source (SPECS FOCUS 500 monochromator, Al Kα radiation, 

1486.74 eV). XPS survey and fine spectra were collected at a normal angle from the surface. 

The pass energy was set to 30 and 10 eV for survey and fine spectra, with step sizes of 0.5 

and 0.05 eV, respectively. The atomic sensitivity factor are 24.47, 15.23, 10.23, 3.1, and 1.0 

for Bi 4f, Mn 2p, V 2p, O 1s, and C 1s, respectively. 

All samples were exposed to air prior to analysis. The peak originating from adventitious 

carbon at the known binding energy of 284.8 eV was used to calibrate the energy scale of the 

spectra, if not explicitly stated otherwise. Shirley background subtraction was used to fit the 

photoemission lines in the fine spectra. The base pressure of the system was ~ 10-9 mbar and 

the load lock was pumped until at least pressures below 3x10-7 mbar were achieved. 

 UVVis spectroscopy 

UVVis measurements were conducted using a PerkinElmer Lambda 950 spectro-

photometer with an integrating sphere. The samples were placed inside the integrating sphere 

with an offset of ~7.5° from the incident light, and the transflectance (TR, i.e., transmittance T 

+ reflectance R) was measured. 

 X-ray diffraction 

XRD measurements were conducted under grazing incident conditions (0.5°) on a 

Panalytical X’Pert Pro MPD using Cu Kα radiation (λ = 1.5406 Å) with an acceleration voltage 

of 40 kV and an X-ray current of 40 mA. Scans were performed from 10 – 80° (Bi2O3 and 

CuBi2O4) or 10 – 70° (Mn2V2O7) with a step width of 0.04°. Measurement times varied from 5 

– 60 h, depending on the sample thickness.  

 Scanning electron microscopy and Energy-dispersive X-ray spectroscopy 

Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX) 

measurements were performed on a LEO GEMINI 1530 scanning electron microscope with an 

acceleration voltage of 10 kV. Samples deposited on FTO substrates with electronic contact 

to the instrument were used to minimize charging effects. One sample was investigated by 

RBS (see below) as an internal reference for the EDX measurements to determine 

stoichiometries. 

 Time-resolved microwave conductivity 

TRMC measurements were performed using a wavelength-tunable laser (NT230-50-

SH/SF, EKSPLA) at 410 nm as excitation source with a pulse length of 7 ns. The X-band (8400 

– 8700 MHz) microwave probe was generated by a voltage-controlled oscillator (Sivers IMA 

VO3262X). 
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 Photoelectrochemical measurements 

Measurements were performed in three-electrode setup using a Ag/AgCl reference 

electrode (E0
Ag/AgCl = 0.199 V vs normal hydrogen electrode, XR300 in KClaq,sat, Radiometer 

Analytical), a platinum wire as counter electrode and an EG&G PAR 273A potentiostat. The 

illuminated area was defined by a rubber sealing ring to 0.2376 cm2. 

AM 1.5 illumination was generated by a solar simulator (WACOM, type WXS-50S-5H, class 

AAA). If not stated otherwise chopped light was used in frontside or backside illumination as 

mentioned in the respective chapters. 

IPCE measurements used a Xe lamp (LSH302, LOT) with a monochromator (Acton 

Research Spectra Pro 2155). The incident light intensity was measured by a calibrated 

photodiode (PD300R-UV, Ophir) behind a PEC cell with a bare FTO coated glass substrate 

without electrolyte or quartz window to normalize for backside illumination through the 

substrate. 

Measurements of Mn2V2O7 used the following electrolytes: 1) 0.1M K2B2O7 solution adjusted 

to pH 9.2 with KOH and 0.5M Na2SO3 as hole scavenger; 2) 0.1M K2B2O7 solution adjusted to 

pH 9.2 with KOH and 5x10-2M [Fe(CN)6]3-/4- as hole scavenger (from potassium salts); 3) 0.1M 

KOH (pH 13) and 5x10-2M [Fe(CN)6]3-/4- as hole scavenger (from potassium salts). 

Measurements of CuBi2O4 were executed in 0.1M Na2HPO4/NaH2PO4 buffer (pH ~7 

phosphate buffer) and 6% H2O2 as electron scavenger (30%, stabilized). 

 Rutherford Backscattering Spectrometry 

Rutherford backscattering spectrometry (RBS) was performed at the Ion Beam Facility (IBF) 

at DIFFER. The measurements used a 2.0 MeV 4He ion beam at a scatter angle of 163°. Data 

was analyzed using the simnra 7.01 and multisimnra software. 

 Mass spectrometry 

Mass spectrometry (MS) analysis was performed using a Netzsch thermobalance STA409C 

coupled with a mass spectrometer to detect the decomposition of various components of the 

sample during annealing. The Mn2V2O7 powder was placed in an Al2O3 crucible and heated 

with a heating rate of 10 K/min. The sample was kept under a constant argon flow of 80 mL/min 

to carry the vaporized sample to the mass spectrometer. Electron ionization with a tungsten 

filament was used to generate positive ions. Each mass/charge ratio was measured for 2 s. 

 Transmission electron microscopy 

Cross-sectional transmission electron microscopy (TEM) images were recorded with a 

Philips CM12/STEM equipped with a LaB6 cathode, Super TWIN lens and a 2k x 2k CCD 

camera from Gatan (Orius SC 830) operated at 120 kV. Bi2O3 films deposited on a [100] n-

type silicon substrate are cut into small pieces and glued face to face using epoxy resin. This 
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compound is sliced and polished till a sample thickness of 4 to 6 µm is reached. The sample 

is further thinned by argon bombardment (5kV, 2mA) till it becomes transparent for electrons. 

 Atomic force microscopy 

Topographical measurements were conducted on an NTMDT NTEGRA Atomic force 

microscopy (AFM) in tapping mode at room temperature and ambient pressure. 

 Raman spectroscopy 

Raman measurements were conducted on a Horiba HR800 spectrometer with a HeNe laser 

as a monochromatic light source. The HeNe laser is a 500:1 polarized 20 mW laser with a 

wavelength of 632.8 nm. The scattered light was detected with a cooled Si CCD camera with 

1800 l/mm grid. 
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3 ALD of Bi2O3 

Parts of this chapter are adapted from: 

M. Müller, K. Komander, C. Höhn, R. van de Krol, A. C. Bronneberg, ”Growth of Bi2O3 Films 

by Thermal- and Plasma-Enhanced Atomic Layer Deposition Monitored with Real-Time 

Spectroscopic Ellipsometry for Photocatalytic Water Splitting”, ACS Appl. Nano Mater. 

2019, 2, 10, 6277 115 

Bismuth containing ternary oxides such as BiVO4, CuBi2O4, BiMn2O5, Bi2WO6 or BiFeO3 

attracted much attention as photoabsorbers for PEC applications.55,116–118 Among these BiVO4 

and CuBi2O4 are the most thorough studied ones. However, ALD of such ternary oxides has 

been shown to be challenging. ALD of photoactive BiVO4 is a successful example, as reported 

by Stefik et al.88,89 Even the previously described optimization from planar to nanostructured 

geometries has recently been reported by Lamm et al.119 The main challenge in these reports 

is the limited reactivity of the bismuth precursor [BiPh3]. Only one monolayer of bismuth oxide 

can be grown on a heterosurface, i.e. on V2O5, in a thermal process.88 The binary ALD process 

of Bi2O3 stops after a closed Bi2O3 film is deposited. Therefore the stoichiometry of a ternary 

film can only be tuned to some extend by adjustment of the cycle ratio. As a consequence only 

vanadium rich BiVO4 films can be grown.88 A phase pure BiVO4 film can only be achieved if a 

selective subsequent V2O5 etching or an inhibition of the V2O5 ALD growth by alcohols is 

employed.88,89 

Therefore, these reports only provide useful information on one specific ALD process of 

BiVO4. This process cannot be easily extended towards new ALD processes of other bismuth-

based materials. A universal binary ALD process of Bi2O3 is therefore still a bottleneck limiting 

the deposition of bismuth based multinary oxides. This bottleneck will be addressed in this 

chapter. 

A few studies on ALD of Bi2O3 exist, even a publication on various precursors is 

available.64,120–124 Unfortunately only two of these precursors are commercially available, which 

is an essential prerequisite for a universally usable ALD process. These are the above 

mentioned [BiPh3] and [Bi(tmhd)3]. As binary ALD of Bi2O3 from [BiPh3] was not yet shown and 

the precursor is only available in the USA, [Bi(tmhd)3] was chosen in this study and its structure 

is shown in Figure 17.  

 

Figure 17: Chemical structure of [Bi(tmhd)3] or tris(2,2,6,6-tetramethyl-3,5-heptanedionato)bismuth(III). 



43 

 

3.1 Thermal ALD of Bi2O3  

The saturation curves of [Bi(tmhd)3] and water were recorded to establish a thermal ALD 

process (T-ALD). The saturation curves are shown in Figure 18 a-c in red. Saturation is 

reached after 3.5 s [Bi(tmhd)3] dosing, followed by a 3 s purge, 5 s water exposure and 8 s 

final purge, leading to a growth rate of 0.24 Å/cycle. The purge after the water exposure was 

not investigated in detail but previously optimized ALD processes at the setup (e.g. ZnO, Al2O3, 

TiO2 
125) showed that 6 – 8 s water purge sufficiently remove all excess water and reaction 

products. Deposition with these conditions onto a 4” wafer gives an excellent uniformity of 

96%, proving the sufficient purge time and the exceptional surface coverage of ALD. The 

thickness distribution over the 4” wafer is shown in Figure 19a. 

 

Figure 18: Growth per cycle (GPC) of bismuth oxide films as function of the ALD parameters of the plasma-
enhanced process (blue), the thermal process (red), and as reported by Shen et al.126 (green); (a) [Bi(tmhd)3] 

exposure time (b) [Bi(tmhd)3] purge time; (c) water exposure time; (d) oxygen plasma exposure time; (e) oxygen 
plasma purge time; (f) deposition temperature (temperature windows are indicated by the semitransparent 

rectangles). Full and dotted lines in (a)-(e) represent guides to the eye. 
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Figure 19: Thickness deviation from mean after 100 ALD cycles over a 4" wafer (a) thermal process, 96% 
uniformity; (b) plasma-enhanced process, 94% uniformity. 

 

The growth rate is put in perspective by comparing it to GPCs reported by Shen et al.126 

They reported a thermal process using the same precursor and a similar setup (PicosunTM 

Sunale R-75). The saturation curves they obtained are depicted in green in Figure 18a-c & f. 

The needed [Bi(tmhd)3] exposure time of 6 s is even longer than the 3.5 s identified in the 

present study. However, their GPC of 0.1 Å/cycle is much lower than the 0.24 Å/cycle reported 

in this thesis. This seems odd in the first place as most process parameters are alike (i.e. used 

precursors, process temperature, deposition equipment, and thickness evaluation method) but 

makes perfect sense when the water dose is considered. Shen et al. did not investigate the 

water dosing time but kept it constant at 0.2 s. Such short dosing times are often sufficient, 

especially when highly reactive precursors are used (e.g. Al2O3 from TMA), but our 

investigation suggests that a much longer water dose of 5 s is needed to achieve saturation. 

It is therefore very likely that the conditions used by Shen et al. do not lead to fully saturated 

growth in the second half-cycle, which would explain the lower GPC. 

Furthermore, the GPC can be influenced by nucleation effects. Shen et al. deposited onto 

bare silicon wafers with a native oxide film and identify a nucleation delay of 40 cycles.126 

Hatanpää et al. published an alternative Bi2O3 ALD process from [Bi(OCMe2
iPr)3] and water 

that also showed a nucleation delay.127 The delay could be reduced by applying an Al2O3 

adhesion layer.127 Such a nucleation delay further decreases the apparent GPC. To avoid this 

an Al2O3 adhesion layer was grown prior to each Bi2O3 deposition in this thesis. 

Figure 18f shows the dependence of the GPC on the substrate temperature (red curve). 

The temperature window with a constant GPC is visible between 210 – 270°C. On the lower 

end this temperature window is limited by the precursor bottle temperature of 190°C, which 

should be the coldest point of the setup to avoid condensation. An increase of the deposition 

rate is visible above 270°C which normally indicates decomposition of the precursor. Also a 



45 

 

gradual change in reaction mechanism may lead to higher GPCs as it will be discussed in 

more detail in section 3.4.1.  

Interestingly, Shen et al. observe a different temperature window of 270 – 300°C. Below 

270°C they observe an increase of the GPC which usually assigned to condensation of the 

precursor. Reasons for that could be a slightly higher pressure in the setup (6-15 hPa for Shen 

et al. vs. 6 hPa in this thesis) but also the rather long [Bi(tmhd)3] dosing could facilitate 

condensation. Further discussions can be found in 3.2 when a plasma-enhanced ALD process 

is introduced.  
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3.2 Plasma-enhanced ALD of Bi2O3 

A second ALD process using an O2 plasma to oxidize [Bi(tmhd)3]  was investigated. Figure 

18 shows the growth per cycle in dependence of the ALD parameters, with the data for the 

plasma-enhanced process shown in blue. Saturation is reached after 3 s [Bi(tmhd)3] dosing, 

5 s purge, 30 s plasma exposure and 15 s purge. The GPC is 0.35 Å/cycle with a uniformity of 

94% over a 4 inch wafer, see Figure 19b. The growth rate in the plasma enhanced process is 

higher in the thermal process, which is regularly reported.66,77,128–130 This increased GPC is 

usually attributed to the superior reactivity of the plasma generating a higher density of reactive 

sites on the surface.81,87 Indeed exactly this behavior is confirmed and further discussed in 

section 3.4. 

Figure 18f shows the temperature dependence of the growth rate, which is stable from 280-

330°C. This is at higher temperatures than for the thermal process which is opposite to what 

is normally observed. The high reactivity of the plasma species usually extends the 

temperature window to lower substrate temperatures.66,77,128–130 The origin of this 

counterintuitive behavior is unclear. It may be possible that the plasma exposure decomposes 

the tmhd ligand into smaller fragments (e.g. CO) which bind more strongly to the sample 

surface. This could make a higher temperature necessary to form a Bi(tmhd)x monolayer in the 

first half cycle. A sharp GPC increase below 280°C usually indicates multilayer absorption 

which is in disagreement with the thermal process results. The exact reason for this behavior 

could not be revealed. Additional investigations of the growth process, e.g. by IR, Raman 

spectroscopy or mass spectrometry, could give more detailed information e.g. on intermediate 

species and reaction products. This information could enable more thorough descriptions of 

the surface processes.  
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3.3 Film properties 

After deposition the films deposited by T- and PE-ALD were investigated in terms of 

composition, morphology, crystallinity and their optical properties using XPS, TEM, AFM, XRD 

and SE.  

3.3.1 Composition 

The composition of the films was investigated by XPS. The samples prepared by thermal 

ALD are considered first with a survey spectrum shown in Figure 20. Most prominently various 

bismuth signals are visible (orange), with Bi 4f around 160 eV being the most prominent. The 

expected signals of oxygen (red) are accompanied by additional peaks which are assigned to 

carbon (black), aluminium (blue) and silicon (grey). The carbon mainly originates from air 

exposure while aluminium and silicon signals originate from the substrate. 

 

Figure 20: Survey XPS of Bi2O3 grown by thermal ALD. Indicated peaks belong to bismuth (orange), oxygen 
(red), carbon (black), aluminium (blue), and silicon (grey). 

Even though XPS is a surface sensitive technique, contributions of the substrate are still 

visible. This is due to the minimal Bi2O3 film thickness of 2.4 nm. Below this is not only 

elemental silicon but also a native SiO2 film and the Al2O3 adhesion layer, as depicted in Figure 

21a. The surface sensitivity of XPS is caused by the strong interaction of the ejected electrons 

with matter. The inelastic mean free path may only be a few Å, depending on the energy of the 

electron. The exact distance further depends on the material but can be approximated with the 

universal curve, which is shown in Figure 21b.131 The approximated mean free path ranges 

from 3.0 nm for the O 1s core level to 3.6 nm for Al 2p (kinetic energy of ~957 eV and ~1412 eV, 

respectively, using 1486.6 eV Al Kα radiation). But electrons may travel further than this 

distance, therefore the information depth of XPS is usually assumed to be to three times the 

mean free path, 9.0 – 10.8 nm in the present case. As a consequence all layers from Figure 

21a are visible in the XPS survey spectrum in Figure 20. 
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Figure 21: (a) Layered structure of a typical sample; (b) Inelastic mean free path of electrons within solids with 
universal curve fit.131 

The following fine spectra are investigated for a more detailed view: Bi 4f, C 1s, Al 2p, Si 2p 

and O 1s. Selected examples of spectra and fits are shown in Figure 22. 

 

Figure 22: XPS fine spectra: (a) Bi 4f with peaks assigned to bulk Bi2O3 (orange), surface Bi-OH (red) and Bi-
O-C contaminations (dark red), peak sum in green; (b) C 1s of a Bi2O3 sample grown by thermal ALD before (red) 
and after annealing (orange) and grown by plasma-enhanced ALD before (blue) and after annealing (green), raw 

data as dots and peak sum as full lines; (c) Al 2p with a single peak fit (blue) of a pure Al2O3 sample; (d) Si 2p 
with a single peak fit for SiO2 (grey) of a bare silicon substrate; (e) O 1s with peaks assigned to bulk Bi2O3 

(orange), surface Bi-OH (red), Al2O3 (blue), and SiO2 (grey), peak sum in green. 

The Bi 4f spectrum in Figure 22a exhibits a doublet with a spin-orbit splitting of 5.31 eV and 

an area ratio of 3:4 (these values were set as constraints while fitting). Three peaks are used 
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to model the data. The dominating feature at 158.5 eV (for j = 7/2. orange) originates from Bi3+, 

confirming the intended Bi2O3 phase.109,132 At a slightly higher binding energy of 159.5 eV a 

small second feature (red) is assigned to bismuth atoms at the surface with a typical OH-

termination. Peaks assigned to OH-terminated surface species in oxides are commonly found 

at slightly higher binding energies and a proof for this assignment will be presented later. A 

third peak is assigned to incorporation of remains of the thmd-ligand with a Bi-O-C type binding 

(dark red). 

Figure 22b shows plots of the C 1s region of various samples. The low sensitivity to carbon 

causes an increased noise. Dotted data and full lines of the fit sum are therefore chosen for 

clear visualization. Two peaks model the C-C and C=C species of adventitious carbon, with 

the C-C position fixed to 284.8 eV as reference. A third peak at ca. 288.2 eV is assigned to 

contaminations from tmhd, similar to the Bi-O-C peak in the Bi 4f region. This assignment is 

further described in the appendix, see Figure S 1. 

The Al 2p region is shown in Figure 22c. The data can be fitted with a single peak even 

though a doublet is expected. With a narrow spin-orbit-splitting of only 0.41 eV and a wide 

FWHM of 1.50 eV this is reasonable and common in literature as well.133,134 The spectrum 

shown in Figure 22c was recorded for a pure Al2O3 film grown on silicon (ca. 12 nm grown with 

the same process as the adhesion layer) for a low-noise representation. It was furthermore 

used for parameterization as it will be described below. 

Figure 22d shows the Si 2p region of a bare silicon wafer to assign contributions from the 

silicon substrate. Two peaks are visible, a doublet at 99 eV originating from elemental Si and 

a smaller feature at 103 eV assigned to the native oxide. Similar to the aluminium interpretation 

a single peak is sufficient to fit the SiO2 signal. 

Finally Figure 22e shows the O 1s region. The raw data suggests an overlap of two peaks 

at about 529.4 eV and 530.8 eV. However, the other fine spectra suggest up to five different 

species are present: bulk Bi2O3, surface Bi-OH, Al2O3, SiO2, and a Bi-O-C contamination. A 

meaningful fit with so many species is not trivial but a few constraints can be applied to aid the 

fitting. The beforehand mentioned samples of pure Al2O3 and bare silicon are used for these 

constraints. The O 1s spectra of these reference samples only contain peaks associated to 

Al2O3 and SiO2, respectively. Therefore their O 1s peaks can be directly linked to the 

corresponding peaks in the Al 2p and Si 2p region, respectively, in terms of peak position and 

area ratio (i.e. the ratio between fitted Al 2p peak area and O 1s peak area for the Al2O3 

contribution, vice versa for the SiO2 contribution). From this the blue Al2O3 and the grey SiO2 

peak in Figure 22e are generated (parameterized peak position and area ratio). Then two 

peaks for bismuth oxide are added in red and orange. Their peak position and area were left 

as free fitting parameters. The fitted peak positions are 529.3 eV and 531.1 eV for bulk Bi2O3 

and surface Bi-OH, respectively. Both values match reported values of 529.4 – 529.5 eV and 

531.0 eV for bulk Bi2O3 and surface Bi-OH, respectively.132,135 With these four peaks a near-

perfect fit is generated.  
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A contribution from Bi-O-C is omitted as the quality of the described fit does not require 

further optimization. Furthermore the information content of a possible Bi-O-C peak can be 

doubted. A possible position of a Bi-O-C peak could not be estimated. Also an area constraint 

could not be applied. The C 1s region gives clear indication for the amount of impurities in the 

film, which is the desired value, but a direct link to the Bi 4f region cannot be drawn. 

From the fit of the O 1s spectrum, a bulk stoichiometry of Bi2O1.73 for the 2.4 nm film is 

calculated. Bulk refers to the stoichiometry calculated from peaks assigned to bulk Bi2O3, 

orange in Figure 22a and e. The stoichiometry differs significantly from the theoretical value of 

Bi2O3 and various reasons may contribute to this:  

1) The sensitivity factor of the different orbitals. These values are taken from a generally 

used database from Casa and are 3.1 for the O 1s orbital and 24.47 for the Bi 4f.111 However, 

XPS measurements on a BiVO4 single crystal prepared according to Favaro et al. suggest a 

Bi 4f sensitivity of 44.6. If this value is used for our data, a stoichiometry of Bi2O3.15 is 

calculated.112  

2) Differences in the information depth of the different orbitals. These can introduce 

differences from the reported sensitivity values when the film thickness is below the information 

depth. This is indeed true in this study (e.g. 2.4 nm Bi2O3 film thickness and information depths 

around 10 nm). 

3) Measurement to measurement variations. Each XPS measurement will give slightly 

different results. Reasons can be changes in the samples itself, e.g. by varying storage times, 

or batch-to-batch variations in the samples. Also the XPS setup itself changes over time in 

terms of alignment and X-ray electrode aging. However, the contribution of such variations is 

expected to be very low and does not explain significant deviations from the expected 

stoichiometry. 

4) Errors in the derivation of the peak constraints. The described parametrization of the O 1s 

contributions from Al2O3 and SiO2 is a model and not perfect. Despite the influence of the 

information depth also small charging effects could occur. With 12 nm Al2O3 on the reference 

sample small local charging cannot be fully excluded. Therefore little variations of the peak 

position of the Al2O3 contribution in the O 1s region could be possible. This could have an 

influence on the fit of the other species, considering the large peak area. 

The described effects may alter the measured stoichiometry of the bismuth oxide thin film. 

1) and 2) could lead to an underestimation of the oxygen content. For 3) and 4) it is not clear 

if they in- or decrease the apparent oxygen content.  Even though clear quantifications are 

difficult, the effects are assumed to be small. It is therefore supposed that the film is indeed 

oxygen poor. Even the large deviation from the theoretical stoichiometry seems possible 

considering the extremely low thickness of 2.4 nm. 

The extent of the carbon contamination is evaluated from the C 1s region in Figure 22c. The 

bulk carbon content calculates to 9.4 at.%. As the tmhd-ligand is the only carbon containing 
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component, the contamination is attributed to incomplete tmhd removal in the second half-

cycle. Such an incomplete removal has been observed before when H2O was used in 

combination with tmhd-containing precursors, leading to higher carbon contents.78,83,136 A post 

annealing of the film at 450°C in air was found to reduce the amount of carbon in the film 

(orange curve in Figure 22c) to 2.4 at.%. 

Also the composition of PE-ALD films was investigated by XPS, as shown in Figure 23. 

Again, the dominant Bi 4f7/2 peak at 158.7 eV confirms the desired +3 oxidation state of 

bismuth. In the O 1s spectrum the contribution of the Al2O3 adhesion layer and the native SiO2 

is smaller due to the thicker Bi2O3 film (3.5 nm compared to 2.4 nm). This makes evaluation of 

the O 1s region slightly more accessible and the calculated stoichiometry more trustworthy. 

The calculated bulk stoichiometry is Bi2O2.17 and thereby less oxygen poor than the T-ALD 

grown film. 

The carbon content is 4.3 at.%, which is a significant improvement compared to the thermal 

process (blue vs. red lines in Figure 22b). This confirms that the O2 plasma is a more potent 

oxidizer, as mentioned in section 2.1.1. Similar to the T-ALD film the samples were annealed 

in air. This led to a further reduction of the carbon content to 0.9 at.% (green plot in Figure 

22b). This confirms the clear trend that annealing in air removes carbon impurities. 

 

Figure 23: XPS fine spectra of PE-ALD films: (a) O 1s with peaks assigned to bulk Bi2O3 (orange), surface Bi-
OH (red), Al2O3 (blue) and SiO2 (grey), peak sum in green; (b) Bi 4f with peaks assigned to bulk Bi2O3 (orange), 
surface Bi-OH (red) and Bi-O-C contaminations (dark red), peak sum in green; (c) O 1s recorded in 60° angled 
configuration with peaks assigned to bulk Bi2O3 (orange) and surface Bi-OH (red), peak sum in green; (d) Bi 4f 
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recorded in 60° angled configuration with peaks assigned to bulk Bi2O3 (orange), surface Bi-OH (red), and Bi-O-C 
contaminations (dark red), peak sum in green. 

Furthermore, measurements with a 60° angle between the surface normal and the detector 

were done. These measurements are more surface sensitive with only half the information 

depth. Thereby substrate contributions to the measurement are suppressed. The 

corresponding spectra are shown in Figure 23c and d. 

The contributions of Al2O3 and SiO2 completely vanish, see also Figure S 2. Still, the bulk 

stoichiometry is not affected (Bi2O2.17 in normal vs. Bi2O2.19 in angled configuration). The same 

is true for the carbon content (4.3 at.% in normal vs. 4.5 at.% in angled configuration), 

confirming that the described fitting of the O 1s region is fair.  

In addition, the area of the peaks assigned to surface Bi-OH (red) increase, validating the 

previously made assignment to a surface species.  

To the best of my knowledge only two other PE-ALD processes of bismuth oxide are 

reported and only one of them investigated a binary Bi2O3 process.122,137 In there a custom-

built high-vacuum ALD reactor with a microwave cavity radical beam source and [Bi(tmhd)3] 

are used. In this study oxygen-rich films with stoichiometries around Bi2O3.6 were obtained.122 

However, the carbon content of these films was above 22%, which is much too high for most 

electronic applications. Therefore the here presented study includes a significant improvement 

in film composition. 

3.3.2 Morphology 

TEM measurements were conducted on a subset of the ALD-grown samples: cross-

sectional TEM images are shown in Figure 24. The layered structure is clearly visible in each 

picture with (from bottom to top) single crystalline silicon wafer, native SiO2, ALD-Al2O3 

adhesion layer, ALD-Bi2O3, and glue added during TEM sample preparation. Samples without 

post-deposition treatment show flat and homogeneous Bi2O3 films (overviews in a and b): no 

cracks or large pinholes are visible, illustrating the excellent coverage and growth control of 

both ALD processes. Annealing of the PE-ALD grown film does not affect the substrate 

coverage (c).  

The thickness of the individual layers was determined at ten equidistant spots in the detailed 

images d-f. The values are compared to thicknesses determined by spectroscopic 

ellipsometry, as summarized in Table 2. 
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Figure 24: Cross sectional TEM imagines of bismuth oxide films. The samples exhibit a layered structure of the 
silicon substrate, its native oxide layer, the ALD grown alumina adhesion layer, the bismuth oxide film, and the glue 
applied during preparation (from bottom to top). (a-c): overviews, (d-f): detailed views of the T-ALD and PE-ALD 
sample, before and after annealing. 

Table 2: Measured film thicknesses of SiO2, Al2O3, and Bi2O3 by SE and TEM of the T-ALD, PE-ALD and PE-
ALD sample after annealing. The error estimates correspond to the standard deviations, grey values after annealing 
could not be measured individually and are therefore assumed to be unaffected by the annealing. 

Layer Film thickness / nm 

   T-ALD P-ALD P-ALD + anneal 

SE TEM SE TEM SE TEM 

SiO2 1.38 2.50 ± 0.23 1.52 3.67 ± 0.14 1.52 3.42 ± 0.32 

Al2O3 3.02 2.59 ± 0.29 3.67 2.06 ± 0.18 3.67 1.82 ± 0.29 

Bi2O3 3.03 2.55 ± 0.49 3.75 3.06 ± 0.26 4.10 3.12 ± 0.66 

 

A comparison of the thicknesses of Bi2O3 and Al2O3 films shows that the values obtained 

from the TEM images are about 23% lower than the values estimated by spectroscopic 

ellipsometry. This is a known phenomenon as SE tends to slightly overestimate the 

thickness.138–140 SE measurements contain another uncertainty. Each film thickness and the 

corresponding optical constants were modeled in a separate measurement, i.e. in the following 

routine: SE measurement to model SiO2 – ALD of Al2O3 – SE measurement to model Al2O3 – 

ALD of Bi2O3 – SE measurement to model Bi2O3 (– Annealing – SE measurement to model 
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Bi2O3, if applicable). For each SE measurements the already investigated films were assumed 

to be unaffected. This is a simplification but offers the most accurate SE estimations. The 

alternative would be to fit all thicknesses and optical constants from a single measurement. 

The many free fitting parameters in this approach do not results in meaningful results.  

The TEM measured thicknesses of SiO2 are about 80% and 140% larger for the T-ALD and 

the PE-ALD process, respectively. This odd observation has been made before and ascribed 

to the ALD process to deposit Al2O3 from TMA and water which induces a further oxidation of 

the underlying silicon substrate.141 As described SE can barely account for such changes, 

especially if extremely thin films are investigated. The present data suggests that the use of 

an oxygen plasma further enhances the silicon oxidation. Furthermore, the slight thickness 

increase of the PE-ALD film by annealing suggests a decreased density of the annealed Bi2O3. 

In the TEM images some thickness deviations become visible. Annealing of the PE-ALD 

film seems to lead to some roughening of the surface, as visible in the left part of Figure 24c. 

The detailed view in f supports this observation. This surface roughness is put into numbers 

by the standard deviation of estimated thicknesses, as given in Table 2. The standard 

deviations of the PE-ALD film indeed increase upon annealing, from 0.26 to 0.66 nm. Without 

annealing, PE-ALD grows smoother films than T-ALD on microscopic scale with 0.26 nm 

standard deviation compared to 0.49 nm, respectively 

AFM measurements were performed to extent the surface roughness investigation to an 

area in the micron scale. Measurements are shown in Figure 25, for the T-ALD and the PE-

ALD before and after annealing, respectively. As expected the AFM images show overall 

smooth surfaces. The reduced contrast suggests that annealing of the T-ALD film leads to a 

further decrease in roughness, see Figure 25a and b. The opposite is true for the PE-ALD 

sample where a roughening is visible (c and d). These observations are confirmed by the 

calculation of the roughness RMS from the AFM images. The corresponding values are shown 

in Table 3. The roughness RMS of the T-ALD sample decreases from 1.1 nm (as deposited) 

to 0.72 nm (after annealing), whereas that of the PE-ALD films increases from 0.22 nm to 

1.4 nm, confirming the observations from TEM. The roughening of the PE-ALD sample is 

caused by a large number of small triangular-shaped crystallites reaching out of the surface 

which suggest the partial crystallization of the PE-ALD film by annealing. 
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Figure 25: AFM images of the Bi2O3 samples: (a) Thermal ALD as deposited and (b) annealed; (c) plasma-
enhanced ALD as deposited and (d) annealed. 

 

Table 3: Calculated surface roughness as root mean square from AFM measurements of T-ALD and PE-ALD 
Bi2O3 sample, before and after annealing, respectively. 

Sample Roughness RMS / nm 

T-ALD 1.1 

T-ALD + annealing 0.72 

PE-ALD 0.22 

PE-ALD + annealing 1.4 
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3.3.3 Crystallinity 

TEM gives information of the crystallinity as well. Figure 24d and e show no crystal lattice, 

indicating an amorphous phase. Annealing of the PE-ALD film leads to a partial crystallization 

as visible by the lattice fringes on the right side of Figure f. This is in agreement with the AFM 

observations. 

XRD is utilized as another technique to investigate the crystallinity over a larger sample 

area (in the cm range rather than over < 10 µm by TEM and AFM). The diffractograms are 

shown in Figure 26. 

 

Figure 26: GIXRD patterns of a T-ALD Bi2O3 film before (red) and after annealing (orange) as well as a P-ALD 
film before (blue) and after annealing (green) compared to the Al2O3 covered Si substrate (black) and α-Bi2O3 

(orange, vertical drops).142 

All diffractograms show very broad and/or weak features which suggests predominantly 

amorphous films, as seen by TEM as well. The existing peaks can however be assigned to 

Bi2O3 with exception of the feature at 51° which is already visible in the diffractogram of the 

substrate (black curve). In both as deposited films the (111) reflection of α-Bi2O3 is the most 

pronounced feature (red and blue curve). Annealing leads to a decrease in the (111) intensity, 

suggesting some sort of reorientation (orange and green curve). For the PE-ALD film a slight 

increase of the (311) and (331) reflections indicate a partial crystallization, as it was suggested 

by TEM and AFM results as well. 

3.3.4 Optical properties 

Spectroscopic ellipsometry was used to model the optical properties of the film. The 

dielectric function of bismuth oxide was modelled by a Tauc-Lorentz oscillator, which is 

commonly used for amorphous semiconductors.76,103,104 The modelled optical constants, i.e. 

refractive indices n and extinction coefficients k, are shown in Figure 27 as function of the 

photon energy. Measurements were conducted under three angles allowing simultaneous 

modelling of film thickness and optical constants. 
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Figure 27: Modelled optical properties of Bi2O3 thin films: (a) refractive indices n and (b) extinction 
coefficients k for a T-ALD Bi2O3 film (red), a T-ALD film after annealing (orange), a PE-ALD film (blue), and a PE-

ALD film after annealing (green). 

The refractive index of the as-deposited bismuth oxide film grown by T-ALD (red curve) is 

2.3 (at 3 eV). In the PE-ALD grown film this value is larger, 2.7 at 3 eV. Both values are typical 

for Bi2O3 grown by reactive sputtering or ALD (2.2 – 2.8 at 3 eV).123,143 As the refractive index 

is closely related to the film density, this suggest that the T-ALD grown Bi2O3 film have a lower 

density.143 In both cases the refractive indices decrease upon annealing (green and orange 

curve). This observation is in agreement with the increased film thickness after annealing 

mentioned in 3.3.2. 

From the extinction coefficients plotted in Figure 27b the optical bandgap can be estimated. 

In the Tauc-Lorentz model is a quadratic dependence of ε2 (the imaginary part of the dielectric 

function) on the photon energy, resulting in an indirect bandgap. This is typical for amorphous 

bismuth oxide films and supports the suitability of the Tauc-Lorentz oscillator in the present 

case.106,144,145 The onset of the extinction coefficient marks the optical bandgap, which is 2.9 eV 

for the T-ALD film (red curve) and 2.7 eV for the PE-ALD film (blue curve). Annealing increases 

the bandgap of both samples by 0.2 eV, to 3.1 and 2.9 eV for the T-ALD and the PE-ALD, 

respectively (orange and green curve). A small increase in bandgap after annealing has been 

observed before and is often assigned to reorganization and improvement in crystallinity.146–

149 All values are in the same range as previously reported values for Bi2O3, between 2.7 and 

3.0 eV.64,121,150 The reduction of both the refractive indices and the extinction coefficients by 

annealing suggests that a possible reorientation in the thin films leads to a decrease in film 

density as it was already suggested by the TEM image evaluation.  
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3.4 Real-time spectroscopic ellipsometry 

3.4.1 Single-layer optical model 

The growth of bismuth oxide was monitored in situ by real-time spectroscopic ellipsometry 

to get further insight into the ALD process. The growing film is modeled as a single layer using 

the Tauc-Lorentz oscillator similar to the ex situ data, i.e. as a bulk Bi2O3 layer. Describing the 

growing film as a single layer is common practice even though it simplifies the situation. The 

first half-cycle generates a surface layer with ligand termination while the second half-cycle 

leaves an OH-terminated surface. These surface layers can usually not be considered as their 

minimal thickness makes a distinction between them and the bulk layer ambiguous. Therefore 

the measured single layer thickness is an apparent thickness, especially after the first half-

cycle. In fact it is a combination of the physical change in film thickness and the change in 

optical properties of the surface layer.76 

The development of this apparent thickness over the first 20 cycles of the T-ALD and a PE-

ALD process is shown in Figure 28 with a zoom into the first cycle in Figure 29. It should be 

noted that the pulse and purge times are longer than used previously to maximize the thickness 

contrast in the ellipsometry data. 

 

Figure 28: Development of the apparent thickness of Bi2O3 over 20 cycles of (a) thermal and (b) plasma-
enhanced ALD. 

The first [Bi(tmhd)3] pulse induces a strong thickness increase of about 2.8 Å caused by 

chemisorption of the precursor molecule on the surface:  

-𝑀-𝑂𝐻 + [𝐵𝑖(𝑡𝑚ℎ𝑑)3] → -𝑀-𝑂-𝐵𝑖(𝑡𝑚ℎ𝑑)𝑥 + (3 − 𝑥) 𝐻𝑡𝑚ℎ𝑑 ↑ (23) 

One or two of the tmhd ligands are released by the ligand exchange (x = 1,2). After saturation 

and during the subsequent purge the apparent thickness stays constant, as expected for a 

typical ALD process.  
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Figure 29: Zoom into the first cycle of Figure 28. 

After three minutes the second half-cycle introduces the oxidant and the film thickness 

decreases. For the thermal process this is most likely due to a ligand exchange reaction where 

water removes the tmhd and results in OH-termination: 

-𝐵𝑖-𝑡𝑚ℎ𝑑 + 𝐻2𝑂 → -𝐵𝑖-𝑂𝐻 + 𝐻𝑡𝑚ℎ𝑑 ↑ (24) 

In contrast, the oxygen radicals of the plasma-enhanced process induce a combustion-like 

reaction forming H2O and CO2:66 

-𝐵𝑖-𝑡𝑚ℎ𝑑 + 30 𝑂  → -𝐵𝑖-𝑂𝐻 + 11 𝐶𝑂2 + 9 𝐻2𝑂 (25) 

An incomplete reaction could occur, forming smaller organic fragments during the plasma step. 

As the tmhd-ligands are much larger (> 5 Å126) than a hydroxyl group the thickness 

decreases in the second half-cycle. Again, the thickness stays constant in the following purge 

step. Finally, after one full cycle a net increase is achieved, the growth per cycle.  

For the PE-ALD process this GPC is constant from the first cycle, meaning that no 

nucleation delay or accelerated growth occurs. The T-ALD process exhibits an accelerated 

growth, stable GPC is achieved after around 10 cycles. 

The first cycle is investigated in more detail to understand this difference in film growth (see 

Figure 29). The first half-cycle is the same for both processes, consisting of multiple 0.5 s 

[Bi(tmhd)3] pulses, short intermediate purges and a final 1 min purge. The second half-cycle 

however shows significant differences. The plasma exposure induces a rapid thickness 

decrease that saturates within ~15 s. With water exposure this thickness decrease is much 

slower. Even extensive dosing times (40 s in total with intermediate purges) only lead to about 

half the thickness decrease. This strongly suggests that not all tmhd-ligands are removed by 

water. Incorporation of tmhd (or fragments thereof) into the Bi2O3 film explains the higher 

carbon content and could be the reason for the lower optical density and increased roughness 

of T-ALD Bi2O3 films compared to the PE-ALD films. 
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An important consequence of the remaining tmhd ligands is that they reduce the number of 

generated OH-surface sites accessible during the next ALD cycle. Fewer precursor molecules 

can adsorb in the following half-cycle, leading to the reduced thickness increase during 

[Bi(tmhd)3] dosing (visible in Figure 28). This also explains the lower GPC of the T-ALD process 

compared to PE-ALD, which was observed by ex situ measurements (see Figure 18). So 

indeed the assumption that the higher reactivity of the plasma induces a higher density of 

reactive surface sites seems to be true in the present process. 

Since the generated surface after a full thermal ALD cycle is less reactive than the initial 

Al2O3 surface, accelerated growth is observed in the very first ALD cycle, see Figure 28a. The 

fact that the thickness decreases during water exposure is roughly half of the decrease during 

plasma exposure could hint towards a reaction like the following: 

-𝐵𝑖(𝑡𝑚ℎ𝑑)2 + 𝐻2𝑂 → -𝐵𝑖
𝑂𝐻    −

 

𝑡𝑚ℎ𝑑 
− + 𝐻𝑡𝑚ℎ𝑑 ↑ (26) 

where two tmhd-ligands remain at the surface in the first half-cycle and water only removes 

one of these in the second half-cycle. This would mean that the -𝐵𝑖
𝑂𝐻    −

 

𝑡𝑚ℎ𝑑 
−  species is more 

stable than the initial -Bi(tmhd)2 and more energy is needed to remove the remaining tmhd-

ligand. In a thermal process this energy can only be provided by an elevated temperature. The 

increase of GPC in the T-ALD process above 270°C could hint towards such a change in 

reaction mechanism. Experiments at even higher temperatures (> 330°C) would be needed to 

investigate this behavior further. However, this was beyond the scope of this project. 

 

3.4.2 Double-layer optical model 

As discussed in the previous section, single-layer modelling of the growing film is only giving 

an apparent thickness development with unsatisfactory consideration of the varying surface 

species. Since such a surface layer can hardly be distinguished from the bulk a single layer 

model is usually the only possibility to following the film growth. 

However, with a diameter of more than 10 Å the [Bi(tmhd)3] molecule is larger than most 

ALD precursors.126 Still, Figure 29 only shows a thickness increase of about 2.8 Å by the 

adsorption of [Bi(thmd)3] onto the substrate. This seems like a rather low estimate when 1 – 2 

tmhd ligands are removed. Considering these two factors, the thick expected surface layer and 

the low estimation thereof, the use of a single-layer model seems like an inappropriate 

simplification. 

To validate this assumption of oversimplification the quality of the fit of the PE-process is 

investigated. For this the mean squared error (MSE) can be considered, which is shown in 

Figure 30a. Therein large, periodic fluctuations are visible which coincide with the half-cycles. 
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This shows that the single layer nicely represents the Bi2O3 film present in the second half-

cycle but the not situation in the first half-cycle with Bi(tmhd)x adsorbates. 

 

Figure 30: Mean squared error of the RTSE fit of Figure 28b: (a) with a single Bi2O3 layer; (b) with a bulk Bi2O3 
and a surface Bi(tmhd)x layer. 

Therefore a more sophisticated double-layer optical model was developed. The earlier used 

Tauc-Lorentz oscillator is kept to represent the bulk Bi2O3 layer and an additional Bi(tmhd)x 

layer is added on top, modelled by a transparent Cauchy oscillator. The resulting layer 

structure is sketched in the inset of Figure 30b. The optical constants of both layers were 

derived from the RTSE measurements as described in the appendix. The refractive indices 

found for the Bi(tmhd)x surface layer are shown in Figure 31. To the best of my knowledge this 

is the first time the optical constants of an adsorbate layer were derived from real-time SE 

measurements. 

 

Figure 31: Refractive index n of the Bi(tmhd)x surface layer. 

With the identified optical constants the double-layer model was utilized to fit the RTSE 

data. The thicknesses of bulk Bi2O3 and surface Bi(tmhd)x were the fitting parameters. This 

model indeed improves the fit, visible by the low and half-cycle-independent MSE values 

shown in Figure 30b. This suggests that the model is well-suited to resemble the film growth. 
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The resulting thickness development for the Bi(tmhd)x surface layer and the bulk Bi2O3 is 

shown in Figure 32. The fit nicely shows the expected behavior during the ALD cycles: with 

dosing of [Bi(tmhd)3] a Bi(tmhd)x adsorbate layer forms which is fully removed during the 

subsequent plasma step. The thickness of the surface layer is approximately 4 Å which is 

significantly larger than the 2.8 Å from the single-layer model and a reasonable value for a 

10 Å [Bi(tmhd)3] molecule that has lost one or two of its tmhd ligands. 

 

Figure 32: Thickness development of (a) the Bi(tmhd)x surface layer and (b) the bulk Bi2O3 during PE-ALD, 
derived from the double-layer optical model. 

The thickness of the Bi2O3 bulk increases in a stepwise manner with the plasma exposure. 

This means that the conversion into the desired bismuth oxide occurs in the second half-cycle 

when all ligands are removed and not upon Bi(tmhd)x adsorption. 

The introduction of the new double-layer model offers a versatile tool to follow ALD 

processes in more detail. It can easily be screened for full ligand removal in the second half-

cycle (thickness of the surface layer decreases to zero) or possible side reactions can be 

tracked. For example CVD components would typically add a linear thickness increase of the 

bulk layer, resulting in non-horizontal step tops. The growth of the bulk film can directly be 

pinned to a step of the ALD cycle and thereby help to understand the reactions mechanism. 

Finally, the thickness and optical constants of the surface layer could act as a fingerprint of 

certain surface species, offering possibilities to track irregularities in the growth or changes in 

the mechanism. These insights can help to accelerate the development of novel ALD 

processes and give new insight into reaction mechanisms.   
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3.5 Conclusion, remarks and further steps 

Two ALD processes from [Bi(tmhd)3] were developed, a thermal process with a growth rate 

of 0.24 Å/cycle and an oxygen plasma-enhanced process with a growth rate of 0.35 Å/cycle. 

The temperature windows range from 210 – 270 and from 280 – 330°C, respectively. The 

origin of the higher temperature window for the PE-ALD could not fully be resolved, further in 

situ characterization of intermediate species could give additional insights.  

All films are identified as predominantly amorphous Bi2O3. The use of the plasma 

significantly reduces the amount of carbon impurities (from tmhd) from 9.4 to 4.3 at.%. 

Annealing in air further reduces the amount of carbon to 2.4 and 0.9 at.% for the T-ALD and 

PE-ALD grown film, respectively. It further induces a partial crystallization of the PE-ALD film. 

 Real-time spectroscopic ellipsometry shows that H2O is, contrary to the oxygen plasma, 

not reactive enough to fully remove the Bi(tmhd)x surface termination in the second half-cycle. 

This explains the increased carbon content, the decreased GPC, and hints towards an 

alternative reaction mechanism due to the low temperature. Therefore, the oxygen plasma is 

the superior oxidant in the presented context.  

The large tmhd ligands allow the introduction of a double-layer optical model and the 

estimation of the optical constants of the Bi(tmhd)x surface layer. With the novel model it was 

shown that bulk Bi2O3 is formed during the plasma exposure and not during [Bi(tmhd)3] 

chemisorption in the first half cycle. The double-layer optical model can easily be adapted for 

other ALD processes to give new insights into these processes, provided that the precursor 

molecules are large enough to give sufficient optical contrast. Large ligands and completed 

surface reactions facilitate the fit. After optical constants are determined the model can be used 

to quickly identify reaction issues as CVD components or to optimize reactant exposure times. 

Double-layer optical models can therefore accelerate the development or adaption of ALD 

processes. 

 

Reproducibility was a main issue in all executed Bi2O3 depositions. In fact four different 

precursor batches have been used while all above presented data was generated from 

experiments with only two of these batches. The results using the other two batches are 

inconsistent for unknown reasons and were therefore discarded. Depositions of the two ‘good’ 

batches however were reproducible as e.g. shown by the PE-ALD process with the parameters 

3.5s/3s/5s/8s at 290°C: in the first deposition to generate the saturation curve a growth rate of 

0.353 Å/cycle was measured (Figure 18). Later ‘upscaling’ to a 4 inch wafer (Figure 19b) gave 

a GPC of 0.347 Å/cycle for the center of the wafer with an overall GPC of 0.331 ± 0.015 Å/cycle. 

Reproducible ALD of binary Bi2O3 with e.g. BiPh3 or Bi(N(Si(Me3)2)3 precursors has been 

reported as challenging, although difficulties with [Bi(tmhd)3] are hardly mentioned in 

literature.124,127 Reproducibility issues are, in fact, not uncommon for powder precursors like 
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[Bi(tmhd)3]. Batch-to-batch variations in powder size and purity level are, in general, more 

difficult to avoid than for liquid precursors. The latter are therefore more convenient. Variations 

in powder size can affect the evaporation behavior, which can lead to different saturation times. 

The presence of impurities can lead to clustering and/or adhesion to the precursor bottle. 

Indeed, about 20 wt% of residue was found in ‘empty’ [Bi(tmhd)3] precursor bottles. The 

composition and origin of this residue could not be identified. In addition to batch-to-batch 

variations, varying storage times until usage and/or long storage at 190°C during usage could 

lead to decomposition of the precursor by aging. Therefore the use of [Bi(tmhd)3] as an ALD 

precursor is not recommended.  

 

ALD of Bi2O3 is just the first step towards extremely thin absorber films for 

photoelectrochemical cells. CuBi2O4 is a promising candidate material for these absorbers, as 

indicated earlier. It should be possible to grow this material by ALD when two binary processes 

of Bi2O3 and CuO are combined, e.g. in a supercycle approach. Several reports on ALD of 

copper containing materials exist, often to deposit elemental copper for e.g. microelectronic 

applications.151–154 Copper is easily reduced and therefore highly potent oxidizers as O3 are 

regularly used to deposit copper oxides.155–157 Thermal ALD processes almost exclusively rely 

on [(nBu3P)2Cu(acac)] as precursor but only at temperatures below 140°C. These are therefore 

not compatible in a supercycle with the Bi2O3 process.158–160 However, a promising study from 

Törndahl et al. describes the growth of Cu3N from [Cu(hfac)2] via a copper oxide species with 

H2O and subsequent conversion into the nitride by NH3.161 A temperature window from 210 – 

303°C, a GPC of 0.35 Å/cycle and low contamination levels would enable a supercycle 

deposition of CuBi2O4. 

Unfortunately, CuO depositions suffered from extremely low growth rates, reproducibility 

issues, vapor pressure inconsistencies and major contaminations of carbon and fluorine. Even 

though a possible etching by the reaction product Hhfac could be addresses as an obstacle, 

process control could not be achieved. Furthermore, the use of an oxygen plasma as 

alternative oxidizer did not lead to improvements. Therefore investigations of CuO ALD from 

[Cu(hfac)2] were discontinued. Another possibility is growth in a stacking approach, as shown 

for CuWO4.54 Since ALD of Bi2O3 is already struggling with reproducibility over extended 

amounts of time this approach was not investigated for CuBi2O4.  

To continue the development of extremely thin metal oxide absorbers for PEC devices two 

options arise: 1) a change of material and 2) a change in deposition technique. Both 

possibilities were investigated, ALD of Mn2V2O7 in chapter 4 and PLD of CuBi2O4 in chapter 5.  
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4 ALD of Mn2V2O7  

As shown above ALD of ternary oxides is not trivial. When selecting a candidate 

photoelectrode material it is therefore essential to consider the availability of ALD processes 

additionally to the potential photoelectrochemical properties. Bismuth and copper containing 

materials can therefore not be recommended. From the experience of co-workers two 

materials are in focus due to their photoelectrochemical potentials, SnWO4 and Mn2V2O7.57,162  

While ALD processes exist for binary oxides of Sn, W, Mn and V, the implementation of a 

ternary SnWO4 process seems very challenging. Problems are mainly non-overlapping 

temperature windows, the need for ozone as oxidizer for many WO3 ALD processes (ozone is 

not yet available in our system), or incomplete process documentation.163–169 Furthermore tin 

in SnWO4 has the oxidation state of +2 whereas all reported ALD processes for Sn result in 

the +4 oxidation state.57,167,169 

Growth of vanadium oxides and manganese oxides by ALD has been reported several 

times in literature.82,170–176 The most promising processes rely on VTIP and [Mn(CpEt)2] as 

metal sources with H2O as co-reactant.171,177–182 They further have overlapping temperature 

windows.  

Manganese vanadates only play a minor role in solar fuel research so far. Most studies on 

manganese vanadates focus on magnetic properties and their application as lithium storage 

in batteries, similar to studies on the binary components MnO and V2O5.180,183–186 However, 

recently it has been found that they are potential photoabsorbers as well.56,187 Especially a 

publication by Yan et al. introduces Mn2V2O7 as a suitable wide band gap absorber with a near-

direct band gap of 1.8 eV and suitable band positions for solar water splitting.56 Possible 

difficulties of this material are an apparent mismatch in oxidation states (Mn(II) and V(V)), a 

phase transition near room temperature and limited thermodynamic stability under PEC 

conditions. However, these challenges seem addressable and therefore Mn2V2O7 was 

selected as a candidate ternary metal oxide absorber for PEC applications to be made by ALD. 
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4.1 Film growth  

4.1.1 Binary ALD of MnOx and VOx 

The individual binary oxide ALD processes are investigated before attempting depositions 

of the ternary compound. As indicated above, the precursors VTIP and [Mn(CpEt)2] are used 

as vanadium and manganese sources, respectively. Their structures are shown in Figure 33. 

 

Figure 33: Chemical structure of (a) [Mn(CpEt)2] or bis(ethylcyclopentadienyl)manganese(II) and (b) VTIP or 
vanadium(V)tri-isopropoxy oxide. 

Saturation curves of the MnOx process were recorded at 200°C substrate temperature and 

the results are shown in Figure 34. Saturation is achieved after 0.2 s [Mn(CpEt)2] pulse with 

10 s purge and 0.5 s H2O pulse with 5 s purge. The uniformity, indicated by the error bars, was 

estimated from five distinct spots along the injection directions of the precursors. The error 

bars shorten with prolonged [Mn(CpEt)2] pulse and both purge times. Therefore the 

pulse/purge sequence 0.5 s / 20 s / 0.5 s / 10 s (indicated by the green drop lines) was chosen 

for further experiments. The uniformity over a 4 inch wafer is 96.1% as shown in Figure 36a. 

The 0.5 s exposure of H2O indicates a higher reactivity of the precursor [Mn(CpEt)2]  

compared to the [Bi(tmhd)3] discussed in Chapter 3. This behavior was observed by Burton et 

al. as well and ascribed to the weak Mn-Cp bond.180 They further observed an increased GPC 

compared to a [Mn(tmhd)2] process due to the lower bulkiness of the CpEt ligand.180 The GPC 

in the present experiments is 0.91 Å/cycle and thereby slightly below the 1.0 – 1.2 Å/cycle 

reported in literature.180–182 This is most likely due to the relatively high temperature of 200°C, 

which may decreases the number of available reactive surface sites (cf. Figure 6).180 The 

slightly lower growth rate is consistent with the decline in GPC with increasing temperature 

that has been observed for this MnOx ALD process.171,180 The employed temperature of 200°C 

is at the upper end of the temperature windows reported in literature. Depending on the study 

the lower temperature limit is between 100 – 150°C and the higher one between 175 – 

250°C.171,180,182 The temperature dependency was only roughly investigated in the present 

case and does not allow an estimation of the temperature window. We do, however, also 

observe a slight decrease in GPC with increasing temperature, see Figure S 4.  
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Figure 34: Growth per cycle of the MnOx ALD process as a function of (a) the [Mn(CpEt)2] pulse time; (b) the 
[Mn(CpEt)2] purge time; (c) the H2O pulse time and (d) the H2O purge time; green vertical drop lines indicate 

saturative conditions used for future depositions; error bars indicate the spread of five spots distributed over 4 
inch. 

The VOx ALD process was investigated using a study by Musschoot et al. as a guideline.178 

In there a wide temperature window from 50 – 200°C is reported with an increase of GPC with 

temperature. At the upper end the GPC was about 0.3 Å/cycle. Therefore the GPC of VOx is 

expected to be much smaller than of MnOx. As a consequence, VOx ALD will be the more time 

demanding step in a stoichiometric deposition especially when the low molar density of 

vanadium in V2O5 compared to manganese in MnO is included (18 mmol/cm3 vs. 

77 mmol/cm3). For this reason a shared deposition temperature of 200°C at the upper end of 

both ALD processes was chosen to accelerate VOx deposition even if it involves a deceleration 

of the MnOx process. The high temperature can furthermore accelerate reactions and reduce 

physisorption of the precursors, leading to reduced pulse and purge times. 

The measured saturation curves are shown in Figure 35. Saturation, again with optimized 

uniformity, was achieved after 0.1 s VTIP pulse with 20 s purge and 2 s H2O pulse with 10 s 

purge. Over a 4 inch wafer these conditions lead to a uniformity of 93.1%, as shown in Figure 

36b. The relatively short H2O purge times of 5 – 10 s also serve as an indication for the 

beforehand investigated thermal Bi2O3 ALD process. There 8 s of H2O purge were used after 

a comparable extensive H2O dose. The recorded saturation curves here suggest that 8 s purge 

can be enough.  
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The GPC is 0.25 Å/cycle and thereby in agreement with literature values between 0.2 – 

0.3 Å/cycle.88,178 Interestingly depositions using VTIP with O3 as oxidizer report a similar GPC 

of 0.27 Å/cycle suggesting that the reactivity of water is not rate limiting in this ALD 

process.87,174 

 

Figure 35: Growth per cycle of the VOx ALD process as a function of (a) the VTIP pulse time; (b) the VTIP 
purge time; (c) the H2O pulse time and (d) the H2O purge time; green vertical drop lines indicate saturative 

conditions used for future depositions; error bars indicate the standard deviation of five spots distributed over 4 
inch. 

 

Figure 36: Thickness deviation from mean after 100 ALD cycles over a 4 inch wafer (a) MnOx ALD, 96.1% 
uniformity; (b) VOx ALD, 93.1% uniformity. 
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4.1.2 Ternary ALD of MnxVyOz 

The identified conditions of the binary ALD processes were combined to supercycles 

without further optimization. The cycle ratio of MnOx and VOx ALD was calculated from their 

GPCs and assumed phase. The deposited films are expected to be MnO and V2O5 respectively 

which is a reasonable guess based on literature and XPS evaluations shown in 4.2.2.171,178,180–

182 An 1:1 atomic ratio of Mn:V is expected for an ALD cycle ratio of 1:8 MnO:V2O5. This is due 

to the much higher atomic concentration of MnO compared to V2O5 and the larger GPC of the 

MnO ALD process. The large number of required V2O5 ALD cycles confirms the earlier 

assumption that V2O5 ALD will be the more time-demanding step of Mn2V2O7 depositions. The 

high substrate temperature of 200°C, chosen to enhance the growth rate of V2O5, is indeed 

beneficial in view of its slow growth.  

Initial samples were grown on silicon for thin film analysis and annealing optimization. For 

these samples the optimization of the binary processes in terms of uniformity was not yet 

finished, which may cause stoichiometry fluctuations. 

 Another sample series, with optimized uniformity, was deposited on FTO substrates for 

photoelectrochemical measurements. These additionally include samples with cycle ratios of 

1:7 and 1:9 to gain insight into the effect of altered stoichiometries. The film thickness of these 

PEC samples is about 23 nm and was chosen to limit deposition times to reasonable length. 
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4.2 Sample characterization  

4.2.1 Crystallization into β-Mn2V2O7 

The crystallinity of the grown films was investigated by XRD. As-deposited films of MnOx 

crystallize into cubic MnO which is in agreement with literature and indicates the desired Mn(II) 

oxidation state, see Figure S 5a.180,188 VOx films appear amorphous after deposition, again in 

agreement with literature, see Figure S 5b.177–179 

The ternary films are predominantly amorphous without any post-deposition annealing. This 

is shown by the effective absence of reflections in the green line of the XRD diffractogram, 

shown in Figure 37. This indicates that the layer by layer growth of the ternary deposition 

largely inhibits the crystallization of MnO. 

 

Figure 37: XRD patterns of Mn2V2O7 on silicon substrates with varying post-deposition treatments and various 
reference signals.183,189,190 

An annealing step is needed to induce the crystallization into the desired β-Mn2V2O7 phase. 

As shown in Figure 37, a mild annealing at 450°C for 2 hours in air (blue line) leads to a 

crystallization, partly into the desired phase (e.g. visible by the reflections at ≈ 28°) but other 

prominent signals are visible as well. The main impurity phase is identified as α-Mn2O3 (e.g. 

23° and 33°, light blue) but also some Mn3O4 appears to be present (≈ 32°, orange). 

Increasing the annealing temperature to 500°C (red line) improves the composition, visible 

by an increased β-Mn2V2O7 (28°) and decreased α-Mn2O3 reflection (23° and 33°). The Mn3O4 

impurity seems more pronounced (32°). 

While the desired β-Mn2V2O7 phase contains manganese exclusively in the oxidation 

state +2, both impurity phases contain manganese(III). A non-oxidizing atmosphere may avoid 
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the +3 oxidation state. Indeed annealing in inert argon (black line) reduces the amount of 

impurities, the 23° and 33° α-Mn2O3 reflections are not visible and also the intensity of the 32° 

reflection of Mn3O4 is decreased. 

Based on these results a two hour annealing in argon at 500°C was chosen as post-

deposition anneal process. Even higher temperatures are avoided to exclude any possibility 

of impurity incorporation from FTO substrates while more reducing atmospheres (like 

hydrogen) could lead to undesired formations of Mn(0) or vanadium with oxidation states below 

+5.191,192 

4.2.2 XPS evaluation of Mn2V2O7 

XPS is another way to investigate oxidation states in Mn2V2O7. Both metals are known for 

their variety in oxidation states which range from 0 to +7 for manganese and from 0 to +5 for 

vanadium. The desired oxidation states are Mn(II) and V(V). Furthermore, conclusions on the 

stoichiometry and carbon contaminations can be drawn when the O 1s and C 1s regions are 

taken into account. The fitting of each region is described first whereas the results are 

summarized at the end of this section. 

 Mn 2p region 

Evaluating Mn 2p patterns is not trivial due to peak asymmetries, complex multiplet splitting, 

shake-up and plasmon loss structures, and uncertain, overlapping binding energies.193,194 Here 

a routine published by Biesinger et al. is employed.193 Therein the entire Mn 2p3/2 region is 

fitted by one set of highly constrained peaks. Based on previous reports on manganese oxide 

ALD only the oxidation states +2, +3 and +4 are expected in the employed conditions.82,181 

Example spectra and fits to the +2 and +3 oxidation state are shown in Figure 38, of the +4 

oxidation state in Figure S 6. 

 

Figure 38: XPS measurements of the Mn 2p3/2 region fitted with different routines from Biesinger et al.193, (a) 
Mn(II) fit in purple of an as-deposited Mn2V2O7 film, (b) Mn(III) fit in orange of an Mn2V2O7 film annealed in air, raw 

data in black, peak sum in red. 
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The top spectrum was recorded from a Mn2V2O7 film without post-treatment. Although not 

perfect, the peak pattern that corresponds to the Mn(II) state (purple) gives a good fit. It 

consists of six features with a broad peak at about 647.5 eV as a characteristic feature, which 

originates from a shake-up process.193 

The bottom spectrum shows the XPS data for a Mn2V2O7 sample annealed in air 

accompanied by a Mn(III) fit (orange). The fitting with five features with increased FWHMs 

does not exhibit a strong distinctive feature. As expected for a higher oxidation state the 

maximum intensity is located at a slightly higher binding energy. 

The fitting routine for the Mn(IV) state was applied to all samples as well but in none of the 

cases this routine gave a reasonable fit. The features of the Mn(IV) fit are located at higher 

binding energies and therefore only give very weak overlaps with the measured data. An 

example of such a fit is shown in Figure S 6. 

 V 2p and O 1s region 

The vanadium 2p and oxygen 1s region are in close proximity to each other. Therefore 

literature suggests a simultaneous fitting with a shared Shirley background for best results.194–

196 Furthermore, literature relies on the main oxygen feature set to 530 eV as reference for the 

binding energy.194–196 From this the peak positions of the different vanadium oxidation states 

are well defined.194,196 Only the oxidation states +5 and +4 are expected in the grown films.178 

An example of the fit of both regions is shown in Figure 39. 

 

Figure 39: Typical XPS fine spectrum of the O 1s and V 2p region from an as-deposited vanadium oxide 
sample; raw data and shared Shirley background in black, bulk oxygen (set to 530 eV) in orange, surface 

hydroxyl groups in red, V(V) in purple, V(IV) in blue, peak sum in green. 

Two peaks are needed for a sufficient fit of the O 1s region: a main feature assigned to bulk 

oxygen in the film (orange) and another feature originating from a hydroxyl surface layer (red) 

at slightly higher binding energies as it was already seen for the Bi2O3. The vanadium 2p region 

is divided into 1/2 and 3/2 peaks with a fixed spin-orbit-splitting of 7.33 eV and an area ratio of 
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2:1.109 The two features of V(V) (purple) and V(IV) (blue) can be clearly seen with a larger 

share of the +5 oxidation state. The 1/2 peaks exhibit an increased FWHM which has been 

observed before and ascribed to the Coster-Kronig effect, which is further described in 

literature.194 

 C 1s region 

The carbon 1s region was fitted similar to the routine of Bi2O3 samples in section 3.3.1. The 

use of adventitious carbon at 284.8 eV as reference binding energy is logically not valid for the 

O 1s and V 2p region, although differences are minimal. An example of the fit is shown in 

Figure 40. The feature at 288.5 eV is ascribed to remains of the precursor and is used to 

calculate the carbon content. 

 

 

Figure 40: C 1s spectrum (black) with adventitious carbon features (red and orange) and precursor 
contamination feature (blue); peak sum in green. 

 Fitting results 

The pure manganese oxide film without any post-deposition treatment exhibit manganese 

in the +2 oxidation state as the MSE of the corresponding fit is much lower than for the Mn(III) 

and Mn(IV) fit (1.9 vs. 35.5 and 104.4 respectively). This +2 is the desired oxidation state and 

in agreement with literature.171,180–182 Furthermore, a bulk stoichiometry of MnO1.10 (i.e. the 

stoichiometry calculated from the Mn 2p fit and the bulk O peak of the O 1s fit) supports the +2 

oxidation state. The amount of carbon impurities is calculated to 2.44 at.%.  

The pure vanadium oxide (without post-deposition treatment) contains V(IV) and V(V), as 

can be seen from the data in Figure 39. The ratio of the +5 : +4 oxidation state is 69% : 31% 

and therefore the V appears to be predominantly in the desired +5 state. The bulk stoichiometry 

is calculated to be V2O3.89, showing an oxygen deficiency. One reason could be that no 

distinctive surface vanadium state (e.g. V-OH) is resolved in the V 2p region which leads to an 
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apparent bulk oxygen deficiency. Almost no carbon was detected leading to an exceptional 

low carbon content of 0.24 at.%. This again shows that H2O is a very suitable co-reactant in 

combination with VTIP. 

The evaluation of the manganese vanadate films is not always conclusive. The different 

annealing processes lead to the following results. The calculated bulk stoichiometry is 

Mn2V1.37O3.93 without annealing (with the manganese count fixed to 2). Obviously the film is 

thereby oxygen deficient and it cannot be traced whether the MnO or the V2O5 part accounts 

for this. Also the amount of vanadium is below the theoretical value. A possible reason could 

be the initially suboptimal uniformity of the VOx ALD process. However, the oxidation state ratio 

of vanadium is similar to the binary film (71% : 29% ratio of V(V) : V(IV)) and also the Mn 2p 

fitting suggest Mn(II) as dominant species (cf. Figure 38a). This means that the processes are 

in principle compatible. The carbon content is 8.74 at.% and thereby much higher than in the 

binary depositions. This indicates that some surface effect occurs that leads to insufficient 

oxidation or impurity incorporation.  

XRD showed that annealing in air (500°C for 2 h) led to crystallization into Mn2V2O7 with 

some impurities of Mn(III). This observation is confirmed by XPS. Although the Mn(II) gives a 

reasonable fit (MSE = 2.0), the Mn(III) fit resembles the data a little more accurate (MSE = 

1.9). A direct comparison of both fits is given in Figure S 7. Especially the loss of the shake-up 

peak at 647.5 eV in the Mn(III) fit suggest that the majority of manganese is converted into 

Mn(III). The conversion into Mn(III) is more pronounced in the surface sensitive XPS 

measurement compared to the bulk sensitive XRD. This hints towards an enrichment of Mn(III) 

at the surface, which is reasonable as this surface is directly exposed to the oxidizing annealing 

atmosphere. Furthermore the annealing in air shifts the bulk stoichiometry to Mn2V0.41O4.48, 

showing a significant loss of vanadium. Such a loss of vanadium by annealing in air has been 

observed before in BiVO4 and may happen here as well.197 The remaining vanadium consists 

to 93% of V(V) and only 7% V(IV). Whether the increase of V(V) fraction originates from 

oxidation or from preferential evaporation of V(IV) is uncertain. Furthermore the amount of 

carbon decreases to 1.42 at.%. 

Annealing in an inert argon atmosphere leads to comparable results with 1.62 at.% carbon, 

a bulk stoichiometry of Mn2V0.34O4.21 and 87% : 13% V(V): V(IV) ratio. But contrary to annealing 

in air the Mn(II) oxidation state is maintained by annealing in argon. Again in agreement with 

the XRD results. However, the metal oxidation states are in disagreement with the identified 

stoichiometry. The reason for this mismatch is unknown. 

As mentioned above three sample batches with varying cycle ratios were produced on FTO 

substrates and subsequently annealed at 500°C for 2 h in argon. All samples were investigated 

by XPS leading to the following results: 
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Table 4: XPS evaluation of Mn2V2O7 samples for photoelectrochemistry. 

Cycle ratio Mn : V 1 : 7 1 : 8 1 : 9 

As deposited 

Dominant Mn 

oxidation state 
Mn(II) Mn(II) Mn(II) 

V(V) : V(IV) ratio 89% : 11% 89% : 11% 89% : 11% 

Bulk stoichiometry Mn2V2.41O7.38 Mn2V2.47O7.64 Mn2V2.85O8.91 

Carbon content 9.26 at.% 9.39 at.% 6.56 at.% 

After annealing 

Dominant Mn 

oxidation state 
Mn(II) Mn(II) Mn(II) 

V(V) : V(IV) ratio 94% : 6% 94% : 6% 94% : 6% 

Bulk stoichiometry Mn2V2.06O7.12 Mn2V3.40O10.06 Mn2V3.24O9.66 

Carbon content 5.52 at.% 3.44 at.% 3.48 at.% 

 

All as deposited samples consist mainly of Mn(II) and V(V), indicating very reproducible 

depositions. Furthermore, they all have a slight excess of vanadium which increases with the 

vanadium oxide cycle ratio. The significant stoichiometry shift compared to the previously 

discussed samples may be explained by an improved uniformity of the ALD processes. The 

oxygen content increases with the increased vanadium content which is in agreement with the 

higher oxidation state of vanadium compared to manganese. The opposite is observed for the 

carbon content: an increase in vanadium content decreases the carbon content which is in 

agreement with the observations of the binary processes.  

The annealing process does not have the same effect on all samples. Whereas the 

oxidation states of manganese and vanadium stay similar the stoichiometry develops in 

different ways. The 1:7 sample apparently loses some vanadium and oxygen, as well as small 

amounts of carbon. The final stoichiometry of Mn2V2.06O7.12 is very close to the desired 

Mn2V2O7. Contrary to that the other two samples seem to lose manganese and larger amounts 

of carbon. The low levels of carbon contamination are beneficial but the vanadium rich 

stoichiometries may be a disadvantage. Possible reasons for the different behaviors during the 

annealing step are unclear. Slight experiment to experiment variations, e.g. in argon flow rate 

during the annealing could introduce some variations. Furthermore microscopic sample 

damages, e.g. from physical contact, cannot be excluded. Also sample to sample variations of 

the thin films itself may occur, e.g. due to aging of the ALD precursors. 
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4.2.3 Further techniques 

 Mass-spectrometric analysis 

To get some insight into the processes during annealing a Mn2V2O7 powder sample was 

heated in an argon flow, mimicking the annealing conditions, while the gas phase was analyzed 

by mass spectrometry (MS). Contrary to an ALD thin film a powder sample supplies enough 

material to detect possible volatile compounds. So even though a powder may behave slightly 

different than a thin film it is a viable source of information.  

A stepwise temperature profile was employed with the routine 500°C – 700°C – 600°C – 

800°C with 10°C/min heating rate and 2 h at each temperature, as shown in Figure 41. Volatile 

species are already detected at 500°C, the annealing temperature discussed earlier. These 

are Mn+ (dark blue) and MnO+ (blue), as well as to V+ (dark red), VO+ (red) and VO2
+ (orange). 

All these signals nicely follow the temperature profile and show that more manganese species 

are evaporating compared to the vanadium species. Contrary to that, no MnO2
+ could be 

detected at any temperature, indicating that manganese is predominantly in the +2 oxidation 

state in the used powder. 

These findings partially explain the XPS results before and after annealing. Both metals can 

evaporate and thereby alter the stoichiometry of the film. However, sample to sample 

deviations in evaporation rate apparently occur.  

The strong increase of ion currents at temperatures above 500°C clearly suggest that higher 

annealing temperatures should not be employed to avoid even stronger stoichiometry 

alterations. 

 

Figure 41: Mass spectrometry analysis of Mn2V2O7 powder in argon. Temperature–time curve during the MS 
analysis (black) and ion currents for mass-to-charge ratios (m/q) of 51, 55, 67, 71, 83 and 87, assigned to V+ 

(dark red),Mn+ (dark blue), VO+ (red), MnO+ (blue), VO2
+ (orange), and MnO2

+ (light blue), respectively. 
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 UV/Vis spectroscopy 

The optical properties of the thin films were evaluated by UV/Vis measurements. All of the 

investigated samples were grown on FTO substrates absorbing in the UV-range as well. 

Therefore a background subtraction was employed as shown in Figure S 8b. 

Figure 42a shows the absorption coefficient α of the 1:9 cycle ratio Mn2V2O7 film in 

dependence of the wavelength. The difference in α of the 1:7 and 1:8 samples is negligible, as 

shown in Figure S 8a. The absorption starts to increase at wavelength below 670 nm, indicating 

the bandgap. Starting from 500 nm an increasing contribution of the FTO substrate is visible 

(compare also Figure S 8b), especially accounting for the sharp decrease below 350 nm. Tauc 

plots were generated to determine the bandgap more accurately as shown in the inset of Figure 

42a and Figure S 8c. They reveal an indirect bandgap at 1.83 eV, corresponding to 677 nm, 

and a direct bandgap at 1.90 eV, which is consistent with literature.56  

The absorption coefficients are used to calculate the absorbed fraction of the incident 

AM 1.5 spectrum. This gives a theoretical upper photocurrent density jmax as shown in Figure 

42b. Below bandgap absorptions do not originate from valence band – conduction band 

excitations and the generation of mobile charge carriers. They are usually assigned to 

excitations from/to defect states in the bandgap. However, they still account for absorption 

coefficients around 2.5x105 cm-1. Therefore, the absorption coefficients were reduced by this 

value in the theoretical absorption estimation in Figure 42b. The inset of the graph shows the 

integrated photon flux expressed in mA/cm2. This absorbed photon flux gives an upper limit for 

the photocurrent density, assuming that each absorbed photon generates one electron-hole 

pair which is extracted as a current without losses. Even the extremely thin films grown in this 

study (23 nm) show significant absorption resulting in a maximum photocurrent density of 

about 3 mA/cm2. This photocurrent can be significantly improved when the earlier discussed 

high-aspect ratio nanostructures are employed. For example a structure depth of 300 nm could 

in principle facilitate a photocurrent density of almost 14 mA/cm2. The overall upper limit of the 

photocurrent density is 18.8 mA/cm2 when all photons above the bandgap are absorbed and 

contribute to the photocurrent. 

 

Figure 42: (a) Absorption coefficient α and indirect Tauc plot (inset) of Mn2V2O7; (b) Estimated VB-CB 
absorption of the AM 1.5 spectrum by Mn2V2O7 thin films and the maximal photocurrent density jmax (inset). 
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4.3 MnOx sacrificial layer 

Manganese oxides are known for their ability to change oxidation states easily.181,182,198 This 

may motivate catalyst applications but can introduce difficulties in Mn2V2O7 thin films. As 

mentioned before this ternary oxide requires a manganese oxidation state of +2: XRD and 

XPS results have shown that even a partial oxidation into the +3 state can lead to phase 

segregation with significant amounts of Mn2O3. 

The oxidation into the undesired +3 (or higher) state can also occur electrochemically when 

the Mn2V2O7 thin film is immersed in the electrolyte as a (photo-)anode under OER 

conditions.181,182 This was investigated by cyclic voltammetry (CV) in the range of the OER in 

the dark. The results are shown in Figure 43.  

 

Figure 43: Cyclic voltammetry of Mn2V2O7 on FTO in a borate buffered electrolyte at pH 8.2; the grey dashed 
line indicates the thermodynamic redox potential of the OER at 1.23 V vs. RHE. 

One can clearly see the onset of the oxygen evolution at the right hand side at about 1.8 V 

vs. RHE. This corresponds to an overpotential η of about 0.6 V which is a typical value for 

manganese oxides.171 A prominent oxidation feature is located at 1.4 V vs. RHE before the 

OER starts. This large oxidation peak is only present in the first cycle, indicating an initial 

oxidation of the film. Similar features have been observed on pure manganese oxide films, 

although at slightly lower potentials of 1.0 – 1.1 V vs. RHE.171 Nevertheless this feature is 

assigned to oxidation of Mn(II) as the only oxidable species, apart from impurities. The shift 

towards higher potentials may be explained by an increased stability of Mn(II) in Mn2V2O7 

compared to MnO. 

The transferred charge and thereby the amount of oxidized manganese can be calculated 

from the oxidation peak area, as described in the appendix. The peak in Figure 43 corresponds 

the oxidation of 3.87 nm of MnO or 12.24 nm of Mn2V2O7. This means that more than 50% of 

the present manganese is oxidized in relation to the Mn2V2O7 film thickness of ca. 23 nm. On 

one hand this validates the assignment as the oxidation of manganese (as no other oxidable 
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species are present in these amounts e.g. V(IV) or carbon impurities) but rises the issue of film 

stability. It seems unlikely that Mn2V2O7 stays intact with only a minor fraction of Mn(II) 

remaining.  

Interestingly XRD still shows the desired Mn2V2O7 phase, see Figure S 9, although overall 

intensities are low and a contribution of material outside of the exposed area cannot be 

excluded. Also XPS measurements do not show an oxidation of manganese. The Mn(II) fit still 

gives the by far best fit, see Figure S 10. The apparent mismatch of film oxidation (in CV) and 

the inability to identify oxidized manganese in the film (by XPS) leads to the assumption that 

the oxidized species are not present in the film anymore. They rather dissolved in the 

electrolyte or have been reduced back to Mn(II) in the UHV chamber of the XPS setup. The 

first assumption of dissolution can be supported by XPS measurements of the Sn 3d region. 

Tin is the main component of the FTO substrate and should only be traceable by XPS if the 

Mn2V2O7 top layer is very thin (< 10 nm). Indeed no tin signal is detected from a Mn2V2O7 

sample without any post-treatment, see Figure S 11. After annealing minor amounts of tin are 

seen as the film has lost some of its mass (see Mass-spectrometric analysis above) and maybe 

has undergone some roughening due to the crystallization. However, after electrochemistry 

the tin signal becomes significant, supporting the theory of electrochemical dissolution of 

Mn2V2O7. 

One approach to avoid such a desintegration of the film is the addition of a sacrificial layer 

of MnO, acting as protection and catalyst layer. This MnO is oxidized and partially dissolved, 

while the underlying Mn2V2O7 should stay untouched. Plate examined the minimum thickness 

of ALD-grown MnO that is required to act as a stable OER catalyst and identified a thickness 

of 4 nm.171 This nicely lines up with the observed oxidized thickness of 3.87 nm in the present 

study. Therefore 4 nm MnO were deposited on top of the annealed Mn2V2O7 film by ALD as 

sacrificial layer, using the binary MnO ALD process described in section 4.1.1. The electrode 

preparation is illustrated in Figure 44. 

 

Figure 44: Schematic representation of the preparation of Mn2V2O7 electrodes. 
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4.4 Photoelectrochemical film performance 

The PEC performance of the samples was evaluated by chopped light measurements in 

three different electrolytes. The first electrolyte has near neutral pH adjusted with a borate 

buffer (similar to the conditions in 4.3 and used by Plate171) and sulfite as hole scavenger to 

avoid kinetic limitations of the OER. The second electrolyte consists of the same buffer but 

ferro-/ferricyanide as hole scavenger. Finally, the conditions of Yan et al. are used with pH 13 

and ferro-/ferricyanide as hole scavenger.56 All measurements were executed under front side 

illumination. 

Figure 45 shows typical cyclic voltammetry (CV) and chronoamperometry (CA) plots of 

measurements in the first electrolyte. The CV shows an onset for light and dark current at 

about 0.9 V vs. RHE, which is a typical value.55 Unfortunately the light current density is only 

marginally larger than the dark current density. This and the almost simultaneous onset of both 

indicates a rather weak photovoltage and -current.  

 

Figure 45: Chopped light photoelectrochemical measurements of Mn2V2O7 in a borate buffer (pH 9.2) with 
sulfite hole scavenger: (a) Cyclic voltammetry; (b) Chronoamperometry at 0.89 V vs. RHE. 

Indeed the current densities are so low that a possible contribution of the FTO substrate 

has to be considered. To exclude this substrate contribution the present measurement is 

compared to the photoresponse of an FTO substrate with only the MnO sacrificial layer in 

Figure S 12. It clearly shows that such a contribution does not exist and the photoresponse 

indeed originates from the Mn2V2O7 ALD film. 

A subsequent chronoamperometry measurement was executed at ECA = 0.89 V vs. RHE, 

the dark current onset, to quantify the photocurrent density. This measurement was done with 

a decreased chopping frequency as shown in Figure 45b. A clear photocurrent is visible but it 

is very small. The contribution of the dark current should therefore be considered. Hence the 

measured photocurrent densities will be expressed as ΔJ = Jlight – Jdark.  
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There are significant spikes in current density when the shutter is opened and closed. Such 

transients usually indicate a limitation of the charge injection into the electrolyte i.e. the 

oxidation of SO3
2- in this study.60  

Similar CA measurements were performed using the other two electrolytes and examples 

are shown in Figure S 13 and Figure S 14. The results of the measurements for the three 

different samples (1:7, 1:8 and 1:9 cycle ratio) are summarized in Figure 46. 

 

Figure 46: Measured photocurrent densities ΔJ in dependence of the manganese to vanadium ratio of the 
samples in the three different electrolytes: borate buffered (pH 9.2) and sulfite scavenger (black), borate buffered 

(pH 9.2) and [Fe(CN)6]3-/4- scavenger (red), and 0.1M KOH (pH 13) and [Fe(CN)6]3-/4- scavenger (blue). 

All measured current densities are very low, the largest value barely exceeds 25 µA/cm2. 

The current densities employing sulfite as scavenger (black) are significantly lower than the 

ones using ferro-/ferricyanide. This and the transients mentioned above indicate that sulfite is 

not a suitable hole scavenger in the present case. Not all available charges carriers contribute 

to the sulfite oxidation and thereby to the measured photocurrent.  

The pH on the other hand does not affect the photocurrent density significantly. The 

measured photocurrent densities barely differ between pH 9.2 (red) and 13 (blue). One reason 

to prefer the borate buffer could be the milder conditions possibly leading to an increased 

stability of the film.  

Finally, the influence of the stoichiometry on the measured photocurrent density is 

considered. The two samples with an excess of vanadium show larger photocurrent densities. 

The difference in current density between those is rather low. Interestingly the sample with the 

almost ideal stoichiometry Mn2V2.06O7.12 gives the lowest photocurrent density.  

The reason for this counterintuitive behavior cannot be fully resolved. The higher carbon 

content (5.52 at.% compared to 3.44 and 3.48 at.%) could increase the number of defects in 

the film facilitating recombinations. Or the other way around an increase in vanadium and/or 
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oxygen content could reduce the amount of defects like oxygen vacancies, increasing the 

overall conductivity.  

However, all measured current densities are extremely low compared to the absorbed 

photon flux of 3 mA/cm2 leading to overall absorbed-photon-to-current efficiency (APCE) of 

less than 1%. The investigations of Yan et al. showed larger current densities of about 

100 µA/cm2, even though they do not report a film thickness.56 Publications on other ALD-

grown photoabsorbers report photocurrent densities of 90 – 1200 µA/cm2 indicating that ALD 

is in principle suited to deposit photoabsorbers.54,88,89 Maybe this is not the case for Mn2V2O7.  

Moreover it is possible that Mn2V2O7 is an intrinsically bad material for PEC applications. 

The absorbed photon flux could facilitate 3 mA/cm2 and the scavenger inhibits kinetic 

limitations, but still very few charge carriers contribute to the photocurrent. Therefore major 

losses have to occur during the charge transport within Mn2V2O7 i.e. the photogenerated 

carriers are unable to reach the Mn2V2O7 interfaces. Time-resolved microwave conductivity 

(TRMC) is a suitable technique to investigate these charge carrier dynamics. Unfortunately 

this technique requires stronger microwave absorption than the ALD samples provide to 

achieve signals above the noise level. To still get a principle idea of the charge carrier 

dynamics TRMC measurements of PLD grown Mn2V2O7 films were evaluated.162 These were 

deposited and investigated in a separate project. A more detailed look on TRMC 

measurements is given in 2.2.3 and 5.1.5. 

The measurement in Figure 47 shows a very weak signal. Despite the poor signal to noise 

ratio, an exponential decay of the photoconductivity could be fitted to identify the peak 

photoconductivity øΣµmax = 3.8·10-6 cm2/Vs and the TRMC decay time τ = 111 ns. Combined 

they account for a charge carrier diffusion length of 1.0 nm. This diffusion length is very low 

even on metal oxide scale with values in the range of 2 – 200 nm.57 Such a short diffusion 

length, mainly caused by the exceptionally low peak photoconductivity, explains the low 

photocurrent densities. Only a small fraction of the excited charge carriers can reach the 

Mn2V2O7 interfaces and thereby contribute to the photocurrent. Especially the low peak 

photoconductivity characterizes the PLD-Mn2V2O7 as a poor photoabsorber as well. While 

charge carrier diffusion length in the range of 10 – 100 nm could be compensated by 

nanostructures it becomes increasingly difficult with extremely thin layers e.g. in terms of 

suitable nanostructures. 
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Figure 47: TRMC measurement on Mn2V2O7 grown by PLD measured at 6.50x1014 photon/pulse·cm2 and 410 
nm excitation irradiation. 

When only 1.0 nm are considered the absorbed photons could facilitate a photocurrent 

density of about 150 µA/cm2. Factors further lowering this current density can be a weak 

charge separation, trapping of charge carriers at the Mn2V2O7-MnO or Mn2V2O7-FTO interface 

and tunneling of charge carriers throughout the thin film to recombine. 

Furthermore the stability of the films still is an issue as Figure 48, a photograph of the 

investigated samples after the discussed PEC measurements, illustrates. The brighter cycles 

clearly show the area exposed to the electrolyte during the measurements with at least parts 

of the Mn2V2O7 film dissolved. However, it cannot be distinguished which measurement 

contributed to the dissolution to which extent. The Pourbaix diagram in Figure S 15 suggests 

that especially the pH 13 electrolyte will dissolve the Mn2V2O7 film.56 Apparently even the 

specifically introduced MnO sacrificial layer does not adequately stabilize the Mn2V2O7 thin 

film. 

 

Figure 48: Photograph of Mn2V2O7 samples after PEC measurements, from left to right: 9:1, 8:1, 7:1 cycle 
ratio. 
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4.5 Conclusion and outlook 

Thermal binary ALD processes of MnO and VOx were adapted starting from Mn(CpEt)2 and 

VTIP, respectively. The individual binary materials could be deposited at a shared temperature 

of 200°C with the following precursor pulse/ purge/ H2O pulse/ purge sequences: 0.5 s/ 20 s/ 

0.5 s/ 10 s give a GPC of 0.91 Å/cycle of MnO with a uniformity of 96.1% over 4 inch; 0.1 s/ 

20 s/ 2 s/ 10 s give 0.25 Å/cycle of VOx with a uniformity of 93.1%. 

These two binary processes are combined in a ternary supercycle ALD process to deposit 

Mn2V2O7. By a change in cycle ratio the stoichiometry of the resulting film can be adjusted. 

Annealing for two hours at 500°C in argon leads to a crystallization into the desired β-Mn2V2O7, 

although no phase purity is achieved. XPS measurements prove that the desired Mn(II) and 

V(V) state are the main species and that an almost-stoichiometric composition of Mn2V2.06O7.12 

is achieved. 

UV/Vis spectroscopy reveals an indirect bandgap of 1.83 eV which corresponds to a 

maximum photocurrent density of 18.8 mA/cm2. The present ultra-thin films absorb enough 

light to theoretically generate a photocurrent density of up to 3 mA/cm2.  

Surface oxidation under OER conditions was observed. To avoid any influence on the 

Mn2V2O7 absorber a sacrificial layer of 4 nm MnO is introduced to enhance the stability. 

Despite all these promising initial results the measured photocurrent densities do not 

exceed 25.3 µA/cm2, corresponding to an overall APCE of <1%. TRMC measurements on a 

different set of Mn2V2O7 samples suggest that an exceptionally low photoconductivity of the 

material limits the photoactivity.  Investigations on high-purity Mn2V2O7 samples (e.g. a single 

crystal) could reveal if the weak PEC performance is an intrinsic property or if e.g. a possibly 

low defect tolerance of Mn2V2O7 limits the performance of the present samples. 

In summary, a novel ternary ALD process to deposit Mn2V2O7 was established and the 

photoactivity of the resulting thin films has been proven. Aside from this minimal goal some 

options for further investigations are still open.  

The temperature windows of both binary processes have barely been analyzed: A change 

in temperature could also affect the metal oxidation states and the amount of impurities 

additionally to influences on the GPCs. A deeper insight into the nucleation behavior of both 

processes, e.g. by real-time SE, could enable more accurate stoichiometry control of the 

ternary process. The use of a more potent oxidizer like O3 in the VOx ALD process could push 

to an even larger fraction of V(V) in the film. The annealing procedure could be further 

optimized e.g. by saturation of the atmosphere with vanadium and manganese to avoid 

material losses in the film. As another possible improvement, a different type of protection layer 

could be employed, such as TiO2.199 

 New samples deposited with optimized conditions could improve the PEC activity and also 

TRMC measurements would be possible from thicker ALD-grown films. However, the weak 

existing results do not justify further investigation of this Mn2V2O7 as a photoabsorber.  
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5 PLD of CuBi2O4 

CuBi2O4 is a p-type semiconductor which has attracted attention as promising photocathode 

material for the hydrogen evolution reaction.60,200,201 With a bandgap of 1.5 – 1.8 eV it is a very 

suitable top-absorber in a tandem architecture.60,202 The unusually positive photocurrent onset 

potential of +1 V vs RHE shows that a large internal photovoltage is generated.60,201 

Pulsed laser deposition (PLD) is a very suitable technique to grow high-quality thin films 

with precise thickness control.57,95,97 Depositions can be executed directly from high-purity solid 

targets via a stoichiometric material transfer onto the sample substrate.95 Resulting thin films 

are dense and compact.97 The material transfer can be tailored by adjustments of the laser 

fluence, the background gas and pressure and the substrate temperature. 

The following chapter therefore investigates PLD of CuBi2O4. Especially the influence of the 

three mentioned deposition parameters on film properties and the PEC performance are 

evaluated. The results are compared to films grown by other techniques, such as spray-

pyrolysis or drop-casting. One parameter which is beyond the scope of this investigation is the 

influence of a post-deposition annealing step, which has been explicitly investigated in a 

separate publication.114  
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5.1 Film growth & characterization 

Three samples series were fabricated. In each series one of the deposition parameters was 

systematically varied giving a fluence series, a pressure series, and a temperature series. 

A change in laser fluence affects the evaporation of the material from the target. Depositions 

at low fluences may suffer from non-stoichiometric material ablation due to differences in vapor 

pressure of the individual species.92 This effect can be detected by sample stoichiometry 

measurements e.g. by EDX. Too high fluences on the other hand may cause ablation of 

agglomerates rather than individual atoms and ions, leading to the formation of droplets on the 

substrate.102 This can lead to rougher films visible in SEM. Three fluences were used, 1.5, 2.0, 

and 2.5 J/cm2. 

The background gas and its pressure affect the material transfer between target and 

substrate. Collisions of the ablated species with atoms/molecules of the background gas 

change the trajectory of the species leading to an overall wider spread of the ablated material.95 

Heavier species, like bismuth, will be affected less than lighter species, as copper. The 

background pressure can therefore change the ratio of elements. Oxygen is used as 

background gas in this study. As a reactive gas it can further influence the oxidation states of 

the metals and the oxygen content of the film.100,203 Five different conditions were applied: no 

background gas, in the following referred to as vacuum (the remaining base pressure of the 

system is in the range of 10-7 mbar), 1·10-3, 5·10-3, 1·10-2 and 5·10-2 mbar oxygen. 

The substrate temperature affects the adsorption of the material onto the substrate. Species 

with a higher vapor pressure may be resputtered at higher temperatures, shifting the 

stoichiometry.99,204 High temperatures furthermore increase the mobility of surface species and 

may influence the crystallinity of the film.101 Three different substrate temperatures were 

employed, room temperature (RT, 25°C), 150°C and 300°C. 

All three series share one set of deposition conditions to ensure comparability. This 

reference sample was fabricated in vacuum, at room temperature, with a laser fluence of 

2.0 J/cm2. These conditions will be referred to as “standard” deposition conditions. All samples 

were annealed at 550°C for 2 h in air. 

5.1.1 Film thickness 

Two types of samples were fabricated depending on the substrate: A) on quartz. This is 

suited for measurements which do not require an electrical contact and benefit from very little 

overall influence of the substrate. This is especially needed for TRMC measurements, but also 

UV/Vis spectroscopy, XRD and thickness estimation by profilometry use these samples. B) on 

FTO. These samples are used when an electrical contact is needed for the measurement e.g. 

to prevent sample charging. This is especially the case for PEC, XPS and scanning electron 

microscopy (SEM) measurements. 
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Previous investigations have shown that TRMC measurements give good signals with a 

CuBi2O4 film thickness of around 100 nm.114 No further optimization is needed. The film 

thickness on FTO was optimized in terms of photocurrent density, as shown in Figure 49. The 

largest current density is achieved at a thickness of 75 nm. This CuBi2O4 thickness will be used 

as the target thickness for all following samples on FTO, even though a deviation of ±25 nm 

only decreases the photocurrent density by about 2%. The actual thickness of the samples 

slightly differs from the targeted thickness, depending on the deposition conditions as shown 

in Figure S 16. Note that by convention, the current densities are negative for photocathodes. 

Nevertheless discussions will use the phrase increase to describe an increase in absolute 

current density even though the actual value is becoming more negative. Vice versa phrases 

like decrease are used. 

 

Figure 49: Photocurrent density at 0.5 V vs RHE in dependence of the CuBi2O4 film thickness. 

 

5.1.2 Crystallinity and morphology 

The crystallinity and morphology of the grown films were investigated by XRD, Raman 

spectroscopy and SEM.  

Figure 50 shows XRD diffractograms of a sample grown with standard conditions compared 

to the desired CuBi2O4 phase. Without post-deposition treatment (blue) only a broad reflection 

around 28° is visible. This shows, that the film is predominantly amorphous although some 

crystallites are present. 

 After annealing (green and red) clear and sharp reflections are visible. These overlap with 

reflections of CuBi2O4, shown in orange. Only one reflection is visible that cannot be assigned 

to CuBi2O4. It is visible at ca. 52° in the red graph (highlighted by the *) and is assigned to the 

FTO substrate. A contribution from the quartz substrate is not visible, see Figure S 17c. The 

absence of additional reflections shows phase purity after annealing, independent from the 

substrate. CuBi2O4 films deposited with altered parameters show the same behavior, see 

Figure S 17. 
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 The FWHM of the main feature at 28° is considered to get information on the crystallite size 

of the CuBi2O4 films. The FWHM is relatively constant over all measurements with 0.302 

± 0.018, see Figure S 18. An increase in temperature or pressure leads to a slight decrease of 

the FWHM whereas a change in laser fluence shows no direct correlation. A more detailed 

analysis of the grain size using the Scherrer equation is non-trivial for grazing incidence 

measurements. It would require an in-depth investigation, e.g. on isometry of domains, 

orientation of crystallites and instrumental factors. It is therefore omitted. 

 

Figure 50: Gracing-incidence X-ray diffractograms of a CuBi2O4 thin film grown under standard conditions; 
blue: on quartz as deposited, green: on quartz after annealing, red: on FTO after annealing, orange: CuBi2O4 

reference pattern.205 

Raman measurements confirm the XRD observations, as shown in Figure 51. Independent 

from the deposition parameters all samples show four distinct bands around 130, 261, 406 and 

589 cm-1. All of them are in agreement with literature values for CuBi2O4 and are assigned as 

follows:206–209 Two peaks overlap around 130 cm-1. One at 131 cm-1 is assigned to an A1g mode 

originating from translational vibrations of CuO4 planes along the z-axis. The second peak at 

128 cm-1 originates from either another A1g or a B2g Bi atom vibration. The A1g mode at 261 cm-1 

originates from the rotation of two stacked CuO4 squares in opposite direction.  The band at 

406 cm-1 is ascribed to the A1g mode of the Bi-O stretching and the 589 cm-1 peak to an A1g in-

plane “breathing” of the CuO4 squares. No other features are visible showing phase purity in 

agreement with the XRD observations. 
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Figure 51: Raman spectra of annealed CuBi2O4 films grown with varying parameters after annealing 
compared to literature values of the most prominent vibrations (grey).206 

The morphology of the samples was investigated by SEM investigations. Figure 52 shows 

examples of SEM images of the CuBi2O4 films. Images c and d show CuBi2O4 grown with 

standard parameters in top- and cross-sectional view, respectively. Images of all samples at 

various magnifications can be found in the appendix  

SEM images Figure S 20 - 22.  

The top view in c clearly shows a granular structure with particles sizes around 150 nm. The 

particles are irregular shaped with clear edges. Other shapes of agglomerated particles are 

especially visible in the bottom left part of the picture. In between the CuBi2O4 particles sharp 

features of the FTO surface are visible as well, e.g. at the bottom right. Figure S 26 shows a 

bare FTO substrate to compare. 

The cross-section in d shows no sharp contrast between FTO and CuBi2O4 making strong 

statements questionable. However, the film appears widely closed and compact with a 

thickness of around 100 nm. 

From top to bottom the laser fluence is increased (a,c & e). The coverage of the substrate 

is an issue in the 1.5 J/cm2 image. Holes in the film are clearly visible and also individual sharp 

features of the FTO are exposed in multiple spots (cf. Figure S 26). This can be due to the 

slightly lower film thickness. Apart from that a comparable granular structure is visible with 

slightly larger particles and rounded edges.  

An increase in laser fluence to 2.5 J/cm2 (e) shows two developments. Individual grains are 

smaller but more densely packed. Furthermore agglomeration is increased. The proclaimed 

possible deposition of larger particles is only occasionally visible at lower magnification (see 

Figure S 20 and Figure S 24). In fact more distinct additional particles are visible under 

standard conditions (see Figure S 20). Overall the influence of the fluence on the morphology 
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seems small, a minor decrease in individual particle size and increase is packing density and 

size of agglomerates may be visible.  

 

Figure 52: SEM images of CuBi2O4 films deposited with varying parameters after annealing; top views: (a) F = 
1.5 J/cm2, (b) pO2 = 0.01 mbar, (c) standard conditions (vacuum, 2.0 J/cm2, RT), (e) F = 2.5 J/cm2, (f) T = 300°C; 

(d) cross-sectional view, standard conditions, CuBi2O4 highlighted in orange. 

A background pressure of oxygen is introduced by going from the standard conditions in c 

to the top right (b). A clear change in morphology is visible. Large and smooth domains are 

visible as dominant feature. A layered structure can be seen within them, indicating the 

previously observed crystallinity. Clear grain boundaries exist in between these domains which 

may be filled with individual smaller particles. These particles have the same morphology as 

seen under standard conditions. Already small amounts of oxygen introduce the described 
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large domains. A further increase in oxygen background pressure barely affects the 

morphology, as visible in Figure S 22. The formation of large domains is in agreement with the 

lower FWHM observed in the XRD measurements. The background pressure can alter the 

distribution of copper and bismuth, as mentioned in section 5.1, which may be beneficial for 

the agglomeration into larger domains. Furthermore the background pressure can increase the 

oxygen content of the film which may facilitate agglomeration as well. 

When going to the bottom right (f) the substrate temperature is increased. The morphology 

is very little affected by this. The small grains are still visible. The edges appear less sharp and 

individual particles seem to be fused together into larger agglomerates. Such an agglomeration 

is expected as the increased substrate temperature increases the surface mobility during 

deposition. 

5.1.3 Composition 

The previous chapter on Mn2V2O7 showed that the stoichiometry control of ternary oxides 

is essential. The ultra-thin films grown by ALD can accurately be investigated by XPS as the 

information depth is in the same range as the film thickness, around 10 nm. The situation is 

different with the PLD films. They are ca. 100 nm thick which means that XPS evaluation can 

only give information on ≈ 10% of the film close to the surface. More bulk sensitive methods 

are therefore needed.  

One of these techniques is energy-dispersive X-ray spectroscopy (EDX) within the SEM 

setup. It not only gives bulk stoichiometries but also the spatial distributions of individual 

elements. While EDX is fast and convenient it is also prone to various types of errors and 

inaccuracies.210 Some errors can be addressed during the data evaluation e.g. different 

excitation efficiencies depending on the detected element and the X-ray source. For others 

such considerations are difficult, e.g. the particle size and surface texture of the sample affect 

different wavelengths to different degrees.210 Furthermore, EDX does not allow distinction of 

oxidation states and the substrate will contribute significantly to the signal due to the 

information depth in the micron range.210 The substrate in the present case is FTO therefore 

no quantitative evaluation of the oxygen is possible by EDX. 

The accuracy of EDX can be improved by a calibration with a sample of known 

stoichiometry, which should be as close as possible to the samples stoichiometry.210 Standard 

condition samples which were additionally evaluated by Rutherford backscattering 

spectrometry (RBS) fulfil this purpose. RBS is another bulk sensitive technique to accurately 

determine absolute stoichiometries which does not require a reference.211,212 An example 

measurement is shown in Figure S 19. The identified stoichiometry is CuBi2.42O4.12 and thereby 

bismuth rich whereas the oxygen fraction is very close to the desired value.  

Additional information can be derived from the RBS investigation. RBS measures the 

absolute atom concentration in atoms per investigated sample area. From this value the 

density can be estimated if the thickness is known or vice versa. The sample grown on a flat 
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quartz substrate has a film thickness of 129.7 nm. Together with the RBS results the density 

is calculated to 6.91 g/cm3 and thereby about 80% of the density of single-crystal CuBi2O4 

(8.65 g/cm3). This value is below the expectations as PLD should produce dense films.97 Also 

a comparable study on PLD of CuBi2O4 reports a higher density of 8.49 g/cm3, although it relies 

on X-ray reflectivity to estimate the density.97 It is therefore considered that the present density 

estimation is not fully accurate. Another hint in this direction is the measurement on the sample 

grown on FTO. The same evaluation gives a density is 9.31 g/cm3 for this sample. Such a 

value above the theoretical density of the single crystal does not make physical sense and 

therefore illustrates the limits of RBS in terms of density and thickness estimation. One possible 

source of inaccuracy could be the influence of the rather rough FTO substrate compared to 

the flat quartz. However, the results still suggest that the density of the CuBi2O4 films at least 

80% of the single-crystal density. 

This mentioned stoichiometry of CuBi2.42O4.12 is used as calibration for the EDX 

measurements and the results are shown in Figure 53. Error bars in the Bi:Cu ratio are given 

if multiple EDX measurements were executed (e.g. at different magnifications). 

 

Figure 53: Bismuth:copper ratios estimated by EDX in dependence of the deposition parameters laser fluence, 
substrate temperature, and oxygen pressure. Standard conditions marked in red and dashed red lines show linear 

fits, error bars indicate the standard deviation if multiple measurements were executed. 

 It is clearly visible that all samples are bismuth rich i.e. the Bi:Cu  ratio is above 2. The laser 

fluence does not affect the element ratio in the films, showing that the ratio of the target ablation 

is not affected by the fluence in the chosen regime.  

An increase is substrate temperature to 150°C does not affect the Bi:Cu ratio whereas a 

further increase to 300°C decreases the amount of bismuth. Such a loss of bismuth was 

observed in BiVO4 growth by PLD starting from 200°C.95 The loss of bismuth is ascribed to re-

evaporation or re-sputtering of the film by the impinging species from the plasma plume as an 

evaporation under thermodynamic equilibrium is unlikely.95 

The Bi:Cu ratio increases with the introduction of an oxygen background pressure. This is 

expected as the pressure causes collisions of the ablated species leading to a thermalization 

of the plasma plume.95 The mean free path of a particle can give an idea of the number of 

collisions. It is calculated assuming spherical particles with a shared diameter. For oxygen 
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(d = 304 pm), this mean free path is around 1 km in ‘vacuum’ conditions and decreases to 

around 10 cm at 10-3 mbar and 0.1 cm at 10-1 mbar. The distance from the target to the 

substrate is 6 cm. Copper is much lighter than bismuth (atomic mass 63.5 vs. 209.0 u), 

therefore its trajectory will be deviated more by the collisions with oxygen, leading to a 

decreased mass transport onto the substrate surface. This behavior is further visible in the 

decline in deposition rate in Figure S 16. The sample grown at 1·10-2 mbar O2 produces an 

outlier in both, stoichiometry and film thickness. It cannot be excluded that an error occurred 

during sample preparation, even though no irregularities were observed. 

The element distribution is evaluated by EDX mapping. Maps are collected in the EDX 

images section of the appendix (Figure S 23-25). The three elements Cu, Bi and O of the thin 

film are shown as well as Sn from the FTO substrate. Different features can clearly be 

assigned.  

Distinct grains on the surface, especially visible in standard conditions, 150°C and 2.5 J/cm2 

samples, show an increased bismuth fraction. The lowered amount of oxygen in the same 

position could indicate bismuth in a lower oxidation state, e.g. metallic bismuth. The lowered 

amount of tin shows an increased thickness in the spot. Such additional bismuth grains may 

contribute to the increased bismuth content measured by RBS. 

The previously described holes in the 1.5 J/cm2 sample are clearly validated. The copper 

and bismuth intensities are decreased while a strong increase in the tin signal is visible. To 

some extend tin is also visible in the samples of the pressure series: it is more pronounced 

where holes in the film expose grains of FTO and along the domain boundaries. Interestingly 

the different microstructures of the domains do not alter the copper or bismuth distribution. 

This indicates that all domains exhibit the same stoichiometry but may differ in crystal 

orientation.  

As a fourth technique XPS can give some additional insight. Its sensitivity is used to 

investigate oxidation states and potential contaminations even though it is not giving 

information on the whole film. Figure 54 shows a survey XPS spectrum where the majority of 

the peaks is assigned to the desired elements Cu, Bi and O (orange, blue and red, 

respectively). Apart from that adventitious carbon is visible at 284.4 eV (black, set as BE 

reference) as well as tin from the FTO substrate at 490 eV (green). Another peak may be 

visible at 825 eV (marked by the *) with the F KLL Auger signal as only reported species in this 

region.110 Fluorine is present as dopant in the FTO substrate and has the most prominent 

feature at 685 eV, overlapping with Bi 4p3/2. A clear assignment is therefore not possible and 

omitted from the spectrum. Aside from these no additional features are visible in the survey 

spectrum proving that no major contaminations exist.  
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Figure 54: Survey XPS of CuBi2O4 grown PLD. Indicated peaks belong to copper (orange), bismuth (blue), 
oxygen (red), carbon (black), and tin (green). 

The main species copper, bismuth and oxygen are investigated in more detail. The O 1s 

region (Figure S 27) shows the usual bulk O and surface OH peaks. The bismuth oxidation 

state is judged by the Bi 4f7/2 peak shown in Figure 55a and Figure S 28a. The peak is very 

close to the desired 158.5 eV of Bi(III) for all deposition conditions.109,132 A contribution of 

metallic bismuth, which would be expected at 156.6 eV, is not visible. The application of the 

oxygen background pressure does not affect the peak position. An increase in substrate 

temperature or a decrease in laser fluence slightly increases the binding energy, indicating 

higher average oxidation states. The reasons for this behavior cannot be fully resolved. It is 

possible that re-sputtering preferably ablates bismuth in lower oxidation states and that high 

fluences facilitate a partial reduction of bismuth during ablation.  

 

Figure 55: XPS fine spectra of (a) the Bi 4f7/2 feature and (b) a Cu LMM Auger feature from samples deposited 
under various background pressures; positions of important species indicated in grey.159 

The Cu LMM Auger region is used to evaluate the copper oxidation state. Figure 55b and 

Figure S 28b show this region on the kinetic energy scale. The Cu LMM region is frequently 

considered to distinguish copper oxidation states as this is not always easy in the Cu 2p region, 
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especially as signals of Bi 4s are present in the same region.155,159 All samples show the 

desired Cu(II) as dominant species independent from the deposition parameters. An additional 

contribution of Cu(I) may be visible at a reduced fluence of 1.5 J/cm2. 

In conclusion, PLD of CuBi2O4 with the employed conditions deposits slightly bismuth rich 

thin films. The excess of bismuth can be kept low by an increase of substrate temperature to 

300°C and by the exclusion of a background pressure. Uncoated areas allow the detection of 

tin from the FTO substrate. Apart from this only adventitious carbon is detected as (surface) 

contamination. In combination with the desired dominant oxidation states Bi(III) and Cu(II) this 

section confirms the ability of PLD to grow high quality films. 

5.1.4 Optical properties 

The optical properties of CuBi2O4 were investigated by UVVis-spectroscopy. An example of 

the absorption coefficient over the wavelength is shown in Figure 56a. The absorption onset, 

indicating the bandgap, is located around 670 nm. Until ca. 450 nm the absorption is very 

modest with values below 20000 cm-1. The development of the absorption coefficient with 

features around 490 and 600 nm is characteristic for high purity CuBi2O4 films and originates 

from the intrinsic electronic structure of the material.98 The bandgap was determined in Tauc 

plots as shown in the inset. The indirect bandgap is located at 1.84 eV, the direct bandgap at 

an only slightly larger energy of 1.90 eV. These values are at the upper end of reported 

bandgaps between 1.5 - 1.9 eV and indicate high film quality with no to low amounts of 

additional CuO.53,97,98,213 

 

Figure 56: (a) Absorption coefficient α, photograph, direct and indirect Tauc plots (insets) of CuBi2O4; (b) 
Estimated above bandgap absorption of the AM 1.5 spectrum by CuBi2O4 thin films and corresponding maximal 

photocurrent density jmax (inset). 

The amount of absorbed photons and thereby an upper limit of the photocurrent density jmax 

is calculated from the absorption coefficient and illustrated in Figure 56b and its inset. Again, 

below bandgap absorptions are excluded. The present films with thicknesses of 75 – 100 nm 

facilitate a photocurrent density of -2.3 to -2.9 mA/cm2. These values seem rather low 

compared to the previously discussed Mn2V2O7. While both materials have essentially the 
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same bandgap (1.84 eV for CuBi2O4 vs. 1.83 eV for Mn2V2O7) and therefore the similar 

theoretical limit of -18.5 mA/cm2, Mn2V2O7 absorbs photons more efficiently, expressed in 

larger absorption coefficients. To compare, a 100 nm Mn2V2O7 film would already facilitate a 

current density jmax = 11.3 mA/cm2. 

The influence of the deposition parameters on the bandgap and the extinction coefficients 

is investigated further as shown in Figure 57 and Figure 58. The effect on the bandgaps is 

minimal with indirect bandgaps ranging from 1.83 to 1.85 eV and direct bandgaps from 1.90 to 

1.92 eV. These values are very close to a theoretical value from DFT calculations of 1.90 eV.213 

Literature almost exclusively reports on lower bandgaps down to 1.5 eV.53,60,97,98,213 The low 

bandgaps are usually ascribed to stoichiometry variations. These could include a) Cu 

vacancies which alter the band structure and lower the bandgap. These Cu vacancies further 

introduce empty states in the valence band, explaining the p-type behavior.52,213 b) segregation 

of CuO as a second optically active species with a lower bandgap (1.4 – 1.7 eV) altering the 

absorption profile.98,214 However, in the present case the film stoichiometry does not correlate 

with the measured bandgaps. Another reason for the minimal changes could be slightly 

differing degrees of crystallinity. 

 

Figure 57: Direct (red) and indirect (black) bandgaps in dependence of the deposition parameters laser 
fluence, substrate temperature, and oxygen pressure. Dashed lines show linear fits. 

 

Figure 58: Absorption coefficient α at 550 nm in dependence of the deposition parameters laser fluence, 
substrate temperature, and oxygen pressure. Standard conditions marked in red and dashed red lines show linear 

fits. 
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The absorption coefficient is compared at 550 nm as it is a common value in literature.53,60,97 

It is difficult to assign clear trends from the limited set of points for each parameter, especially 

in terms of laser fluence and substrate temperature. There values range from 11700 – 

13100 cm-1. In terms of oxygen background pressure it is at least clearly visible that a decline 

in absorption occurs if oxygen is present. A reason for that could be the suppression of oxygen 

vacancies in the material which could otherwise act as shallow or deep donors enabling 

additional absorption.32 A clear hint for this behavior gives the photograph in Figure 59. 

Contrary to all other shown data in this chapter it shows samples which have not been 

annealed yet. The vacuum sample (left, thickness 130 nm) has a deep brown color. The other 

four samples (thicknesses 115 – 130 nm) are brighter and more orange, similar to the annealed 

sample shown in Figure 56. Differences in sample thickness cannot explain the different colors. 

One can assume that the darker color is caused by oxygen vacancies in the film which are 

(partially) suppressed by the oxygen background pressure even though no direct evidence is 

provided.100 A large fraction of these oxygen vacancies are filled during the annealing in air 

and the initially brown sample becomes orange as well. However, as the samples deposited 

with an oxygen background pressure have a lower initial amount of oxygen vacancies it is 

reasonable to assume that the same is true for the annealed samples, resulting in a reduced 

absorption coefficient (see also Figure S 29).  

 

Figure 59: Photograph of CuBi2O4 grown on quartz at various oxygen background pressures: from left to right: 
vacuum, 1x10-3, 5x10-3, 1x10-2, 5x10-2 mbar O2; all as deposited. 

As mentioned above the absorption coefficients are rather low which means that film 

thicknesses around 1 µm are needed to facilitate current densities above 10 mA/cm2. This 

inefficient light harvesting has been addressed as bottleneck of CuBi2O4 before.60 It is therefore 

essential to compare the absorption coefficients from varying deposition techniques as one 

factor to evaluate their suitability. Unfortunately most studies do not publish easy to compare 

absorption coefficients but rather absorption profiles with arbitrary scales. Some available 

values are compared in Table 5. 

Table 5: Absorption coefficients of CuBi2O4 from various studies. 

Study Deposition technique α at 550 nm / cm-1 

This study PLD 8800 - 13100 

Lee et al.97 PLD 15000 

Berglund et al.60 Drop casting 41000 (calculated to 0% porosity) 

Wang et al.53 Spray pyrolysis 35700 
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The lowest absorption coefficients are measured in this study. The study by Lee et al. is 

probably the best initial comparison as it is based on the same deposition technique. They 

report a slightly higher absorption coefficient of 15000 cm-1. The presence of the characteristic 

absorption feature at 600 nm indicates similar high quality films, see Figure 60a. Furthermore 

they could accurately determine the density of their films to 8.49 g/cm3 (98% of the theoretical 

value 8.65 g/cm3) which could explain the increased absorption coefficient. The previously 

shown RBS measurements indicated a density down to 6.91 gm/cm3 (80% of the theoretical 

value) in this study.  

Berglund et al. report much larger absorption coefficients that cannot be explained by a 

consideration of the film density. Instead, two additional factors can play a role there. First, the 

deposited films show high porosity contrary to the widely flat films in this study. Such spongy 

structures allow multiple reflections and light trapping in the film, promoting absorption. 

Second, the absorption onset is at much lower energies around 1.5 eV (825 nm) with a gradual 

increase in absorption overlapping with the feature around 600 nm, see Figure 60b. Combined 

with the fact that no bandgap could be obtained from Tauc plots this leads to the assumption 

that some kind of impurity or defects are present in the film, increasing the overall absorption.  

Wang et al. report similar high absorption coefficients for films deposited by spray pyrolysis. 

In this case the absorption shows a gradual increase where distinct features are barely visible, 

see Figure 60c. The onset is at even lower energies which could be due to a secondary CuO 

phase. CuO has a reported bandgap of 1.4 – 1.7 eV (885 – 730 nm).214 A similar case was 

discussed by Gottesman et al. who ascribe the absorption behavior to a segregation of CuO, 

making comparisons difficult.98  

 

Figure 60: Reported absorption profiles of (a) Lee et al.97,(b) Berglund et al.60, and (c) Wang et al.53. 
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5.1.5 Charge carrier dynamics 

The charge carrier transport properties of the CuBi2O4 films were investigated by time-

resolved microwave conductivity measurements (TRMC). An example measurement of the 

photoconductivity, expressed as øΣµ, over time after photoexcitation is shown in Figure 61a. 

A series of measurements with different excitation fluences was recorded for each sample. 

The individual peak photoconductivities (øΣµ)max directly after photoexcitation were extracted 

from these as descriptor of the charge carrier mobility and plotted in Figure 61b and Figure S 

30 versus the photon fluence of the excitation pulse.  

 

Figure 61: (a) TRMC measurement showing the photoconductivity over time after photoexcitation (black) and 
a decay fit (red); (b) peak photoconductivity over photon fluence of the excitation pulse for the fluence series. 

It is clearly visible that the peak photoconductivity decreases with an increase in photon 

fluence. The same observation was made before for drop-casted CuBi2O4 films.60 Such a 

decrease could be ascribed to non-geminate higher-order electron-hole recombination or 

electron-electron interactions.51,215,216 In principle (øΣµ)max can be extrapolated to AM1.5 

illumination which corresponds to a photon fluence of 3.0·109 photons/pulse·cm2.60 However, 

two factors may interfere with the visible linear trend on log-log scale. First, higher-order 

recombination processes tend to be less pronounced at lower intensities.51 Therefore the peak 

photoconductivity could reach a plateau at lower photon fluences. Second, an initial filling of 

(immobile) trap states within the film or at the surface may reduce the mobility. This is 

especially visible when less charge carriers get photo-excited meaning that the measured peak 

photoconductivity could decline at lower photon fluences.215 The absence of such a decline 

hints towards a low amount of trap states, although the range of employed photon fluences is 

small.61,215,217 The number of trap states is strongly connected to the film quality, e.g. to the 

stoichiometry and impurity levels as shown for BiVO4.51  

Two peak photoconductivity values will be considered: 1) the extrapolated (øΣµ)max value at 

AM1.5 as an upper limit of the mobility and 2) the value of the same fit at 

1.2x1013 photons/pulse·cm2. The latter value is used rather than the measured value at the 

same photon fluence as it reduces a possible influence of outliers.  

The second characteristic value in TRMC is the lifetime of the mobile charge carriers which 

can in principle be deduced from the decay of the photoconductivity signal. However, the term 
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lifetime should be handled with care in the present context. Conventionally lifetime is 

considered as the average time needed until excited charge carriers recombine. Such a 

decrease in mobile charge carrier concentration leads to a decrease in photoconductivity 

visible as the exponential decay. In metal oxides it is furthermore possible that that charge 

carriers are immobilized by polaron formation or trapping processes.61,218 It is not trivial to 

determine if the decay of the photoconductivity is caused by a decrease in mobility or by a 

decrease in charge carrier concentration. It has therefore been suggested to use the term 

TRMC decay time τ as a more suitable description.61 

A double-exponential decay function has to be used to generate a reasonable fit of the 

experimental data in the present case, which is shown in Figure 61a as red line. The use of a 

double-exponential decay is common for CuBi2O4 and associated with two different time 

constants.52,60 This implies that different processes exist that reduce the photoconductivity.52,60 

The lower value τ1 will be limiting in terms of charge transport, therefore the second TRMC 

decay time τ2 will not be discussed further. The TRMC decay time is, contrary to the 

photoconductivity, widely independent of the excitation pulse as shown in Figure S 31. The τ1 

deduced from the highest photon count will be used for further considerations as it offers the 

best quality of the fit. 

Both values, the peak photoconductivity (øΣµ)max and the TRMC decay time τ1, can be 

combined to calculate the diffusion length LD. Similar to the term lifetime the term diffusion 

length should be handled with care. The four discussed values and the influence of the 

deposition parameters are summarized in Figure 62.   

 
Figure 62: Peak mobilities, lifetimes, and diffusion length in dependence of the deposition parameters laser 

fluence, substrate temperature and oxygen pressure; dashed lines show linear fits. 
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Some clear trends can be seen for the peak photoconductivity at 1.2x1013 photons/pulse 

(black in a-c).The peak photoconductivity increases from ca. 2.5x10-4 cm2/Vs at standard 

conditions to ca. 3.5x10-4 cm2/Vs at 1.5 J/cm2 or 300°C. The influence of the oxygen 

background pressure is less prominent. Apparently low amounts of oxygen slightly decrease 

the peak photoconductivity but larger amounts increase it again, although changes are rather 

subtle. The essentially same trends are visible when the extrapolated peak photoconductivities 

are considered (red in a-c) although the trends appear less prominent. It can be seen that the 

extrapolation increases the mobility by a factor of 10 - 20. 

The trends are not as clear when the TRMC decay times are considered (black in d-f). The 

largest value is measured at standard growth conditions with 38 ns. A change in laser fluence 

in either direction slightly decreases the TRMC decay time, the same happens by an increase 

in deposition temperature. The introduction of oxygen into the system decreases the TRMC 

decay time to about 30 ns where a dependence on the amount of oxygen is barely visible.  

The diffusion length combines both values (red in d-f). It shows an almost linear 

development with laser fluence and substrate temperature, benefiting from low fluences and 

high temperatures. The diffusion length thereby increases from about 5 nm to 5.6 – 5.8 nm. 

An oxygen background pressure decreases the diffusion length to about 4.3 nm. Judging from 

these observations a sample deposited with 1.5 J/cm2 laser fluence and at 300°C substrate 

temperature is expected to show even better charge carrier dynamics.  

An increase in peak photoconductivity and TRMC decay time is usually ascribed to an 

improved film quality in terms of surface and bulk defects, e.g. due to less impurities or grain 

boundaries.51,215 The number of grain boundaries is directly dependent on the grain and 

domain size of the CuBi2O4 film, represented by the FHWM in XRD measurements. The 

amount of impurities can be linked to the stoichiometry of the films, measured by EDX. And 

indeed this correlation is visible for the substrate temperature. An increase in temperature 

results in an increased peak photoconductivity and correlates to a decline in FWHM and a 

stoichiometry closer to the desired 1:2 ratio of Cu:Bi (cf. Figure S 18 and Figure 53). This 

indicates that indeed a decline in bulk defects and grain boundaries are responsible for the 

increased peak photoconductivity at higher substrate temperatures. 

However, these correlations are not visible when the laser fluence is considered. Both, 

FWHM and Cu:Bi ratio, are barely affected by a change in laser fluence. This indicates that 

other factors are accountable. These factors could be surface defects or defects associated 

with oxygen as their occurrence cannot be quantified with the presented measurements. 

The calculated diffusion length of about 5 nm is very small, even for a metal oxide.51,52,57,60 

Two other studies investigated the charge carrier transport in CuBi2O4 using TRMC as well. 

Their results are summarized in Table 6.  
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Table 6: TRMC results of various studies. 

Study Deposition technique (øΣµ)max / 10-4 cm2/Vs τ1 / ns LD / nm 

This study 
(largest values) 

PLD 3.6 38 5.8 

Berglund et al.60 Drop casting 11 32 10 

Wang et al.52 Spray pyrolysis 46 22.7 16.3 

 

Interestingly the values show opposing trends: while the peak photoconductivity in this study 

is much lower than in literature the TRMC decay time is slightly larger. In combination the 

present diffusion lengths are lower than in literature. This is counterintuitive as one would 

expect that both values, peak photoconductivity and TRMC decay time, would correlate as 

both are linked to material quality. As stated earlier PLD is able to grow high quality films where, 

compared to drop casting and spray pyrolysis, especially carbon contaminations should be 

avoided. From this perspective the low peak photoconductivities are unexpected.  

However, a critical difference in data evaluation exists. The measured photoconductivity is 

proportional to the dielectric permittivity of the sample. In the case of the studies by Berglund 

et al. and Wang et al. this value is expected to be εr = 80, the dielectric constant of 

CuBi2O4.52,60,219 This assumption is however ambiguous as not the dielectric constant of the 

thin film alone is affecting the measurement but the εr of the whole sample, i.e. of the thin film 

and the quartz substrate. As the CuBi2O4 thin film (ca. 100 nm) is much thinner than the quartz 

substrate (1 mm) the influence of CuBi2O4 is negligible. It is therefore reasonable to assume 

the dielectric constant of quartz εr = 3.8 for the whole sample, which has been done in this 

study. When (for comparison reasons only) the present data is adjusted for this difference in 

evaluation, the peak photoconductivity increases to a value of ca. 75.4x10-4 cm2/Vs and the 

diffusion length increases to 26.4 nm. Thereby both, the peak photoconductivity and TRMC 

decay time, are larger for PLD grown samples, confirming an improved film quality compared 

to drop casting and spray pyrolysis. 
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5.2 Photoelectrochemical film performance 

5.2.1 Linear sweep voltammetry 

Photocurrent densities were measured by linear sweep voltammetry (LSV) in chopped light 

configuration. Measurements were conducted in a neutral, phosphate buffered electrolyte, with 

H2O2 as electron scavenger, and under backlight illumination, similar to various other 

studies.52,53,60,98,114 This ensures easy comparability of the results. An example of a 

measurement is shown in Figure 63 in black. Backside illumination generates larger 

photocurrent densities than frontside illumination (blue) as shown in a. Considering that more 

charge carriers are generated at the incident side of the sample (cf. Figure 4) and that electrons 

have to reach to CuBi2O4 – electrolyte interface this observation suggests that electron 

transport is more efficient than hole transport. This observation is in agreement with literature 

and is the reason why backside illumination is commonly used for CuBi2O4.52,60,114  

 

Figure 63: LSV measurements with chopped light: (a) Backside (black) vs. frontside (blue) illumination; (b) 
H2O2 as electron scavenger (black) vs. no scavenger (red); 0.6 V vs. RHE marked in grey. 

An electron scavenger is used to avoid any kinetic limitations of the hydrogen evolution 

reaction (HER) as the (bulk) photoabsorber properties should be investigated and not the 

(surface) catalytic properties of CuBi2O4. H2O2 has been found to be suited for this purpose as 

it successfully prevents any transient spikes in photocurrent densities (see Figure 63b 

compared to an electrolyte without scavenger), prevents photocorrosion and (as a polar liquid) 

does not show solubility issues.60 However, it should be noted that H2O2 may induce current 

doubling.60,220 

The photocurrent density at 0.6 V vs RHE is used for comparison as it is commonly used in 

literature. It further avoids any dark current contribution, which is visible at more negative 

potentials (see Figure 63). This position is marked by the grey dashed line. The measured 

photocurrent densities are illustrated in Figure 64. 
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Figure 64: Photocurrent density at 0.6 V vs RHE in dependence of the deposition parameters laser fluence, 
substrate temperature, and oxygen pressure. Standard conditions marked in red and dashed red lines show linear 

fits. 

The influence of the laser fluence is rather low without a certain trend. An increase in 

substrate temperature slightly increases the photocurrent density from -0.65 to -0.71 mA/cm2. 

This increase is in agreement with the observed increase in charge carrier diffusion length. 

The introduction of a oxygen background pressure reduces the current density to values 

around -0.4 mA/cm2, again in agreement with the TRMC results. These values are put in 

perspective by comparing them to literature values, which is done in Table 7. If multiple 

CuBi2O4 samples were investigated always the current density of the stoichiometric sample is 

given. 

Table 7: Photocurrent densities of various studies, partially estimated from graphs. 

Study Deposition technique J at 0.6 V vs RHE / mA/cm2 

This study PLD (single target) -0.35 – -0.71  

Lamers et al.114 PLD (single target) -0.4 

Lee et al.97 PLD (single target) -0.6 

Gottesman et al.98 PLD (alternating target) -0.1 

Wang et al.53 Spray pyrolysis -2 

Berglund et al.60 Drop casting -0.9 

Wang et al.52 Spray pyrolysis -2 

 

All reported values are in the same range as the values in this study. The comparison to 

PLD values shows, that the present approach of optimizing the deposition parameters is a 

successful addition to the annealing optimization by Lamers et al.114 It furthermore shows that 

the single target growth is superior in terms of photocurrent density and thereby that the 

stoichiometric target-to-substrate transfer of the ternary CuBi2O4 is successful. 

Wet chemical deposited films give higher photocurrent densities. This is unexpected 

considering the TRMC results. The reason should therefore not be linked to the film quality. 

Obvious other factors are the film thickness and absorption coefficients of the wet chemical 
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deposited films. The absorption coefficients are much larger (cf. Table 5) and the films are 

thicker as well (between 270 and 410 nm)52,53,60 This means that a much larger fraction of 

incident photons is absorbed and more charge carriers are generated. However, considering 

the diffusion length the increased absorption should not affect the photocurrent density 

significantly. Additional charge carriers would not be able to reach the interfaces before 

recombining. The reason for the increased photocurrent densities is rather found in the sample 

morphology. These wet chemical deposited films exhibit a spongy or at least very rough 

surface compared to the flat PLD films.52,53,60 Such morphologies act as rudimental 

nanostructures and shorten the distance charge carriers need to travel to reach an interface, 

similar to the situation in Figure 4c. This facilitates larger current densities even though the 

intrinsic material properties are inferior. 

Another interesting factor is the phase purity of the CuBi2O4 films. A second crystalline 

phase of CuO is visible in samples grown by spray pyrolysis.52,53 CuO itself is a promising 

photocathode material which may generate additional current which cannot be distinguished 

from the CuBi2O4 contribution.214 This makes comparisons difficult, similar to the UV/Vis results 

discussed earlier. 

5.2.2 Incident photon-to-current and absorbed photon-to-current 

efficiency 

The incident photon-to-current efficiency (IPCE, also external quantum efficiency EQE) and 

absorbed photon-to-current efficiency (APCE, also internal quantum efficiency IQE) are 

investigated to get a more detailed view on the photoelectrochemical performance. IPCE 

investigates the photocurrent in dependence of the wavelength of the incoming light as 

depicted in Figure 65a-c. As expected these graphs vaguely resemble the absorption 

coefficient from Figure 56a as a photocurrent can only be generated if photons are absorbed. 

A lower laser fluence and increased substrate temperatures lead to increased efficiencies at 

small wavelength where absorption is strong. The opposite behavior is visible if the oxygen 

background pressure is applied. The interpretation of these values is difficult as influences of 

absorption and charge separation efficiency are overlapping. 

Therefore APCE is introduced which normalizes the IPCE values with the absorption of the 

individual sample at the corresponding wavelength. Thereby the ratio of extracted charge 

carriers to generated charge carriers is calculated and shown in Figure 65d-f. This calculation 

eliminates the influence of the absorption and therefore gives a better view on the intrinsic 

material properties. Naturally this evaluation gives no usable information if the absorption is 

low, i.e. around and below the bandgap for λ > 600 nm. For lower wavelength the APCE 

reaches values around 50 – 80% (standard deposition parameters) which indicates a good 

electrical quality of the films. The APCE increases to around 85% for a lowered laser fluence 

in the range of λ < 400 nm. An increase in substrate temperature gives similar rises with values 

of up to 90%, especially the 150°C sample. Again the introduction of oxygen reduces the APCE 

to values around 50% in the respective range. These values are in agreement with the TRMC 
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results and confirm the suitability of a reduced laser fluence and increased substrate 

temperatures. Another overall APCE value can be estimated when the measured photocurrent 

density from 5.2.1 is compared to the absorbed photon flux from 5.1.4. An overall APCE of 

ca. 25% is calculated from these values. This rather low value is explained by the large photon 

count at λ > 500 nm where the APCE is low. 

 

Figure 65: Incident photon-to-current efficiencies (a-c) and absorbed photon-to-current efficiencies (d-f) in 
dependence of the wavelength of the incident light for various deposition parameters. 

Again these values are compared to literature values to put them in perspective. The IPCE 

and APCE values at 400 nm are selected to make the comparison comprehensible as shown 

in Table 8. Literature IPCE values range from 7 – 31% and the values from the present study 

are settled within these margins. This again shows that PLD is an at least a competitive 

technique in terms of photoelectrochemical film performance. Larger values again originate 

from increased film thicknesses, absorption coefficients and more complex morphologies as 

discussed above.  

An influence of the first two is prohibited in the APCE. Literature values range from 22 – 

43%, whereas the standard conditions PLD sample already shows 51.6%. It further increases 

to up to 76.4% with a lower laser fluence or higher deposition temperatures. These APCEs 

above literature values prove the superiority of PLD in terms of intrinsic photoelectrochemical 

performance compared to wet chemical techniques. Also other publications using PLD do not 

reach such large values.97  

Furthermore, the APCE shows the benefit of the lower fluence of 1.5 J/cm2. This is also 

visible in the TRMC results but does not translate into the highest photocurrent densities due 

to a reduced film thickness and thereby reduced light absorption.  
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Table 8: Reported IPCE and APCE values from various publications, data estimated from graphs at 400 nm and 
0.6 V vs RHE (if not stated otherwise). 

Study Deposition technique IPCE400 nm / % APCE400 nm / % 

This study PLD (single target) 11.4 – 21.8 28.0 – 76.4 

Lamers et al.114 PLD (single target) 15 (0.8 V vs RHE) 37 (0.8 V vs RHE) 

Lee et al.97 PLD (single target) 7 (0.4 V vs RHE) 35 (0.4 V vs RHE) 

Gottesman et al.98 PLD (alternating target) 14 22 

Wang et al.53 Spray pyrolysis 31 43 

Berglund et al.60 Drop casting 26 34 

Wang et al.52 Spray pyrolysis 31 42 

 

In summary, the APCE results are in agreement with the TRMC results showing the 

outstanding film quality that PLD can produce. A low laser fluence combined with an increased 

substrate temperature may give even larger efficiencies. Larger photocurrent densities should 

then be possible, especially when the initial thickness optimization is revisited. 
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5.3 Conclusion and outlook 

CuBi2O4 was grown by PLD from a single target to assess the suitability of PLD to grow 

high quality complex metal oxides for solar fuel applications and to investigate the influence of 

the deposition parameters laser fluence, substrate temperature and oxygen background 

pressure.  

All deposited films are phase pure by XRD and Raman spectroscopy. EDX and RBS 

measurements revealed slightly bismuth rich stoichiometries but increased substrate 

temperatures and no background pressure can keep the excess low. Occasional bismuth-rich 

grains may attribute for the excess. Apart from this, CuBi2O4 films are flat and show good 

coverage in SEM, only at low thicknesses (≈ 75 nm) incomplete substrate coverage becomes 

an issue. No contaminations could be traced by XPS beside the inevitable adventitious carbon 

at the surface.  

The bandgap is around 1.85 eV independent from the deposition parameters. This is at the 

upper end of reported bandgaps between 1.5 - 1.9 eV, which indicates high film quality without 

additional CuO.53,97,98 Without any secondary phases the absorption is rather weak and 

decreases even further with the oxygen background pressure. This weak absorption has been 

addressed as a bottleneck before.60  

Unfavorable charge transport properties are often mentioned as another bottleneck on 

CuBi2O4.52,53 The TRMC measurements in this study validate this observation but low fluences 

and high substrate temperatures are beneficial. By that the charge carrier diffusion length can 

be roughly doubled compared to wet chemical depositions.52,60 This validates the excellent film 

quality of PLD grown CuBi2O4.  

Photocurrent densities of up to -0.71 mA/cm2 are competitive with literature values even 

though they do not represent new records. This view changes in IPCE and especially APCE 

considerations: APCE400nm values of up to 76.4% are shown whereas literature values only 

reach 43%. These value prove a charge extraction which is unmatched in literature.  

Building on these observations the PLD process could be further optimized by combining 

low fluences with high temperatures. A subsequent thickness optimization may improve 

photocurrents. Furthermore additional functional layers could be introduced, e.g. NiO as hole 

blocking layer at the FTO contact like Song et. al. employed.200 Also efforts could be pursued 

to avoid the H2O2 electron scavenger and to construct HER stable PEC cells as shown for 

Cu2O photocathodes.49,50,221 Another way could be investigations on tandem devices or 

structured substrates even though the latter one is challenging for PLD.  

Overall it can be concluded that PLD is an excellent tool for PEC research to deposit high 

quality thin films. The precise thickness control, the lack of contaminations and the flatness of 

the deposited films make it especially suited to investigate intrinsic properties of new potential 

materials like charge transport or optical properties. 
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6 Summary and outlook 

Within this thesis the use of oxides as extremely thin absorbers for photoelectrochemical 

applications was investigated. Their limited charge carrier diffusion length make minimal 

absorber thicknesses inevitable to achieve efficient charge carrier extraction. A combination 

with nanostructures is furthermore beneficial to allow strong optical absorption with moderate 

absorption coefficients. 

Three oxides, Bi2O3, Mn2V2O7 and CuBi2O4, were deposited using two explicit thin film 

deposition techniques, ALD and PLD. The resulting thin films were subsequently investigated 

to evaluate key performance indicators for PEC applications and to benchmark the individual 

growth processes. 

Chapter 3 investigated the growth of Bi2O3 from [Bi(tmhd)3] in a thermal and a plasma-

enhanced ALD process. The thermal process shows a growth rate of 0.24 Å/cycle in the 

temperature window from 210 – 270°C. The resulting films exhibit significant carbon 

contaminations of 9.4 at.%. The growth rate was increased to 0.35 Å/cycle using an oxygen 

plasma in the temperature window from 280 – 330°C. The amount of carbon impurities 

decreases to 4.3 at.%. While the shift of the temperature window could not be finally resolved 

the GPC increase and contamination level decrease were explained using real-time 

spectroscopic ellipsometry measurements: water is not able to fully remove the Bi(tmhd)x 

surface layer but the oxygen plasma is. The RTSE investigations were extended by the 

introduction of a novel double-layer optical model. Thereby it is possible to follow the Bi(tmhd)x 

surface layer in addition to the Bi2O3 bulk in the PE-ALD process. Furthermore it was observed 

that reproducibility of the depositions is a major issue, limiting the usability of the established 

processes. 

Chapter 4 therefore expands the ALD topic to another material, the ternary oxide Mn2V2O7. 

Thermal ALD processes to deposit the individual binary oxides MnO and VOx were established 

at 200°C with growth rates of 0.91 Å/cycle and 0.25 Å/cycle, respectively. A supercycle was 

constructed from these values where slight adjustments of the cycle ratio allow changes in 

stoichiometry. Annealing in argon at 500°C induces a crystallization into the desired β-phase 

and an almost ideal stoichiometry of Mn2V2.06O7.12 is achieved. An indirect bandgap of 1.83 eV 

was measured. Under OER conditions an oxidation of Mn(II) was observed. An additional 

sacrificial MnO top layer is introduced to avoid any influence on the integrity of the Mn2V2O7 

film. However, even with these promising material properties the measured photocurrent 

densities were minimal with an APCE below 1%. The reason for the weak PEC performance 

is likely an intrinsically low charge carrier mobility.  

 Further steps in ALD of Bi2O3 may include the identification of intermediate species, e.g. 

by IR spectroscopy. For Mn2V2O7 this includes the influence of the deposition temperature and 

the investigation of nucleation effects. However, detailed further investigations are barely 

justified in both cases.  
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Instead the suitability of ALD to deposit extremely thin absorbers should be discussed. One 

fundamental benefit of ALD is the extraordinary process control in terms of films thickness, 

uniformity and conformality, making it very promising for nanostructured samples. However, 

the present investigations have shown that such a level of process control can be very 

challenging to achieve for certain multinary materials, even on flat samples. Process control 

will be even more challenging when the next step towards full coverage of nanostructures is 

tackled, especially if PE processes with their directional characteristics are employed. In that 

sense the effort to establish an ALD process can only be recommended if a promising oxide is 

identified and if the performance bottleneck is clearly assigned to a mismatch of absorption 

and charge carrier transport.  

Another important consideration should be the impurity tolerance. The experiments have 

shown that carbon residues are an issue in ALD processes. Carbon contents of 1 – 5 at.% 

were observed after annealing in air. The stoichiometry in complex oxides adds another 

challenge. As shown the ALD processes are not 100% uniform and therefore slight alterations 

in the resulting stoichiometry will be present. Therefore the chosen material should be robust 

against such non-ideal compositions. Especially the charge carrier transport can be drastically 

hindered by defects caused by impurities as they can act as recombination centers.  

The key to a successful use of ALD is therefore exceptional process control and low 

contamination levels. On a reaction mechanism level this means that the two surface reactions, 

chemisorption of the precursor and ligand removal, have to be complete while side reactions 

as multilayer absorption have to be avoided. Straightforward requirements are therefore high 

energy i.e. very reactive precursors and low energy i.e. stable reaction products, ideally with a 

mid-energy intermediate surface species. An example of such a process may be ALD of Al2O3 

from the highly pyrophoric precursor TMA and water, which is often considered a model ALD 

process.67,75 The preference of stable products implies a prime use of ALD grown films in PEC 

application as protection layers. An example is TiO2.222,223  

Following the thought, stability can be fundamentally interpreted as the ability of a material 

to withstand electron loss or capture (stability against oxidation and reduction). Physically 

speaking this translates into a large ionization energy and a low electron affinity and hence: a 

large bandgap. The general trend that large bandgaps correlate with increased stability under 

PEC conditions has been reported in literature.11 Concerning ALD this observation could be 

extended towards: Good process control points towards stable products, points towards large 

bandgaps. It certainly fits for Al2O3 with a bandgap of ca. 7 eV and the bandgap of TiO2 with 

3.2 eV is rather large as well.147,224 Although many other factors influence process control and 

bandgaps, ALD of promising low bandgap absorbers may be intrinsically difficult.  

Chapter 5 followed a different pathway using PLD to grow CuBi2O4. The influence of the 

deposition parameters laser fluence, substrate temperature and oxygen background pressure 

was investigated. The influence of the three parameters are rather subtle but general 

observations over all samples include: phase purity, shown by XRD and Raman spectroscopy; 
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slightly bismuth rich films without any further contamination, shown by EDX, RBS and XPS; an 

indirect bandgap around 1.85 eV, shown by UVVis; a roughly doubled charge carrier diffusion 

length compared to wet chemically deposited films, shown by TRMC; and almost doubled 

APCE values compared to literature values.  

These observations prove that PLD is very suited to grow high quality thin films for PEC 

applications with comparatively low effort. The deposition parameters offer optimization 

potential, even though the influence of an optimized thermal post-deposition treatment may be 

larger.114  

PLD therefore has a lot of potential for initial material evaluation within PEC research. With 

the precise thickness control and lack of impurities it is suited to investigate fundamental 

material properties on model like thin films. A possible extension of the present single-target 

approach to multi-target depositions offers the potential to alter the film stoichiometries or even 

to deposit high-quality material libraries to identify promising compositions. Further than that 

the applications of PLD are limited. An upscaling towards larger areas is not trivial and also 

the coverage of complex geometries is challenging with the strongly directional ablation and 

collection of the material. 

On a broader scale two final aspects should be mentioned. The first one is the suitability of 

oxides as absorber materials in PEC devices. Three principle benefits of oxides were 

mentioned in the introductory part of this thesis. The first two are: (1) the ease of sample 

preparation and (2) the inherent stability of oxides. The present investigations have shown that 

these two factors can only be understood as general trends but not as absolute truths for all 

oxides. Especially the stability can be discussed. Not only can many oxides not withstand the 

harsh PEC conditions, in many cases such a stability may not be necessary.49 In most cases 

the absorber material is accompanied by additional functional layers like protection layers or 

catalysts.43,45,62,221 In that way the absorber does not have to be an “all-in-one” stable 

photocatalyst but the different requirements may be met by multiple materials. The third benefit 

of oxides, (3) their extreme versatility, is however true and therefore offers the possibility that 

oxides fulfill critical functions in a final PEC device. Maybe even as absorber.  

The second aspect is the contribution of PEC water splitting on a global energy scale. As 

shown in the introduction the solar-to-hydrogen efficiencies of PEC devices are rather low, 

below 10% using the presented metal oxide + bottom absorber approach. Other devices using 

expensive catalysts and III/V semiconductors reach efficiencies around 20%, on lab scale.46 

The combination of a photovoltaic cell with an electrolyzer is the direct architecture to compare 

to. Efficiencies around 30% can be achieved there.225,226 This superior efficiency already shows 

the challenge that PEC devices still have ahead. PEC devices are not available on commercial 

scale, contrary to PV systems and electrolyzers. Solar modules with an efficiency of up to 24% 

are currently available, the efficiency of electrolysis is 56 – 73%, depending on the 

technique.24,227 Therefore, STH efficiencies of around 17% are achievable using existing 

commercial solutions. The cost factor will be another challenge for PEC devices. Even if cheap 
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materials like some metal oxides are used it will be difficult to compete with existing silicon-

based PV. Already today the main cost factor is not the solar module itself but the balance of 

system (BOS) costs, including wiring, installation systems etc. It seems unlikely that the BOS 

costs will decline for PEC devices with their need for electrolyte, hydrogen, and oxygen 

handling. Exactly these points were addressed by Jacobsson.229 The idealistic advantages of 

integrated PEC devices with lower losses and decreased overpotentials due to lower current 

densities are more than overcast by their practical cost. As a consequence, PEC devices will 

most likely not play a significant commercial role in the near future. 
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7 Appendix 

7.1 Supporting data 

7.1.1 ALD of Bi2O3 

 

Figure S 1: C 1s spectra of a bare silicon wafer (black), a pure Al2O3 sample (blue), and a T-ALD Bi2O3 sample 
(red). 

A bare silicon wafer only shows peaks assigned to adventitious carbon around 285 eV. A 

sample with only Al2O3 exhibits another peak at 289 eV which is therefore ascribed to 

contaminations from the Al2O3 ALD process. Measurements from Bi2O3 samples show a 

contamination peak at a different position of 288 eV which are therefore ascribed to 

contaminations from the [Bi(tmhd)3] precursor. 

 

Figure S 2: Al 2p spectra of a PE-ALD Bi2O3 sample measured under normal angle (top) with a fit assigned to 
Al2O3 (blue) and the same sample measured under 60° (bottom). 
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Under normal angle a small amount of aluminium is detected for a PE-ALD sample of Bi2O3. 

This signal completely vanishes when measured under 60°. 

 Parameterization of the Bi(tmhd)x surface layer 

The refractive indices n of the chemisorbed surface layer of Bi(tmhd)x were parameterized 

after the first [Bi(tmhd)3] exposure, during the purge step, using a Cauchy model. Since no 

data is available on the refractive index of a single Bi(tmhd)x layer, a certain dispersion model 

had to be assumed. Since there is no clear evidence of a resonant frequency (the presence of 

which would suggest a Lorentz oscillator model), the Cauchy model is the most appropriate 

choice. The Cauchy model describes the dispersion of n as105: 

𝑛 = 𝑛0 +
𝑛1

𝜆2
+

𝑛2

𝜆4
 (27) 

Although empirical in nature, it is an often used and powerful dispersion model for describing 

the index of refraction of dielectric (insulating) and semiconducting materials. It works best 

when there is little or no optical absorption in the region of interest, which is indeed the case 

for a monolayer of Bi(tmhd)x. The Cauchy parameters n0, n1, and n2 are fit parameters and 

have only limited physical meaning; specifically, n0 represents the (usually constant) refractive 

index at long wavelengths, n1 describes the curvature in the middle of the visible spectrum, 

and n2 is used to describe the much stronger curvature towards the shorter wavelengths.103 

Values that were obtained for these parameters are n0 = 1.49, n1 = 0.01, n2 = 0.00. The optical 

properties (n and k) of bulk Bi2O3 were determined after the last ALD cycle when the maximum 

Bi2O3 film thickness is achieved and no Bi(thmd)x surface layer is present. An example of the 

double layer fit is shown in Figure S 3.   

 

Figure S 3: Example of a fit of a RTSE spectrum: (a) measured Ψ (black) and Δ (blue) with fits (dashed red); (b) 
Double-layer optical model with fit parameters and variables. 
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7.1.2 ALD of Mn2V2O7 

 

Figure S 4: Growth rate of the MnOx ALD process as function of the substrate temperature. 

 

Figure S 5: Diffractograms of (a) MnOx (black) on silicon and literature signals for MnO (red) and (b) VOx (black) 
on silicon and a bare silicon substrate (red).188 The reflections of silicon in (b) are only visible if the (square) sample 
is aligned with the direction of the X-rays. If the sample is rotated by 45° in the xy-plane these reflections vanish as 
visible in (a). 

The reflections of the as deposited MnOx film can be ascribed to cubic MnO proving at least 

partial crystallinity. Differences in intensities are usually due to a preferred orientation of the 

sample. As deposited VOx shows the same signal as a bare silicon wafer, indicating an 

amorphous film. The reflections of the bare silicon wafer are only visible when the crystal lattice 

(and breaking edge of Si(100) pieces) is perpendicular to the incoming X-rays. In other 

measurements the samples on silicon are usually rotated by 45° inhibiting this characteristic 

pattern. 
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Figure S 6: Mn 2p region fitted with the Mn(IV) pattern suggested by Biesinger et al. (dark yellow), peak sum in 
red, raw data in black.193 

 

Figure S 7: Mn 2p region of an Mn2V2O7 film annealed in air at 500°C, (a) with Mn(II) fit and (b) Mn(III) fit 
according to Biesinger et al.193 

 

Figure S 8: (a) Absorption coefficient α vs. wavelength of the samples with 1:7 (blue), 1:8 (green), and 1:9 (red) 
cycle ratio; (b) Raw absorption of the 1:9 cycle ratio sample (black) vs. wavelength compared with the raw 
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absorption of a bare FTO substrate (red), and the difference of both measurements (blue) which builds the base for 
the UVVis considerations; (c) Indirect Tauc plot of the 1:9 cycle ratio sample with an estimated bandgap of 1.90 eV. 

 

 Calculation of the oxidized MnO film thickness 

The showed CV was recorded at a scan rate of 25 mV/s, making it easily convertible into 

time vs. current density. Within this conversion the potential range of the first and the second 

cycle were integrated from 1.1 – 1.8 V vs. RHE, respectively. The difference of these 

integrations is the charge transferred during the oxidation (per area). It is calculated to: 

𝑞𝑎𝑟𝑒𝑎 =  4.307 
𝑚𝐶

𝑐𝑚2
 (28) 

Combining the transferred charge with the Faraday constant F and the number of 

transferred electrons per manganese atom z gives the amount of oxidized manganese. z was 

set to 1.5 based on previous investigations.171 

𝑛𝑎𝑟𝑒𝑎 =  
𝑞𝑎𝑟𝑒𝑎

𝑧 ∙ 𝐹
 = 2.976 ∙ 10−8

𝑚𝑜𝑙

𝑐𝑚2
 (29) 

Including the molar mass M = 70.94 g/mol of MnO gives the mass: 

𝑚𝑎𝑟𝑒𝑎 =  𝑛𝑎𝑟𝑒𝑎 ∙ 𝑀 = 2.111 ∙ 10−6  
𝑔

𝑐𝑚2
 (30) 

Finally the density ρ = 5.45 g/cm3 is needed to calculate the oxidized thickness of MnO. 

𝑑𝑜𝑥 =  
𝑚𝑎𝑟𝑒𝑎

𝜌
= 3.874 ∙ 10−7 𝑐𝑚 = 3.874 𝑛𝑚 (31) 

To calculate the equivalent amount of MnO corresponding to the 23 nm Mn2V2O7 the ALD 

growth rate and number of binary MnO ALD cycles is used 

Vice versa the corresponding thickness of oxidized Mn2V2O7 is calculated by the simple 

relation 

𝑑𝑜𝑥,𝑀𝑛2𝑉2𝑂7
=

23 𝑛𝑚 ∙ 3.874 𝑛𝑚

7.28 𝑛𝑚
= 12.24 𝑛𝑚 (33) 

 

𝑑𝑀𝑛𝑂 = 0.91 
Å

𝑐𝑦𝑐𝑙𝑒
 ∙ 80 𝑐𝑦𝑐𝑙𝑒𝑠 = 7.28 𝑛𝑚 (32) 
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Figure S 9: Diffractograms of Mn2V2O7 after annealing (red) and after electrochemistry (blue) compared to 
literature reflections of FTO (black), α-Mn2O3 (orange), and β-Mn2V2O7 (green).183,190 

 

Figure S 10: XPS measurement of the Mn 2p 3/2 region of Mn2V2O7 after electrochemistry fitted with different 
routines from Biesinger et al.193, (a) Mn(II) fit in purple, (b) Mn(III) fit in orange, raw data in black, peak sum in red. 

 

Figure S 11: Raw XPS spectra of the Sn 3d region of Mn2V2O7 samples, red after annealing, black after 
electrochemistry. 
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Figure S 12: CV scan of a Mn2V2O7 sample (red) compared to an FTO substrate covered with the MnO sacrificial 
layer (black). 

 

Figure S 13: CA measurement of Mn2V2O2 in borate buffer with [Fe(CN)6]3-/4- scavenger. 

 

Figure S 14: CA measurement of Mn2V2O2 in 0.1M KOH with [Fe(CN)6]3-/4- scavenger. 
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Figure S 15: Pourbaix diagram of the Mn-V-O system adapted from Yan et al. The star marks the CA conditions 
in the third electrolyte.56 

7.1.3 PLD of CuBi2O4 

 

Figure S 16: Measured film thickness after PLD targeting 100 nm. 
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Figure S 17: GIXRD patterns of CuBi2O4 thin films grown with varying parameters, (a) on FTO after annealing; 
(b) on quartz after annealing; (c) on quartz as deposited, reference pattern in orange, quartz substrate in black.205 

 

Figure S 18: Full width at half maximum of the 28° reflection in GIXRD measurements. 
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Figure S 19: RBS measurement of CuBi2O4 (standard deposition conditions) on quartz. 
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Figure S 20: SEM images part 1 
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Figure S 21: SEM images part 2 
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Figure S 23: EDX images part 1 
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Figure S 24: EDX images part 2 
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Figure S 25: EDX images part 3 

 

 



 

 

 

Figure S 26: SEM top view image of a bare FTO substrate. 

 

Figure S 27: Fine spectra of CuBi2O4 deposited with standard conditions (a) O 1s region, (b) Cu 2p region. 
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Figure S 28: XPS fine spectra of CuBi2O4 deposited under various conditions (a) Bi 4f region, (b) Cu LMM 
region. 

 

Figure S 29: Absorption coefficient and photographs of two samples before and after annealing in air. 
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Figure S 30: Peak mobility in dependence of (a) the substrate temperature and (b) the oxygen background 
pressure vs. the photon count. 

 

Figure S 31: Fitted lifetime τ1 in dependence of the excitation photon count; black squares: standard 
conditions; red downward triangle: 1.5 J/cm2, red upward triangle: 2.5 J/cm2; green diamond: 150°C, green 
upward triangle 300°C; blue downward triangle 10-3 mbar, blue diamond 5x10-3 mbar, blue hexagon 10-2 mbar, 
blue upward triangle 5x10-2 mbar; colored lines are respective linear fits, thick black line is the linear fit over all 
data points showing the negligible influence of the photon count.  
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7.2 List of abbreviations and used constants 

 

Abbreviation Definition 

AFM Atomic force microscopy 

ALD Atomic layer deposition 

AM 1.5 Air mass 1.5 

APCE Absorbed photon to current efficiency 

BOS Balance of system 

CA Chronoamperometry 

CCU Carbon capture and storage 

CE Counter electrode 

CR Cycle ratio 

CV Cyclic voltammetry 

CVD Chemical vapor deposition 

DFT Density functional theory 

DSSC Dye synthesized solar cell 

EDX Energy-dispersive X-ray spectroscopy  

ETA Extremely thin absorber 

FTO Fluorine doped tin oxide 

FWHM Full width at half maximum 

GIXRD Grazing incidence X-ray diffraction 

GPC Growth per cycle 

HER Hydrogen evolution reaction 

IPCE Incident photon to current efficiency 

IR Infrared 

LOHC Liquid organic hydrogen carrier 

LSV Linear sweep voltammetry 

MS Mass spectrometry 

MSE Mean squared error 

OER Oxygen evolution reaction 

PE Plasma enhanced 

PEC Photoelectrochemistry 

PLD Pulsed laser deposition 

PPA Power purchase agreement 
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PtX Power to X 

PV Photovoltaic 

RBS Rutherford Backscattering spectrometry 

RHE Reversible hydrogen electrode 

RMS Root mean square 

RT Room temperature 

RTSE Real time spectroscopic ellipsometry 

SC Semiconductor 

SE Spectroscopic ellipsometry 

SEM Scanning electron microscopy 

STH Solar to hydrogen 

T-ALD Thermal atomic layer deposition 

TEM Transmission electron microscopy 

TMA Trimethylaluminium 

TRMC Time resolved microwave conductivity 

UV Ultraviolet 

Vis Visible 

VTIP Vanadium(V)tri-isopropoxy oxide 

WE Working electrode 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

 

Symbol Name Value Unit 

h Planck constant 6.626 x 10-34 Js 

c Speed of light 2.998 x 108 m/s 

e Elementary charge 1.602 x 10-19 C 

kB Boltzmann constant 1.380 x 10-23 J/K 

ε0 Vacuum permittivity 8.854 x 10-12 C2/Jm 
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