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1 Introduction 

 

The industrial revolution from 1760 to 1830 was the starting point of our today’s modern world. 

Mankind has developed a variety of new techniques to facilitate and extend daily work as well as quality 

of living.[1] Since the last three centuries mankind faces a substantial progress. Besides great industrial 

achievements, on the other hand our planet suffers from harmful environmental effects caused by 

growing industry impacts. The large population density as well as our living standard is responsible for 

a drastically increase of energy demand, especially within the last decades. It cannot be denied that the 

temperatures all over the world are rising, which is related to global warming and climate change.[2] 

The availability of fossil fuels such as coal, crude oil and natural gas, which are our main energy 

supplies, will be exhausted in the future. The reason for this is the amount and rapidity of their 

consumption in relation to the time consuming natural evolution of fossil fuels. Fossil fuels originate 

from organic remains, which emerged millions of years ago from CO2 by natural photosynthesis.[3] The 

industrialization has emitted an increased amount of CO2 in our atmosphere, which is too large to be 

converted by natural photosynthesis. As a consequence global warming caused by the greenhouse gas 

CO2 enhances the scarcity of fossil fuels. Therefore, it is our duty to reconsider our worldwide energy 

supply and convert our energy system to renewable energies. 

The best-known renewable energies are wind and solar power. However, these techniques suffer from 

their inherent volatility with strongly variable energy fluxes with time, which are not in phase with the 

social consumption needs. It is necessary to develop storable and transportable fuels from renewable 

energies. One solution for that challenge can be found in nature. The natural photosynthesis, which is 

the most important and prototypical method of harvesting solar energy, acts as role model.[4] Here, CO2 

and water are converted to glucose and oxygen by using sun light. The idea is to develop an “artificial 

leaf”, which is able to convert CO2 and water into storable and reusable fuels (CO2 reduction) as well as 

oxygen (water oxidation, oxygen evolution reaction). Storing chemical fuels is advantageous as they 

have up to 100 times higher energy and power densities compared to the best batteries. Moreover, large 

scale storage on unlimited timescale is possible.[5]–[7] 

Figure 1 compares the natural photosynthesis with the artificial process on different size scales. Natural 

photosynthesis is performed by light absorption by biological entities that contain chlorophyll pigments. 

These pigments are responsible for the conversion of water to oxygen and adenosine triphosphate (ATP). 

In a second step, which is known as Calvin cycle atmospheric carbon dioxide and water is further 

converted to hydrocarbons, such as glucose (C6H12O6). In the artificial photosynthesis the reactions 

should be induced by a photo catalyst, for example a copper thin film with the help of the photovoltage 

of a solar cell. Less complex hydrocarbons, such as carbon monoxide (CO), methane (CH4), ethylene 
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(C2H4) or ethanol (C2H7OH) are formed. The following paragraph will address the realization of such 

an artificial leaf and its main components.[8] 

 

Figure 1: Schematic illustration and comparison of the natural and artificial photosynthesis from 
macroscopic to nanoscale. 

  

For the realization of such an artificial leaf photoelectrochemical cells may develop to a key technology. 

One essential part of such a device is a photoabsorber, which has to drive both half-cell reactions (CO2 

reduction and oxygen evolution reaction). This photoabsorber material should be a cheap multijunction 

photoelectrode, which is able to transform sun light into an electrochemical potential difference, which 

is large enough to drive the desired reactions. The second important part of the artificial leaf are 

appropriate catalysts for the CO2 reduction reaction and another one for the oxygen evolution reaction, 

which allow high current densities at low overpotentials. Here, thin layers or nanoparticles of metal or 

metal oxides are conceivable. The redox reaction should take place in an electrolyte (pH > 7) at moderate 

temperatures to achieve high stability and favorable kinetics of the involved materials. Last important 

part of the artificial leaf is an ion exchange membrane for the separation of gas, liquids and products. 
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Figure 2 schematically shows the architecture of an artificial leaf photoelectrochemical cell with its main 

parts. 

 

Figure 2: Scheme of an artificial leaf photoelectrochemical cell architecture including a Si based 
multijunction as photoabsorber, a CO2 reduction catalyst as well as an oxygen evolution catalyst and 
an ion exchange membrane.  

Objective of this work was the systematic investigation of the interface between the Si based 

multijunction and the CO2 reduction catalyst. The electronic band alignment at the interface strongly 

influences the corresponding photoelectrochemical performance of the systems and therefore the 

efficiency of the CO2 reduction. Hence it is necessary to characterize and optimize that interface. As 

photoabsorber material different Si substrates were used, starting from a very basic model system, which 

uses a p-Si wafer, coming to more advanced systems including pn+-Si, p-Si | µcn-Si, µc-Si:H and 

a-Si:H | a-Si:H | µc-Si:H  junctions. Furthermore, different Si surface terminations such as native silicon 

dioxide, hydrogen termination as well as thermally grown silicon dioxide were investigated with respect 

to the energetic band alignment and the resulting photoelectrochemical behavior when being in contact 

to the catalyst material. As CO2 reduction catalyst thin films of metallic copper and silver were used, 

which were deposited to the Si support by a physical vapor deposition technique. Literature has shown 

that both materials can be successfully used as CO2 reduction catalyst, which will be discussed more in 

detail in this work. 

All material systems were investigated by photoelectron spectroscopy before and after electrochemical 

characterization as well as by scanning electron microscopy. The aim was to prove whether there is a 
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relation between the initial electronic band structure of the material system and the corresponding 

photoelectrochemical performance. 
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2 Fundamentals 
 

In this chapter the fundamental properties of the different material classes are introduced. A special 

focus will be on semiconductors and semiconductor interfaces. Furthermore, the principles of solar cells 

as well as photoelectrochemical cells will be explained. Finally, the mechanism of the CO2 reduction 

reaction is introduced. 

 

2.1 Material Classes  

The difference between metals, semiconductors and insulators is the interatomic bonding which effects 

the electronic properties. While in metals the electrons are delocalized in the lattice which result in a 

metallic bond, semiconductors have covalent or ionic bonds. Metals show partially occupied bands 

which results in high charge carrier density as well as electron mobility. The electrons which are close 

to the Fermi level are responsible for the electric conductivity. In a metal the Fermi level EF can be 

described as electrochemical potential of the electrons. The work function (φ) is defined by the energetic 

distance of the Fermi level to the vacuum level (EV) which is shown in Figure 3. In case of a 

semiconductor it has to be differentiated between the highest occupied state which is called valance 

band maximum and the lowest unoccupied state which is called conduction band minimum. These 

electronic states are separated by the energy band gap (EG). Electrons of the valence band (VB) can be 

excited to the conduction band (CB) by applying a sufficiently high energy, for example in form of 

photons. This effect results in the ability of carrying electric current by electrons of the valence band 

leaving behind a hole and occupy a state in the conduction band. Here, the Fermi level can be described 

as the energy level below which all electronic states are occupied. For intrinsic semiconductors the 

Fermi level lies in the middle of the band gap and can be shifted by additional positive or negative charge 

carriers or other defects. Equivalent to metals the work function in semiconductors is defined by the 

distance between Fermi level and vacuum level. The distance between valence band maximum and 

vacuum level is the ionization potential (IP) and EA describes the electron affinity which is the distance 

from the conduction band minimum to the vacuum level. The electric transport properties within a 

semiconductor are defined by electrons in the conduction band and holes in the valence band. Additional 

charge carriers can be generated for example by optical excitation with visible light which is described 

by the inner photoelectric effect. This feature is the main difference between semiconductors and 

insulators (having large band gaps). 

Compared to a semiconductor the energy band gap of an insulator is notably larger and therefore charge 

carriers cannot be generated by the excitation with visible light.[9][10] Well known values of energy 
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band gaps of semiconductors are for example EG=1.12 eV for Silicon (Si) and EG=1.42 eV for gallium 

arsenide (GaAs).[11][12] Furthermore, these two materials are popular examples for different types of 

semiconductors possessing either a direct or an indirect band gap. While the conduction band minimum 

and the valence band maximum of Si are not at the same position of the Brillouin zone in reciprocal 

space, which indicates an indirect band gap, GaAs has an direct energy band gap as here the conduction 

band minimum and the valence band maximum are at the same position in reciprocal space.[13][14] 

Whether a semiconductor has a direct or indirect energy band gap affects the way of exciting an electron 

from the valence band maximum to the conduction band minimum. In case of a direct energy band gap 

an electron can be excited by one incident photon which needs to have at least the same energy as the 

band gap. For an indirect semiconductor one incident photon with a sufficient high energy cannot result 

in an electron transfer to the conduction band as the valence band maximum and the conduction band 

minimum are at different positions in the reciprocal space. In that case an additional phonon excitation 

is required to fulfil momentum conservation.[10][15] 

 

Figure 3: Energy band diagrams for a metal, a semiconductor and an insulator at a temperature of 0 K. 

The material class depends on the energy band gap EG. The Fermi level EF indicates the position below 

which all electronic states are fully occupied (dark blue bands are occupied, light blue bands are empty).  

The Fermi level can be moved within the band gap of a semiconductor which is a result of the dopability 

of semiconductors. Doping means adding small amounts of a foreign substance which affects the 

electronic structure of the material. It can be distinguished between two kinds of doping. On the one 

hand acceptors can be added to the semiconductor which increases the number of holes. This doping 
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mechanism is called p-doping. On the other hand it is possible to add donors in order to increase the 

concentration of electrons which is known as n-doping.  In both cases the mobility of the charge carriers 

μ play an important role and strongly affect the electric conductivity σ which is defined by  𝜎 = |𝑒|(𝑛𝜇𝑛 + 𝑝𝜇𝑝), (1) 

where e is the electrical charge, p the hole and n the electron concentration. 

 

2.2 Semiconductor Interfaces 

Solid state interfaces play a key role in many applications such as metal-oxide-semiconductors (MOS) 

and field effect transistors (MOS-FET), MOS capacitor, light emitting diodes (LED), semiconductor 

lasers as well as solar cells. Here, the solid state interface is between two semiconductors or between a 

metal and a semiconductor. The principle process of all solid state interfaces is the charge carrier 

equilibration across the junction which develops when different energetic levels are adjusted. Due to the 

Fermi level alignment electrons are transferred from the material with the lower work function to the 

one with the higher work function. As a result of this an electric field will evolve which leads to a 

bending of the electronic bands in the semiconductor. The band bending can be distinguished in three 

different ways: accumulation, depletion and inversion. These different possibilities of band bending will 

be explained by the example of an n-type semiconductor. In case of an accumulation, which is shown 

in Figure 4 a), the band bending is caused by an increase of majority charge carriers at the interface. The 

majority charge carriers of an n-semiconductors are electrons. When it comes to a depletion the electron 

concentration at the interface is decreased which causes an accumulation of holes. Holes are the minority 

charge carriers in an n-semiconductor. This effect can be seen in Figure 4 b). An extreme form of 

predominant majority charge carriers at the interface is the so called inversion which is shown in Figure 

4 c). Here, the conduction band is strongly bend and therefore, intersects the Fermi level. Analogous to 

the example of an n-type semiconductor, the bands of a p-semiconductor bend in opposing way. Here, 

the majority charge carriers are holes and the minority charge carriers are electrons.   

 

Figure 4: Possible energy band situations at an n-type semiconductor: a) accumulation, b) depletion 
and c) inversion. 
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When bringing two semiconductors into contact it is differentiated between a homocontact and a 

heterocontact. In case of a homocontact two semiconductors of the same material but different doping 

are brought into contact which can lead to a pn-homocontact. The most prominent example paragon for 

semiconductor homocontacts is silicon (Si) which is present with any kind of doping and hence available 

as pn-homojucntion as well as np-homojunction. For heterocontacts two semiconductors of different 

materials are brought into contact for example gallium arsenide (GaAs) and Si. As the pn-homocontact 

of Si plays an important role in this work, this situation is illustrated in Figure 5 a). It can be observed 

that near the interface the bands bend in order to adjust the Fermi levels of the p- and n-doped region of 

the semiconductor. This area is called space charge region (SCR) which is defined by the width of the 

SCR. The width of the SCR in the p-type semiconductor is indicated by –Wp for the p- and Wn for the 

n-type semiconductor, respectively. If semiconductors with different band gaps are brought into contact 

(heterocontact), the situation at the interface becomes more complex which is shown in Figure 5 b). The 

difference in the size of energy band gap leads to an offset ∆ECB in conduction band and ∆EVB in valence 

band when adjusting the Fermi level. 

 

Figure 5: Band diagram of a a) p-n-semiconductor contact with differently doped regions but equal 
energy band gap which results in a band bending of eVb in both regions; b) semiconductor contact with 
differently doped regions and different energy band gaps which causes an offset in valence and 
conduction band. 

Another relevant contact situation is the so called Schottky-contact which is formed by the interface 

between a semiconductor and a metal. Figure 6 schematically illustrates the band diagram of such a 

Schottky-contact. Equally to the pn-contact the semiconductor bands at the interface bend in order to 

align to the Fermi level of the metal. The direction of the band bending is responsible for the charge 

carrier transport properties at the interface. An example which is relevant for this work is the Si | Cu 

Schottky-contact.[16] 
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Figure 6: Schottky contact with an n-semiconductor and a metal which causes a band bending of eVb in 
the energy bands of the semiconductor.  

 
  



12 

2.3 Solar Cells 

A solar cell is a semiconductor device which is able to convert solar energy into electrical energy. A 

basic solar cell consists of a simple pn-junction, while thin film solar cells, which are used in this work 

are composed of different functional layers. Here, main part is the intrinsic absorber layer, which absorbs 

the sun light and therefore generate electron hole pairs. How much of the sun light can be absorbed 

depends on the energy band gap of the used semiconductor, which on the other hand defines the 

maximum value of photovoltages which can be produced. The optimum band gap which absorbs the 

most part of the solar spectrum has a size of EG=1.1 eV.[17] Only photons which have an energy equal 

or larger the energy band gap of the semiconductor can be absorbed. Due to this reason Si with a band 

gap of EG=1.12 eV is an ideal solar cell material. Besides the absorber layer, a solar cell needs to have 

an electron conductive layer as well as a hole conductive layer. In a semiconductor device these selective 

conductive layers are an n-doped semiconductor and a p-doped semiconductor. The solar cell current is 

generated depending on the photovoltage, according to the solar cell characteristics under illumination 

shown in Figure 7. The indicated values are characteristic for a solar cell. There are the short circuit 

current density JSC, the open circuit voltage UOC and the efficiency ɳ. The efficiency is the relation of 

the voltage (UMPP) at the maximum power point (MPP) and the current density at MPP (JMPP) with 

respect to the power density of the light (Pphoton). The efficiency is calculated by 

ɳ = ( UMPP * JMPP / Pphoton ). 

 

Figure 7: Solar cell characteristics under illumination including the typical values: MPP, UMPP, UOC, 
JMPP and JSC. 

Besides the limitation of the photovoltage caused by the size of the energy band gap the thickness of the 

absorber layer plays an important role for the photocurrent. In order to absorb the whole incoming light 

the absorber layer thickness should be larger than the reciprocal absorption coefficient. However, the 

absorption layer should be thin enough to prevent recombination as an enlarged distance to the contacts 

of the solar cell promote the effect of recombination of charge carriers. The optimum absorption layer 

thickness strongly depends on its optical and electrical properties such as absorption coefficient and 
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charge carrier mobility. The adjacent layers of the absorber material must exhibit a high conductivity 

for the present type of charge carriers. This is important because the charge carriers need to be 

transmitted to the external contacts. On the other hand it is crucial that the conductivity for the opposing 

type of charge carriers is very low. Furthermore, absorption of photons should not take place in these 

layers. A relevant example for a thin film solar cell is the p-i-n-Si structure. The corresponding band 

diagram is schematically shown in Figure 8. Here, the difference between the solar cell under 

illumination and in the dark is demonstrated. In case of an illuminated solar cell the charge carrier 

distribution cannot be explained by the Fermi level due to the additionally created electrons and holes. 

In fact, Quasi-fermi levels for both types of charge carriers form which is shown in Figure 8. The Quasi-

fermi levels in the doped layers are equal to the Fermi levels in the dark as the change of the number of 

majority charge carriers is negligible. Whereas, the generation of charge carriers in the intrinsic absorber 

layer strongly influences the number of minority charge carriers and therefore affect the position of the 

Quasi-fermi level. The situation illustrated in Figure 8 represents an ideal model of a thin film solar cell 

which is not easy to realize.[18] 

 

Figure 8: Schematic illustration of a p-i-n structured solar cell in the dark and under illumination. 

For this work a-Si:H | a-Si:H | µc-Si:H and µc-Si:H solar cells with p-i-n structure were used. Contrary 

to crystalline Si, amorphous Si exhibits no long range order in the atomic positions. However, 

amorphous Si is principally also tetrahedrally coordinated with four bonds as it is the case for crystalline 

Si, but bond lengths as well as angles are different from the well-ordered crystalline structure. As a result 

structural defects such as strained bonds and three- or fivefold coordinated Si atoms exist within the 

amorphous Si, which leads to dangling bonds within the Si structure. As open bonds significantly reduce 

the electrical properties of Si, hydrogen is incorporated into the Si network in order to passivate the open 

bonds. With that the defect density can be reduced by three to four magnitudes from 1019 cm-3  to 

approximately 1015-1016 cm-3.[19] The amorphous structure of Si itself is not affected by the 

incorporation of hydrogen.[20] Besides the lattice structure, the electronic structure of amorphous Si is 

also different compared to crystalline Si. While crystalline Si exhibits the electronic structure of a 

classical semiconductor, amorphous Si exhibits so called band tails which result from more distorted 

bonds. In these band tails the mobility of charge carriers is reduced. However, they can be injected into 
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the conduction band with increased temperature enhancing their transport rate. In contrast to crystalline 

Si, which possesses a classical indirect band gap, the band gap of amorphous Si is defined as a mobility 

gap. Because of the presence of the band tails, an exact distinction between localized and extended states 

cannot be defined. Therefore, several values between 1.6 eV [21] to 1.9 eV [22] for the optical band gap 

are valid. 

The used µc-Si:H p-i-n solar cell consists of a hydrogenated highly microcrystalline Si phase, which is 

embedded in an amorphous texture. Depending on the desired properties of the solar cell the structure 

can be designed exhibiting highly crystalline to mostly amorphous character. The structure can be 

adjusted by varying a number of deposition parameters, which is not part of this work.[23][24] The 

properties of microcrystalline Si are very similar to single crystalline Si. One important feature with 

respect to photovoltaic applications is the absorption spectrum which does not show crucial differences 

within a wide energy range for both materials. Furthermore, micro- and single crystalline Si show a 

similar optical band gap energy of 1.12 eV.[25][26] Within a photon energy range of approximately 

1.0 eV to 1.85 eV the application of micro- or single crystalline Si does not influence the light absorption 

while amorphous Si absorbs much less photons within this range. However, above 1.85 eV the 

absorption coefficient of amorphous Si is very high followed by microcrystalline Si and then single 

crystalline Si. As a consequence, amorphous Si absorbs more light in the blue to ultraviolet (UV) region, 

while microcrystalline Si is favorably used to absorb photons with low energy in the infrared (IR) region. 

The spectrum of the visible light is absorbed by amorphous Si as well as microcrystalline Si. Figure 9 

shows the absorption coefficient of crystalline Si (c-Si), µc-Si:H and a-Si:H as a function of the photon 

energy. In order to take advantage of these differences in the ability to absorb light, multijunction solar 

cells were developed. The stacking of a-Si:H and µc-Si:H solar cells leads to an nearly optimum 

exploitation of the solar spectrum and hence extends the range of achievable photovoltages.[19], [24], 

[25], [27], [28] 
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Figure 9: Absorption coefficient as a function of the photon energy. Orange: c-Si, red: µc-Si:H and blue 
a-Si:H. The figure is adapted from Ref. [24] 

The used a-Si:H | a-Si:H | µc-Si:H and µc-Si:H solar cells with p-i-n structure are designed with a glass 

window and a transparent conductive oxide (TCO) to allow the light to enter the absorbing layer. 

Furthermore, a front as well as a back contact is needed which in this work is deposited afterwards 

within the experimental procedure. Exemplary schematic drawings of such solar cell structures are 

shown in comparison to a pn+-Si single junction in Figure 10. Contrary to the simple case of a pn+-Si 

single junction where the light enters the photoabsorber through the n-layer, in case of the used 

a-Si:H | a-Si:H | µc-Si:H and µc-Si:H solar cells it is necessary to illuminate the solar cells through the 

p-layer as especially in a-Si:H the hole mobility is much lower compared to electron mobility. As a 

consequence most of the photons are absorbed in the i-layer close to the p-i interface. Hence, the low 

mobility holes can easily travel to the p-layer as the distance is comparably short. Besides acting as 

absorber layer, the i-layer expands the space charge region of the solar cell, which allows the transport 

of photogenerated charge carriers by drift. This is crucial due to the reduced charge carrier lifetimes. 

[19], [24], [27]–[29] It can also be noticed from Figure 10 that the p-layer is much thinner in case of the 

solar cells. A thin p-layer in the pin-configuration of the solar cells allows more light to enter the 

absorber layer, which results in an increased photocurrent. However, a thicker p-layer enhances the 

electric field in the solar cell and hence, increases the photovoltage.[24]  
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Figure 10: Schematic drawing of a) a pn+-Si single junction, b) a µc-Si:H p-i-n solar cell with glass 
window, TCO, front and back contact and c) an a-Si:H | a-Si:H | µc-Si:H solar cell with glass window, 
TCO, front and back contact. 

Figure 11 shows the JV-characteristics of both used types of solar cells. As already mentioned above 

the use of multijunction solar cells improves the photovoltage in contrast to the single junction. While 

the open circuit voltage of the a-Si:H | a-Si:H | µc-Si:H solar cell reaches 2.27 V, the µc-Si:H solar cell 

only reaches 0.53 V. However, the current density is much larger in case of the µc-Si:H solar cell 

(22.5 mA/cm2) compared to the 7.8 mA/cm2 for the a-Si:H | a-Si:H | µc-Si:H solar cell. These 

JV-characteristics will be important when evaluating the photoelectrochemical performance of the solar 

cells, which is part of chapter 5 and 6. 

Figure 11: JV-characteristics of a µc-Si:H and an a-Si:H | a-Si:H | µc-Si:H solar cell. This information 
originates from the A-LEAF project partner Forschungszentrum Jülich GmbH. 
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2.4 Photoelectrochemical Cells 

A photoelectrochemical cell is used to perform photoelectrochemical measurements under different 

illumination conditions. On one side, it consists of a photoabsorber as the cathode (in the used setup), 

which provides enough photocurrent and photovoltage to drive the electrochemical reaction. A 

catalytically active layer, which is in direct contact to the photoabsorber as well as the electrolyte 

enhances the reaction rate. On the other side is the counter electrode consisting of a metal plate or mesh, 

which is also covered by a catalytically active layer to enhance the anodic half-reaction. The reaction 

which takes place at the cathode is called reduction reaction while the reaction at the anode is called 

oxidation reaction. The used electrolyte should provide a high ionic conductivity as the charge transfer 

in liquid materials is transported by ions, contrary to metals where the charge transfer is conducted by 

electrons. In solar cells the current is determined by the majority charge carriers. In general, the ion 

mobility in an electrolyte is five to six orders of magnitude smaller than the mobility of electrons and 

holes in a crystalline semiconductor. Therefore, it is very important to take into account that low ion 

concentrations can limit the efficiency of the photoelectrochemical cell due to high resistive losses. 

Therefore, an appropriate electrolyte should be chosen.[30][24]  

The photoelectrochemical measurement of one half-cell reaction can be realized by a three electrode 

setup: working electrode (WE), reference electrode (RE) and counter electrode (CE). Here, the working 

electrode refers to the half-cell where the oxidation or reduction takes place which means that this 

electrode is connected to the sample. The reference electrode which has a defined potential in the used 

electrolyte is used to measure the potential of the sample (WE). The current between working electrode 

and counter electrode (platinum (Pt) wire) is adjusted and therefore the potential of the sample (WE) 

can be measured. 

Reduction and oxidation reactions (redox reactions) are described by electron transfer between the 

involved species. The work, which is needed to add a charged particle to a redox system, is described 

by the so-called electrochemical potential. This description is analogous to the Fermi level within 

semiconductors. Usually the electrochemical potential is given in units of joule per mole (J/mol) while 

the Fermi energy is given in units of electron volts (eV).[24] 

When the half-cell reaction at the working electrode take place at the same rate for the involved reduction 

and oxidation reaction the redox potential is at its thermodynamic equilibrium. However, the redox 

potential may change when deviating from standard conditions. This can happen for example if both 

components have different concentrations. The Nernst equation can be used to calculate changes of the 

redox potential: 
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𝐸𝑟𝑒𝑑𝑜𝑥 = 𝐸𝑟𝑒𝑑𝑜𝑥0 + 𝑅𝑇𝑛𝐹 𝑙𝑛 ( 𝑐𝑜𝑥𝑐𝑟𝑒𝑑), (2) 

where E0
redox is the redox potential under standard conditions, R the gas constant, T the temperature, 

cox the concentration of the oxidized species and cred the concentration of the reduced species.[31] 

Analogous to the electron energy in vacuum, which is used as reference for semiconductors, the redox 

potential under standard conditions E0
redox is usually referred to the standard hydrogen electrode (SHE). 

The potential of the SHE lies at -4.5 eV with respect to the vacuum level.[32][33] Therefore, the standard 

electrochemical potential can be related to the Fermi level in the electrolyte by using the vacuum level 

as a reference. Although, the behavior of particles in a solution differs from electrons in a semiconductor, 

a quantitative description of photoelectrochemical concepts is possible by adjusting the energy scale of 

both systems. 

Usually, an electrochemical cell is not under equilibrium as this state can be easily be disturbed by 

applying an overpotential or by adding reactants which will result in an increased reaction rate of the 

cathodic or the anodic reaction. As a consequence a net current flow appears. The applied overpotential 

should be high enough to drive the charge transfer which is defined as difference between the 

electrochemical potential and the electrode potential in case of equilibrium.[34][24] 

The Butler-Volmer equation (3) expresses the overall current voltage dependence of an electrochemical 

reaction which contains the cathodic as well as the anodic reaction kinetics. 

𝑗 = 𝑗0 [𝑒(𝛼𝑛𝐹𝑅𝑇 ɳ𝑐𝑡) − 𝑒(−(1−𝛼)𝑛𝐹𝑅𝑇 ɳ𝑐𝑡)] (3) 

Here, j0 is the exchange current density, which describes the velocity of the charge transfer under 

equilibrium conditions, which is also correlated to the catalytic activity of the electrode. The 

overpotential is expressed by ɳct, while α is the transfer coefficient, n the number of charges and F the 

Faraday constant.[35]  

Figure 12 a) shows the schematic setup of a photoelectrochemical cell which used a µc-Si:H solar cell 

in pin-configuration as photocathode. This is only an exemplary setup as different cathode materials can 

be used such as pn+-Si single junctions or a-Si:H | a-Si:H | µc-Si:H and µc-Si:H solar cells. Nevertheless, 

the main parts as well as the working principle are the same. One important part of the 

photoelectrochemical cell is the interface between the metallic back contact and the electrolyte. When a 

metal is brought into contact with an electrolyte charges flow from one phase to the other in order to 

equilibrate the electrochemical potential. This mechanism can be compared to the energy band 

alignment of pn-junctions of semiconductors. The charge flow between the metal and the electrolyte 

leads to a potential difference across the interface causing an electrical field. As a consequence, the ions 

in the electrolyte as well as the water molecules near the interface will redistribute resulting in a 

Helmholtz double layer and a diffusion layer. The catalytic active metal layer does not only play an 
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important role in terms of charge flow across the metal electrolyte interface, but it is also important to 

bury the semiconductor structure in order to protect it from the electrolyte. From Figure 12 a) it can be 

seen that under illumination charge carriers are generated in the µc-Si:H solar cell which are then 

injected from the back contact into the electrolyte. Here, the electrons take part in the reduction reaction. 

On the other side holes are transferred from the TCO layer and front contact to the anode and take part 

in the oxidation reaction.  

It can be concluded that the photoelectrochemical cell is a series connection of a photovoltaic cell and 

an electrolysis cell. The electrolysis is biased by the photovoltage, which is generated by the used 

absorber material when being illuminated.   

Figure 12 b) shows the schematic energy band alignment of a p-i-n Si solar cell with a metal contact 

(Cu/ Ag) in the dark and c) under illumination. In the dark the applied potential at the Si junction is 

equal to the potential at the metal contact. In contrast, under illumination the potential at the metal 

contact is shifted (into negative direction), which is an effect of the formation of Quasi-fermi levels due 

to the induced photovoltage. 

 



20 

 

Figure 12: a) Schematic setup of a photoelectrochemical cell consisting of a front contact, a transparent 
conductive oxide (TCO), a µc-Si:H solar cell in pin-configuration with back contact which acts as CO2 
reduction catalyst (photocathode), the electrolyte solution and a catalyst for the oxygen evolution 
reaction which acts as anode. b) Schematic energy band diagram in the dark and c) under illumination. 
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2.5 CO2 Reduction Reaction 

Carbon dioxide (CO2) is a well-known and abundant chemical compound, which acts as a greenhouse 

gas. Since its worldwide concentration has drastically increased within the last centuries, it is becoming 

of more and more importance to develop a technique to utilize these carbon sources and hence reduce 

the CO2 concentration in our atmosphere. Analogous to the well-established technique of water splitting, 

the electrochemical reduction of CO2 to useful products is possible. However, the energy conversion 

efficiency of the CO2 reduction is comparably low, which results in a challenging task in 

science.[36][37] 

One problem concerning the CO2 reduction is the low chemical reactivity of CO2. But compared to the 

hydrogen evolution reaction (HER) the equilibrium potentials of the CO2 reduction are similar. While 

the standard electrode potential of HER at neutral pH value is -0.414 V with respect to the standard 

hydrogen electrode (SHE) at 25°C, the standard electrode potential for the electrochemical reduction of 

CO2 to formate (HCOO-) is very similar as shown below. For sake of comparison the values are 

additionally calculated related to RHE by ERHE = ESHE + 0.059 ∙ pH with pH0.3 M KHCO3 = 8.27. 𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐻𝐶𝑂𝑂− + 𝑂𝐻− (−0.43 𝑉 𝑣𝑠. 𝑆𝐻𝐸 𝑎𝑡 𝑝𝐻 7.0, 0.058 𝑉 𝑣𝑠. 𝑅𝐻𝐸) (4) 

However, the real electrolysis potentials for the CO2 reduction are much more negative under operation 

conditions than in the equilibrium case, which explains why CO2 reduction does not take place easily. 

The reason for that is the initial formation of the intermediate species CO2•-, which results from an 

electron transfer to a CO2 molecule. In the following possible CO2 reduction reactions are presented, 

where all values were calculated from thermodynamic data for pH 7. Furthermore, the values are also 

presented in V vs. RHE as described above. [24][38]  

 𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐶𝑂 + 2𝑂𝐻− (−0.52 𝑉 𝑣𝑠. 𝑆𝐻𝐸, −0.032 𝑉 𝑣𝑠. 𝑅𝐻𝐸) (5) 𝐶𝑂2 + 6𝐻2𝑂 + 8𝑒− → 𝐶𝐻4 + 8𝑂𝐻− (−0.25 𝑉 𝑣𝑠. 𝑆𝐻𝐸, 0.238 𝑉 𝑣𝑠. 𝑅𝐻𝐸) (6) 2𝐶𝑂2 + 8𝐻2𝑂 + 12𝑒− → 𝐶2𝐻4 + 12𝑂𝐻− (−0.34 𝑉 𝑣𝑠. 𝑆𝐻𝐸, 0.148 𝑉 𝑣𝑠. 𝑅𝐻𝐸) (7) 2𝐶𝑂2 + 9𝐻2𝑂 + 12𝑒− → 𝐶2𝐻5𝑂𝐻 + 12𝑂𝐻− (−0.33 𝑉 𝑣𝑠. 𝑆𝐻𝐸, 0.158 𝑉 𝑣𝑠. 𝑅𝐻𝐸) (8) 3𝐶𝑂2 + 13𝐻2𝑂 + 18𝑒− → 𝐶3𝐻7𝑂𝐻 + 18𝑂𝐻− (−0.32 𝑉 𝑣𝑠. 𝑆𝐻𝐸, 0.168 𝑉 𝑣𝑠. 𝑅𝐻𝐸) (9) 

 

Which products result from the CO2 reduction mainly depends on the electrode material as well as the 

used electrolyte solution. While the electrode provides the reaction sites and the product selectivity, the 

electrolyte is also involved in the concentration and stability of the reactants and the intermediate 

species.  
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By cathodic polarization HER takes place easily and is usually in competition with CO2 reduction. The 

rate of HER is proportional to the proton activity in aqueous solution. This is valid for a variety of metal 

electrodes.[39] Therefore, CO2 reduction prevails over HER if the reaction does not take place in acidic 

solutions. In alkaline solutions CO2 molecules do not exist which justifies studies with neutral electrolyte 

solutions. [39]–[41] 

Several electrode materials have been studied and it has been found that the selectivity of the CO2 

reduction is mainly affected by the purity of the electrode materials as well as the electrolyte solution. 

[41]–[46] Depending on the product selectivity electrode materials can be divided into four groups. 

Electrode materials which mainly form HCOO- as reaction product belong to the first group. Examples 

for first group electrode materials are Cd [42], [43], [47]–[49] Sn [42], [43], [47]–[51], In [42], [43], 

[46]–[48], [50], [52], Hg [40], [42], [47]–[49], [52]–[56]and Pb [42], [43], [59], [47]–[52], [57], [58]. 

Electrode materials which mainly give CO as major reaction product are categorized as second group 

electrode material. Examples for materials of the second group are Au [43], [46], [47], [49], [60]–[63], 

Ag [42], [43], [46], [47], [49], [64]–[66], Zn [42], [46]–[48], [52], [67], Pd [68]–[71] as well as Ni-Cd 

alloy [72]. Cu electrodes are the only material in the third group as Cu has the outstanding ability to 

produce CH4, C2H4 and alcohols in reproducible amounts.[43], [47], [81]–[84], [73]–[80] Furthermore 

Cu alloys such as Cu-Ni and Cu-Fe [85], Cu-Sn, Cu-Pb, Cu-Zn and Cu-Cd [86], Cu-Ag [86][87] can be 

used for the CO2 reduction.[73] 

As in this work Cu has been mainly used as CO2 reduction catalyst, the reaction mechanism needs to be 

introduced. It has been shown in previous studies that CO and HCOO- are formed first and then act as 

precursors to the further reduction to hydrocarbons and alcohols.[73], [88]–[90] One characteristic 

feature about Cu electrodes is the medium heat adsorption which results in a CO adsorption which is 

neither too strong nor too weak. This leads to more effective formation of hydrocarbons.  

After the initial formation of CO, further reduction to CH4 or C2H4 can take place. It has been proven 

that the formation of CH4 starts at more negative potentials compared to C2H4 which leads to the 

assumption that the reaction pathways are different for both reduction reactions. Figure 13 gives an 

overview of the molecular reaction pathway suggested for the chemical reduction of CO2 starting from 

the intermediate species CO.[73] 
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Figure 13: Schematic drawing of the molecular reaction pathway of the chemical reduction of CO, 
which is suggested for the reaction mechanism on metallic Cu electrodes. With * denoted reaction 
pathways are rate determining steps.  
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3 Experimental Methods 
 

In this chapter the experimental methods are introduced, which were used to obtain the results of this 

work. The subjects will be electron beam deposition and photoelectron spectroscopy, which includes 

the physical fundamentals as well as the principles of an interface experiment. Moreover, 

photoelectrochemical measurements and scanning electron microscopy are introduced. 

 

3.1 Electron Beam Deposition 

Electron beam deposition (e-beam deposition) is a physical vapor deposition technique where the 

evaporant is either evaporated from a rod, a bar or from a crucible within a vacuum chamber. The target 

anode is bombarded by an electron beam, which is emitted from a charged tungsten filament. The 

bombarding electrons induce a temperature rise of the evaporant, which causes atoms from the target to 

be transferred into the gaseous phase. The evaporated material then precipitates onto the sample. The 

schematic drawing in Figure 14 shows the deposition principle. Here, the evaporation from a crucible is 

shown. The choice of the evaporation technique depends on the desired deposition material. While rod 

evaporation leads to element distribution in all directions, crucible evaporation is more directional and 

therefore more effective. Furthermore, the evaporant volume in a crucible is much larger compared to a 

rod. However, there is one advantage of the rod evaporation. As there is no crucible involved, the 

evaporated material usually shows a higher cleanliness than thin films which were evaporated from a 

crucible. Some typical material examples for rod evaporation are titanium (Ti), molybdenum (Mo), 

carbon (C) and aluminum oxide (Al2O3). Examples for crucible evaporation are copper (Cu), silver (Ag), 

lead (Pb) and nickel (Ni). Here, commonly the crucibles are made out of tungsten (W), Mo or C. The 

vapor pressure of the material to be deposited, which is required for the evaporation, is in the range of 

10-4 to 10-8 mbar. The thickness of the deposited film was controlled by the intensity ratio of the substrate 

and the film measured by photoelectron spectroscopy, which is described in detail in chapter 4.5. 
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Figure 14: Schematic set-up of an electron beam deposition process using crucible evaporation instead 
of rod or bar evaporation, which is suitable for a variety of materials such as Cu and Ag. 

 

3.2 Photoelectron Spectroscopy  

 

3.2.1 Physical Basics 

Photoelectron Spectroscopy (PES) or Electron Spectroscopy for Chemical Analysis (ESCA) is an 

advanced method for qualitative and quantitative elemental analysis. This method is usually used to 

investigate the chemical composition of surfaces. The physics of PES is based on the external 

photoelectric effect. Here, a sample is illuminated with electromagnetic radiation, which results in the 

emission of electrons from the sample surface.[91][92] Commonly, X-rays are used to irradiate the 

sample which is known as X-ray Photoelectron Spectroscopy (XPS). Typically, monochromatic Al Kα 

(1486.64 eV) or Mg Kα (1253.6 eV) photons are used for excitation. If a very high resolution and 

sensitivity is desired, synchrotron irradiation has to be used as X-ray source.[93] XPS is a surface 

sensitive method delivering information of the first 1-10 nm of the sample. The reason for this sensitivity 

is the limited inelastic mean free path of primary electrons in the sample material. Consequently, only 

electronic states near the surface can be analyzed.[92][94] 

In Figure 15 the inelastic mean free path of electrons in solids is plotted versus the kinetic energy of the 

electrons. It can be concluded that the most surface sensitive information can be obtained with an 
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electron energy of approximately 50 eV, which possess a mean free path of 5Å. Another option of PES 

is the so called Ultraviolet (UV) Photoelectron Spectroscopy (UPS) where UV radiation is used instead 

of X-rays. Here, a gas discharge lamp which is operated with Helium (He) gas is utilized as radiation 

source. It can be differentiated between He-I (21.2 eV) and He-II (40.6 eV). Which radiation is used 

depends on the gas pressure. Whether XPS or UPS is used depends on the desired information. While 

XPS analyses core level states corresponding to specific chemical elements, UPS gives the opportunity 

to access valence electron states which gives mostly information about the electronic structure.[92] 

 In order to point out the measurement principle of the kinetic energy of the photoelectrons, the general 

measurement set-up is explained in Figure 16. A monochromator is used to select the radiation of desired 

energy on the sample, which leads to the emission of photoelectrons. First, these electrons pass through 

the electrostatic optics of the system before reaching the hemispheric energy analyzer. The intensity of 

the photoelectrons is measured by an electron multiplier after leaving the analyzer.[93] 

 

Figure 15: The inelastic mean free path of electrons in solid state materials vs. the kinetic energy 
according to.[92] 

 

Figure 16: Schematic set-up of a photoelectron spectrometer, which shows its main parts: the 
monochromatic X-ray source, the hemispheric analyzer, the photo multiplier and the electrostatic lens 
system.  
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An important feature of PES is the independence of the kinetic energy (Ekin) of the photoelectrons of the 

work function of the sample. With the help of Figure 17 this relationship can be understood by showing 

the energy transition of a photoelectron during the measurement process. The kinetic energy can be 

derived as following: ℎ𝑣 = 𝐸𝐵 + 𝜙𝑠 + 𝐸𝑘𝑖𝑛′  (10) 𝐸𝑘𝑖𝑛 = 𝐸𝑘𝑖𝑛′ − 𝜙𝑎 + 𝜙𝑠 (11) 𝐸𝑘𝑖𝑛 = ℎ𝑣 − 𝐸𝐵 − 𝜙𝑎 (12) 

where ℎ𝑣 is the photon energy, 𝐸𝐵 the binding energy of the sample holder, 𝜙𝑠 the work function of the 

sample and 𝜙𝑎 the work function of the analyzer. It can be concluded that the work function of the 

sample does not influence the measured kinetic energy of the photoelectrons. The influence of the work 

function of the analyzer on the kinetic energy of the measurement photoelectrons is eliminated by 

calibrating the PES. For calibration the electronic core level lines of silver, copper or gold are 

determined. 

 

Figure 17: Band diagram, which schematically shows the energetically relationship between the 
measured kinetic energy and the binding energy of the electron in the sample during the photoelectron 
spectroscopy. 

The work function of a sample as well as the ionization potential 𝐼𝑃 can be determined from PES. For 

the determination of the work function 𝜙𝑈  with UPS the measured binding energy of the secondary 
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electron edge (SEE) is subtracted from the He-I energy according to equation (13). Then the ionization 

potential in given by adding this result to the value of the valence band maximum 𝑉𝐵𝑀𝑈 measured by 

UPS (eq. 14). When subtracting the value of the valence band maximum 𝑉𝐵𝑀𝑋  from the ionization 

potential 𝐼𝑃 (measured by XPS) it gives the work function 𝜙𝑋 , according to equation (15). 𝜙𝑈 = 21.22 𝑒𝑉 − 𝑆𝐸𝐸 (13) 𝐼𝑃 =  𝜙𝑈 + 𝑉𝐵𝑀𝑈 (14) 𝜙𝑋 =  𝐼𝑃 −  𝑉𝐵𝑀𝑋 (15) 

In addition to that, the work function can also be determined by XPS. According to equation (16) the 

SEE is subtracted from the 1486.64 excitation energy. From the resulting value the applied negative bias 

of -3 V needs to be subtracted as well which then gives the work function 𝜙𝑋 . 𝜙𝑋 =  1486.64 −  𝑆𝐸𝐸 − 3 𝑉 (16) 

The elemental composition of a sample can be deduced from the measured spectra by evaluating the 

positions of the emission lines. For a quantitative analysis the measured emission lines have to be 

integrated in order to gain the area. For the integration a suitable background correction needs to be 

considered. The atomic fraction of any element in the sample can subsequently be calculated by equation 

(17) where 𝐶 is the fraction of the atoms 𝑥 and i, 𝑆 is the atomic sensitivity factor which is tabulated in 

literature [94] and 𝐼 is the integrated intensity after background correction. According to Tougaard and 

Shirley different background corrections are possible. [95][96] The Shirley method gives a root mean 

square deviation from theory a deviation of approximately 35% while the Tougaard method gives a 

deviation from theory of around 3%.[95] 

𝐶 = 𝐼𝑋/𝑆𝑋∑ 𝐼𝑖/𝑆𝑖 (17) 

  

3.2.2 Interface Experiments 

As the deposition chamber, where the electron beam deposition takes place, and the PES are connected 

in-line within an ultra-high vacuum (UHV) system, interface studies are possible, which allow the 

analysis of the position and mobility of the Fermi level in the band gap of a semiconductor. The terminus 

"interface experiment" refers to the stepwise deposition of a material B on a substrate A. First, the core 

level lines of the clean substrate A are measured by XPS as a reference. Afterwards, a very thin layer of 

material B is deposited without leaving the UHV system. Subsequently, the sample is measured by XPS 

again. The signal of the substrate will still be predominant in comparison to the deposited contact 

material B. These steps are repeated until the substrate A cannot be observed by XPS anymore. Instead, 
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the bulk properties of material B are measured. This experimental procedure is reasonable as the 

substrate A needs to adjust its Fermi level when coming in contact to material B. Furthermore, an 

occurring band bending can be observed. 

 

3.3 Photoelectrochemical Measurements  

Photoelectrochemical measurements are used to investigate the catalytic properties of the prepared 

samples. These measurements can be performed either in a two- or a three-electrode setup. The two-

electrode setup can be used to measure the reference electrode (e.g. Ag/AgCl) against a reversible 

hydrogen electrode (RHE). The three-electrode configuration is used to measure the current between 

the sample at the working electrode (WE) and the counter electrode (CE) which is realized by a Pt wire. 

This configuration enables the investigation of the half-cell reaction, which takes place at the WE 

without considering the electrochemical reactions at the CE. As the potential of the reference electrode 

is constant for each electrolyte, it can be used to measure the changes of the cell potential. Figure 18 

shows the three-electrode configuration for photoelectrochemical measurements. Depending on the 

shape of the back plate where the working electrode is connected, the sample can be illuminated either 

from the front or the back. The option where the sample is illuminated from the back is usually used for 

solar cells, which are illuminated by a solar simulator through the glass substrate of the solar cell. Here 

the WE is connected to the sample by a clamp. The setup for the illumination with an LED can be used 

for any sample, which can be contacted at the back. Furthermore, the catalytic active layer must be 

transparent enough to allow the LED light to pass.  

 

Figure 18: Three electrode configuration for photoelectrochemical measurements. Left: illumination 
with LED, right: illumination with solar simulator (special configuration for photoelectrochemical 
measurements of solar cells). 
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3.4 Scanning Electron Microscopy 

The scanning electron microscopy (SEM) is an imaging technique to analyze the morphology of solid 

samples. The imaging process takes place in vacuum by focusing an electron beam onto the sample 

which is done with the help of an electromagnetic lens system. A schematic drawing of the SEM setup 

and the electron beam pathway is shown in Figure 19. The used energy of the electron beam is typically 

in a range of 0.2 to 40 keV. The beam is scanned across the sample in a fixed pattern, which leads to 

backscattered, or secondary electrons resulting in an image of the sample surface. For this purpose the 

sample needs to be electrically conductive. If that is not the case the sample needs to be partially covered 

with a conductive material. When incident electrons (primary electrons) hit the sample different elastic 

and inelastic interactions can take place. Depending on the sample depth Auger electrons (1 nm), 

secondary electrons (1-10 nm), backscattered electrons (0.1-1 µm), and characteristic X-rays (0.2-2 µm) 

can be detected. While. Furthermore, the chemical composition of the sample can be determined by 

analyzing the secondary electrons give information about the topography of the sample, backscattered 

electrons enable the mapping of surfaces characteristic X-rays using energy dispersive X-ray 

spectroscopy (EDX).[97] 

 

Figure 19: Schematic drawing of a SEM setup with the corresponding electron beam pathway. 
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4 Experimental Procedure  
 

All samples have been prepared in the integrated vacuum system of the Technical University of 

Darmstadt DAISY-FUN (Darmstadt Integrated System for Fundamental research). A schematical 

drawing of the system is shown in Figure 20. It consists of several preparation and analysis chambers. 

For the preparation the MBE chamber can be used which contains two magnetron sputter sources, two 

electron beam evaporators as well as a sample heating stage. Furthermore, the organic chamber is 

equipped with two more electron beam evaporators. Thin films can also be prepared by atomic layer 

deposition (ALD) in the ALD chamber. High resolution electron energy loss spectroscopy (HREELS) 

is possible in the HREELS chamber which has a Delta 0.5 with LaB6 filament from SPECS available 

with an electron energy of 4 eV and 60° mirror geometry. The key part of the system is the PES unit, 

which contains a XPS with a SPECS Phoibos 150 set-up (Focus 500 with XR50M) using AlKα irradiation 

at 1486.64 eV, an UPS (Focus HIS 13), a low energy electron diffraction (LEED) (BDL 800 IR-LMX 

from OCI vacuum microengineering), an argon (Ar) sputter gun and a heating system for temperatures 

up to 1000°C. Moreover, there is a buffer chamber available, which is mainly used for heating up to 

1200°C or as an adapter station for the transportable system called DAISY-Move, which allows the 

sample transportation in vacuum for example to other vacuum systems. Within the DAISY-FUN system 

electrochemical measurements can be done in the EC chamber, which provides the connection to a glass 

cross.[98] One advantage of such an integrated vacuum system is the opportunity of measuring 

electronic properties in-line directly after thin film deposition or for instance after additional heat or 

plasma treatment. As in this case the sample is free of any adsorbates, it exhibits excellent film quality 

which is crucial when addressing surface science experiments.  

 

Figure 20: Schematic set-up of the integrated vacuum system of the Technical University of Darmstadt 
DAISY-FUN (Darmstadt Integrated System for Fundamental research). The system contains different 
chambers for sample preparation as well as analysis units. 
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4.1 Sample Preparation 

For all experiments different Si substrates with different surface terminations were used. First 

experiments were performed on 1 cm x 1 cm pieces of 100 mm diameter (100) boron doped p-type Si 

wafers (p=1016 cm-3). These samples were cleaned in an ultrasonic bath for 10 min in acetone, 

isopropanol and MilliQ water. For the Si surface termination with native oxide no further preparation 

steps were necessary.  For the hydrogen terminated Si surface the sample was first etched in piranha 

solution (H2SO4:H2O=2:1) at 80°C for 10 min and afterwards in 5% HF also for 10 min. After another 

etching step in freshly prepared piranha for again 10 min at 80°C, the sample was finally etched for 

10 min in 40% NH4F at room temperature.[99] In between each step the sample was thoroughly rinsed 

with MilliQ water. 

The same procedure was applied for samples of 100 mm diameter (100) boron doped p-type Si wafers 

(p = 1016 cm-3) with a 50 nm thick arsenic doped n+-type silicon layer on top (n = 1019 cm-3) from 

Fraunhofer IISB, Erlangen. Additionally, p-Si | µcn-Si junctions, µc-Si:H solar cells (p-i-n structure) as 

well as a-Si:H | a-Si:H | µc-Si:H solar cells (triple p-i-n structure) from Forschungszentrum Jülich 

GmbH were used for the experiments. All samples from Forschungszentrum Jülich GmbH were 

prepared by a plasma enhanced chemical vapor deposition (PECVD) technique using a 

silane (SiH4)/ hydrogen gas mixture. Depending on the desired doping, trimethylborane (TMB) or 

phosphine (PH3) was added to deposit a p-doped or an n-doped Si layer.[100] After the samples from 

Forschungszentrum Jülich GmbH arrived to TU Darmstadt, they were prepared to start the interface 

investigations. However, as the solar cells are not stable in 5% HF, etching was not possible. Therefore, 

the solar cells were only cleaned by acetone, isopropanol and MilliQ water as described before. 

Afterwards, the samples were introduced into UHV at the DAISY-FUN. In order to obtain thermally 

grown oxide the samples with H terminated surface were introduced to a deposition chamber of the 

DAISY-FUN where they were held in a mixed oxygen argon atmosphere (50 sccm O2, 50 sccm Ar, 

0.1 mbar) for 45 min at 800°C. 

 

4.2 Electron Beam Deposition  

For the deposition different substrates have been used which were 1 x 1 cm pieces of p-Si wafers, pn+-Si 

wafers, p-Si | µcn-Si wafers as well as µc-Si:H and a-Si:H | a-Si:H | µc-Si:H solar cells. Before inserting 

the samples into the vacuum system they have been cleaned as described in section 4.1. For the 

deposition Cu or Ag from Kurt J. Lesker were used with a purity of 99.999%. Both materials were 

deposited from a Mo crucible by an EFM 3 from FOCUS GmbH. Here, voltages up to 1000 V can be 

applied to the e-beam, which results in a crucible temperature of 300 - 2000°C. The beam spot diameter 

at the sample is 4 - 15 mm. For the Cu deposition a large Mo crucible with a volume of 600 mm-3 was 
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used. The melting temperature of Cu is 1083°C. In order to evaporate Cu the filament current (If) was 

set to 2.60 A while a voltage (U) of 1000 V was applied. The pressure in the deposition chamber of the 

DAISY-FUN was 5 x 10-7 mbar or better. For depositing Ag a medium size Mo crucible with a volume 

of 250 mm-3 was used. Ag has a melting temperature of 962°C. For the deposition a filament current of 

2.55 A with a voltage of 800 V was used. During the depositions the substrate was held at room 

temperature. In order to reach a homogenously deposited film, the sample was rotated during deposition. 

Depending on the used substrate different masks for the deposition were used. The two options are 

shown in Figure 21. In one case only a round area in the center of the sample is deposited with Cu or 

Ag. This mask was used for all p-Si, pn+-Si and p-Si | µcn-Si samples. The deposited area does not only 

present the catalytic active layer but also the metallic back contact for subsequent electrochemical 

measurements. In the other case the same round area in the center of the sample was deposited with Cu 

or Ag and additionally one edge of the sample. This edge was scratched with a diamond cutter during 

sample preparation. Reason for this, is the deposition of an additional front contact, instead of only a 

back contact. This mask was used for all µc-Si:H and a-Si:H | a-Si:H | µc-Si:H solar cells. 

 

Figure 21: Omicron sample holder with different masks for Cu and Ag deposition. 

Figure 22 a) shows a cross section of the Cu or Ag deposition on top of an a-Si:H | a-Si:H | µc-Si:H solar 

cell when using a mask. Figure 22 b) illustrates the deposited front and back contact of an a-Si:H | a-

Si:H | µc-Si:H solar cell. From the cross section it seems likely that the deposited front contact causes a 

short circuit within the solar cell. Nevertheless, this short circuit is only very local and is necessary to 

contact the solar cell for subsequent electrochemical measurements.  

It can be concluded that the creation of the front contact results in minor damages in the solar cell 

structure. However, these damages are only local and do not influence the whole structure. Due to the 

low electric conductivity along the individual layers of the solar cells, the caused damaged are locally 

isolated.[101] 

 



36 

Figure 22: a) Deposition of front and back contact (Cu or Ag) by using a mask, b) created front and 
back contact of an a-Si:H | a-Si:H | µc-Si:H solar cell. The back contact also serves as catalytic active 
layer. The same deposition technique can be used for µc-Si:H solar cells. 

The deposition time depends on the desired film thickness. For depositing approximately 10 nm of Cu 

or Ag a deposition time of 1 h is required. Most of the depositions were done within an interface 

experiment where the deposited film thickness increased from about 0.5 nm to 10 nm. The determination 

of the film thickness will be explained in detail in chapter 4.5. 

An overview of the differently prepared samples including deposition parameters is given in table 1. 
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Table 1: Overview of deposited substrates with different surface terminations. 

substrate surface termination film If [A] U [V] 

p-Si native SiO2 Cu /Ag 2.60 /2.55 1000 /800 

 thermal SiO2 Cu /Ag 2.60 /2.55 1000 /800 

 H-terminated Cu /Ag 2.60 /2.55 1000 /800 

pn+-Si native SiO2 Cu /Ag 2.60 /2.55 1000 /800 

 thermal SiO2 Cu /Ag 2.60 /2.55 1000 /800 

 H-terminated Cu /Ag 2.60 /2.55 1000 /800 

p-Si  | µcn-Si native SiO2 Cu /Ag 2.60 /2.55 1000 /800 

 thermal SiO2 Cu /Ag 2.60 /2.55 1000 /800 

 H-terminated Cu /Ag 2.60 /2.55 1000 /800 

µc-Si:H solar cell native SiO2 Cu /Ag 2.60 /2.55 1000 /800 

a-Si:H | a-Si:H | 

µc-Si:H solar cell 

native SiO2 Cu /Ag 2.60 /2.55 1000 /800 

 

4.3 XPS Measurements 

The XPS measurements were all performed at a pressure of 5 x 10-10 mbar or better using a SPECS 

Phoibos 150 set-up (Focus 500 with XR50M) which is part of the DAISY-FUN. For all measurements 

the monochromatized AlKα line of 1486.64 eV was used as X-ray excitation. Survey measurements were 

obtained with a pass energy of 20 eV while all detail spectra were measured with a pass energy of 10 eV. 

For valence band measurements a negative bias of -3 V has been applied. As Si 2p is the most intense 

peak of the used substrates, it has been used in order to align the sample in z-direction (perpendicular to 

the spectrometer entrance). First, survey spectra were measured to examine whether the sample contains 

undesired elements. Second, detail spectra of relevant core levels were measured. Before the 

experiments the spectrometer was calibrated against Cu 2p, Ag 3d and Au 4f core levels as well as the 

valence band edges. 
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For all samples a survey spectrum has been acquired by XPS in order to gain an overview of the sample 

composition. Furthermore, XP detail spectra were measured of the relevant core level lines: Si 2p, O 1s, 

C 1s, Cu 2p and Cu LMM or Ag 3d. As evaluation software Igor Pro was used. 

 

4.4 Interface Experiments 

Before depositing the first layer of the catalyst material on the differently prepared Si samples, the bare 

substrates were analyzed by XPS in order to check if the surface is free of any contaminations. 

Afterwards the samples were transferred into a deposition chamber where a thin layer of the catalyst 

material (Cu or Ag) was deposited by electron beam deposition at pressures below 10-7 mbar. 

Subsequently, the samples were analyzed again by XPS followed by another deposition and so on, until 

the Cu 2p or Ag 3d emission lines became dominant and the signals from the Si substrate were barely 

visible anymore. The XPS measurements were all performed at a pressure of 5 x 10-10 mbar or better 

using a Specs Phoibos 150 setup (Focus 500 with XR50M). For all measurements the monochromatized 

Al Kα line of 1486.64 eV was used as X-ray excitation. Survey measurements were obtained with a pass 

energy of 20 eV while all detail spectra were measured with a pass energy of 10 eV. The spectrometer 

was calibrated against the Cu 2p, Ag 3d and Au 4f core levels as well as the valence band edges. As 

evaluation software Igor Pro was used. 

To calculate the band bending before and after contact formation the Si 2p3/2 emission line needs to be 

analyzed. For the initial band alignment, the position of the corresponding Si 2p3/2 emission line is 

determined. Accordingly, the distance between the valence band maximum to the Fermi level can be 

determined by subtracting the known value of EB(VB)-EB(Si 2p3/2) of 98.74 eV from the measured value 

of the Si 2p3/2 emission line (EB
’(Si 2p3/2)).[11] Additionally, the distance between conduction band and 

Fermi level is defined by the effective density of states as well as the doping concentration. This 

correlation is given by 

𝐸𝐶𝐵 − 𝐸𝐹 = 𝑘𝑇 𝐼𝑛 (𝑁𝐶𝐵𝑛 ), (18) 

where NCB is the effective density of states (DOS) in the conduction band and n the doping concentration. 

Finally, both derived values are subtracted from the known value of the Si band gap (Eg=1.12 eV) which 

results in the band bending Eb 
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𝐸𝑏 = 1.12 𝑒𝑉 − (98.74 𝑒𝑉 − 𝐸𝐵′ (𝑆𝑖 2𝑝32)) − (𝐸𝐶𝐵 − 𝐸𝐹). (19) 

Analogous to this approach the band alignment after contact formation can be determined when 

evaluating the measured XP spectra after the last Cu deposition step.[102] 

 

4.5 Film Thickness 

The film thickness of the native or thermally grown SiO2 as well as of the deposited Cu or Ag film was 

calculated from experimentally gained results. The respective XP detail spectra where used to determine 

the film thicknesses by solving the following numerical equation 

𝐼𝐶𝑢/𝐴𝑔𝐼𝑆𝑖 = 𝑁𝐶𝑢/𝐴𝑔𝑁𝑆𝑖
1 − exp ( −𝑑𝐶𝑢/𝐴𝑔

𝐶𝑢/𝐴𝑔(𝐸𝑘𝑖𝑛,𝑆𝑖)𝑐𝑜𝑠𝜕)exp ( −𝑑𝐶𝑢/𝐴𝑔
𝐶𝑢/𝐴𝑔(𝐸𝑘𝑖𝑛,𝑆𝑖)𝑐𝑜𝑠𝜕)  

(20) 

which can be used either for the Cu thin film or the Ag thin film (Cu/Ag) on the bulk Si 

substrate.[103][104] Here, ICu/Ag and ISi are the integrated core level line intensities which are corrected 

with a Shirley background for Si and Ag and with a Tougaard background for Cu.[96][95] Cu/Ag and Si 

are the inelastic mean free paths (IMFP) for the kinetic energy of the electrons in the thin surface layer. 

NCu/Ag as well as NSi are the materials atomic densities. The electron emission angle is defined as 𝜕. In 

order to determine the layer thickness of the oxide, the initial Si 2p peak intensity needs to be considered. 

In order to remove the background of the spectrum a Shirley background correction has been applied. 

Additionally to the Si 2p peak the SiO2 peak can be seen at 103.5 eV (literature: 103.2 eV).[105] For 

calculating the layer thickness d of the SiO2 the relation of the integrated core level lines ISi2p and ISiO2 

needs to be taken into account. Furthermore, the materials atomic densities NSi and NSiO2, the inelastic 

mean free path  of SiO2 and the electron emission angle 𝜕 are defining the layer thickness as shown in 

the following equation 

𝑑𝑆𝑖𝑂2 = 𝜆𝑆𝑖𝑂2 cos 𝜕 𝑙𝑛 (1 + 𝐼𝑆𝑖𝑂2𝐼𝑆𝑖 𝑁𝑆𝑖𝑁𝑆𝑖𝑂2). (21) 

 

4.6 Photoelectrochemical Measurements  

After the interface experiments were completed, the samples were extracted from UHV in order to 

perform photoelectrochemical (PEC) measurements. Therefore, the samples were inserted into an EC 

cell from Zahner (PECC-2). For electrically contacting the samples two different methods were used. In 
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case of pn+-Si and p-Si | µcn-Si substrates gallium indium (GaIn) (Alfa Aesar, 99.99% pure) was 

scratched into the back of the samples in order to form an ohmic back contact. As front contact the 

deposited active material (Cu or Ag) was used. In case of µc-Si:H and a-Si:H | a-Si:H | µc-Si:H solar 

cells the back contact was deposited by e--beam deposition. Therefore, one edge of the samples was 

scratched manually with a diamond cutter. Afterwards, this area was deposited by Cu or Ag as described 

in chapter 4.2. Due to the previous scratching the deposited material reaches the TCO of the solar cell 

structure and hence forms an electrical contact. Before setting up the Zahner cell and filling it with the 

electrolyte (0.3 M KHCO3), the Ag/AgCl reference electrode was calibrated. For this purpose the open 

circuit potential (OCP) of the Ag/AgCl reference versus the reversible hydrogen electrode (RHE) was 

measured for 10 min in a standard two-electrode set-up controlled by the potentiostat (Zennium, PP221 

Zahner-Elektrik). 

Subsequently, the electrolyte was filled into the Zahner cell and the OCP of the sample versus the before 

calibrated Ag/AgCl reference electrode was measured for 10 min in a standard three-electrode set-up. 

Furthermore, cyclic voltammetry (CV) measurements were performed in the dark and under 

illumination or with chopped light with illumination time intervals of four seconds. The CV scans were 

performed with a scan rate of 10 mV/s and edge potentials of 1 V vs. RHE to -2.5 V vs. RHE. The 

measurements were performed with and without nitrogen gas bubbling through the electrolyte. For the 

illumination of the samples two different options were utilized. For the pn+-Si and p-Si | µcn-Si samples 

a LED with a wave length of 625 nm was used as light source, which was operated with a power of 

180 W/m2. For µc-Si:H and a-Si:H | a-Si:H | µc-Si:H solar cells a solar simulation system was used in 

order to imitate real life conditions. The two different illumination modes and when they are used, are 

described in chapter 3.3. As the solar simulator cannot be operated under chopped light conditions, only 

OCP and CV were measured for these samples. The measurement parameters are equal to the ones of 

the pn+-Si and p-Si | µcn-Si samples, however these results were measured using another potentiostat 

(GAMRY Interface 1000E). Moreover, the set-up of the Zahner cell was slightly different for Si wafers 

and Si solar cells. While the back plate of the Zahner cell was a solid round plate for the wafer set-up, 

the back plate for the solar cells had a hole in the center of the plate. The reason for that is the different 

illumination direction during the measurement as explained in chapter 2.3.  
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5 Characterization of the Si | Cu Interface  
 

In this chapter different Si | Cu interfaces will be systematically analyzed with respect to the electronic 

band structure and the corresponding photoelectrochemical performance. Furthermore, it will be 

discussed how the photoelectrochemical measurement affects the deposited Cu thin films. The aim is to 

find a correlation between the electronic band structure at the Si | Cu interface and the 

photoelectrochemical performance. In order to systematically understand Si | Cu interfaces, different 

model systems have been developed. The first model system is presented by a very basic p-Si | Cu 

junction with thermal SiO2 as passivating interlayer. However, advanced Si | Cu model systems 

containing buried junctions are expected to be essential as integrated photoelectrochemical device. 

Therefore, more advanced model systems such as pn+-Si | Cu, p-Si | µcn-Si | Cu, µc-Si:H | Cu and 

a-Si:H | a-Si:H | µc-Si:H | Cu are also characterized. 

 

5.1 p-Si | Cu Interface 

The first approach of the systematic characterization of Si | Cu interfaces is the investigation of a 

p-Si | therm. SiO2 | Cu reference system. This is an important step in order to understand a basic model 

system before going to more complex Si | Cu systems. 

 

5.1.1 Energy Band Alignment  

The electronic band structure of p-Si | thermal SiO2 | Cu was investigated by an XPS interface 

experiment. The corresponding XP survey spectrum is shown in Figure 23 and the XP detail spectra of 

the Si 2p, O 1s and Cu 2p emission lines are displayed in Figure 24. Furthermore, the development of 

the Cu LMM Auger line is shown in the appendix A 1. In the survey spectra in Figure 23 the 

development of the emission lines during the Cu deposition is displayed. Here, the bottom spectrum 

shows the survey spectrum of the bare substrate while the top spectrum represents the measurement 

after the last Cu deposition step. In between the different deposition steps are shown. From the survey 

spectrum of the substrate it can be seen that the sample is free of contaminations such as carbon (C) at 

a binding energy of approximately 285 eV. Due to the intense cleaning steps which were described in 

chapter 4.1 contaminations were not expected. The only emission lines which appear are Si 2p at a 

binding energy of 99.26 eV, Si 2s at 151.89 eV, O 1s at 532.48 eV as well as the O KLL Auger line at 

979.10 eV which is barely visible. As it is expected no Cu emission line is visible at that state of the 

interface experiment. After the first deposition step a small emission line corresponding to the Cu 2p 

emission appears at around 933 eV. At this state the Cu 2s and the Cu LMM lines are still very weak. 
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With ongoing interface experiment the Cu 2s, Cu 2p and Cu LMM lines become more intense while the 

intensities of the Si 2p, Si 2s, O 1s and O KLL line continuously decrease until they vanish completely. 

Furthermore, the Cu 3s, Cu 3p and Cu 3d emission lines arise at 140 eV, 90 eV and 10 eV. However, 

these emission lines are not relevant for the experiment. 

 

Figure 23: Development of the XP survey spectra of the p-Si | therm. SiO2 | Cu contact during the 
interface experiment. The measurement of the bare p-Si | therm. SiO2 substrate is displayed at the bottom 
of the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Cu layer. 

The relevant XP detail spectra are displayed in Figure 24. Again, the spectrum at the bottom presents 

the first measurement of the interface experiment showing the surface of the bare substrate. The Si 2p 

emission line is split into two signals Si 2p3/2 and Si 2p1/2. The more intense Si 2p3/2 emission line appears 

at a binding energy of 99.26 eV and the Si 2p1/2 emission line is has its maximum at 99.90 eV. At a 

binding energy of 103.20 eV a peak appears, which corresponds to the contribution of the thermally 

grown thin SiO2 layer. The presence of SiO2 can also be observed from the O 1s emission line, which 

has its maximum at 532.48 eV at this point of the experiment. As expected no Cu 2p emission is detected 

within the first measurement. 
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After the first deposition step the XP detail spectra change. The intensities of the Si 2p and the O1s 

emission lines are slightly reduced although this effect is still very weak. The Cu 2p emission lines 

becomes visible but the intensity is not very strong. As explained in chapter 4.5 the film thickness of the 

Cu layer can be determined from the peak areas. From this the Cu film has a thickness of approximately 

5 Å after the first deposition step. 

With ongoing interface experiment the intensity of the Si 2p emission line is reduced. When determining 

the maximum of the Si 2p3/2 emission line after each deposition step a small shift can be observed. As 

mentioned the position of the Si 2p3/2 emission line was detected at 99.26 eV before the Cu deposition. 

After the last deposition step the Si 2p3/2 emission line shows a total shift of +0.1 eV resulting in a 

binding energy of 99.36 eV before vanishing completely. 

As the Cu film reaches a layer thickness of 100 Å the disappearance of the Si 2p emission line is 

reasonable as the limit of the information depth of the XPS analyses is reached. From the O 1s emission 

line it can be concluded that the emission line at 532.48 eV is continuously reduced. However, an 

emission at 529.75 eV arises with ongoing deposition steps. This line indicates the formation of small 

amounts of Cu2O. Due to the deposition conditions it is very unlikely that the Cu oxidizes during the 

deposition process. It is more probable that the Cu is oxidized after the adhesion to the SiO2 layer. The 

shape of the Cu LMM Auger line, which is displayed in the appendix A 1, shows that after the first 

deposition step Cu2O has formed instead of metallic Cu.  Nevertheless, the position as well as the shape 

of the Cu 2p emission line indicates the deposition of metallic Cu. The measured binding energy of 

932.60 eV is a typical value for metallic Cu. Furthermore, the spectrum remains flat within the Cu 2p 

splitting, which is also an indication of metallic Cu.[106]–[109] Moreover, the shape of the Cu LMM 

Auger line can be taken into account when evaluating the stoichiometry. The corresponding 

development of the Cu LMM Auger line during the interface experiment is shown in the appendix A 1. 

The shape of the Auger spectrum at the end of the interface experiment proves the deposition of metallic 

Cu. 

The aim of the performed XPS measurements is the investigation of the interfaces and thus of the energy 

band alignments before and after contact formation of the p-Si | therm. SiO2 with Cu. Therefore, the 

band bending before and after the interface experiment was calculated as described in chapter 4.4. The 

resulting energy band diagrams are schematiclaly sketched in Figure 25. Here, Figure 25 a) shows the 

initial situation before contact formation. There is a large downward band bending of 0.4 eV, which is 

not expected after extensive preparation steps such as etching to form H terminated surfaces or 

subsequent oxidation to form a thermal oxide. A preferable flat band situation is not achieved in this 

experiment, which is due to midgap defects at the p-Si surface and Fermi level pinning as a consequence. 

In Figure 25 b) it can be seen that for the p-Si | thermal SiO2 sample the band bending is slightly reduced 

from 0.4 eV to 0.3 eV after being in contact with Cu. Presumably the band alignment after contact 

formation is not determined by the Cu contact but by the initial Fermi level pinning. In such cases, which 



44 

are expected to be the dominating case for most experiments using p-Si as substrate, the contact 

properties to a metal as e.g. a Cu thin film deposited onto a p-Si | thermal SiO2 sample will be dominated 

by Fermi level pinning.[11], [102], [110]–[112]  

 

Figure 24: Development of the Si 2p, O 1s and Cu 2p detail spectra of the p-Si | therm. SiO2 | Cu contact 
during the interface experiment. The measurement of the bare p-Si | therm. SiO2 substrate is displayed 
at the bottom of the diagram while the last deposition step at the top shows the final measurement of a 
relatively thick Cu layer. 

 

Figure 25: Energy band diagrams before and after contact formation. a) p-Si | therm. SiO2 before 
contact formation with pinned Fermi level and initial downward band bending of 0.4 eV and 
b) p-Si | therm. SiO2 | Cu with a slightly reduced band bending of 0.3 eV. 
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5.1.2 Electrochemistry 

The photoelectrochemical performance of the p-Si | therm. SiO2 sample with a 100 Å thick Cu 

layer on top is shown in Figure 26. The displayed cyclic voltammetry (CV) measurement under 

chopped light shows the difference between the CV measurement in the dark and under 

illumination. For the illumination a red LED with a wavelength of 625 nm and an intensity of 

180 W/m2 was used. It is obvious that the sample does not show a classical chopped light 

behavior as the dark current density reaches values below -1 mA/cm2 for potentials smaller than 

-0.9 V vs. RHE. This behavior differs from expectations for an ideal Schottky barrier.[102], 

[103], [113] The reason for this behavior is the occurrence of Fermi level pinning at midgap 

position which is already evident from the p-Si | therm. SiO2 surface before contacted to Cu as 

it is described in section 5.1.1. The remaining midgap defects in the Si | SiO2 phase boundary 

lead to effective tunneling across the junction without forming the desired diode behavior across 

the interface. The p-Si | therm. SiO2 | Cu junction represents a basic model system, which is not 

expected to supply enough voltage nor current to drive the CO2 reduction reaction. 

 

Figure 26: Cyclic voltammetry measurement of the p-Si | therm. SiO2 | Cu model system in 
0.3 M KHCO3 under chopped light conditions: 4 sec interval for the illumination of 180 W/m2 with 
λ = 625 nm. 
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5.1.3 XPS after Electrochemistry  

To characterize possible modifications of the Cu thin film, XPS after EC was performed. In Figure 27 

the corresponding XP detail spectra of the Cu 2p, O 1s, C 1s and Si 2p emission lines are displayed. 

From the Cu 2p emission line it is obvious that the stoichiometry of the Cu has changed in comparison 

to the last deposition step of the interface experiment as seen in Figure 24. Within the Cu 2p multiplet 

lines the spectrum does not remain flat as it was the case directly after depositing the Cu layers. Instead, 

an intense satellite has formed which clearly indicates the formation of copper oxide. As the satellite is 

quite strong the formation of CuO or Cu(OH)2 is indicated.[94][114] 

Moreover, it can be observed that the Cu 2p3/2 emission line has shifted from 932.60 eV after the last 

deposition step to 935.57 eV after EC. This increase in binding energy also proves the change from 

metallic Cu to a non-metallic Cu compound. From the position it can be assumed that the formed species 

is mostly Cu(OH)2.[114] A conceivable reason for the transformed Cu surface is the used electrolyte 

during EC. As KHCO3 contains oxygen, it can be expected that it reacts with the Cu atoms at the surface 

and hence forms Cu oxides. From the C 1s emission line it can be assumed that C-H and C-C 

(285.56 eV) compounds as well as small amounts of C-O (288.98 eV) compounds are present on the 

surface.[114][94] This assumption is reasonable when taking into account that KHCO3 has been used 

as electrolyte. For further studies it could be experimentally examined whether the Cu film is 

contaminated only by being in contact to the electrolyte without performing photoelectrochemical 

measurements. However, these experiments were not performed here as the focus of this work was the 

investigation of the correlation between the Si | metal energy band alignment and the corresponding 

electrochemical performance. 

The O 1s emission line appears in a symmetric shape with its maximum at 532.27 eV. Similar to the 

initial binding energy of 532.48 eV of the p-Si | therm. SiO2 substrate this is a typical value for the 

presence of SiO2. While the Si 2p emission was not visible anymore after the last step of the interface 

experiment, it is quite intense after EC. The reason for that might be a partial detachment of the Cu film 

during the electrochemical measurement procedure. The maximum of the Si 2p3/2 emission line at 

99.32 eV did not significantly shift compared to the Si 2p3/2 emission line at 99.36 eV before the last 

deposition step. Also the SiO2 peak at 103.09 eV does not show a remarkable shift. However, the amount 

of O is increased, which is quite obvious from the intensity of the SiO2 peak, which is much stronger 

compared to the spectra before EC. This effect can be explained by the reduced Cu film thickness due 

to the partial dissolution of the top Cu layer. According to calculations as explained in chapter 4.5, the 

Cu film thickness was reduced from initial 100 Å to about 55 Å. 



  47 

 

Figure 27: XP detail spectra of the p-Si | therm. SiO2 | Cu sample showing the Cu 2p, O 1s, C 1s and 
Si 2p emission lines after performing cyclic voltammetry measurements.  

5.2 pn+-Si | Cu Interface  

The next step in order to systematically investigate Si | Cu interfaces is the use of pn+-Si substrates which 

already contain a buried junction contrary to the basic model system which only uses a bare p-Si 

substrate. Furthermore, the effect of different Si surface terminations is examined. Here, different 

preparation methods lead to pn+-Si substrates with native SiO2, H termination and thermal SiO2 as 

described in chapter 4.1. 

5.2.1 Energy Band Alignment  

First, survey spectra were measured by XPS to analyze the initial electronic band structure of the three 

different Si surface terminations prior to Cu deposition and to verify whether the surfaces are free of 

contaminations. The resulting survey spectra are displayed in Figure 28. The two dominant emissions 

for the hydrogen terminated surface are Si 2s and Si 2p with binding energies of 151.05 eV and 99.98 eV, 

respectively, which are in agreement to literature[94], [102], [105], [115], [116] There is also a very 

small amount of oxygen present on the surface of the sample with the H terminated surface as can be 

deduced from the O 1s line and the O KLL Auger line at 531 eV and 979.15 eV, respectively. [102], 

[117], [118] The specific photoelectron lines of Si also dominate the spectra of the two samples with 

additional oxide layers. While the intensities of the Si 2s and Si 2p lines are similar, the O 1s and O KLL 

lines are more intense for the sample with the thermal SiO2 as compared to the native SiO2 layer. From 

the survey spectra in Figure 28 it can be concluded that the H terminated sample and the sample with 

the thermal SiO2 are free of any severe contamination. The native SiO2 sample shows a photoelectron 



48 

line at 285 eV, which is specific for the C 1s emission line. As this sample did not undergo a piranha 

etching procedure the C contamination from storage in ambient air was not removed. Therefore, the 

presence of C is reasonable for the native SiO2 sample. 

 

Figure 28: XP survey spectra of the pn+-Si substrates with different surface terminations: 
H-termination, native SiO2 and thermal SiO2. 

pn+-Si | nat. SiO2 | Cu

After this initial analysis, Cu was deposited stepwisely on all three Si surfaces with different termination, 

followed again by XPS analysis after each step. In Figure 29 the development of the survey spectra 

during the interface experiment of the pn+-Si | nat. SiO2 | Cu sample is shown. While the spectrum at the 

bottom presents the measurement of the bare pn+-Si | nat. SiO2 substrate directly after inserting the 

sample into the UHV system, the top spectrum displays the survey spectrum of the pn+-Si | nat. SiO2 | Cu 

contact after finishing all deposition steps. As expected the substrate signals Si 2p, Si 2s, O1s and O KLL 

decrease within ongoing interface experiment while the Cu 2s, Cu 2p and Cu LMM lines corresponding 

to the deposited overlayer increase. Moreover, the Cu 3s, Cu 3p and Cu 3d emission lines arise at 140 eV, 

90 eV and 10 eV, which are not further used for the analysis. 
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Figure 29: Development of the XP survey spectra of the pn+-Si | nat. SiO2 | Cu contact during the 
interface experiment. The measurement of the bare pn+-Si | nat. SiO2 substrate is displayed at the bottom 
of the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Cu layer. 

The evolution of the corresponding XP detail spectra of the pn+-Si | nat. SiO2 | Cu sample during the 

interface experiment are shown in Figure 30. Analogous to the previously discussed survey spectra, the 

Cu 2p emission line in Figure 30 shows zero intensity for the measurement of the bare pn+-Si | nat. SiO2 

substrate. Consequently, the substrate signals of the Si 2p and O 1s emission lines are very intense. The 

Si 2p3/2 emission line has its maximum at a binding energy of 99.77 eV. Also the maximum of the Si 2p1/2 

is clearly visibly at 100.03 eV. The distinct separation of the Si 2p3/2 and Si 2p1/2 emission line is a high-

resolution feature and indicates an initial electronic flat band situation. The SiO2 peak appears at 

103.5 eV, which can be expected for the pn+-Si | nat. SiO2 substrate as well as the O 1s emission line 

with a position of 533.05 eV. 

After the first Cu deposition step the film reaches a thickness of about 5 Å. In the corresponding O 1s 

and Si 2p emission lines a shift to lower binding energies can be observed. When analyzing the valley 

between the Si 2p3/2 and Si 2p1/2 emission lines it can be seen that the previously observed splitting effect 

decreases. This is already an indication of band bending at the interface when the pn+-Si | nat. SiO2 | Cu 
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contact forms. At that point the maximum of the Si 2p3/2 emission line has shifted to 99.64 eV, which 

also proves the effect of the band bending at the interface. 

With the next deposition step the Cu 2p3/2 emission line of the Cu layer is detected at 933.25 eV. The 

Si 2p emission line splitting becomes more indistinct and the maximum is shifted to 99.50 eV. At the 

same time the O 1s emission line is also further shifted to lower binding energies. When the Cu film 

reaches a thickness of 45 Å the Si 2p3/2 maximum is detected at 99.48 eV. Within the Cu 2p splitting the 

spectrum remains flat, which proves the presence of mostly metallic Cu. From the O 1s emission line 

not only a shift can be observed but also the formation of an additional emission line corresponding to 

the formation of a copper oxide compound. 

After the last deposition step the Cu film reaches a thickness of 91 Å, showing the maximum of the 

Cu 2p3/2 emission line at 932.68 eV. The Si 2p emission line is still slightly visible but the position of 

the Si 2p3/2 emission line has not changed compared to the previous step of the interface experiment. 

Therefore, the interface experiment can be assumed to be completed. While the emission at 529.80 eV 

within the O 1s region indicates the presence of Cu2O, the Cu LMM Auger line, which is displayed in 

the appendix A 2 proves the formation of mostly metallic Cu. However, the presence of Cu2O can be 

proven by the shape of the Cu LMM Auger line after the first deposition step. Similar effects were 

already observed for the p-Si | therm. SiO2 | Cu contact as described in section 5.1.1. 

Figure 30: Development of the Si 2p, O 1s and Cu 2p detail spectra of the pn+-Si | nat. SiO2 | Cu contact 
during the interface experiment. The measurement of the bare pn+-Si | nat. SiO2 substrate is displayed 
at the bottom of the diagram while the last deposition step at the top shows the final measurement of a 
relatively thick Cu layer. 
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pn+-Si:H | Cu 

Analogous to the pn+-Si | nat. SiO2 | Cu sample the pn+-Si:H | Cu contact was investigated. The resulting 

survey spectra of each step of the interface experiment are shown in Figure 31. Contrary to the 

pn+-Si | nat. SiO2 substrate the H-terminated pn+-Si substrate contains only a very small amount of 

oxygen, which is proven by a barely detectable O 1s emission line and the missing O KLL Auger line. 

Furthermore, it can be noted that the sample surface is completely free of contaminations, which can be 

expected due to the very intense etching steps the sample had to undergo during the preparation. With 

continuous deposition steps the Cu 2s, Cu 2p and Cu LMM lines emerge while the O 1s, Si 2s and Si 2p 

emission lines become less intense. Furthermore, the Cu 3s, Cu 3p and Cu 3d emission lines arise at 

140 eV, 90 eV and 10 eV. However, these emission lines are not further used. 

Figure 31: Development of the XP survey spectra of the pn+-Si:H | Cu contact during the interface 
experiment. The measurement of the bare pn+-Si:H substrate is displayed at the bottom of the diagram 
while the last deposition step at the top shows the final measurement of a relatively thick Cu layer. 

From the development of the Si 2p XP detail spectra in Figure 32 it can be observed that the initial Si 2p 

emission line shows a minimum at 100.02 eV indicating a flat band situation. Contrary to the surface of 

the pn+-Si | nat. SiO2 substrate the Si 2p emission line of the H-terminated sample does not exhibit a 

SiO2 peak at around 103 eV. However, a weak signal of the O 1s emission line could be detected, which 
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is reasonable as even with HF etching a small amount of O can be expected to remain on the surface. 

The first deposition step induces a quite large shift of the Si 2p emission line from 99.82 eV to 99.65 eV. 

A shift can also be observed in the O 1s emission line, however it is less significant. Besides the shift of 

the binding energy, the shape of the Si 2p emission line indicates a band bending at the interface. The 

previous clearly visible minimum within the Si 2p emission line has vanished. 

With each deposition step the Cu 2p emission line becomes more intense and the corresponding film 

thickness increases. The Si 2p emission line becomes weaker and continuously shifts to lower binding 

energies. Contrary to that, a reduced intensity of the O 1s emission line cannot be observed. The intensity 

stays similar with each deposition step and slightly increases after the Cu film has reached its final 

thickness of 95 Å. Furthermore, it can be noticed that in contrast to the p-Si | therm. SiO2 | Cu and the 

pn+-Si | nat. SiO2 | Cu contact no oxygen reaction takes place as the O 1s emission line remains 

symmetric and does not exhibit a signal, which indicates the formation of a copper oxide compound. As 

it is assumed that the Cu is oxidized when the interface to the SiO2 layer is formed, it is reasonable that 

no oxidation can be observed in case of the hydrogen terminated Si surface. From the flat progression 

of the spectrum between the Cu 2p3/2 and Cu 2p1/2 emission line as well as the corresponding Cu LMM 

Auger line, which is shown in the appendix A 3, it can be concluded that the deposited Cu film is mainly 

metallic.[106]–[108], [119] A weak satellite would denote the formation of Cu2O and a strong satellite 

indicates the formation of CuO.[120] In contrast to the sample with a native SiO2 interlayer, the film 

exhibits metallic character directly after the first deposition step, which can be concluded from the shape 

of the Cu LMM Auger line in the appendix A3. This is due to the hydrogen surface termination, which 

does not oxidize the deposited Cu film. 
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Figure 32: Development of the Si 2p, O 1s and Cu 2p detail spectra of the pn+-Si:H | Cu contact during 
the interface experiment. The measurement of the bare pn+-Si:H | substrate is displayed at the bottom 
of the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Cu layer. 
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pn+-Si | therm. SiO2 | Cu

Figure 33 shows the development of the XP survey spectra of the pn+-Si | therm. SiO2 | Cu contact. 

Beside the Si 2p, Si 2s and O 1s emission line, the O KLL Auger line is also detected as the amount of 

O is large enough. This was not the case for the pn+-Si:H | Cu sample. During the interface experiment 

the substrate signals become weaker while the signals of the deposited Cu layer become dominant. 

Figure 33: Development of the XP survey spectra of the pn+-Si | therm. SiO2 | Cu contact during the 
interface experiment. The measurement of the bare pn+-Si | therm. SiO2 substrate is displayed at the 
bottom of the diagram while the last deposition step at the top shows the final measurement of a 
relatively thick Cu layer. 

From the XP detail spectra of the pn+-Si | therm. SiO2 | Cu sample in Figure 34 it can be seen that the 

Si 2p emission line of the bare pn+-Si | therm. SiO2 substrate has its maximum at a binding energy of 

99.77 eV and exhibits a more intense SiO2 signal compared to the pn+-Si | nat. SiO2 substrate. This is an 

indication that the thermally grown SiO2 layer is thicker than the native SiO2 layer on the Si substrate. 

The exact layer thickness can be calculated and will be discussed afterwards. When the Cu film reaches 

a thickness of 15 Å the O 1s emission line already shows an asymmetry with a very small additional 

line forming, which indicates the presence of a copper oxide compound, most likely Cu2O. At that point 

the Si 2p3/2 emission line has shifted to 99.65 eV. 
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With the following two deposition steps the Si 2p emission line is further shifted and loses its dominance. 

Same is valid for the O 1s emission line. Moreover, the O 1s low binding energy signal becomes more 

intense. In contrast to the pn+-Si:H | Cu contact a surface reaction takes place. Finally, the Cu film 

reaches a thickness of around 92 Å at the end of the interface experiment. With the last step the position 

of the Si 2p emission line has not changed anymore. The O 1s emission line has almost vanished while 

the satellite is clearly visible. The shape of the Cu 2p emission line exhibits metallic features, which is 

also proven by the Cu LMM Auger line in the appendix A 4. However, analogous to the sample with 

native SiO2, after the first deposition step the formation of Cu2O can be concluded from the shape of the 

Cu LMM Auger line.  

 

 

Figure 34: Development of the Si 2p, O 1s and Cu 2p detail spectra of the pn+-Si | therm. SiO2 | Cu 
contact during the interface experiment. The measurement of the bare pn+-Si | therm. SiO2 substrate is 
displayed at the bottom of the diagram while the last deposition step at the top shows the final 
measurement of a relatively thick Cu layer. 

The aim of all performed XPS measurements is the investigation of the interfaces and thus of the energy 

band alignments of the differently prepared pn+-Si surfaces. Therefore, especially the values of the 

binding energy of the Si 2p3/2 emission line before and after contact formation are relevant. Therefore, 

these values are summarized in table 2. 
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Table 2: Overview of the position of the Si 2p3/2 emission line before and after contact formation for the 
pn+-Si model systems with different surface terminations. 

Model system Position of Si 2p3/2 emission line 

  before contact after contact resulting shift 

pn+-Si | nat. SiO2 | Cu 99.77 eV 99.48 eV 0.29 eV 

pn+-Si:H | Cu 99.82 eV 99.38 eV 0.44 eV 

pn+-Si | therm. SiO2 | Cu 99.77 eV 99.56 eV 0.21 eV 

The investigated band diagrams for pn+-Si with and without SiO2 layer before and after being in contact 

with Cu are displayed in Figure 35. Here, Figure 35 a) shows the initial energetic situation of the 

pn+-Si | SiO2 before the Cu deposition. The band gap of 1.12 eV for Si  is sketched as well as the distance 

of the Fermi level to the valence band, which is 0.2 eV.[11] This value was determined by the solution 

of equation (22). 𝐸𝐹 − 𝐸𝑉𝐵 = 𝑘𝑇 𝑙𝑛 (𝑁𝑉𝐵𝑝 ). (22) 

Here, NVB is the effective density of states (DOS) in the valence band (NVB = 2.8∙1019 cm-3) and p is the 

doping concentration (p = 10-16 cm-3). In the n+-Si layer the doping concentration n is much higher 

(n = 1019 cm-3), which results in a very small distance of the Fermi level to the conduction band of 

0.03 eV. The effective density of states as well as the doping concentration are sample specific values, 

which were provided by Forschungszentrum Jülich and Fraunhofer IISB Erlangen, who delivered the 

samples. With a slight upward band bending of 0.06 eV a flat band like situation for the n+-Si top layer 

and a space charge layer between the pn+-Si layers can be assumed as initial electronic structure. For 

this starting situation a Si 2p3/2 core level binding energy at 99.77 eV has been measured for the native 

SiO2 terminated pn+-Si surface. With the known value of EB(VB) - EB(Si 2p3/2) of 98.74 eV this 

corresponds to a value of EF - EVB of 1.03 eV in agreement to the presented energy diagram. Figure 35 b) 

shows the electronic band structure of pn+-Si | nat. SiO2 | Cu contact. A band bending upwards of 0.35 eV 

induced in the n+ surface layer can be observed. In case of the thermal SiO2 this surface band bending is 

smaller having a value of 0.27 eV, as can be seen in Figure 35 c). The reason for the more ideal band 

alignment in case of the thermal SiO2 interlayer might be the better surface passivation due to the higher 

layer thickness. From the different intensities of the initial SiO2 peaks in the Si 2p emission lines of the 

pn+-Si | nat. SiO2 and pn+-Si | therm. SiO2 substrates a different layer thickness was already assumed (see 

Figure 30 and Figure 34). The SiO2 layer thickness dSiO2 can be determined by solving equation (23). 

𝑑𝑆𝑖𝑂2 = 𝜆 𝑐𝑜𝑠𝛿 𝑙𝑛 (1 + 𝐼𝑆𝑖𝑂2𝑁𝑆𝑖𝐼𝑆𝑖𝑁𝑆𝑖𝑂2) (23) 
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Here, λ is the inelastic mean free path of SiO2, δ is the electron emission angle, ISiO2 and ISi describe the 

integrated core level lines while NSiO2 and NSi are the materials atomic densities. For the native SiO2 

layer a thickness of 3 Å and for the thermal SiO2 a thickness of 7 Å was calculated. Furthermore, 

different properties of the oxide layers may play an additional role. For the hydrogen terminated model 

system the initial electronic structure before the Cu deposition is illustrated in Figure 35 d). With an 

initial band bending of only 0.01 eV at the surface a flat band situation in the n+ layer is given. When 

being in contact with Cu an upward band bending of 0.45 eV develops as illustrated in Figure 35 e). 

These band bending changes in the topmost Si n+ layer can directly be deduced from the different shifts 

of the Si 2p3/2 binding energy values with each Cu deposition step which are listed in table 2. As the 

photoelectrons, which come from the conduction band of the pn+-Si junction need to overcome the 

energetic barrier between n+-Si and Cu layer, it is advantageous if the interface exhibits only a small 

upward band bending at this point. Thus, it can be concluded that the model system pn+-Si | therm. 

SiO2 | Cu with a barrier of only 0.27 eV provides the best electronic transport properties followed by the 

model system pn+-Si | nat. SiO2 | Cu with 0.35 eV and pn+-Si:H | Cu with 0.45 eV barriers respectively. 

It should be mentioned that the displayed energy band alignments do not consider the presence of a 

possible additional Cu2O layer in case of the samples with native and thermal SiO2 (Figure 35 b) and c)). 

However, small amounts of Cu2O were detected in the O 1s region, it was proven by the Cu 2p line as 

well as the Cu LMM Auger line that the deposited film is mostly metallic. 

Figure 35: Energy band diagrams before and after contact formation. a) pn+-Si | SiO2 before contact 
formation with flat band situation, b) pn+-Si | nat. SiO2 | Cu with an upward band bending of 0.35 eV, 
c) pn+-Si | therm. SiO2 | Cu with an upward band bending of 0.27 eV, d) pn+-Si:H before contact 
formation with flat band situation and e) pn+-Si:H | Cu with an upward band bending of 0.45 eV. 
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5.2.2 Electrochemistry  

The differences in the band energy diagrams as deduced from the XPS interface experiments described 

above were compared to additional CV measurements, to determine the influence of the energy level 

alignment on the photoelectrochemical performance. It is assumed that the samples with lower energetic 

barriers at the n+-Si | Cu interface deliver a better performance compared to the samples with higher 

barriers. The catalytic performance was measured by CV for all three systems. The resulting CV curves 

are displayed in Figure 36. First, it can be concluded that under an illumination of 180 W/m2 with 

λ = 625 nm all samples reach a similar saturation current density of -5.7 to -6 mA/cm2. However, for 

obtaining a current density of -2 mA/cm2 a potential of averaged -0.7 V (vs. RHE) was necessary for 

the pn+-Si:H | Cu sample. For the pn+-Si | native SiO2 | Cu sample a potential of -0.6 V was sufficient 

while the pn+-Si | thermal SiO2 | Cu sample was able to reach a current density of -2 mA/cm2 at an 

applied potential of only -0.4 V. These results are in excellent agreement with the expectations from the 

investigated electronic band structure of the samples since the photoelectrochemical performance is 

improved for low energy barriers at the interface after contact formation. Additionally, the layer 

thickness of the intermediate SiO2 can be discussed. While the native SiO2 has only a thickness of 3 Å, 

the thermal SiO2 layer is 7 Å thick. As a thicker thermal SiO2 layer probably results in a better surface 

passivation compared to a thinner native SiO2 the photoelectrochemical performance can be assumed to 

be improved. In addition, all the samples show a strongly improved behavior compared to the p-Si | Cu 

sample which was introduced in section 5.1. There are well defined photo current voltage curves and 

low dark current curves (-0.7 mA/cm2 to -1.1 mA/cm2) as expected for a diode in the reverse saturation 

potential regime. Table 3 gives an overview of the necessary potential to obtain -2 mA/cm2, the 

saturation current density under illumination (Jsat, illum) and in the dark (Jsat, dark) as well as the 

corresponding energy barrier at the interface (eVb,n) for the three different pn+-Si | Cu model systems. 

Table 3: Overview of the necessary potential to obtain -2 mA/cm2, the saturation current density under 
illumination (Jsat, illum) and in the dark (Jsat, dark) as well as the corresponding energy barrier at the 
interface (eVb,n) for different pn+-Si | Cu model systems. 

Model System potential to reach           

-2 mA/cm2 [V vs. RHE] 

Jsat,illum 

[mA/cm2] 

Jsat.dark 

[mA/cm2] 

eVb,n 

[eV] 

pn+-Si | nat. SiO2 | Cu -0.6 -6.0 -1.1 +0.35 

pn+-Si:H | Cu -0.7 -6.0 -0.7 +0.45 

pn+-Si | therm. SiO2 | Cu -0.4 -5.7 -0.7 +0.27 
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Figure 36: Comparison of the cyclic voltammetry behavior of the three different model systems: 
pn+-Si | nat. SiO2 | Cu (pink), pn+-Si:H | Cu (cyan) and pn+-Si | therm. SiO2 | Cu (orange) in the dark 
and under an illumination of 180 W/m2 with λ = 625 nm in 0.3 M KHCO3. Solid lines: EC behavior 
under illumination. Dashed lines: EC behavior in the dark. As predicted from the interface 
investigations the samples show different behaviors depending on the surface barrier height.  

5.2.3 Characterization after Electrochemistry  

XPS measurements were performed after the photoelectrochemical measurements in order to analyze 

the quality of the Cu film after being in contact to the electrolyte (0.3 M KHCO3) as well as further 

changes of the sample surfaces due to the electrochemical CO2 reduction reaction. Figure 37 shows the 

relevant XP detail spectra of the pn+-Si | Cu samples with different surface terminations (orange: native 

SiO2, blue: H-termination and pink: thermal SiO2). First, it is obvious that in general all spectra seem to 

be shifted, which might come from charging effects. 

As already observed in case of the p-Si | therm. SiO2 | Cu sample the initial metallic Cu film has changed 

to Cu(OH)2 for all three samples, which can be concluded from the presence of the strong satellite within 

the Cu 2p splitting. Furthermore, it can be noted that the position of the Cu 2p3/2 emission line has shifted 

to higher binding energies for all samples. While the initial positions of the Cu 2p3/2 emission line were 

at 932.68 eV, 932.81 eV and 932.54 eV for the sample with native SiO2, H-termination and thermal 

SiO2, the maxima have been shifted to 936.50 eV, 937.05 eV and 935.64 eV. This large shift cannot 

only be explained by the formation of Cu(OH)2 [121]–[123], but also charging effects of the samples.  
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Second, the O 1s emission lines are quite intense for all samples although the corresponding signals 

were very week or barely visible before performing EC. One the one hand, it is possible that the Cu 

films became thinner during EC so that the oxygen from the substrates is detected by XPS. On the other 

hand, it is very probable that due to the used electrolyte solution as well as the CO2 reduction reaction 

at the surface, hydroxides and carbon oxides are formed.[124][125] However, this assumptions cannot 

be proven only by having a look at the maximum positions of the O1s emission lines, which were 

detected at 533.10 eV, 533.65 eV and 534.08 eV for the sample with native SiO2, H-termination and 

thermal SiO2. Further experiments such as gas chromatography are necessary in order to analyze 

reaction products. 

Effects of the used electrolyte or the chemical CO2 reduction can also be observed in the C 1s spectra. 

The C 1s emission lines of all samples have a maximum at 286 – 287 eV, which could be assigned to 

the formation of C-H or C-C bonds. In case of the sample with native oxide as well as H-termination an 

additional signal can be detected at around 290 eV, which could be referred to the formation of 

carbonates.[126]  

When analyzing the Si 2p emission line it can be noticed, that the Si 2p3/2 emission line only appears in 

case of the pn+-Si | nat. SiO2 | Cu at around 99.5 eV. This indicates that the Cu layer on top of the 

pn+-Si | nat. SiO2 is thinner after the EC measurement compared to the pn+-Si:H | Cu and the 

pn+-Si | therm. SiO2 | Cu sample. This assumption is also confirmed by the reduced intensity of the Cu 2p 

emission line of the pn+-Si | nat. SiO2 | Cu sample. At binding energies of 104.10 eV, 104.72 eV and 

104.72 eV SiO2 can be detected for all three samples, which is slightly shifted to higher binding energies, 

but still in agreement with literature.[127][128] As the initial pn+-Si:H | Cu sample did not contain a 

SiO2 layer between the Si and the Cu film, it may be assumed that oxygen has diffused through the Cu 

layer during EC and hence oxidized the underlying Si substrate. This phenomenon could also explain 

the quite intense SiO2 signals for the other two samples. 

It can be concluded that after the performance of photoelectrochemical measurements in 0.3 M KHCO3 

the initial metallic Cu catalyst became thinner and is at least partially transformed to Cu(OH)2. To 

evaluate the exact film thickness of the Cu is more inaccurate compared to the calculation directly after 

deposition as the spectra after EC show more background noise. However, from the Cu 2p and Si 2p 

intensity ratio a Cu film thickness of 40 – 45 Å was determined after the electrochemical measurements, 

in contrast to 90 – 95 Å directly after deposition. Moreover, the Si substrates were oxidized. C-C and 

C-H bonds could be detected at the surface of all three samples and additionally C-O was detected in 

case of the sample with native SiO2 and hydrogen termination. 

In order to prevent the modification of the metallic Cu catalyst and to improve the CO2 reduction 

reaction, deaeration of the electrolyte is reasonable, as described in the following section. 

  



  61 

Figure 37: XP detail spectra of the pn+-Si | Cu samples with different surface terminations showing the 
Cu 2p, O 1s, C 1s and Si 2p emission lines after performing cyclic voltammetry measurements 
(orange: native SiO2, blue: H-termination and pink: thermal SiO2). 

As it is essential that the Cu catalyst does not change during photoelectrochemical measurements, a 

further EC measurement was performed where nitrogen gas was additionally bubbled through the 

photoelectrochemical cell. The idea was to prevent oxygen adsorption on the Cu film, which might lead 

to the formation of Cu(OH)2. This experiment was only done once for the pn+-Si | nat. SiO2 | Cu sample. 

Figure 38 shows the XP detail spectra of the pn+-Si | nat. SiO2 | Cu sample after EC with and without 

nitrogen gas bubbling. From the Cu 2p emission line it can be seen that contrary to the measurement 

without nitrogen gas bubbling, the metallic character of the Cu film remains after EC if N2 was bubbled 

through the electrolyte. This can be assumed due to the absence of the satellite within the Cu 2p splitting. 

Furthermore, the maximum position of the Cu 2p emission line can be detected at 933.50 eV, which is 

a characteristic value for metallic Cu.[129] Nevertheless, the shape as well as the Cu 2p3/2 position could 

also be assigned to Cu2O. While the Cu LMM Auger line, which was measured during the interface 

experiment, was used to distinguish between both Cu phases, this is not possible after the 

electrochemical measurements as the spectra of the samples show more background noise. Therefore, 

the Cu LMM region cannot be evaluated. 

Nevertheless, the O 1s emission line can also be used to make a statement concerning the present Cu 

phase. The position of the O 1s emission line does almost not change in both performed experiments. 

However, the shape is much more distinct, symmetric and not broadened, which leads to the assumption 

that pure SiO2 is present instead of a mixture of SiO2 and a variety of Cu-O species in case of nitrogen 

gas bubbling. The formation of Cu2O would lead to a shift of the O 1s emission line to about 530.51 eV, 



62 

which cannot be observed in this experiment. Therefore, it can be assumed that the initial metallic 

character of the deposited Cu film remains after the electrochemical measurement.  

With additional bubbling with nitrogen gas, the maximum of the C 1s emission line is detected at 

285.20 eV instead of 286.70 eV. A binding energy of around 285 eV indicates the formation of C-H and 

C-C bonds.[94] It can also be noted that the C 1s emission line shows an asymmetry with contributions 

at binding energies >286 eV. A variety of carbon species may have formed due to the used electrolyte 

or the CO2 reduction reaction. However, it is not possible to evaluate reaction products with XPS 

analysis only. 

When investigating the Si 2p emission line, it is obvious that the substrate signal is much better 

detectable in case of the sample, which has been exposed to nitrogen gas. The maximum of the Si 2p3/2 

emission line can be clearly measured at 99.74 eV which is characteristic for Si. Furthermore, the SiO2 

peak is present at a typical value of 103.58 eV. As the substrate is clearly visible in case of additional 

bubbling, it leads to the assumption that the Cu film is slightly dissolved by the N2 bubbles. This effect 

leads to a reduced Cu film thickness and therefore, to an increased substrate signal when performing 

XPS. The Cu 2p to Si 2p intensity ratio has shown that the initial Cu film thickness (91 Å) is reduced to 

about 15 Å during the electrochemical measurement with additional nitrogen gas bubbling. 

However, it can be concluded that additional bubbling with nitrogen gas during the 

photoelectrochemical measurement improves the quality of the remaining Cu film as possible adsorbates 

are dispatched from the catalyst surface.  

 

 

Figure 38: XP detail spectra of the pn+-Si | nat. SiO2 | Cu sample showing the effect of N2 gas bubbling 
during performing cyclic voltammetry measurements. 
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Another quality feature of the Cu film is the overall adhesion and the intactness. As XPS only analyses 

a specific point on the sample surface, additionally the sample surface was imaged by SEM. The 

corresponding SEM images with a magnification of 1000 shown in Figure 39 give an overview of the 

pn+-Si | nat. SiO2 | Cu surface a) before and b) after performing photoelectrochemical measurements. 

However, the surface termination does not play a role as it cannot be visualized by SEM. Before EC the 

Cu film is very flat and homogeneous, which can be expected when depositing Cu on a Si wafer by 

electron beam deposition. No structure and no defects can be visualized by the SEM technique. In Figure 

39 b) it can be seen that the surface structure of the Cu film is damaged within a large area. For a more 

detailed impression of the sample surface the cross section of the samples were scanned with a 

magnification of 25000, which can be seen in Figure 40 a) and b). Again Figure 40 a) presents the very 

flat and clean surface before EC measurement while the situation after EC is shown in Figure 40 b). The 

overall damage of the Cu film after EC becomes very clear. It seems as if the Cu film has partially 

detached from the Si surface and formed bubbles between the Si | Cu interface. However, holes or cracks 

cannot be found on the surface which leads to the assumption that the Cu film is still intact. Merely, the 

adhesion of the deposited film has suffered from the photoelectrochemical procedure.  

Combining the results of the XPS and SEM investigations it can be concluded that the Cu film is mostly 

intact after the photoelectrochemical performance. Although the film thickness is reduced, no cracks or 

holes are build, but the film is partially detached from the substrate. However, the stoichiometry of the 

film may change depending on whether EC is performed with or without nitrogen gas bubbling. This 

effect is not surprising as the electrolyte is not deaerated without nitrogen gas bubbling. Nevertheless, 

experiments were mainly performed without bubbling because the focus of this work was the 

investigation of the correlation between the energy band alignment and the electrochemical performance 

and not the electrochemical CO2 reduction. 

Figure 39: SEM images of pn+-Si | nat. SiO2 | Cu samples with a magnification of 1000, a) before 
photoelectrochemistry and b) after photoelectrochemistry. 
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Figure 40: SEM images of the cross section of the pn+-Si | nat. SiO2 | Cu samples with a magnification 
of 25000, a) before photoelectrochemistry and b) after photoelectrochemistry. 

5.3 p-Si | µcn-Si | Cu  

The next step towards a systematic understanding of Si | Cu interfaces is the investigation of p-Si | µcn-Si 

substrates, which contain a buried junction such as the previously analyzed pn+-Si substrate. However, 

the top n-layer is microcrystalline in contrast to the single crystalline n-layer of the pn+-Si substrate. To 

examine the µcn-Si | Cu interface is important, as it is the aim to use a µc-Si:H multi junction solar cell 

to realize the idea of an artificial leaf. Analogous to the investigations of the pn+-Si | Cu interface the 

three different Si surface terminations (native SiO2, H termination and thermal SiO2) were examined. 

 

5.3.1 Energy Band Alignment  

Before the electronic band structure can be determined, survey spectra were measured to prove whether 

the samples are contaminated and to demonstrate the differences of the three differently prepared 

samples. The resulting XP spectra in Figure 41 give an overview of the elements which are present on 

the sample surfaces. The bottom green spectrum presents the H-terminated p-Si | µcn-Si surface, the 

middle red spectrum shows the surface of the p-Si | µcn-Si substrate with an additional native SiO2 layer 

on top and the purple spectrum displays the etched p-Si | µcn-Si substrate on which a SiO2 layer was 

thermally grown as described in chapter 4.1 The most noticeable feature of the three different spectra is 

the different amount of oxygen as it can be deduced from the O 1s emission line at around 533 eV. Even 

after HF and NH4F etching a small amount of O remains on the p-Si | µcn-Si:H surface, which was 

already observed for the pn+-Si:H sample. Analogous to the appearance and intensity of the O 1s 

emission line, the O KLL Auger line at about 979 eV can be detected for all three surfaces. Furthermore, 

the Si 2s and Si 2p emission lines are clearly visible for all the samples and also a small amount of C 

can be found on all three samples. 
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Figure 41: XP survey spectra of the p-Si | µcn-Si substrates with different surface terminations: 
H-termination, native SiO2 and thermal SiO2. 
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p-Si | µcn-Si | nat. SiO2 | Cu 

For investigating the energy band alignment of the three different samples, interface experiments were 

performed for all p-Si | µcn-Si | Cu model systems. First, the development of the survey spectra of the 

p-Si | µcn-Si | nat. SiO2 | Cu contact during the experiment is displayed in Figure 42. The spectra from 

bottom to top represent the measurements from the bare p-Si | µcn-Si | nat. SiO2 substrate to the 

p-Si | µcn-Si | nat. SiO2 | Cu contact. With ongoing deposition steps the substrate contributions Si 2p, 

Si 2s, O 1s and O KLL become weaker while the Cu 2s, Cu 2p and Cu LMM lines become dominant.  

Figure 42: Development of the XP survey spectra of the p-Si | µcn-Si | nat. SiO2 | Cu contact during the 
interface experiment. The measurement of the bare p-Si | µcn-Si | nat. SiO2 substrate is displayed at the 
bottom of the diagram while the last deposition step at the top shows the final measurement of a 
relatively thick Cu layer. 

The relevant XP detail spectra showing the development of the Si 2p, O 1s and Cu 2p emission lines are 

presented in Figure 43. As for the survey spectra in Figure 42 the bottom spectra display the 

measurement of the bare p-Si | µcn-Si | nat. SiO2 substrate while the spectra at the top present the 

measurements of the final p-Si | µcn-Si | nat. SiO2 | Cu contact. The Si 2p emission line is split into 

Si 2p3/2 and Si 2p1/2. While the more intense Si 2p3/2 emission line arises at a binding energy of 99.84 eV, 

the Si 2p1/2 emission line can be detected at 100.35 eV. From the intensities of the Si 2p3/2 and Si 2p1/2 
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emission lines it can be determined that the thickness of the SiO2 layer is 10 Å. The contribution of the 

SiO2 layer is clearly visible at 103.58 eV. Because of the native SiO2 layer on the p-Si | µcn-Si surface, 

the O 1s emission line at a binding energy of 533.10 eV is quite intense. 

After the first deposition step the position of the Si 2p3/2 emission line has not changed, in contrast to the 

O 1s emission line, which is slightly shifted to lower binding energies. As this effect is surprising, it is 

important to have a look at the SiO2 emission line, which is marked in grey in Figure 43. Although the 

maximum of the Si 2p3/2 emission line does not change, the SiO2 peak shifts and also becomes 

asymmetric. This leads to the assumption that the Cu deposition is responsible for a change of the 

stoichiometry of the oxygen in the silicon. In order to prove this assumption the Cu LMM Auger line 

can be taken into account, which is shown in the appendix A 5. With a Cu film thickness of only 5 Å, 

the Cu LMM line is still quite noisy. However, the maximum can be detected at around 570 eV, which 

corresponds to Cu2O (Cu0: 568 eV, CuO: 569 eV). Furthermore the shape of the Auger liner confirms 

the Cu2O phase instead of metallic Cu or CuO.[130] 

After the second deposition step the Cu film reaches a thickness of approximately 15 Å, which results 

in further changes in the XP detail spectra. It is obvious and reasonable that the intensities of the Si 2p 

and O 1s emission lines decrease and the Cu 2p emission line becomes more intense. While the position 

of the Si 2p3/2 emission line stays constant, the position of the O 1s emission line is now further shifted 

to lower binding energies and also the shape of the O 1s line becomes slightly asymmetric. Within the 

Si 2p region it can be noticed that the minimum between the Si 2p2/3 and Si 2p1/2 emission line becomes 

less distinct. The SiO2 signal is slightly shifted and broadened, which may still be an indication of a 

changed stoichiometry of the Si substrate. Although, the shape of the Cu LMM Auger line becomes 

more significant, still it does not allow a clear statement whether metallic Cu has formed. 

With the third deposition step additional 35 Å of Cu are deposited. The Si 2p and O 1s signals are further 

decreasing but still visible. While the maximum of the Si 2p3/2 emission line can still be detected at 

99.84 eV, the shape has drastically changed compared to the initial Si 2p emission line. The O 1s 

emission line is further shifted to lower binding energies and the shape is different compared to the 

previous measured O 1s emission lines. The O 1s line becomes more asymmetric and a small satellite 

at a binding energy of about 523.30 eV forms. This feature can be explained with the formation of 

Cu2O.[106][130] The Cu 2p emission line becomes more intense and the maximum of the Cu 2p3/2 

emission line can be detected at 932.62 eV, which is a typical value for metallic Cu. 

With the final deposition step the Cu film reaches a thickness of 100 Å. Compared to the previous 

deposition step the position of the Cu 2p3/2 emission line has not changed, however, the intensity is 

increased. The spectrum is characteristic for metallic Cu. As it remains flat within the Cu 2p splitting, a 

Cu oxide cannot be identified. Contrary to that, a weak O 1s signal at around 530 eV may indicate the 

formation of a small amount of Cu2O. As Cu2O only exhibits a weak satellite between the Cu 2p3/2 and 
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Cu 2p1/2 emission line, it is not easy to distinguish between metallic Cu and Cu2O. However, the shape 

of the Cu LMM Auger line supports the assumption that mostly metallic Cu has formed during 

deposition. After the last step of the interface experiment no signal of the substrate remains for the 

original Si 2p and O 1s emission line. With a Cu film thickness of 100 Å the limits of the information 

depth of XPS analyses is reached. Therefore, the initial O 1s emission line at 533.10 eV has vanished. 

Nevertheless, the deposited Cu film exhibits mainly metallic character as proven by the Cu LMM Auger 

line. 

 

 

Figure 43: Development of the Si 2p, O 1s and Cu 2p detail spectra of the p-Si | µcn-Si | nat. SiO2 | Cu 
contact during the interface experiment. The measurement of the bare p-Si | µcn-Si | nat. SiO2 substrate 
is displayed at the bottom of the diagram while the last deposition step at the top shows the final 
measurement of a relatively thick Cu layer. 
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p-Si | µcn-Si:H | Cu  

Before evaluating the corresponding energy band diagrams before and after contact formation, the XP 

spectra of the p-Si | µcn-Si:H | Cu and the p-Si | µcn-Si | therm. SiO2 | Cu contact are discussed. Figure 

44 displays the development of the survey spectra of the p-Si | µcn-Si:H | Cu contact. The spectra from 

bottom to top present the measurement of the bare p-Si | µcn-Si:H substrate to the final p-Si | µcn-

Si:H | Cu contact. The decreasing substrate signals as well as the increasing film signals are noticeable 

with each deposition step. Figure 45 shows the corresponding XP detail spectra. 

Figure 44: Development of the XP survey spectra of the p-Si | µcn-Si:H | Cu contact during the interface 
experiment. The measurement of the bare p-Si | µcn-Si:H substrate is displayed at the bottom of the 
diagram while the last deposition step at the top shows the final measurement of a relatively thick Cu 
layer. 

The Si 2p emission line of the bare p-Si | µcn-Si:H substrate does not exhibit a peak corresponding to 

the emission of SiO2, which is expected as the natural SiO2 layer has been removed by various 

preparation steps. The maximum of the Si 2p3/2 emission line can be detected at a binding energy of 

99.82 eV. The Si 2p3/2 and Si 2p1/2 emission lines are clearly separated by a distinct minimum, which is 
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an indication of an initial flat band situation. The O 1s emission line has its maximum at 532.47 eV and 

is not very intense as the amount of O is comparable small due to the etching steps. 

After the first deposition step when the Cu film reaches a thickness of 5 Å the Si 2p emission line shows 

changes in shape as well as position. The well-defined shape with the minimum between the Si 2p3/2 and 

Si 2p3/2 emission line becomes less specific and the position of the Si 2p3/2 emission line is shifted to 

99.65 eV. There are no crucial changes in the O 1s emission line, which need to be considered at that 

point. The Cu 2p emission line as well as the Cu LMM Auger line, which is shown in the appendix A 6 

arise. In contrast to the p-Si | µcn-Si | nat. SiO2 | Cu sample Cu LMM Auger line already shows typical 

features of metallic Cu. 

With the second deposition step the Cu film possesses a thickness of 15 Å. While the Cu 2p and 

Cu LMM lines become more intense, the intensity of the Si 2p emission line is reduced compared to the 

initial spectrum. Moreover, the position of the Si 2p emission line is further shifted to 99.50 eV. At that 

point it is not possible anymore to distinguish between the Si 2p3/2 and Si 2p1/2 emission line as the initial 

separating minimum has vanished. The shape and intensity of the O 1s emission line has not noticeably 

changed. However, the maximum is slightly shifted to lower binding energies, which is induced by the 

formation of small amounts of Cu2O or CuO. As there is no strong satellite detectable within the Cu 2p 

region, the formation of CuO is unlikely. 

With the next deposition step the Si 2p emission line changes drastically. The intensity is radically 

decreased, however, the shape is still distinct enough to evaluate the maximum at 99.28 eV, which 

means a further shift of 0.22 eV. Furthermore, the shape of the O 1s emission line has changed as it is 

more asymmetric and a satellite corresponding to copper oxide compounds has formed. At that point 

the Cu film has reached a thickness of 45 Å. 

With the deposition of additional 45 Å of Cu, the interface experiment is completed. The Si 2p emission 

line is barely visible anymore but still the position can be defined at a binding energy at 99.28 eV, which 

means no further shift compared to the previous measurement. The initial O 1s emission line is still 

available and the additional satellite is increased compared to the previous deposition step. In contrast 

to the pn+-Si:H | Cu interface where no oxygen reaction at the surface was observed, in case of the 

p-Si | µcn-Si:H | Cu contact a surface reaction can be verified by the presence of the O 1s satellite. From 

the results of the pn+-Si | Cu samples it was assumed that the Cu oxidation to Cu2O takes place only for 

Si | Cu interfaces with additional SiO2 interlayer. However, Figure 45 shows the Cu2O formation also 

for the p-Si | µcn-Si:H | Cu interface. Although, the deposition conditions were precisely controlled, it 

could be that residual oxygen gas from other experiments in the deposition chamber has affected the Cu 

stoichiometry.   

Comparing the two hydrogenated samples it can be noted that the initial amount of O is larger in case 

of the p-Si | µcn-Si:H substrate, which can then lead to the formation of a small quantity of Cu oxide, 
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most likely Cu2O. How much of the native SiO2 layer remains after the etching steps depends on the 

initial layer thickness, which in turn is dependent on the storage time of the sample between production 

and preparation. As the etching procedure is equal for all samples, it cannot be ensured that the SiO2 

layer will be completely removed. After the last deposition step the Cu 2p3/2 emission line has its 

maximum at 932.64 eV, which is in good agreement with literature values for metallic Cu. As there is 

no satellite appearing within the Cu 2p splitting the formation of metallic Cu can be assumed. This 

assumption is confirmed by the typical shape of the Cu LMM Auger line (A 6). Accordingly, the 

presence of a mainly metallic Cu film is proven. 

Figure 45: Development of the Si 2p, O 1s and Cu 2p detail spectra of the p-Si | µcn-Si:H | Cu contact 
during the interface experiment. The measurement of the bare p-Si | µcn-Si:H substrate is at the bottom 
of the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Cu layer. 
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p-Si | µcn-Si | therm. SiO2 | Cu  

In order to examine whether there is a difference between native SiO2 and thermally grown SiO2 as 

passivating interlayer, a thin SiO2 layer was grown on a p-Si | µcn-Si:H substrate as described in chapter 

4.1. Figure 46 shows the development of the XP survey spectra of the p-Si | µcn-Si | therm. SiO2 | Cu 

contact. It is obvious that this interface experiment contains more deposition steps compared to the 

previously presented experiments. Due to the necessary installation of a new filament for the electron 

beam deposition, it is reasonable to perform the interface experiment with smaller steps as the use of a 

different filament may slightly change the deposition rate. However, besides the number of deposition 

steps the procedure of the interface experiment is equal to all previous XPS measurements. From the 

survey spectra in Figure 46 the decrease of all substrate signals (Si 2p, Si 2s, O 1s and O KLL) as well 

as the increase of the Cu signals (Cu 2p, Cu 2s and Cu LMM) can be clearly recognized. 

 

Figure 46: Development of the XP survey spectra of the p-Si | µcn-Si | therm. SiO2 | Cu contact during 
the interface experiment. The measurement of the bare p-Si | µcn-Si | therm. SiO2 substrate is displayed 
at the bottom of the diagram while the last deposition step at the top shows the final measurement of a 
relatively thick Cu layer. 

 

The corresponding XP detail spectra showing the development of the Si 2p, O 1s and Cu 2p emission 

lines are displayed in Figure 47. The maximum of the Si 2p3/2 emission line of the bare p-Si | µcn-

Si | therm. SiO2 substrate can be evaluated at a binding energy of 99.84 eV, which is the same value as 
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measured for the bare p-Si | µcn-Si | nat. SiO2 substrate. As expected, the SiO2 contribution in form of a 

peak in the Si 2p emission line is available. The position of this peak at 103.58 eV does not differ from 

the position of the SiO2 peak for the p-Si | µcn-Si | nat. SiO2 substrate. The calculated initial thickness 

of the thermally grown SiO2 layer is 9 Å, which is negligibly thinner compared to the native SiO2 (10 Å). 

Also the initial maximum of the O 1s emission line at 533.10 eV is equal to the determined value in case 

of the native SiO2 sample. This correspondence already indicates that the initial energy band structure 

before contact formation with Cu will be equal independent on the preparation of the SiO2 layer. After 

depositing 2 Å Cu, the initial Si 2p and O 1s spectra do not remarkably change. However, a very weak 

intensity of the Cu 2p emission line can be detected. When depositing another 2 Å Cu the position of 

the Si 2p3/2 emission line shifts from 99.84 eV to 99.83 eV. However, this difference is too small to be 

informative as it lies within the inaccuracy of the measurement equipment. The shape is still very similar 

to the initial Si 2p spectrum. The same can be concluded for the O 1s emission line. While the third Cu 

deposition (7 Å) does not cause any changes in the Si 2p and O 1s emission line, the position of the 

Si 2p3/2 maximum is minimally shifted to 99.82 eV with the fourth deposition step when the Cu film 

reaches a film thickness of 10 Å. Again this small shift could also be an inaccuracy of the XPS. At that 

point also the O 1s emission line slowly starts to shift to lower binding energies. 

With the following deposition step the measured detail spectra remain the same as before, but when the 

Cu reaches a film thickness of 15 Å, the Si 2p3/2 emission line is detected at 99.81 eV, which means a 

total shift of 0.03 eV. Similar to the p-Si | µcn-Si sample with native SiO2 where no shift could be 

observed, the shift of the position of the Si 2p3/2 emission line in this system is negligible. 

As for the p-Si | µcn-Si sample with native SiO2 a shift can be observed in the maximum position of the 

O 1s emission line, which is larger than the shift in the Si 2p line. This effect was assigned to a 

stoichiometry change of the oxygen in the silicon substrate during the first deposition steps. 

Nevertheless, the Cu LMM Auger line corresponding to a Cu film thickness of 7 Å, which is shown in 

the appendix A 7 already contains features, which prove the metallic character of the Cu film. However 

the, maximum position can still be detected at a binding energy of 570 eV, which may also corresponds 

to Cu2O (Cu0: 568 eV), a shoulder already arises, which is characteristic for metallic Cu.[130] 

At that point of the experiment the Cu 2p emission line can be clearly identified and the signal becomes 

more intense. The following three deposition steps, which correspond to a Cu film thickness of 25 Å, 

45 Å and 80 Å, do not further change the position of the Si 2p3/2 emission line at 99.81 eV as well as the 

position of the O 1s emission line at 532.58 eV. However, each deposition step reduces the intensity of 

the Si 2p and O 1s emission lines while the Cu 2p line becomes more intense. Here, the maximum of 

the Cu 2p3/2 emission line can be detected at a binding energy of 932.64 eV. When having a closer look 

at the O 1s emission line it can be noticed that the emission line becomes slightly asymmetric. However, 

a distinct appearance of a satellite cannot be assured. 
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With the final deposition step the Cu film reaches a thickness of 100 Å. With that the Si 2p emission 

line has completely vanished. The O 1s emission line can still be detected at 532.58 eV with reduced 

intensity. A very small additional line emerges at around 529 eV leading to the assumption that a surface 

reaction has taken place as already observed for the p-Si | µcn-Si | nat. SiO2 | Cu sample. However, less 

oxygen is involved in a chemical reaction to form Cu oxide. The Cu 2p3/2 emission line still has its 

maximum at 932.64 eV. Because of the shape of the Cu 2p emission line as well as the Cu LMM Auger 

line, which is shown in the appendix A 7 the formation of mainly metallic Cu can be concluded. 

Figure 47: Development of the Si 2p, O 1s and Cu 2p detail spectra of the p-Si | µcn-Si | therm. SiO2 | Cu 
contact during the interface experiment. The measurement of the bare p-Si | µcn-Si | therm. SiO2 
substrate is displayed at the bottom of the diagram while the last deposition step at the top shows the 
final measurement of a relatively thick Cu layer. 

To sketch the energy band diagrams of the different p-Si | µcn-Si | Cu contacts, the above analyzed 

positions of the Si 2p3/2 emission lines of the corresponding spectra need to be evaluated. Table 4 is an 

extension of table 2 and lists all values of the position of the Si 2p3/2 emission line before and after 

contact formation with Cu as well as the resulting shifts for all pn+-Si | Cu and p-Si | µcn-Si | Cu model 

systems. It can be noted that the Cu contact formation less impacts the electronic structure at the 

p-Si | µcn-Si | SiO2 | Cu interface. Here, it seems to be negligible whether the SiO2 layer has native 

character or is thermally grown. Furthermore, it is obvious that the H-terminated surfaces are strongly 

affected by the Cu deposition resulting in an undesired band lineup. 

The schematical drawings of the derived energy band diagrams are displayed in Figure 48. Here, Figure 

48 a) shows the situation before contact formation for the p-Si | µcn-Si | SiO2, which is equal for the 
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native and the thermal SiO2 passivation layer. The energy band gap of 1.12 eV, the distance from the 

valance band maximum to the Fermi level in the p-layer (0.2 eV) as well as the distance of the 

conduction band minimum to the Fermi level in the n-layer (0.03 eV) are equal to the pn+-Si junction as 

the doping concentrations in the p and the n layer are the same in the p-Si | µcn-Si junction (p =1016 cm-3, 

n =1019 cm-3). At the surface the bands are slightly bended downwards (0.01 eV), resulting in a distance 

from the conduction band minimum to the Fermi level of 0.02 eV, which lies within the measurement 

inaccuracy of the XPS. Therefore, this electronic structure can be assumed as flat band situation. In case 

of the p-Si | µcn-Si sample with the native SiO2, this electronic structure does not change when being in 

contact with Cu as it can be seen in Figure 48 b). For the p-Si | µcn-Si | Cu sample with the thermally 

grown SiO2 interlayer, an upward band bending of 0.02 eV at the interface can be observed, which is 

illustrated in Figure 48 c). However, the energy band diagrams of both samples can be assumed to be 

identical as the barrier heights are negligible. Therefore, it can be concluded that both systems with 

passivating interlayers (native and thermal SiO2) seem to be beneficial in terms of electron transport 

across the interface. 

As shown in Figure 48 d) the H-terminated p-Si | µcn-Si surface exhibits an negligible upward band 

bending of 0.01 eV before contact, which can be considered as flat band situation. After contact 

formation this initial flat band situation changes and results in an energy barrier of 0.55 eV as shown in 

Figure 48 e). Compared to the energy band diagrams of the samples with additional SiO2 layer, it can 

be assumed that the huge energetic barrier at the interface may impact the electrochemical properties of 

the sample due to unfavorable electron transport across the interface. 

It should be mentioned that Figure 48 does not consider additional intermediate Cu2O layer. As for the 

pn+-Si | nat./ therm. SiO2 | Cu samples, the deposited metallic Cu partially reacts with SiO2 to Cu2O. 

However, due to the mainly metallic character of the film, this effect is not further investigated. 

 

Table 4: Overview of the position of the Si 2p3/2 emission line before and after contact formation for the 
pn+-Si and the p-Si | µcn-Si model systems with different surface terminations. 

Model system Position of Si 2p3/2 emission line 

  before contact after contact resulting shift 

pn+-Si | nat. SiO2 | Cu 99.77 eV 99.48 eV 0.29 eV 

pn+-Si:H | Cu 99.82 eV 99.38 eV 0.44 eV 

pn+-Si | therm. SiO2 | Cu 99.77 eV 99.56 eV 0.21 eV 

p-Si | µcn-Si | nat. SiO2 | Cu 99.84 eV 99.84 eV 0.00 eV 
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p-Si | µcn-Si:H | Cu 99.82 eV 99.28 eV 0.54 eV 

p-Si | µcn-Si | therm. SiO2 | Cu 99.84 eV 99.81 eV 0.03 eV 

Figure 48: Energy band diagrams before and after contact formation. a) p-Si | µcn-Si | SiO2 before 
contact formation with almost flat band situation, b) p-Si | µcn-Si | nat. SiO2 | Cu with a slight downward 
band bending of 0.01 eV, c) p-Si | µcn-Si | therm. SiO2 | Cu with an upward band bending of 0.02 eV, 
d) p-Si | µcn-Si:H before contact formation with almost flat band situation and e) p-Si | µcn-Si:H | Cu 
with a high upward band bending of 0.55 eV. 

 

5.3.2 Electrochemistry  

In order to analyze the impact of the energy band alignment at the interface on the photoelectrochemical 

performance, CV measurements were performed. These experiments were first performed without 

nitrogen gas bubbling. From the height of the energy barriers at the interfaces of the different p-Si | µcn-

Si | Cu systems it can be assumed that the photoelectrochemical performance will be beneficial for the 

p-Si | µcn-Si | nat. SiO2 | Cu and the p-Si | µcn-Si | therm. SiO2 | Cu sample as in both cases the energy 

barrier is very small (p-Si | µcn-Si | nat. SiO2 | Cu: 0.01 eV, p-Si | µcn-Si | therm. SiO2 | Cu: 0.02 eV). 

In contrast, the p-Si | µcn-Si:H | Cu contact exhibits a band bending at the interface of 0.55 eV, which 

leads to the assumption that the photoelectrochemical performance will be reduced compared to the 

samples with additional SiO2 passivation layers. However, Figure 49 proves that the assumption is not 

completely true. 

Figure 49 shows the CV measurements of the three p-Si | µcn-Si | Cu samples with different surface 

terminations. The measurements have been performed in the dark and under an illumination of 

180 W/m2 with λ = 625 nm. Contrary to the pn+-Si | Cu samples the total saturation current density under 
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illumination differs from sample to sample. While the p-Si | µcn-Si | nat. SiO2 | Cu sample reaches a 

maximum current density of around -6.2 V mA/cm2, the current density of the H-terminated sample 

saturates at -5.5 mA/cm2 and contrary to expectations the p-Si | µcn-Si | therm. SiO2 | Cu sample only 

reaches a current density of -4.5 mA/cm2. Furthermore, the onset potential is shifted to more negative 

values. To obtain -2 mA/cm2 an applied potential of -0.4 V (vs. RHE) is necessary in case of the 

p-Si | µcn-Si | nat. SiO2 | Cu and the p-Si | µcn-Si:H | Cu sample, while -0.8 V need to be applied for the 

p-Si | µcn-Si | therm. SiO2 | Cu sample. That the hydrogen terminated sample reaches comparable good 

photoelectrochemical results is surprising as the electronic band banding at the interface is much larger 

compared to the samples with additional SiO2 as passivating interlayer. A possible explanation could be 

that the electrons are able to tunnel through the very thin barrier at the interface so that the electron 

transport is improved, which in turn improves the photoelectrochemical activity. 

In case of the p-Si | µcn-Si | therm. SiO2 | Cu sample the photoelectrochemical activity is comparably 

low. Therefore, it is important to discuss the possible reason for this behavior. When reconsidering all 

different process steps the sample had to undergo during the performed experiments, it is conspicuous 

that the sample was held in an Ar/O gas mixture at 800°C to grow the thermal SiO2 layer. In contrast, 

the temperature to fabricate a p-Si | µcn-Si wafer is only 220°C during the PECVD process. The 

enormous heat, which is necessary to grow the thermal SiO2 damages the microcrystalline pn-junction 

and therefore, drastically reduces its performance.  

Although, the p-Si | µcn-Si | nat. SiO2 | Cu sample shows no barrier at the interface (0.01 eV) compared 

to the p-Si | µcn-Si:H | Cu sample with an upward band bending of 0.55 eV, the necessary potential to 

obtain -2 mA/cm2 is -0.4 V for both samples. Nevertheless, the p-Si | µcn-Si | nat. SiO2 | Cu sample 

reaches a saturation current density of -6.2 mA/cm2, while the saturation current density of the 

p-Si | µcn-Si:H | Cu sample is only -5.5 mA/cm2, which proves losses in the photoelectrochemical 

performance if the energy barrier at the surface is increased.  

The dark currents are even lower (-0.1 mA/cm2 to -0.6 mA/cm2) compared to the pn+-Si | Cu samples 

(-0.7 mA/cm2 to -1.1 mA/cm2), which confirms the expected behavior for such pn-Si junctions. Table 5 

gives an overview of the necessary potentials to obtain -2 mA/cm2, the saturation current density under 

illumination (Jsat, illum) and in the dark (Jsat, dark) as well as the corresponding energy barrier at the 

interface(eVb,n) for different p-Si | µcn-Si | Cu model systems in comparison with the pn+-Si | Cu and 

p-Si | µcn-Si | Cu samples. 
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Table 5: Overview of the necessary potential to obtain -2 mA/cm2, the saturation current density under 
illumination (Jsat, illum) and in the dark (Jsat, dark) as well as the corresponding energy barrier at the 
interface (eVb,n) for different pn+-Si | Cu and p-Si | µcn-Si | Cu model systems. 

Model System potential to reach         

-2 mA/cm2 [V vs. RHE] 

Jsat,illum 

[mA/cm2] 

Jsat.dark 

[mA/cm2] 

eVb,n 

[eV] 

pn+-Si | nat. SiO2 | Cu -0.6 -6.0 -1.1 +0.35 

pn+-Si:H | Cu -0.7 -6.0 -0.7 +0.45 

pn+-Si | therm. SiO2 | Cu -0.4 -5.7 -0.7 +0.27 

p-Si | µcn-Si | nat. SiO2 | Cu -0.4 -6.2 -0.6 +0.01 

p-Si | µcn-Si:H | Cu -0.4 -5.5 -0.1 +0.55 

p-Si | µcn-Si | therm. SiO2 | Cu -0.8 -4.5 -0.1 +0.02 

 

Figure 49: Comparison of the cyclic voltammetry behavior of the three different model systems: 
p-Si | µcn-Si | nat. SiO2 | Cu (red), p-Si | µcn-Si:H | Cu (green) and p-Si | µcn-Si | therm. SiO2 | Cu 
(purple) in the dark and under an illumination of 180 W/m2 with λ = 625 nm in 0.3 M KHCO3. Solid 
lines: EC behavior under illumination. Dashed lines: EC behavior in the dark. The measurements were 
performed without nitrogen gas bubbling. 
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5.3.3 Characterization after Electrochemistry 

To characterize the composition of the Cu thin films after performing the photoelectrochemical 

measurements (without nitrogen gas bubbling) XPS and SEM analyses were done. Figure 50 shows the 

relevant XP detail spectra of the p-Si | µcn-Si | Cu samples with different surface terminations (red: 

native SiO2, green: H-termination and purple: thermal SiO2). From the Cu 2p spectra it can be noted that 

the shape differs from the measurement directly after deposition as the spectra do not remain flat within 

the Cu 2p multiplet splitting. Instead, a quite intense satellite can be detected at around 945 eV for all 

three samples, which indicates the formation of Cu(OH)2. The same was already observed for the 

pn+-Si | Cu samples. 

It is also noticeable that, the intensity of the Cu 2p emission line of p-Si | µcn-Si | therm. SiO2 | Cu 

sample is reduced compared to the p-Si | µcn-Si | nat. SiO2 | Cu and the p-Si | µcn-Si:H | Cu sample. 

This indicated that the Cu film thickness is reduced during performing the electrochemical 

measurements in case of the sample with thermal SiO2. The modified thickness was calculated by using 

the XPS substrate: film intensity ratio as explained in chapter 4.5. While the Cu film of the samples with 

native SiO2 and hydrogen termination are still comparably large (p-Si | µcn-Si | nat. SiO2 | Cu: 65 Å, 

p-Si | µcn-Si:H | Cu: 50 Å), the Cu film of the sample with thermally grown SiO2 is reduced to about 

10 Å. This phenomenon is unexpected as the initial Cu film thicknesses were comparable (90 – 100 Å) 

for all three samples and the experimental procedure was the same for each sample. A reduced adhesion 

of the Cu film on thermally grown SiO2 cannot be assumed and was also not observed in case of the 

pn+-Si | therm. SiO2 | Cu sample.  

In general the whole spectra seem to be shifted to slightly higher binding energies. A similar 

phenomenon was already observed in case of the pn+-Si | Cu samples. A possible explanation is charging 

of the samples. Here, the position of the Cu 2p3/2 emission line is shifted to much higher binding energies 

compared to the initial Cu film deposition (native SiO2: 932.62 eV → 937.20 eV, H-termination: 

932.64 eV → 936.95 eV and thermal SiO2: 932.64 eV → 936.33 eV). A shift to slightly higher binding 

energies can be explained by the formation of Cu(OH)2.[121][122][123] However, the measured shifts 

must contain charging effects as the binding energy values are too high. But still it can be conducted 

from the strong satellite in the Cu 2p region that Cu(OH)2 has formed on all sample surfaces as it was 

also the case for the pn+-Si | C samples. 

In addition to the measurements of the pn+-Si | Cu samples SiO2 seems to be the dominant contribution 

of the O 1s emission. Nevertheless, these spectra are also shifted, which makes a clear statement more 

difficult. Moreover, the O 1s emission lines show an asymmetry, which could also be an indication of 

the formation of C-O species.[124][125] The position of the C 1s emission lines are also shifted to higher 

binding energies for all three p-Si | µcn-Si | Cu samples, which can be correlated to charging effects, the 

used electrolyte or the formation of CO2 reduction products. Most likely the measured C emissions are 
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due to C-H and C-C.[94][126] Above 289 eV a week signal can also be detected for all three samples, 

which can correspond to carbonates.[126] Again it cannot be stated whether these bonds were formed 

due to the CO2 reduction or because of the presence of KHCO3. 

As for the pn+-Si | Cu samples the SiO2 contribution is clearly detectable in the Si 2p region for all three 

p-Si | µcn-Si | Cu samples. In case of the p-Si | µcn-Si | therm. SiO2 | Cu sample the Cu film is definitively 

thinner compared to the p-Si | µcn-Si:H | Cu and p-Si | µcn-Si | nat. SiO2 | Cu sample as here the Si 2p3/2 

emission line at 99.60 eV can still be observed. In addition, the corresponding intensity of the Cu 2p 

emission line is strongly reduced in case of the p-Si | µcn-Si | therm. SiO2 | Cu sample as already 

mentioned above. The same phenomenon has been observed for the pn+-Si | nat. SiO2 | Cu sample. 

It can be concluded that after photoelectrochemical measurements in 0.3 M KHCO3 the initial metallic 

Cu catalyst became thinner and most likely the surface has transformed to Cu(OH)2. Moreover, the 

underlying Si substrates were oxidized for all three samples. C-C and C-H bonds could be detected at 

all surfaces. Furthermore, it can be assumed that small amounts of C-O were formed in all cases. 

Figure 50: XP detail spectra of the p-Si | µcn-Si | Cu samples with different surface terminations 
showing the Cu 2p, O 1s, C 1s and Si 2p emission lines after performing cyclic voltammetry 
measurements (red: native SiO2, green: H-termination and purple: thermal SiO2). 

The positive effect of bubbling with nitrogen gas during EC was already investigated when analyzing 

the XP spectra after EC of the pn+-Si | nat. SiO2 | Cu sample. Therefore, this measurement was exemplary 

repeated for the p-Si | µcn-Si | nat. SiO2 | Cu sample. The resulting Cu 2p, O 1s, C 1s and Si 2p emission 

lines are shown in Figure 51. From the Cu 2p emission line it becomes very clear that the bubbling of 

nitrogen prevents the transformation of metallic Cu to Cu(OH)2, which can be assumed due to the 

missing satellite within the Cu 2p splitting. Nevertheless, the position of the Cu 2p3/2 emission line at 
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933.60 eV could also indicate the presence of CuO. But CuO also exhibits a strong satellite in the Cu 2p 

region. As this in not the case in the measured spectrum with nitrogen gas bubbling, the formation of 

Cu(OH)2 as well as CuO can be excluded. Therefore, the Cu 2p emission line indicates that the Cu film 

is mainly metallic. 

Furthermore, the whole spectrum is strongly shifted to higher binding energies when no nitrogen gas 

was bubbled during EC. This was already discussed before and assigned to charging effects. The sample, 

which was measured after performing electrochemical measurements while nitrogen gas bubbling does 

not seem to be charged as the peak positions can be detected at expected binding energies. While the 

position of the O 1s emission line is shifted to high binding energies when no nitrogen gas was bubbled 

during EC, the position of the O 1s emission line in case of nitrogen gas bubbling can be clearly 

identified as SiO2. 

The formation of C-H and C-C bonds can be assumed from the maximum position of the C 1s emission 

line at 285.70 eV. Moreover, it can be noted that at binding energies between 286 - 290 eV the emission 

line contains more components, which can be assigned to a variety of carbon species, such as phenols, 

carbonyl groups, carboxyl groups and alcohols.[94][131] The presence of these signals could be 

interpreted as CO2 reduction products. However, the species could also be assigned to the used 

electrolyte, which is even more likely. 

The Si 2p emission line is different for the differently treated samples. It might be surprising that the 

sample without nitrogen gas bubbling does not show any pure Si signal but only SiO2 contribution at 

104.70 eV. Nevertheless, this effects is reasonable as the Cu film thickness is further reduced in case of 

nitrogen gas bubbling, because of an increased movement of the electrolyte solution, which results in 

an ablation of the film until the film thickness of the Cu is reduced to approximately 10 Å. Without 

nitrogen gas bubbling the remaining Cu film thickness was about 65 Å. 
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Figure 51: XP detail spectra of the p-Si | µcn-Si | nat. SiO2 | Cu sample showing the effect of N2 gas 
bubbling during performing cyclic voltammetry measurements.  

  

The SEM images in Figure 52 and Figure 53 show the surfaces of a p-Si | µcn-Si | Cu sample before and 

after EC with a magnification of 1000 and 10000, respectively. The deposited Cu film is very flat and 

homogeneous, which is evident from Figure 52 a). After photoelectrochemistry the Cu film is damaged 

as shown in Figure 53 b). The same effect was observed for the pn+-Si | Cu sample. Again, the surface 

termination also does not play a role. The more detailed images in Figure 53 show the cross section of 

the sample. Similar to the pn+-Si | Cu sample it can be seen that the Cu film is slightly detached from 

the Si surface and bubbles have formed beneath the Cu film. Nevertheless, the Cu film seems to be 

mostly intact without any holes or cracks. However, the film is not as smooth as before 

photoelectrochemistry. 

From the XPS and SEM investigations it can be concluded that the Cu film is mostly stable during the 

photoelectrochemical performance. But, the stoichiometry of the film may change depending on 

whether EC is performed with or without bubbling of nitrogen gas. Furthermore, it could be shown that 

bubbling with nitrogen gas can result in a reduced Cu film thickness due to the ablation caused by the 

movement of the bubbles in the electrolyte. Similar observations were made for the pn+-Si | Cu samples 

with different surface terminations. 
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Figure 52: SEM images of p-Si | µcn-Si | Cu samples with a magnification of 1000, a) before 
photoelectrochemistry and b) after photoelectrochemistry. 

Figure 53: SEM images of the cross section of the p-Si | µcn-Si | Cu samples with a magnification of 
10000, a) before photoelectrochemistry and b) after photoelectrochemistry. 

 
 
 

5.4 pin-Si | Cu Interface  

The next step of a systematical understanding of Si | Cu interfaces is the investigation of µc-Si:H solar 

cells with p-i-n structure (pin-Si) in contact to the Cu catalyst. As previous investigations of pn+-Si | Cu 

and p-Si | µcn-Si | Cu systems have shown that the samples with native SiO2 as Si surface termination 

lead to reasonable results concerning energy band alignment as well as photoelectrochemical 

performance, native SiO2 has also been chosen as surface termination for the pin-Si | Cu interface 

studies. Furthermore, it was shown that the high temperatures, which are necessary to thermally grow 

SiO2 lead to damage within the Si structure, native SiO2 is used instead. 
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5.4.1 Energy Band Alignment  

Analogous to the previously examined Si | Cu model systems, XP survey spectra were measured first in 

order to prove whether the sample is free of contaminations. Figure 54 shows the corresponding 

development of the XP survey spectra of the pin-Si | nat. SiO2 | Cu contact during the interface 

experiment. At 285 eV a very small amount of carbon can be detected, which vanishes with each 

deposition step. Apart from that the sample is not contaminated with other foreign species. The initial 

signals of the Si 2p, Si 2s, O 1s emission lines and O KLL Auger line decrease with ongoing interface 

experiment, while the Cu 2s, Cu 2p and Cu LMM signals corresponding to the deposited film increase 

until they are predominant. The Cu 3s, Cu 3p and Cu 3d emission lines at 140 eV, 90 eV and 10 eV are 

not considered for the experimental results. 

Figure 54: Development of the XP survey spectra of the pin-Si | nat. SiO2 | Cu contact during the 
interface experiment. The measurement of the bare pin-Si | nat. SiO2 substrate is displayed at the bottom 
of the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Cu layer. 

For a more detailed analysis XP detail spectra were measured for the regions of the Si 2p, O 1s and 

Cu 2p emission lines, which is shown in Figure 55. Here, the bottom spectra present the measurement 

of the bare substrate, while the top spectra were measured after the last Cu deposition. The initial 

maximum of the Si 2p3/2 emission line can be detected at 99.82 eV, which agrees with the previously 
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investigated pn+-Si and p-Si | µcn-Si substrates. The SiO2 emission is present at around 103 eV. The 

presence of SiO2 is also proven by the position of the O 1s emission line at 532.90 eV.[94] 

After the first deposition step the Cu film reaches a layer thickness of around 5 Å. The contact formation 

with Cu leads to a small shift of the Si 2p3/2 as well as the O 1s position. This shift increases further as 

soon as the Cu film reaches thicknesses of 15 Å and 45 Å after the second and third deposition step, 

respectively. From the shape of the corresponding Cu LMM Auger line, which is shown in the appendix 

A 8 it can already be assumed that the deposited Cu layer exhibits mainly metallic character. However, 

a signal at 529.87 eV can be detected within the region of the O 1s emission, which indicates the 

formation of a copper oxide compound, which can be assigned to Cu2O. This could already be observed 

in case of pn+-Si | Cu and p-Si | µcn-Si | Cu model systems. After the last deposition step a 90 Å thick 

Cu layer covers the pin-Si solar cell. The signal within the Cu 2p3/2 and Cu 2p1/2 emission lines remains 

flat, confirming the formation of metallic Cu. At that state the Si 2p signal is drastically decreased and 

the maximum position of 99.70 eV has not changed anymore compared to the previous deposition step. 

Small amounts of Cu oxide can be proven by the O 1s emission at 529.87 eV. Nevertheless, the shape 

of the Cu LMM Auger line of the last deposition step clearly indicates the formation of mainly metallic 

Cu. 

Figure 55: Development of the Si 2p, O 1s and Cu 2p detail spectra of the pin-Si | nat. SiO2 | Cu contact 
during the interface experiment. The measurement of the bare pin-Si | nat. SiO2 substrate is displayed 
at the bottom of the diagram while the last deposition step at the top shows the final measurement of a 
relatively thick Cu layer. 
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With the results from the interface experiment the energy band diagram of the pin-Si | nat. SiO2 | Cu 

contact can be calculated, which is sketched in Figure 56. Figure 56 a) shows the situation at the surface 

before contact formation with Cu. Compared to the previously investigated band alignments of the 

p-Si | Cu, pn+-Si | Cu and p-Si | µcn-Si | Cu contacts, it can be noticed that the dimensions of the p- and 

n-layer are different, which comes from different layer thicknesses as explained in chapter 2.3. 

Before contact formation a flat band situation is given at the surface. After the deposition of Cu a band 

bending of 0.13 eV occurs. Table 6 gives an overview of the positions of the Si 2p3/2 emission lines 

before and after contact formation for the pn+-Si, p-Si | µcn-Si model systems with different surface 

terminations as well the pin-Si | nat. SiO2 | Cu contact.

 

Table 6: Overview of the position of the Si 2p3/2 emission line before and after contact formation for the 
pn+-Si, p-Si | µcn-Si model systems with different surface terminations as well the pin-Si | nat. SiO2 | Cu 
contact.

Model system Position of Si 2p3/2 emission line 

  before contact after contact resulting shift 

pn+-Si | nat. SiO2 | Cu 99.77 eV 99.48 eV 0.29 eV 

pn+-Si:H | Cu 99.82 eV 99.38 eV 0.44 eV 

pn+-Si | therm. SiO2 | Cu 99.77 eV 99.56 eV 0.21 eV 

p-Si | µcn-Si | nat. SiO2 | Cu 99.84 eV 99.84 eV 0.00 eV 

p-Si | µcn-Si:H | Cu 99.82 eV 99.28 eV 0.54 eV 

p-Si | µcn-Si | therm. SiO2 | Cu 99.84 eV 99.81 eV 0.03 eV 

pin-Si | nat. SiO2 | Cu 99.82 eV 99.70 eV 0.12 eV 
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Figure 56: Energy band diagrams before and after contact formation. a) pin-Si | nat. SiO2 before contact 
formation with flat band situation and b) pin-Si | nat. SiO2 | Cu with an upward band bending of 0.13 eV. 

 

5.4.2 Electrochemistry 

As a solar cell is able to absorb not only one specific wave length but also those, which are larger than 

the bandgap, the photoelectrochemical measurements were performed under nearly real conditions by 

using a solar simulator with AM 1.5 G. However, in order to compare the photoelectrochemical 

performance of the pin-Si | Cu system to the previously analyzed pn+-Si | Cu and p-Si | µcn-Si | Cu 

model systems, first an EC measurement was performed under the same conditions. 

Figure 57 shows the cyclic voltammetry behavior of the pin-Si | nat. SiO2 | Cu sample in the dark and 

under an illumination of 180 W/m2 with λ = 625 nm in 0.3 M KHCO3. The measurement was performed 

while bubbling with N2 gas, which does not influence the photoelectrochemical performance. The EC 

curve under illumination is similar to the curves of the pn+-Si | Cu and p-Si | µcn-Si | Cu samples. The 

maximum saturation current density is reached at -5.5 mA/cm2, which is similar to the previous 

investigated samples as listed in table 7. 

However, the average potential, which is necessary to reach a current density of -2 mA/cm2 is lower 

compared to all other samples. This improvement is due to the increased photovoltage, which is 

generated within the pin-Si-junction when light enters the solar cell. If the photovoltage, which is 

delivered by the solar cell, is higher, the reaction will take place earlier (at less negative potentials). 

Additionally, it can be observed that one of the CV curves exhibits a wave when scanning to a positive 

potential of +0.2 V. This wave indicates the oxidation of Cu0 to Cu2+. 

When characterizing the EC behavior in the dark, it is evident that the absolute value of the current 

density continuously increases when the applied potential becomes more negative than -0.8 V vs. RHE. 

The maximum measured dark current density reaches -3.5 mA/cm2, which is unexpectedly high. It is 

clear that the solar cell is not able to deliver such a high current density without illumination as in that 
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case no charge carriers are generated in the dark, which can result in a photocurrent. As none of the 

previously measured samples showed such a behavior, an explanation for this phenomenon must be 

found in the different structure or different electrical contact of the pin-Si solar cell compared to the 

pn+-Si and p-Si | µcn-Si junctions. 

It was shown in Figure 22 that the deposition of the necessary front contact results in a localized short 

circuit, which does not affect the whole solar cell. It is to be expected that the measured current density 

in the dark does not represent the charge carrier transport, but the lateral current ensuring from the local 

short circuit. Such observations are in agreement with literature. [101][132] 

Another possible explanation could be the penetration of Cu atoms and diffusion along the grain 

boundaries of the solar cell structure resulting in an internal leakage current. However, this assumption 

may be proven for example by transmission electron microscopy (TEM), energy dispersive X-ray 

spectroscopy (EDX) or secondary ion mass spectroscopy (SIMS). Nevertheless, proving the assumed 

Cu penetration will be difficult as the intense sample preparation for the suggested methods can easily 

damage the sample and change or remove the thin Cu layer. Furthermore, the detection of small amounts 

of foreign atoms in a sample is always challenging. 

Table 7: Overview of the necessary potential to obtain -2 mA/cm2, the saturation current density under 
illumination (Jsat, illum) and in the dark (Jsat, dark) as well as the corresponding energy barrier at the 
interface (eVb,n) for different pn+-Si | Cu, p-Si | µcn-Si | Cu and pin-Si | Cu model systems. 

Model System potential to reach         

-2 mA/cm2 [V vs. RHE] 

Jsat,illum 

[mA/cm2] 

Jsat.dark 

[mA/cm2] 

eVb,n 

[eV] 

pn+-Si | nat. SiO2 | Cu -0.6 -6.0 -1.1 +0.35 

pn+-Si:H | Cu -0.7 -6.0 -0.7 +0.45 

pn+-Si | therm. SiO2 | Cu -0.4 -5.7 -0.7 +0.27 

p-Si | µcn-Si | nat. SiO2 | Cu -0.4 -6.2 -0.6 +0.01 

p-Si | µcn-Si:H | Cu -0.4 -5.5 -0.1 +0.55 

p-Si | µcn-Si | therm. SiO2 | Cu -0.8 -4.5 -0.1 +0.02 

pin-Si | nat. SiO2 | Cu -0.2 -5.5 -3.5 +0.13 
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Figure 57: Cyclic voltammetry behavior of the pin-Si | nat. SiO2 | Cu sample in the dark and under an 
illumination of 180 W/m2 with λ = 625 nm in 0.3 M KHCO3. Solid line: EC behavior under illumination. 
Dashed line: EC behavior in the dark. 

The same EC measurement was repeated with the use of a solar simulation with AM 1.5 G in order to 

analyze the EC performance under more real conditions. For this measurement a freshly prepared sample 

was used, which is identical to the just analyzed pin-Si | nat. SiO2 | Cu sample. Figure 58 shows the 

cyclic voltammetry measurements of an equally produced pin-Si | nat. SiO2 | Cu sample in the dark and 

under an illumination of AM 1.5 G in 0.3 M KHCO3. It can be noted that the value of the maximum 

reached current density of -16 mA/cm2 is much larger compared to all previous measurements. This can 

be ascribed to the increased amount of charge carriers, which are generated in the solar cell due to the 

absorption of different wavelengths instead of one single wavelength (625 nm) in case of all previously 

performed measurements. Furthermore, the intensity of the solar simulator (1000 W/m2) is much higher 

compared to the red LED. The potential, which is required to reach a current density of -2 mA/cm2 

is -0.2 V vs. RHE, which is equal to the measurement where the LED was used. The electrochemical 

behavior in the dark resembles the previously discussed measurement. Therefore, the occurrence of a 

lateral current due to a localized short circuit or Cu penetration is also assumed in that case, which is 

reasonable as the two samples are identical. 
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Figure 58: Cyclic voltammetry behavior of the pin-Si | nat. SiO2 | Cu sample in the dark and under an 
illumination of AM 1.5 G (1000 W/m2) in 0.3 M KHCO3. Solid line: EC behavior under illumination. 
Dashed line: EC behavior in the dark.  
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5.4.3 Characterization after Electrochemistry  

The XP detail spectra shown in Figure 59 were performed to prove whether the Cu film has changed 

after the photoelectrochemical measurement. As it was already proven for the pn+-Si | Cu and p-Si | µcn-

Si | Cu samples that the metallic character of the Cu film only remains if nitrogen gas is bubbled during 

EC, experiments without bubbling were not performed in case of the pin-Si | Cu system. From the Cu 2p 

spectrum in Figure 59 it can be noticed that the  binding energy maximum can be detected at 933.30 eV, 

which indicates the presence of metallic Cu or the formation of CuO. Also a distinct satellite, which 

corresponds to the formation of CuO or Cu(OH)2 cannot be identified in the Cu 2p region. Nevertheless, 

the spectrum does not remain completely flat between the Cu 2p3/2 and Cu 2p1/2 emission line, which 

leads to the assumption that the catalytic layer contains mostly metallic Cu but also small amounts of 

copper oxide species after the photoelectrochemical measurement. 

From the O 1s emission line at 533.10 eV it becomes clear that CuO cannot be the predominantly formed 

phase as copper oxides exhibit an emission line at binding energies below 530 eV, whereas the 

maximum position of the O 1s emission line at 533.10 eV can be clearly assigned to SiO2.[114] The 

SiO2 emission is a substrate signal, which is also detectable within the Si 2p region. At 103.65 eV the 

Si 2p emission line shows a peak, which is even more intense than the main Si 2p emission line at 

99.78 eV. It is supposed that during EC the Si substrate with a native SiO2 layer on top is further 

oxidized. Such a strong oxidation was not observed for previously analyzed Si | Cu systems. Therefore, 

the quality of the Cu film must be different in case of the pin-Si | Cu sample to allow oxygen to penetrate 

through the deposited layer. It is possible that the thin film solar cells exhibit a more porous structure 

compared to the Si wafers, which may also influence the quality of the deposited Cu film. From the 

Si:Cu intensity ration the Cu film thickness was determined, which is approximately 15 Å. 

Subsequent SEM images will show whether the morphology of the Cu film is different, which can justify 

the assumption of oxygen penetration. But first, the C 1s emission line in Figure 59 needs to be 

discussed. The maximum at 285.8 eV can be assigned to C-H and C-C bonds, which could already be 

observed for the previously analyzed Si | Cu systems. However, at binding energies above 288 eV 

carbonates and further possible CO2 reduction products can be detected.[126][94] 
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Figure 59: XP detail spectra of the pin-Si | nat. SiO2 | Cu sample showing the Cu 2p, O 1s, C 1s and 
Si 2p emission lines after performing cyclic voltammetry measurements. The photoelectrochemical 
measurement was performed while bubbling with N2 gas. 

The SEM images in Figure 60 show the pin-Si | nat. SiO2 | Cu sample surface a) before and b) after 

photoelectrochemical measurements with a magnification of 1000. Contrary to the pn+-Si | Cu and the 

p-Si | µcn-Si | Cu sample surfaces the depicted SEM images show a rough structure. It is unlikely that 

the deposited Cu film itself has a rough structure. In fact, the morphology of underlying solar cell 

becomes visible as the ultra-thin Cu film emulates the structure. The difference between before and after 

EC is not as dominant as for the pn+-Si | Cu and the p-Si | µcn-Si | Cu sample surfaces. Nevertheless, it 

can be seen in Figure 60 b) that some additional particles are deposited to the surface. The rough surface 

can be seen even more clearly in Figure 61 which images the surfaces with a magnification of 10000. It 

is assumed that due to the roughness of the film oxygen atoms can easily penetrate through the film and 

hence further oxidize the underlying SiO2 interface.  
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Figure 60: SEM images of pin-Si | nat. SiO2 | Cu samples with a magnification of 1000, a) before 
photoelectrochemistry and b) after photoelectrochemistry. 

Figure 61: SEM images of the cross section of the pin-Si | nat. SiO2 | Cu samples with a magnification 
of 10000, a) before photoelectrochemistry and b) after photoelectrochemistry. 
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5.5 a-Si:H | a-Si:H | µc-Si:H | Cu Interface  

After the investigations of pn+-Si | Cu, p-Si | µcn-Si | Cu as well as pin-Si (µc-Si:H) | Cu systems, a 

triple junction solar cell is used to improve the photoelectrochemical performance due to advantageous 

solar light absorption. The used solar cell has an a-Si:H | a-Si:H | µc-Si:H configuration with p-i-n 

structure. Thus, the top µc-Si:H solar cell with p-i-n structure is identical to the previously analyzed 

pin-Si solar cell. Therefore, the energy band alignment at the a-Si:H | a-Si:H | µc-Si:H | Cu contact will 

be identical and does not need to be investigated. Also XPS studies after EC as well as SEM 

measurements are not necessary as the interface is equal. Nevertheless, differences concerning the 

photoelectrochemical performance are expected. As well as the pin-Si solar cell, the a-Si:H | a-Si:H | µc-

Si:H solar cell contains a thin layer of native SiO2 on top. The photoelectrochemical measurements were 

performed in 0.3 M KHCO3 in the dark and under a solar simulation with AM 1.5 G global spectra. The 

resulting CV curves are shown in grey in Figure 62 in comparison to the already discussed pin-Si | nat. 

SiO2 | Cu sample in blue. It is evident that in case of illumination, the saturation current density of the 

a-Si:H | a-Si:H | µc-Si:H | nat. SiO2 | Cu sample is much lower (-6.7 V vs. RHE) compared to the pin-Si 

| nat. SiO2 | Cu sample (-16 V vs. RHE), whereas the onset potential is remarkably higher. This can be 

explained by different JV-characteristics of the two different solar cells, which was shown in Figure 11. 

While the single junction solar cell reaches more negative current densities, the triple cell suffers from 

poor current density, but improved photovoltage. However, to measure the onset potential the scanning 

range needs to be adjusted, which means an applied anodic potential of up to +1.6 V. Within this region 

Cu corrosion can be assumed. Nevertheless, no redox waves are visible in this potential regime, which 

indicate Cu oxidation. But still it needs to be taken into account that the Cu layer might have been 

partially dissolved due to the applied potential range of the CV measurement.  

To reach a current density of -2 mA/cm2 a potential of +1.1 V vs. RHE is required. This positive effect 

is attributed to the wide energy band gap of amorphous Si and the absence of light-trapping 

structure.[133] Furthermore, a tripe junction solar cell delivers more photovoltage due to an optimum 

use of the solar light spectrum. It needs to be taken into account that according to Figure 12 c) the applied 

potential at the Cu contact is not as large as at the Si junction. Due to the increased photovoltage of the 

triple Si solar cell the potential at the Cu contact is shifted into the negative regime. Hence, Cu oxidation 

is not expected whereas Cu oxidation was observed for the pin-Si single junction solar cell, which 

delivers less photovoltage (see Figure 57).  The a-Si:H | a-Si:H | µc-Si:H | nat. SiO2 | Cu sample also 

shows an unexpected high dark current density, which is assumed to be caused by a lateral current or a 

leakage current. The same phenomenon was already observed in case of the single pin-Si | nat. SiO2 | Cu 

sample. However, the effect is even higher for the triple junction solar cell. 
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Figure 62: Cyclic voltammetry behavior of the a-Si:H | a-Si:H | µc-Si:H | nat. SiO2 | Cu sample (grey) 
in the dark and under an illumination of AM 1.5 G (1000 W/m2)  in 0.3 M KHCO3 in comparison to the 
pin-Si | nat. SiO2 | Cu sample (blue). Solid lines: EC behavior under illumination. Dashed lines: EC 
behavior in the dark. 

 

5.6 Comparison of all Si | Cu Interfaces  

Table 8 gives an overview of all obtained results from XPS as well as photoelectrochemical 

measurements. It can be concluded that a passivating interlayer such as SiO2 between the Si | Cu 

interface improves the energy band alignment, which is advantageous for the electron transport 

properties across the interface. As a result less negative onset potentials are required in case of lower 

energy barriers at the Si | Cu interface. This trend was especially observed for the pn+-Si | Cu model 

system. 

When investigating the p-Si | µcn-Si | Cu interfaces, the hydrogen terminated sample did not show a 

reduced electrochemical performance although the barrier height at the interface was comparably high 

(+0.55 eV). It was assumed that the tunneling effects play a role in this case. 

Moreover, it was observed that Cu2O interface phases are formed during deposition when the Si structure 

contains a SiO2 layer on top. How this additional Cu2O layer influences the interface formation could 

not be examined. However, the presence of Cu2O after the first deposition steps was proven by the 

Cu LMM Auger line. It was assumed that the deposition conditions were ideal for metallic Cu deposition 

and hence, it was expected that Cu oxidation happens by reacting with the SiO2 layer.  
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It could also be concluded that thermally grown SiO2 is not an option for µc-Si substrates as the required 

preparation temperature of 800°C damages the structure and therefore, limits the photoelectrochemical 

performance. The same is valid for the hydrogen termination in case of the Si solar cells as they are not 

stable under the required etching conditions. 

Furthermore, it could also be observed that the initial Cu film thickness is reduced from about 100 Å to 

averaged 40 Å when performing photoelectrochemical measurements. This film thickness is even 

further reduced to approximately 15 Å when additionally bubbling with nitrogen gas during the 

photoelectrochemical measurements. Nevertheless, nitrogen gas bubbling is considered to be reasonable 

as the metallic character of the Cu film remains during EC, instead of the formation of a copper oxide 

compound. Reason for this behavior is the used electrolyte (KHCO3) which contains oxygen and hence, 

leads to Cu oxidation when the electrolyte solution is not bubbled with nitrogen. In terms of CO2 

reduction further experiments with CO2 bubbling during EC should be performed. Bubbling with CO2 

would also saturate the electrolyte solution and therefore prevent Cu oxidation. Moreover, the selectivity 

of the CO2 reaction is expected to be improved when introducing CO2 gas into the electrolyte. However, 

these experiments were not performed here, as the main focus of this work was the investigation of the 

correlation of the electronic band structure and the corresponding electrochemical behavior.   

CV measurements have shown that under illumination the Cu film oxidizes when deposited on pin-Si 

single junction whereas no oxidation takes place in case of Cu deposited on pin-Si triple junction. 

Reason for this is different photovoltage and hence different positions of the Fermi level. During EC 

measurements under illumination the applied potential at the Si solar cell is not equal to the potential at 

the Cu contact. The higher the induced photovoltage, the more negative the actual potential at the Cu 

contact. Therefore, no Cu oxidation could be observed in case of the a-Si | a-Si | µcn-Si | Cu sample, 

which provides more photovoltage compared to the pin-Si single junction. 

SEM images before and after EC as well as XPS analyses after EC have proven that the Cu films are 

still intact after EC, even though the films are partially damaged. Besides the Cu films, which were 

deposited on solar cells, all films exhibit a very smooth surface structure. The Cu films deposited on 

solar cells form a more rough structure on the solar cell surface. 

Further experiments should be done to analyze the resulting products of the CO2 reduction reaction. 

Here, gas chromatography would be a suitable method. Moreover, the electrochemical behavior of the 

pin-Si | Cu and a-Si | a-Si | µcn-Si | Cu samples in the dark should be analyzed more in detail. TEM 

images or EDX could be helpful to see whether Cu atoms penetrate into the Si structure. A subsequent 

diffusion along the grain boundaries of the microcrystalline structure of the solar cell structure might 

cause a leakage current. However, lateral current flow could also be an explanation for high dark 

currents.  
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Table 8: Overview of the results from XPS as well as photoelectrochemical measurements of all 
pn+-Si | Cu, p-Si | µcn-Si | Cu, pin-Si | Cu and a-Si | a-Si | µcn-Si | Cu samples. The electrochemical 
parameters refer to an illumination with λ = 625 nm, unless otherwise stated. Theoretical values are 
marked with *.    

Model system Position of Si 2p3/2 emission line 

  before contact after contact resulting shift 

pn+-Si | nat. SiO2 | Cu 99.77 eV 99.48 eV 0.29 eV 

pn+-Si:H | Cu 99.82 eV 99.38 eV 0.44 eV 

pn+-Si | therm. SiO2 | Cu 99.77 eV 99.56 eV 0.21 eV 

p-Si | µcn-Si | nat. SiO2 | Cu 99.84 eV 99.84 eV 0.00 eV 

p-Si | µcn-Si:H | Cu 99.82 eV 99.28 eV 0.54 eV 

p-Si | µcn-Si | therm. SiO2 | Cu 99.84 eV 99.81 eV 0.03 eV 

pin-Si | nat. SiO2 | Cu 99.82 eV 99.70 eV 0.12 eV 

a-Si:H | a-Si:H | µc-Si:H |    

nat. SiO2 | Cu 

99.82 eV* 99.70 eV* 0.12 eV* 

Model System potential to reach         

-2 mA/cm2 [V vs. RHE] 

Jsat,illum 

[mA/cm2] 

Jsat.dark 

[mA/cm2] 

eVb,n 

[eV] 

pn+-Si | nat. SiO2 | Cu -0.6 -6.0 -1.1 +0.35 

pn+-Si:H | Cu -0.7 -6.0 -0.7 +0.45 

pn+-Si | therm. SiO2 | Cu -0.4 -5.7 -0.7 +0.27 

p-Si | µcn-Si | nat. SiO2 | Cu -0.4 -6.2 -0.6 +0.01 

p-Si | µcn-Si:H | Cu            -0.4      -5.5  -0.1               +0.55   

p-Si | µcn-Si | therm. SiO2 | Cu -0.8 -4.5 -0.1 +0.02 

pin-Si | nat. SiO2 | Cu -0.2 -5.5 -3.5 +0.13 

pin-Si | nat. SiO2 | Cu (AM 

1.5 G) 

-0.2 -16.0 -3.5 +0.13 

a-Si:H | a-Si:H | µc-Si:H |    

nat. SiO2 | Cu (AM 1.5 G) 

+1.1 -6.7 -4.7 +0.13* 
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6 Characterization of the Si | Ag Interface 

 

As Ag is also known to be an appropriate catalyst for the CO2 reduction, the Si | Ag interface was 

investigated. [42], [43], [46], [47], [49], [64]–[66] However, these investigations were only done for the 

pn+-Si | nat. SiO2 | Ag, the p-Si | µcn-Si | nat. SiO2 | Ag and the a-Si:H | a-Si:H | µc-Si:H | nat. SiO2 | Ag 

contacts. Native SiO2 has been chosen as surface termination because it has been proven in case of the 

Si | Cu interface investigations that compared to hydrogen terminated Si surfaces, SiO2 as surface 

passivation lead to a better electronic band alignment as well as photoelectrochemical performance. 

Moreover, it was shown that the heat treatment, which is necessary to thermally grow SiO2 can damage 

the Si structure.  

 

6.1 pn+-Si | Ag Interface 

 

6.1.1 Energy Band Alignment 

Analogous to the pn+-Si | nat. SiO2 | Cu interface experiment, the pn+-Si | nat. SiO2 | Ag contact was 

investigated. Figure 63 shows the development of the survey spectra during the interface experiment. 

While the substrate signals of the O KLL Auger line, the O 1s, Si 2s and Si 2p emission lines become 

weaker with each deposition step, the corresponding film signals arise at 368.13 eV (Ag 3d), 573.01 eV 

(Ag 3p3/2), 604.03 eV (Ag 3p1/2), 720.00 eV (Ag 3s) and 1135 eV (Ag MNV). Furthermore, the Ag 4s, 

Ag 4p and Ag 4d emission lines arise at 110 eV, 69 eV and 11 eV. As these emission lines are not 

relevant for the evaluation of the experiment, they are not assigned within the XP survey spectrum. 
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Figure 63: Development of the XP survey spectra of the pn+-Si | nat. SiO2 | Ag contact during the 
interface experiment. The measurement of the bare pn+-Si | nat. SiO2 substrate is displayed at the bottom 
of the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Ag layer. 

Besides the survey spectra, XP detail spectra were measured, which are shown in Figure 64. Before Ag 

deposition the Si 2p3/2 emission line is detected at 99.70 eV. At a binding energy of 103.60 eV the SiO2 

peak arises. The corresponding O 1s emission line shows its maximum at 533.18 eV. These binding 

energies do not change after the deposition of the first 3 Å of Ag. With the following deposition steps 

the Ag 3d emission line becomes more intense and the Si 2p as well as O 1s substrate signal slightly 

shift to lower binding energies. When the Ag film reaches a thickness of 38 Å, the Si 2p3/2 and Si 2p1/2 

emission lines cannot be clearly distinguished anymore. At that point the position of the Si 2p emission 

line is shifted to 99.50 eV, while the O 1s emission line has its maximum at 532.92 eV. 

With the next two deposition steps the shape of the Si 2p emission line becomes less distinct and the 

maximum reaches its final position at a binding energy of 99.49 eV. The O 1s emission line can be 

evaluated at 532.83 eV. After the last deposition step the Ag film reaches a thickness of 100 Å and the 

Ag 3d5/2 line has its maximum at 368.13 eV, which is a typical value for metallic Ag. Furthermore, the 

distance between the Ag 3d5/2 and the Ag 3d3/2 emission lines can be evaluated, which results in 6.01 eV, 

which also proves the metallic character of the deposited film. At approximately 372 eV and 378 eV 
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plasmon loss features are detectable corresponding to metallic Ag as well.[94][134] At that state of the 

interface experiment the Si 2p and O 1s emission lines have almost vanished. 

Figure 64: Development of the Si 2p, Ag 3d and O 1s detail spectra of the pn+-Si | nat. SiO2 | Ag contact 
during the interface experiment. The measurement of the bare pn+-Si | nat. SiO2 substrate is displayed 
at the bottom of the diagram while the last deposition step at the top shows the final measurement of a 
relatively thick Ag layer. The marked areas within the Ag 3d emission line show the loss features. 

From the initial position and the final shift of the Si 2p3/2 emission line the energy band alignment before 

and after contact formation with Ag can be calculated. Figure 65 a) shows the situation before contact 

formation. At the surface an upward band bending of 0.13 eV can be observed, which is comparably 

high with respect to the corresponding pn+-Si | nat. SiO2 interface for the Cu deposition experiments 

discussed in chapter 5.2.1, where an initial upward band bending of only 0.06 eV was calculated. The 

different initial energetic band alignment can be ascribed to the aging of the pn+-substrate. The 

evaluation of the thickness of the SiO2 interlayer yield a 7 Å thick layer in case of the pn+-Si | nat. 

SiO2 | Ag sample in contrast to the pn+-Si | nat. SiO2 | Cu sample, where the SiO2 interlayer only had a 

thickness of 3 Å. Thus, it is assumed that the upward band bending before contact formation in case of 

the pn+-Si | nat. SiO2 | Ag sample is not an effect of Fermi level pinning. This is also proven as the bands 

further bend upwards when being in contact to Ag, which is illustrated in Figure 65 b). The resulting 

band bending of 0.34 eV is very similar to the band bending of the pn+-Si | nat. SiO2 | Cu interface 

(0.35 eV). The similar energetic situation at the Si | metal contact is reasonable as the work functions of 

Ag and Cu are not very different (φAg = 4.33 eV, φCu = 4.61 eV).[135] Table 9 compares the positions 
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of the Si 2p3/2 emission lines of the pn+-Si | nat. SiO2 | Cu and pn+-Si | nat. SiO2 | Ag model systems 

before and after contact formation as well as the resulting shift. 

Table 9: Overview of the position of the Si 2p3/2 emission line before and after contact formation for the 
pn+-Si | nat. SiO2 | Cu and the pn+-Si | nat. SiO2 | Ag interfaces.

Model system Position of Si 2p3/2 emission line 

  before contact after contact resulting shift 

pn+-Si | nat. SiO2 | Cu 99.77 eV 99.48 eV 0.29 eV 

pn+-Si | nat. SiO2 | Ag 99.70 eV 99.49 eV 0.21 eV 

Figure 65: Energy band diagrams before and after contact formation. a) pn+-Si | nat. SiO2 before 
contact formation with an upward band bending of 0.13 eV and b) pn+-Si | nat. SiO2 | Ag with an upward 
band bending of 0.34 eV. 

6.1.2 Electrochemistry 

As the energy band alignments of the pn+-Si | nat. SiO2 | Ag and the pn+-Si | nat. SiO2 | Cu interface are 

almost identical, the electrochemical performance is expected to be similar as well. However, Figure 66 

shows that the behavior is different. Figure 66 displays the EC behavior of the pn+-Si | nat. SiO2 | Ag 

sample in comparison to the pn+-Si | nat. SiO2 | Cu sample. The CV curves of the Ag sample were 

measured without nitrogen gas bubbling. XPS measurements after EC have shown that in case of Ag 

films N2 gas bubbling is not necessary as the metallic character of the film remains during EC 

measurement procedure as demonstrated in chapter 6.1.3. 

While the orange curve in Figure 66 presents the CV performance of the pn+-Si | nat. SiO2 | Cu sample 

in the dark (dashed line) and under illumination (solid line), the green curves correspond to the 

pn+-Si | nat. SiO2 | Ag sample. The dark current is very low and therefore, satisfies expectations. Under 
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illumination with the red LED (625 nm) the two measured cycles are very different. The first cycle 

proceeds as expected and follows the CV curve of the pn+-Si | nat. SiO2 | Cu sample. But, by cycling the 

second time, the EC performance is drastically reduced, which results in a more negative onset potential 

as well as reduced current density. While the potential, which is required to obtain -2 mA/cm2, 

is -0.6 V (vs. RHE) for the first cycle, it shifts to -0.8 V when cycling the second time. The value of the 

current density is reduced from initial -6 mA/cm2 to -3.6 mA/cm2. This phenomenon leads to the 

assumption that the Ag film is destroyed or even removed during cycling. The first visual impression of 

the sample after demounting it from the electrochemical setup already proves this assumption as shown 

in the photograph in Figure 67. It can clearly be seen that the silver film is completely removed within 

the red marked area. Also the preserved parts of the Ag film seem to be damaged. Nevertheless, XPS 

and SEM measurements will prove the quality of the remaining Ag film. 

Another aspect, which needs to be considered is the different optical absorption coefficient of Ag and 

Cu. As the measurement setup requires the illumination of the sample through the catalytically active 

layer, different optical absorption can influence the EC performance. For a wavelength λ of 625 nm, 

which corresponds to an energy of 1.98 eV due to equation (24), the optical absorption α is 

approximately 9.0∙105 cm-1 for Ag and 6.7∙105 cm-1 for Cu.[136] 

𝐸 = ℎ𝑐𝜆 (24) 

Here, h represents Planck’s constant (6.626∙10-34 Js) and c is the velocity of light (299792458 m/s). If 

the absorption coefficient α is high, the material is able to shield a large amount of the incoming light 

and vice versa. Hence, Cu allows more light to enter the underlying Si junction and therefore, more 

photons can contribute to the electron hole pair generation, which can result in a slightly better EC 

performance. However, the difference in optical absorption of Ag and Cu is not large, which is evident 

from the similar photocurrent in the saturation regime of the first scan, but should be noted at that point. 
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Figure 66: Comparison of the cyclic voltammetry behavior of the pn+-Si | nat. SiO2 | Ag sample (green) 
and the, pn+-Si | nat. SiO2 | Cu (orange) in the dark and under an illumination of 180 W/m2 with 
λ = 625 nm in 0.3 M KHCO3. Solid lines: EC behavior under illumination. Dashed lines: EC behavior 
in the dark. 

Figure 67: Photograph of the pn+-Si | nat. SiO2 | Ag sample after performing photoelectrochemical 
measurements. The red marked areas show regions where the Ag film in partially removed. The whole 
Ag film seems to be damaged. 
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6.1.3 Characterization after Electrochemistry  

Before evaluating the XPS data, which were measured after EC, it is important to consider that XPS is 

only measured on a specific spot on the sample surface. As it could already been seen with the bare eye 

that the Ag film was partially removed by the cyclic voltammetry measurement, it needs to be considered 

that the XP spectra do not represent the whole sample surface and may be different on different spots 

on the surface. 

Figure 68 shows the corresponding XP detail spectra of the O 1s, Ag 3d, C 1s and Si 2p regions. The 

position of the O 1s emission line at 533.24 eV indicates the SiO2 from the substrate, which was also 

detected in case of the pn+-Si | nat. SiO2 | Cu. The corresponding peak at 103.69 eV in the Si 2p region 

proves this assumption. Furthermore, the Si 2p3/2 emission line is detected at 99.82 eV, which can be 

clearly identified as substrate signal. Nevertheless, the Ag 3d5/2 emission line at 368.74 eV and the 

Ag 3d3/2 emission line at 374.72 eV are still visible. The maximum positions show a shift of +0.5 eV 

compared to ideal metallic Ag which may be a result of charging effects. However, Ag oxidation is not 

assumed as here the Ag 3d5/2 line is expected to be below 368 eV. Furthermore, the distance between 

the Ag 3d5/2 and Ag 3d3/2 emission line  of 5.98 eV is a typical value for metallic Ag and do not indicate 

the formation of Ag oxides.[94] Additional Auger spectra, which can help to identify the present Ag 

phase could not be measured as the background noise does not allow an accurate measurement of the 

Auger line and hence, cannot be evaluated. Due to the noisy background the typical loss features in the 

Ag 3d emission line are not identifiable, which is a result of the small amount of Ag, which is left on 

the sample surface. In comparison to the 100 Å thick Ag film directly after deposition, the layer has 

been reduced to approximately 30 Å. 

Figure 68: XP detail spectra of the pn+-Si | nat. SiO2 | Ag sample showing the O 1s, Ag 3d, C 1s and 

Si 2p emission lines after performing cyclic voltammetry measurements. 
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From the C 1s emission line CO2 reduction products can be proven. The maximum position at 285.67 eV 

represents a typical value for C-H and C-C bonds, which could already be observed for the experiments 

performed with Si | Cu samples. Moreover, the C 1s emission line exhibits a maximum at 287.27 eV, 

and 290.23 eV, which indicate the formation of various carbon species, which may have formed due to 

the used electrolyte or the CO2 reduction reaction.

Besides the first optical impression of the pn+-Si | nat. SiO2 | Ag sample as well as the XPS analysis after 

EC, SEM images were obtained to prove the quality of the Ag films. Figure 69 shows SEM images of 

the pn+-Si | nat. SiO2 | Ag sample after CV measurements were performed. In Figure 69 a) an overview 

with a magnification of 1000 is displayed, which demonstrates that the Ag layer is highly damaged. 

Some parts of the Ag film are completely detached from the Si surface and folded. Figure 69 b), which 

displays the sample with a magnification of 10000, clearly show that some parts of the sample are not 

covered with Ag anymore.  

 

Figure 69: SEM images of the pn+-Si | nat. SiO2 | Ag sample after performing photoelectrochemical 
measurements with a magnification of a) 1000 and b) 10000. 

 

  



  107 

6.2 p-Si | µcn-Si | Ag Interface 

 

6.2.1 Energy Band Alignment 

Analogous to the previous interface experiments, the p-Si | µcn-Si | nat. SiO2 | Ag contact was 

investigated. Figure 70 shows the development of the XP survey spectra of the p-Si | µcn-Si | nat. 

SiO2 | Ag interface. As expected the substrate signals O KLL, O 1s, Si 2s and Si 2p become weaker with 

each deposition step, while the corresponding film signals Ag MNV, AG 3s, Ag 3p and Ag 3d become 

more intense. It can be noticed that at around 285 eV the bare substrate contains a small amount of 

carbon, which vanishes with the ongoing interface experiment. 

 

Figure 70: Development of the XP survey spectra of the p-Si | µcn-Si |nat. SiO2 | Ag contact during the 
interface experiment. The measurement of the bare p-Si | µcn-Si | nat. SiO2 substrate is displayed at the 
bottom of the diagram while the last deposition step at the top shows the final measurement of a 
relatively thick Ag layer. 

The relevant XP detail spectra are shown in Figure 71. At the beginning of the interface experiment only 

the Si 2p (99.76 eV) and O 1s (533.09 eV) emission lines are present at typical binding energies proving 

the Si | nat. SiO2 substrate. After the first deposition step the Ag overlayer reaches a thickness of 15 Å, 

which does not yet result in a shift of the Si 2p or O 1s emission line. With the following two deposition 
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steps the Si 2p emission line is shifted to 99.68 eV and the O 1s emission line is detected at 532.90 eV. 

The Ag 3d emission line reaches its final position at 368.18 eV, which is not further shifted with the last 

deposition step. The distance from the Ag 3d5/2 to the Ag 3d3/2 emission line is 6.01 eV, which indicates 

the presence of metallic Ag. Furthermore, the loss features within the Ag 3d emission prove the metallic 

character of the film. 

 

 

Figure 71: Development of the Si 2p, Ag 3d and O 1s detail spectra of the p-Si | µcn-Si | nat. SiO2 | Ag 
contact during the interface experiment. The measurement of the bare p-Si | µcn-Si | nat. SiO2 substrate 
is displayed at the bottom of the diagram while the last deposition step at the top shows the final 
measurement of a relatively thick Ag layer. The marked areas within the Ag 3d emission line show the 
loss features. 

After evaluating the resulting shifts during the interface experiment, the corresponding energy band 

diagrams can be calculated, which are illustrated in Figure 72. The relevant values are listed in table 10. 

The band alignment of the bare p-Si | µcn-Si | nat. SiO2 substrate shows a negligible small upward band 

bending of 0.05 eV, which can be assumed as flat band situation. When the same substrate was used for 

the p-Si | µcn-Si | nat. SiO2 | Cu contact the bands were also assumed to be flat. Aging, which results in 

a thicker SiO2 interlayer does not play a major role as the SiO2 thicknesses are similar for both samples 

(dSiO2,Cu = 10 Å, dSiO2,Ag = 11 Å). Table 10 gives an overview of the position of the Si 2p2/3 emission line 

before and after EC as well as the resulting shift for the pn+-Si | nat. SiO2 | Cu/ Ag and the p-Si | µcn-

Si | nat. SiO2 | Cu/ Ag interface. 
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Table 10: Overview of the position of the Si 2p3/2 emission line before and after contact formation for 
the pn+-Si | nat. SiO2 | Cu, the pn+-Si | nat. SiO2 | Ag as well as the p-Si | µcn-Si | nat. SiO2 | Cu and the 
p-Si | µcn-Si | nat. SiO2 | Ag interfaces. 

Model system Position of Si 2p3/2 emission line 

  before contact after contact resulting shift 

pn+-Si | nat. SiO2 | Cu 99.77 eV 99.48 eV 0.29 eV 

pn+-Si | nat. SiO2 | Ag 99.70 eV 99.49 eV 0.21 eV 

p-Si | µcn-Si | nat. SiO2 | Cu 99.84 eV 99.84 eV 0.00 eV 

p-Si | µcn-Si | nat. SiO2 | Ag 99.76 eV 99.68 eV 0.08 eV 

 

Figure 72: Energy band diagrams before and after contact formation. a) pn+-Si | nat. SiO2 before 
contact formation with an upward band bending of 0.05 eV and b) pn+-Si | nat. SiO2 | Ag with an upward 
band bending of 0.09 eV. 

6.2.2 Electrochemistry 

From the energy band alignments, it is expected that the p-Si | µcn-Si | nat. SiO2 | Ag samples show a 

similar EC performance to the p-Si | µcn-Si | nat. SiO2 | Cu contact as the energetic barrier at the interface 

is comparable. Figure 73 shows the comparison of the cyclic voltammetry behavior of the p-Si | µcn-

Si | nat. SiO2 | Ag sample (black) and the p-Si | µcn-Si | nat. SiO2 | Cu (red) in the dark and under an 

illumination of 180 W/m2 with λ = 625 nm in 0.3 M KHCO3. 

Obviously, the EC performance is degraded in case of the p-Si | µcn-Si | nat. SiO2 | Ag sample. The 

average potential, which is required to obtain a current density of -2 mA/cm2 under illumination, 

is -0.6 V (vs. RHE) compared to -0.4 V for the p-Si | µcn-Si | nat. SiO2 | Cu sample. Furthermore, the 
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value of the saturation current density is drastically reduced from -6.2 mA/cm2 for the p-Si | µcn-Si | nat. 

SiO2 | Cu sample to -3.8 mA/cm2 in the first cycle and -2.5 mA/cm2 in the second cycle for the p-Si | µcn-

Si | nat. SiO2 | Ag sample. In contrast to this, the pn+-Si | nat. SiO2 | Ag sample showed a similar behavior 

compared to the corresponding Cu sample in the first cycle of the CV measurement under illumination. 

Hence, degradation starts earlier in case of the p-Si | µcn-Si | nat. SiO2 | Ag sample. The dark current 

proceeds around zero for the overall potential range as it is expected. 

The assumed early degradation of the Ag layer can already be proven by the bare eye. After the 

photoelectrochemical measurements the Ag film seems to be completely dissolved as it can be seen in 

Figure 74. Only the outer contour which has been protected by an O-ring seems to be remaining. 

Nevertheless, XPS needs to be performed in order to prove whether the Ag film is completely dissolved. 

As already mentioned in case of the previously discussed pn+-Si | nat. SiO2 | Ag sample, optical 

absorption may also play a role. However, the effect of dissolving predominates. 

 

Figure 73: Comparison of the cyclic voltammetry behavior of the p-Si | µcn-Si | nat. SiO2 | Ag sample 
(black) and the, p-Si | µcn-Si | nat. SiO2 | Cu (red) in the dark and under an illumination of 180 W/m2 
with λ = 625 nm in 0.3 M KHCO3. Solid lines: EC behavior under illumination. Dashed lines: EC 
behavior in the dark. 
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Figure 74: Photograph of the p-Si | µcn-Si | nat. SiO2 | Ag sample after performing 
photoelectrochemical measurements. Only the outer edge of the Ag film seems to be preserved. 
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6.2.3 Characterization after Electrochemistry  

As already mentioned in terms of the pn+-Si | nat. SiO2 | Ag sample, it needs to be taken into account 

that XPS probes only a small spot on the sample surface and may not represent the whole surface area. 

However, XPS analysis was performed in order to verify the presence of a remaining Ag layer. The 

corresponding detail spectra are shown in Figure 75. 

The O 1s emission line at 533.35 eV as well as the peak at 103.83 eV are contributions of the native 

SiO2 on the Si substrate, which was already detected on previously investigated Si | Cu and Si | Ag 

interfaces. Also the underlying Si substrate is detected with the Si 2p emission line at 100.10 eV.  The 

Ag 3d signal proves that a thin layer of Ag (30 Å) is still remaining after performing EC. The Ag 3d5/2 

emission line is detected at 368.96 eV, while the Ag 3d3/2 emission line lies at 374.95 eV. Both values 

show a shift of +0.7 eV in terms of ideal metallic Ag, which could be a charging effect. The position of 

the Ag emission line does not indicate the formation of Ag2O (Ag 3d5/2: 367.64 eV). 

However, the present background as well as the non-visible loss features are a result of strongly reduced 

Ag amounts on the sample surface. The C 1s emission line exhibits the same features as the C 1s 

emission line of the pn+-Si | nat. SiO2 | Ag sample after EC. Therefore, the main signal at 285.82 eV as 

well as the signals at 287.48 eV and 289.90 eV can be allocated to C-H, C-C bonds as well as carbonates, 

which were most likely formed at the surface because of the used electrolyte (KHCO3). It is also possible 

that the presence of various carbon species is an indication of the CO2 reduction reaction. 

Figure 75: XP detail spectra of the p-Si | µcn-Si | nat. SiO2 | Ag sample showing the O 1s, Ag 3d, C 1s 
and Si 2p emission lines after performing cyclic voltammetry measurements. 
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Additionally, SEM images were performed in order to prove the quality of the Ag film after the 

photoelectrochemical measurement procedure. Figure 76 presents images with a magnification of 1000 

and 10000. Figure 76 a) gives an overview of the sample surface with a magnification of 1000 presenting 

a whole area, where the Ag film is completely removed. In Figure 76 b) a SEM image under the same 

conditions was recorded showing a small part of the sample surface, which is still covered by Ag. 

However, the film is destroyed as it can be seen from folded regions as well as large cracks within the 

layer. In Figure 76 c) the edge of the p-Si | µcn-Si | Ag sample demonstrates leftovers of the deposited 

Ag film with a magnification of 10000. It could be proven that the first optical impression of the 

disturbed Ag film was correct. But still, remaining parts of the Ag film are present on the surface. 

Figure 76: SEM images of a p-Si | µcn-Si | Ag sample after performing photoelectrochemical 
measurements with a magnification of a) 1000, showing an area where the Ag layer has been completely 
removed b) 1000, showing an area where the Ag layer is partially preserved and c) 10000, showing the 
edge of the sample.

6.3 a-Si:H |  a-Si:H | µcn-Si:H | Ag Interface 

The single µcn-Si:H (pin-Si) | Ag interface was not investigated, as it is equal to the top pin-Si solar 

cell | Ag contact of the triple a-Si:H | a-Si:H | µcn-Si:H | Ag interface. Hence, the present section will 

address the electronic band alignment of the a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Ag contact, the 

photoelectrochemical performance as well as the catalyst film quality after performing cyclic 

voltammetry measurements. 

 

6.3.1 Energy Band Alignment  

The electronic band structure of a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Ag was investigated by a XPS 

interface experiment. The development of the XP survey spectra is presented in Figure 77. As already 

observed for the previously investigated Si | Ag systems the substrate signals O KLL, O 1s, Si 2s and 

Si 2p vanish with ongoing interface experiment, while the film signals Ag MNV, Ag 3s, Ag 3p and 

Ag 3d become more intense with each deposition step. At the beginning of the experiment a small 

amount of carbon can be detected on the sample surface, which could not be removed by the cleaning 

steps during sample preparation. Moreover, the Ag 4s, Ag 4p and Ag 4d emission lines arise at 110 eV, 
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69 eV and 11 eV. As these emission lines are not relevant for the evaluation of the experiment, they are 

not assigned within the XP survey spectrum. 

 

 

Figure 77: Development of the XP survey spectra of the a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Ag 
contact during the interface experiment. The measurement of the bare a-Si:H | a-Si:H | µcn-Si:H | nat. 
SiO2 substrate is displayed at the bottom of the diagram while the last deposition step at the top shows 
the final measurement of a relatively thick Ag layer. 

The relevant XP detail spectra are displayed in Figure 78, showing the development of the Si 2p, Ag 3d 

and O 1s emission lines. At the beginning of the interface experiment when no Ag has been deposited 

on the a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 substrate, the Si 2p3/2 emission line can be detected at a 

binding energy of 99.81 eV, which is comparable with the value of the µcn-Si:H (pin)-Si | nat. SiO2 

substrate from the pin-Si | nat. SiO2 | Cu interface experiment (99.82 eV). Therefore, the initial electronic 

situation at the surface is more or less the same, which was expected as the top solar cell of the triple 

junction is identical to the single pin-Si solar cell structure. 

With growing Ag film thickness the Si 2p3/2 emission line is shifted to lower binding energies until it 

reaches its final position at 99.71 eV. The Ag film, which has a thickness of about 103 Å at the end of 

the interface experiment, exhibits metallic character. This can be proven by the positions of the Ag 3d5/2 
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and Ag 3d3/2 emission lines at 368.46 eV and 374.45 eV, respectively. Moreover, the loss features within 

the Ag 3d emission indicate the deposition of metallic Ag. The O 1s emission shows only a very small 

shift in position and vanishes with each deposition step. 

 

Figure 78: Development of the Si 2p, Ag 3d and O 1s detail spectra of the a-Si:H | a-Si:H | µcn-
Si:H | nat. SiO2 | Ag contact during the interface experiment. The measurement of the bare a-Si:H | a-
Si:H | µcn-Si:H | nat. SiO2 substrate is displayed at the bottom of the diagram while the last deposition 
step at the top shows the final measurement of a relatively thick Ag layer. The marked areas within the 
Ag 3d emission line show the loss features. 

From the data of the XPS analysis the energy band diagram before and after contact formation can be 

calculated. The resulting band alignments are illustrated in Figure 79. Here, the contact formation of the 

underlying solar cells is schematically drawn as XPS gives only information about the surface. However, 

the band gap as well as the distance of the valence band to the Fermi level in the p-layer of the µcn-Si:H 

solar cell is known. The band gap of the underlying a-Si:H solar cells is slightly larger compared to the 

one of the µcn-Si:H solar cell, which was described in chapter 2.3. Before being in contact to Ag a flat 

band situation is given at the surface, which can be seen in Figure 79 a). The presence of a flat band 

situation was also given in case of the corresponding Cu sample (pin-Si | nat. SiO2 | Cu). After the Ag 

contact has formed the energy bands slightly bend upwards resulting in an energy barrier of 0.12 eV, 

which is also comparable to the 0.13 eV for the pin-Si | nat. SiO2 | Cu contact. 
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Figure 79: Energy band diagrams before and after contact formation. a) a-Si:H | a-Si:H | µcn-
Si:H | nat. SiO2 before contact formation with an upward band bending of 0.02 eV and b) a-Si:H | a-
Si:H | µcn-Si:H | nat. SiO2 | Ag with an upward band bending of 0.12 eV. 

6.3.2 Electrochemistry 

Figure 80 shows a comparison of the a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Ag sample (red) and the 

a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Cu sample (grey) in the dark and under solar simulation. It can be 

noted that the onset potential is earlier in case of the Cu sample. While 1.1 V (vs. RHE) are required to 

reach a current density of -2 mA/cm2 for the Cu sample, the 0.8 V are necessary for the Ag sample. The 

shift of the onset potential to more cathodic potentials was already observed for the previously 

investigated Si | Ag systems in comparison to the corresponding Cu samples. As for the a-Si:H | a-

Si:H | µcn-Si:H | nat. SiO2 | Cu sample, the potential range up to +1.6 V is beyond the stability region of 

metallic Ag. However, no redox wave indicating Ag oxidation was measured. But still it cannot be 

excluded that the Ag film has been partially detached within the measurement procedure. 

The maximum reached saturation current density of the Cu sample is -6.7 mA/cm2, while the Ag sample 

reaches a value of -9.0 mA/cm2. However, the CV curve under illumination of the Ag sample does not 

saturate, which might be a sign of a slowly dismantling solar cell. In contrast to the pn+-Si | nat. SiO2 | Ag 

sample and the p-Si | µcn-Si | nat. SiO2 | Ag sample, the two cycles under illumination are not very 
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different from each other. While in previous measurements the Ag film detached during cycling which 

resulted in a reduced EC performance in the second cycle, this phenomenon cannot be observed in case 

of the present a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Ag sample. 

This leads to the assumption that the adhesion of the Ag film is improved on the a-Si:H | a-Si:H | µcn-

Si:H substrate as it does not detach. This assumption can already be verified by inspecting the sample 

after demounting it from the measurement setup as shown in the photograph in Figure 81. Additionally, 

it needs to be mentioned that the difference in optical absorption between Ag and Cu is negligible in 

this case as the measurement setup in case of solar simulation allows an illumination directly through 

the solar cell without attenuation of the catalytic layer. The corresponding setup was described in 

chapter 3.3.   

The CV characteristics in the dark is comparable to the Cu sample, which leads to the assumption that 

here also lateral current flow needs to be taken into account. As both contact materials (Ag and Cu) are 

excellent electrically conductive materials, good lateral current flow is reasonable.  

 

Figure 80: Comparison of the cyclic voltammetry behavior of the a-Si:H | a-Si:H | µcn-Si:H | nat. 
SiO2 | Ag sample (red) and the, a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Cu (grey) in the dark and under 
solar simulation of AM 1.5 G (1000 W/m2) in 0.3 M KHCO3. Solid lines: EC behavior under 
illumination. Dashed lines: EC behavior in the dark. 
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Figure 81: Photograph of the a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Ag sample after performing 
photoelectrochemical measurements. From the first impression it seems that the Ag film is still intact. 

6.3.3 Characterization after Electrochemistry  

Contrary to the previously analyzed Ag samples, the Ag film in the a-Si:H | a-Si:H | µcn-Si:H | nat. 

SiO2 | Ag sample has not been dissolved during EC. Therefore, it is expected that XP spectra after EC 

show a more distinct Ag 3d emission line with less background. But first, the O 1s emission line is 

shown in Figure 82. Its maximum position can be detected at a binding energy of 533.45 eV, which fits 

well to all earlier measurements of Ag samples. The position is correlated to the underlying native SiO2 

layer, which covers the a-Si:H | a-Si:H | µcn-Si:H substrate. The Si 2p emission line at 100.05 eV as 

well as the SiO2 peak at 103.87 eV are as to be expected for non-reacted surfaces and clearly correspond 

to the a-Si:H | a-Si:H | µcn-Si:H substrate. 

The Ag 3d5/2 emission line arises at 368.40 eV and the Ag 3d3/2 emission line has its maximum at 

374.39 eV, which results in a typical distance of 5.99 eV for metallic Ag. As the Ag film was not 

dissolved after EC it is assumed to be thicker compared to the Ag films on the pn+-Si and p-Si | µcn-Si 

substrates. This assumption can be confirmed by a lower background in the Ag 3d spectrum as well as 

the clearly visible loss features. On the other hand calculations according to chapter 4.5 have shown that 

the Ag film in the present experiment still has a thickness of 50 Å, in contrast to the 30 Å thick Ag films 

on the pn+-Si and p-Si | µcn-Si substrates. The C 1s emission does not differ from the spectra of the 

previously analyzed Ag samples. The main contributions at 285.91 eV, 287.90 eV and 289.92 eV 

correspond to C-H, C-C and C-O bonds. 
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Figure 82: XP detail spectra of the a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Ag sample showing the O 1s, 
Ag 3d, C 1s and Si 2p emission lines after performing cyclic voltammetry measurements. The marked 
areas within the Ag 3d emission line show the loss features. 

 

From the optical impression of the a-Si:H | a-Si:H | µcn-Si:H | nat. SiO2 | Ag sample as well as the 

corresponding Ag 3d XP detail spectrum it was expected that the Ag film is preserved after performing 

CV measurements, which is in contrast to the previously examined Ag samples. SEM images in Figure 

83 prove that the Ag film is not as damaged as in case of the pn+-Si | nat. SiO2 | Ag or p-Si | µcn-Si | nat. 

SiO2 | Ag sample. From the overview image in Figure 83 a) with a magnification of 1000, it can be seen 

that the Ag layer is slightly rough and exhibits small holes and cracks. However, in general the deposited 

layer seems to be preserved quite well. In Figure 83 b) the edge of the sample is shown, where it becomes 

visible that the Ag film is partially blown up from the Si surface but is still intact. 

Figure 83: SEM images of an a-Si:H | a-Si:H | µcn-Si:H  | Ag sample after performing 
photoelectrochemical measurements with a magnification of a) 1000 and b) 10000. 
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6.4 Comparison of all Si | Metal Interfaces  

Table 11 gives an overview of all obtained results from XPS as well as electrochemical measurements. 

It can be concluded that compared to the corresponding Cu samples the electronic structure at the Si | Ag 

interface is very similar. Nevertheless, the resulting photoelectrochemical performance is reduced in 

terms of more negative onset potentials as well as instability for the Ag films. The latter becomes 

apparent by a decrease of the absolute value of the saturation current density under illumination while 

cycling. First assumptions of dissolving the Ag film from the pn+-Si and p-Si | µcn-Si substrate during 

EC were proven by XPS as well as SEM images. 

On the a-Si:H | a-Si:H | µcn-Si:H substrate the adhesion of the Ag film seems to be improved, which 

could be seen in stable CV curves under illumination as well as in XPS and SEM images. However, the 

illuminated CV curve characteristics of the a-Si:H | a-Si:H | µcn-Si:H | Ag sample differs from the 

a-Si:H | a-Si:H | µcn-Si:H | Cu sample as it does not saturate. Therefore, solar cell damage cannot be 

completely excluded. But still it could be shown that there is a correlation between the energy band 

alignment and the photoelectrochemical performance. If the energy barrier between the Si | Ag interface 

is low, electrochemical parameters such as onset potential as well as saturation current density are 

improved and vice versa. The same trend was observed in case of the Si | Cu interfaces. 

The Ag film thickness was reduced in a similar way as the Cu film during the photoelectrochemical 

measurements. But, in contrast to the Cu samples the Ag films remained metallic during EC even 

without nitrogen gas bubbling. 

It can also be concluded that in case of the a-Si:H | a-Si:H | µcn-Si:H | Ag sample a high dark current 

could be measured as it was already the case for the corresponding Cu sample. It can be noted that Ag 

as well as Cu are both excellent electrically conductive and hence a lateral current flow could explain 

the effect of high dark currents. A second possible explanation was diffusion along grain boundaries of 

the solar cell resulting in a leakage current. This assumption could be also valid for Ag atoms. However, 

further experiments are necessary to prove which theory is more reasonable.  

Moreover, a detailed product analysis of the CO2 reduction reaction should be done in order to compare 

the conversion efficiency of Cu and Ag as catalytic active material. Nevertheless, Cu seems to be the 

better catalyst as well as contact material due to low adhesion of Ag on the Si substrate during EC 

measurements.  
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Table 11: Overview of the results from the XPS as well as photoelectrochemical measurements of all 
pn+-Si | Ag, p-Si | µcn-Si | Ag and a-Si:H | a-Si:H | µcn-S:H | Ag samples in comparison to the 
corresponding Cu samples. The electrochemical parameters refer to an illumination with λ=625 nm, 
unless otherwise stated. 1) first cycle of CV measurement, 2) second cycle of CV measurement, 
* theoretical values,#  does not correspond to saturation current density. 

Model system Position of Si 2p3/2 emission line 

  before contact after contact resulting shift 

pn+-Si | nat. SiO2 | Ag 99.70 eV 99.49 eV 0.21 eV 

pn+-Si | nat. SiO2 | Cu 99.77 eV 99.48 eV 0.29 eV 

p-Si | µcn-Si | nat. SiO2 | Ag 99.76 eV 99.68 eV 0.08 eV 

p-Si | µcn-Si | nat. SiO2 | Cu 99.84 eV 99.84 eV 0.00 eV 

a-Si:H | a-Si:H | µc-Si:H |    

nat. SiO2 | Ag 

99.81 eV 99.71 eV 0.10 eV 

a-Si:H | a-Si:H | µc-Si:H |    

nat. SiO2 | Cu 

99.82 eV* 99.70 eV* 0.12 eV* 

 potential to reach        

-2 mA/cm2 [V vs. RHE] 

Jsat,illum 

[mA/cm2] 

Jsat.dark 

[mA/cm2] 

eVb,n 

[eV] 

pn+-Si | nat. SiO2 | Ag -0.61), -0.82) -6.01), -3.62) -0.7 +0.34 

pn+-Si | nat. SiO2 | Cu -0.6 -6.0 -1.1 +0.35 

p-Si | µcn-Si | nat. SiO2 | Ag -0.6 -3.81), -2.52)  -0.3 +0.09 

p-Si | µcn-Si | nat. SiO2 | Cu -0.4 -6.2  -0.6 +0.01 

a-Si:H | a-Si:H | µc-Si:H | nat.   

SiO2 | Ag (AM 1.5 G) 

+0.8 -9.0# -5.0 +0.12 

a-Si:H | a-Si:H | µc-Si:H | nat.   

SiO2 | Cu (AM 1.5 G) 

+1.1 -6.7 -4.7 +0.13* 
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7 Summary and Outlook 

 

An artificial leaf, which is able to convert CO2 directly into fuels with the use of sunlight can be a 

solution of today’s challenge of storing energy from renewable energy sources. One main component 

of such an artificial leaf is the photocathode, where the CO2 reduction reaction should take place. For 

this application the interface between the photo absorber material and the catalyst material plays an 

important role. In this work Si based single- and multijunctions were investigated as absorber material, 

while Cu and Ag were chosen as catalyst. The aim was to systematically understand the Si | Cu and 

Si | Ag interface in terms of electronic band alignment as well as in the corresponding 

photoelectrochemical behavior. 

Starting from a very basic model system, which uses a p-Si wafer as photocathode, the model system 

became more and more advanced. In the next steps, pn+-Si and p-Si | µcn-Si junctions were used as well 

as µcn-Si:H and a-Si:H | a-Si:H | µcn-Si:H solar cells with p-i-n configuration. In order to modify the 

surface of the used Si substrates, different preparation methods were used to achieve a well-defined 

surface termination. Here, a treatment with acetone, isopropanol and MilliQ water was used to prepare 

Si | nat. SiO2 surfaces. Also hydrogen terminated surfaces were investigated, which were realized by an 

etching procedure with HF, NH4F and Piranha solution. Furthermore, thermal SiO2 layers were grown 

on different Si:H surfaces by a heat treatment in plasma under a specific pressure. However, heat 

treatment was not an option for all samples as the microcrystalline Si structure is destroyed by high 

temperatures. Also the hydrogen termination was not possible for all Si substrates as the used solar cells 

are not stable under to necessary etching procedure. 

All different Si surfaces were covered stepwise by metallic Cu or Ag within an XPS interface 

experiment. Here, the used deposition method was electron-beam deposition. The XPS data after each 

deposition step allowed the calculation of the electronic band alignment of the initial Si substrate before 

contact formation as well as the resulting Si | Cu or Si | Ag contact. 

After the investigation of the electronic band structure of the different model systems, the 

photoelectrochemical performance was analyzed. A special focus was given on the relation of the 

electronic band alignment and the resulting electrochemical efficiencies. The electrochemical results 

were obtained by cyclic voltammetry measurements in a three electrode setup. The measurements were 

performed in dark and under illumination. Depending on which absorber material was used, a red LED 

with a wavelength of 625 nm or a solar simulator with AM 1.5 G was used. 0.3 M KHCO3 was chosen 

as appropriate electrolyte for the electrochemical experiments. Furthermore, the effects of nitrogen gas 

bubbling during the cyclic voltammetry measurements was investigated with respect to possible 

modifications of the metallic catalyst. 
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In order to prove how the electrochemical measurement influences the catalyst material, XPS was 

performed afterwards. Furthermore, SEM images served as characterization method of the catalytic film 

quality before and after cyclic voltammetry. 

From all performed experiments it can be concluded that the electronic band alignment of the 

p-Si | therm. SiO2 | Cu contact is limited due to midgap defects and Fermi level pinning as a 

consequence. Therefore, further experiments, which uses a p-Si wafer as substrate were considered not 

to be reasonable. For the pn+-Si | Cu model system, the energy band alignment is dependent on the 

surface termination. The pn+-Si | Cu contact with a well-defined thermally grown SiO2 interlayer results 

in a low energetic barrier of 0.27 eV at the interface, whereas a native SiO2 interlayer leads to an 

increased barrier of 0.35 eV and the hydrogen terminated pn+-Si surface forms an upward band bending 

of 0.45 eV in contact with Cu. It was found that during the deposition procedure a Cu2O interface phase 

is formed on those Si surfaces which were covered by a SiO2 layer. It was assumed that the Cu reacts 

with the SiO2 and forms Cu2O and SiO2-x. The additional Cu2O layer may influence the energetic band 

alignment, which was not considered in this work. 

From the investigated energy band diagrams it was assumed that the photoelectrochemical performance 

is improved for those samples with lower energetic barrier at the interface, as the electronic transport 

across the interface is easier. The performed cyclic voltammetry measurements under an illumination 

with a red LED (625 nm) have confirmed this assumption. While all three samples with different surface 

terminations reach a saturation current density around -6 mA/cm2, the onset potential is different. To 

obtain a current density of -2 mA/cm2 the applied potential needs to be -0.4 V vs. RHE for the 

pn+-Si | therm. SiO2 | Cu sample, -0.6 V vs. RHE for the pn+-Si | nat. SiO2 | Cu sample 

and -0.7 V vs. RHE for the pn+-Si:H | Cu sample. It can be concluded that low energy barriers at the 

Si | Cu interface result in earlier onset potentials when measuring cyclic voltammetry under 

illumination. In the dark the current density for all three model systems is around zero as it can be 

expected. Additionally, it should be mentioned that the position of the conduction band may be different 

for the experiments in the dark and under illumination, which may result in a different charge transfer. 

The Cu films are still mostly intact after performing the photoelectrochemical measurements. However, 

it was shown by XPS that additional bubbling with nitrogen gas during cyclic voltammetry is necessary 

in order to retain the metallic character of the film. Otherwise, oxygen which is available in the 

electrolyte reacts with the Cu surface forming Cu(OH)2. Furthermore, the C 1s emission line yields 

information about a possibly occurring chemical reaction. It is assumed that the CO2 reduction reaction 

has taken place, although this assumption was not proven experimentally. However, a detailed analysis 

of chemical reaction products is necessary for example by gas chromatography. In order to perform such 

experiments, a gas chromatography setup needs to be built up or a cooperation with another research 

group is necessary. Besides XPS, SEM was used to qualitatively characterize the Cu films. It was 
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demonstrated that the Cu films were perfectly smooth directly after deposition, while after performing 

photoelectrochemical measurements, the films are damaged, but still preserved.  

The same interface investigating experiments were performed for the p-Si | µcn-Si | Cu contact. It was 

found that the energy band alignment is advantageous for those samples containing a passivating SiO2 

interlayer. In terms of band alignment it does not play a role whether the SiO2 layer is native or thermally 

grown. A flat band situation is given for native and thermal SiO2, respectively. The hydrogen terminated 

p-Si | µcn-Si surface exhibits a strong upward band bending of 0.55 eV when being in contact with Cu. 

As the microcrystalline Si structure is not stable under high temperatures, which drastically decreases 

the photoelectrochemical performance, the p-Si | µcn-Si | therm. SiO2 | Cu model system should not be 

further taken into account. The p-Si | µcn-Si | nat. SiO2 | Cu and the p-Si | µcn-Si:H | Cu samples exhibit 

similar cyclic voltammetry behavior. While the sample with the native SiO2 interlayer reaches a more 

negative saturation current density of -6.2 mA/cm2, the current density of the hydrogen terminated 

surface saturates already at -5.5 mA/cm2. Nevertheless, the onset potential is equal. Both samples need 

an applied potential of -0.4 V vs. RHE to reach a current density of -2 mA/cm2 under illumination. That 

the sample with hydrogen termination shows a similar photoelectrochemical behavior although the 

energetic barrier is comparable high, could be explained by the ability of electrons to tunnel through the 

thin barrier. In the dark the cyclic voltammetry curves proceed flat around zero, as expected. 

As for the pn+-Si | Cu samples the Cu film of the p-Si | µcn-Si | Cu samples are mostly intact after 

photoelectrochemical measurements. The films still show metallic character as long as nitrogen gas is 

bubbled during the cyclic voltammetry test. Also SEM images prove the intactness of the Cu films after 

performing photoelectrochemical measurements, although the films were smoother directly after 

deposition. The different surface terminations do not influence the stability of the Cu films. 

For the more advanced µc-Si:H (pin-Si single junction) | Cu model system only samples with a native 

SiO2 interlayer were investigated. Reason for that is the instability of the microcrystalline Si structure 

under high temperatures as well as possible solar cell damages due to etching procedure, which is 

necessary for hydrogen termination. Furthermore, it was already shown that Si | Cu samples with native 

SiO2 exhibit advantageous energy band alignments as well as sufficient photoelectrochemical 

performance. The upward band banding, which forms at the pin-Si | nat. SiO2 | Cu interface is quite low 

with an energy of 0.13 eV. The cyclic voltammetry measurements were performed in the dark and under 

an illumination of a red LED (625 nm) as well as under solar simulation (AM 1.5 G). In both experiments 

a potential of -0.2 V vs. RHE was sufficient to reach a current density of -2 mA/cm2. However, the 

maximum amount of current density is up to -16.0 mA/cm2 in case of solar simulation and -5.5 mA/cm2 

if illuminated with the red LED. The different current densities are due to different light intensities as 

well as different amount of generated electron hole pairs. Furthermore, it was found that the dark current 

reaches a value of -3.5 mA/cm2, which is beyond expectations. It is assumed that the dark cyclic 

voltammetry curve represents the occurrence of a lateral current. However, this assumption should be 
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proven by future experiments. Contrary to the previously introduced Si | Cu model systems, the more 

porous solar cells structure may allow Cu atoms to diffuse along grain boundaries.  

After performing the photoelectrochemical measurements, XPS has proven that the Cu film is still 

present and exhibits metallic character as long as the electrolyte was bubbled with nitrogen gas. SEM 

images show that the Cu film is reasonable stable during the experimental procedure.     

Finally, an a-Si:H | a-Si:H | µc-Si:H solar cell with p-i-n configuration was used as advanced Si | Cu 

system. For the same reasons as for the pin-Si solar cell only native SiO2 was used as surface termination. 

As the top cell of the triple junction a-Si:H | a-Si:H | µc-Si:H  solar cell is identical with the pin-Si solar 

cell, the energy band alignment does not need to be determined. It can be assumed that the energetic 

situation at the Cu contact is equal, which means an upward band bending of 0.13 eV. The corresponding 

electrochemical measurements were performed under solar simulation and in the dark. Under 

illumination the onset potential is strongly shifted to less cathodic potentials. A potential of +1.1 V is 

sufficient to reach a current density of -2 mA/cm2. The overall reached current density saturated 

at -6.7 mA/cm2. The different electrochemical performance can be assigned to the wide band gap of 

amorphous Si. In the dark a high lateral current flow can be measured, which reaches a current density 

of -4.7 mA/cm2. This behavior was already observed for the pin-Si | Cu model system. 

After the systematical investigation of the Si | Cu interface, the Si | Ag interface was characterized in a 

similar way. The used Si substrates were pn+-Si, p-Si | µcn-Si, pin-Si and a-Si:H | a-Si:H | µc-Si:H. 

Native SiO2 was chosen as surface termination for all model systems. It was shown that the energy bands 

at the Si | Ag interface align very similar to the corresponding Si | Cu interfaces, which is due to very 

similar work functions. However, the photoelectrochemical performance is different when Ag is used 

as catalyst material. The onset potential is always at a more cathodic potential compared to the analogous 

Cu sample. Also the saturation current densities are less in case of the Ag samples. Reason for the 

reduced photoelectrochemical performance is the instability of the Ag films. It was shown by XPS as 

well as by SEM that the Ag layers easily detach during cyclic voltammetry measurements.  

Conclusively, it can be outlined that the Si | Cu and the Si | Ag interface was systematically investigated 

by XPS, CV and SEM measurements. Different Si surface terminations result in different electronic 

band alignments, which in turn are related to the photoelectrochemical performance. This knowledge 

should be exploited to control electrochemical parameters with interface engineering.  

The most important next steps are the analysis of the chemical reaction products and to perform 

measurements of solar cells after Cu/ Ag deposition as solid state devices. A more detailed knowledge 

concerning the lateral current flow in a solar cell would also be helpful in order to understand the CV 

behavior in the dark. Furthermore, the analyses of the chemical reaction products is necessary as this is 

the most significant issue in terms of the application of an artificial leaf. Here, gas chromatography is 

an appropriate method to be used. Moreover, the photoelectrochemical measurement procedure can be 
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improved by introducing CO2 gas during cyclic voltammetry. The mentioned problem of possible Cu 

and Ag diffusion could be proven by energy dispersive X-ray spectroscopy (EDX) or secondary ion 

mass spectroscopy (SIMS). However, the sample preparation is challenging for fragile and thin samples. 

In case of confirmed Cu and Ag diffusion an additional buffer layer between the Si solar cell and the 

catalyst material could prevent the diffusion problem and hence, avoid the occurrence of a leakage 

current. 
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Appendix 

 

 

 

A 1: Development of the Cu LMM Auger emission line during the p-Si | therm. SiO2 | Cu interface 
experiment. The measurement of the bare p-Si | therm. SiO2 substrate is displayed at the bottom of the 
diagram while the last deposition step at the top shows the final measurement of a relatively thick Cu 
layer (0 Å, 5 Å, 15 Å, 30 Å, 40 Å, 50 Å, 70 Å, 90 Å, 100 Å). From the developing shape of the Cu LMM 
line it can be concluded that mostly metallic Cu has formed at the end of the interface experiment. 
However, after the first deposition step the Cu LMM auger line indicates the formation of Cu2O. 
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A 2: Development of the Cu LMM Auger emission line during the pn+-Si | nat. SiO2 | Cu interface 
experiment. The measurement of the bare pn+-Si | nat. SiO2 substrate is displayed at the bottom of the 
diagram while the last deposition step at the top shows the final measurement of a relatively thick Cu 
layer (0 Å, 5 Å, 15 Å, 45 Å, 91 Å). From the developing shape of the Cu LMM line it can be concluded 
that mostly metallic Cu has formed at the end of the interface experiment. However, after the first 
deposition step the Cu LMM auger line indicates the formation of Cu2O. 

A 3: Development of the Cu LMM Auger emission line during the pn+-Si:H | Cu interface experiment. 
The measurement of the bare pn+-Si:H substrate is displayed at the bottom of the diagram while the last 
deposition step at the top shows the final measurement of a relatively thick Cu layer (0 Å, 5 Å, 15 Å, 
45 Å, 70 Å, 95 Å). From the developing shape of the Cu LMM line it can be concluded that mostly 
metallic Cu has formed instead of a Cu2O, which can already be observed after the first deposition step. 
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A 4: Development of the Cu LMM Auger emission line during the pn+-Si | therm. SiO2 | Cu interface 
experiment. The measurement of the bare pn+-Si | therm. SiO2 substrate is displayed at the bottom of 
the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Cu layer (0 Å, 5 Å, 15 Å, 45 Å, 70 Å, 92 Å). From the developing shape of the Cu LMM line it can be 
concluded that mostly metallic Cu has formed at the end of the interface experiment. However, after the 
first deposition step the Cu LMM auger line indicates the formation of Cu2O. 

A 5: Development of the Cu LMM Auger emission line during the p-Si | µcn-Si | nat. SiO2 | Cu interface 
experiment. The measurement of the bare p-Si | µcn-Si | nat. SiO2 substrate is displayed at the bottom 
of the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Cu layer (0 Å, 5 Å, 15 Å, 50 Å, 100 Å). From the developing shape of the Cu LMM line it can be 
concluded that mostly metallic Cu has formed at the end of the interface experiment. However, after the 
first deposition step the Cu LMM auger line indicates the formation of Cu2O. 
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A 6: Development of the Cu LMM Auger emission line during the p-Si | µcn-Si:H | Cu interface 
experiment. The measurement of the bare p-Si | µcn-Si:H substrate is displayed at the bottom of the 
diagram while the last deposition step at the top shows the final measurement of a relatively thick Cu 
layer (0 Å, 5 Å, 15 Å, 45 Å, 90 Å). From the developing shape of the Cu LMM line it can be concluded 
that mostly metallic Cu has formed instead of a Cu oxide compound. The metallic character can already 
be assumed after the first deposition step. 

A 7: Development of the Cu LMM Auger emission line during the p-Si | µcn-Si | therm. SiO2 | Cu 
interface experiment. The measurement of the bare p-Si | µcn-Si | therm. SiO2 substrate is at the bottom 
of the diagram while the last deposition step at the top shows the final measurement of a relatively thick 
Cu layer (0 Å, 2 Å, 4 Å, 7 Å, 10 Å, 12 Å, 15 Å, 25 Å, 45 Å, 80 Å, 100 Å). From the developing shape of 
the Cu LMM line it can be concluded that mostly metallic Cu has formed at the end of the interface 
experiment. However, after the first deposition step the Cu LMM auger line indicates the formation of 
Cu2O. 
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A 8: Development of the Cu LMM Auger emission line during the pin-Si | nat. SiO2 | Cu interface 
experiment. The measurement of the bare pin-Si | nat. SiO2 substrate is at the bottom of the diagram 
while the last deposition step at the top shows the final measurement of a relatively thick Cu layer (0 Å, 
5 Å 15 Å, 45 Å, 90 Å). From the developing shape of the Cu LMM line it can be concluded that mostly 
metallic Cu has formed at the end of the interface experiment. However, after the first deposition step 
the Cu LMM auger line indicates the formation of Cu2O. 
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Important Symbols and Abbreviations 

 

ϕ Work function  

EV Vacuum level 

EG Energy band gap 

VB Valence band 

CB Conduction band 

IP Ionization potential 

EA Electron affinity 

Si Silicon 

EF Fermi level 

µn, µp Charge carrier mobility  

σ Electric conductivity 

e Electrical charge 

Cu Copper 

Ag Silver 

UOC Open circuit potential  

ɳ efficiency 

MPP Maximum power point 

UV Ultraviolet  

IR infrared 

TCO Transparent conductive oxide 

WE Working electrode 

RE Reference electrode 
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CE Counter electrode 

J0 Exchange current density 

ɳct Overpotential 

F Faraday constant 

HER Hydrogen evolution reaction 

SHE Standard hydrogen electrode 

RHE Reversible hydrogen electrode 

XPS X-ray photoelectron spectroscopy 

SEM Scanning electron microscopy 

PECVD Plasma enhanced chemical vapor deposition 

NCB, NVB Effective density of states 

I Integrated core level line intensity 

d Film thickness 

IMEP Inelastic mean free path 

PEC Photoelectrochemical cell 

EC Electrochemistry 

OCP Open circuit potential 

CV Cyclic voltammetry 

LED Light emitting diode 

UHV Ultra high vacuum 
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