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1 INTRODUCTION

1 Introduction

The climate targets set in the Paris Agreement to limit global warming to at least 2°C,
better 1.5°C, in comparison to pre-industrial levels [I] require carbon-neutrality until
the middle of the current century [2]. To achieve this, an energy transition towards
renewable energy sources is necessary and can not be done without energy storage
concepts to buffer the intermittent generation of renewables [3]. The chemical storage
of energy is a promising concept. Hydrogen thereby was found to be advantageous
due to its low self-discharge and its applicability as a fuel (in fuel-cells or combustion
engines), what makes it a versatile storage medium [3]. A very promising way of
storing renewable energies in the form of hydrogen is by solar energy conversion via
photoelectrochemical watersplitting with so called photoelectrochemical cells (PEC),
which was first presented by Fujishima and Honda in 1972 [4]. The cell consisted of
the semiconductor material Titaniumdioxide (TiO,) for the voltage supply to drive the

chemical reactions and an electrolyte for the supply of hydrogen ions.

TiO, is a widely used material for photoelectrochemical water splitting due to its high
stability and its suitable optoelectronic properties [5, 6]. To increase the absorption
of TiO, as a photoanode, Berends et al. [7] developed a sub-stoichiometric TiOy pho-
toanode with higher absorption. For efficient use of the solar energy, tandem cells with
different band gap materials are used. A further increase in efficiency was reached in
2018 by Segev et al. [§]. They showed that the simultaneous production of electricity
and hydrogen by a single device could represent a significant increase in energy return
on energy investment in comparison to a standard PEC. For their so-called hybrid pho-
toelectrochemical and -voltaic cell they integrated a TiOs layer on an interdigitated
back contact (IBC) Si wafer. With the two contacts on the back and the contact on
the front side of the cell, two circuits can be set up. One circuit enables solar water
splitting, while the other takes the excess charge carriers to create a PV circuit. This
means that the solar energy can be converted into hydrogen and electricity at the same

time.

In perspective, the understrochiometric TiOyx photoanode developed by Berends et al.
should be integrated onto an IBC wafer as an HPEV device. For an efficient charge
extraction of the photo-induced charge carriers, the band alignment of the different

layers inside the cell plays a major role (see chapter .

Therefore, this work aims to develop a concept for the integration of the photoanode
developed by Berends et al. onto an IBC wafer. To make the system simpler and less
complex, a conventional, untreated crystalline n-type silicon wafer was used instead of

an IBC wafer, to create a tandem photoelectrochemical cell.

As a first step for the development of the tandem cell, the two existing semiconductor



1 INTRODUCTION

materials are characterized to determine whether additional layers are required and, if
so, to derive a promising layer concept. Since it turns out that an intermediate layer
is necessary, a possible material for such an interlayer will be identified. Subsequently,
a practical check will be carried out to determine whether the material is suitable
for the laboratory conditions in order to improve the cell performance of the tandem
PEC. Since the very first cells of this kind will be produced in the existing laboratory
conditions, an important goal is to produce functioning tandem PECs and to ensure

that the results can be attributed to successful integration.

Within this thesis, first the necessary theoretical basics for understanding about tandem
PECs and the processes that take place inside the cells are presented. Then, the meth-
ods of sample preparation and characterization used in this thesis are explained. This
is followed by the chapter dealing with the selection of material for the interlayer. Next,
the results of the proof-of-concept experiment are presented and discussed. After that,
a comparison is made between TiOy and TiO4 as photoanode in PEC. This is followed
by a chapter that addresses the degradation observed during the LSV measurements.

The work is rounded off by a summary and a conclusion.



2 THEORETICAL BACKGROUND

2 Theoretical Background

The total current of a PEC and also a HPEV results from successful separation of pho-
toinduced free charge carriers in the materials before they recombine. The efficiency of
charge carrier generation and separation depends on many factors, such as band gaps,
charge carrier concentrations, or band alignment of the individual layers within the cell.
Therefore, in this chapter the processes of free charge carrier generation, separation and
extraction in photoelectrochemical cells are explained. First, with the explanation of
band gap, charge carrier concentration and the Fermi level in equilibrium, i.e. in the
dark, the energetic properties of semiconductor materials are presented. In contrast
to this, the semiconductor in non-equilibrium, i.e. under illumination, is considered
next. In order to understand the processes within the semiconductor junctions, the
energy forms of the charge carriers as well as the resulting transport mechanisms and
conductivity are presented. In the next subsection, the different junctions within photo-
electrochemical devices are explained with a focus on the p-n-junction and the tunnel
recombination junction. The next chapter is devoted to photoelectrochemical water
splitting using photoelectrochemical cells. Not only is the working principle explained,
but also the need for tandem PECs and their limitations are outlined. At the end, an

outlook on the concept of an HPEV is given.

2.1 Energetic Properties of Semiconductors

Semiconductor materials are particularly suitable as absorber materials for photovoltaic
and photoelectrochemical cells. They are characterized by the fact that their conduc-

tivity lies between that of metals and insulators.

2.1.1 The Band Gap

The reason for the different conductivities lies in the respective arrangement of the en-
ergy bands of metals, semiconductors and insulators. Energy bands represent energetic
regions with a continuous distribution of electron states, within which and between
which electrons can move by the transfer of energy. In single atoms, the energy levels
appear as discrete values. When a solid is formed out of several atoms, they split off
into so many values that they form a continuum of energy bands. However, there are
energy intervals in which no electronic states exist, the so-called energy band gaps E.
Figure [1| shows the different occupation of energy bands for the three materials. If a
band is completely filled with electrons, it cannot be electrically conductive as there are
no empty states available to move to. The valence band is the filled energy band with
the highest energy. The next higher band is empty or partly filled and can therefore
be conductive - the so called conduction band. Only the lifting of electrons into the

conduction band leads to the fact that now both bands are no longer completely filled
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and thus an electrical conduction becomes possible. The greater the energetic amount
required to lift an electron into the conduction band, the lower the corresponding con-

ductivity of the material.

&
Conduction band Conduction band Conduction band

&

2

% b ——— — = t— - ~[ —————————— Fermi level
=

@

i Valence band Valence band Valence band

Metal Semiconductor Insulator

Figure 1: Schematic representation of the energy bands for metal, semiconductor and insu-
lator materials. The grey coloring indicates a filling with electrons. For metals, valence and
conduction bands overlap - the conduction band is already partially filled with electrons. For
the semiconductor and insulator, a clear gap of forbidden energy states - the band gap - can be
seen. For the semiconductor, this energy gap is clearly smaller. The Fermi level, a characteristic
parameter for electron distribution, is shown. More details to the Fermi level are given in the

next subsection. Own representation based on [9].

Metals already have a half-filled conduction band at absolute zero, so that conductivity
is present. The reason behind this is the overlapping of valence and conduction band,
so the absence of an energy band gap FE,;. Semiconductors and insulators, on the
other hand, have a band gap that electrons must first overcome by absorbing energy
(e.g. from photons) in order to generate conductivity. For semiconductor materials,
this required energy is about 0.5 — 3.0 eV. Insulators usually have a band gap above
5 eV. [10, [11]

2.1.2 Charge Carrier Concentrations in Equilibrium

The distribution of electrons in semiconductors follows the Fermi-Dirac distribution,
which describes the probability f(E) that an energy level F is occupied by an electron

as follows:

1
)= ———— 1
f( ) exp ngF 17 ( )

where k describes the Boltzmann constant being k = 1.38 x 10723 J /K, T the temper-
ature in K and Er the Fermi energy. At absolute zero, i.e. at T' = 0 K, the probability
of finding an electron at an energy that is greater than the fermi level is zero, so

f(E > Ep) = 0, since no energy is supplied to the system and thus no electrons can
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be lifted into the conduction band. All electrons are therefore below the Fermi energy,
so f(F < Er) = 1. As soon as excitations into the conduction band can occur, i.e.
as soon as T' > 0K, the Fermi energy describes the energy at which the distribution
function is exactly f(F = Ep) = % For systems with Fr < Ec — 3kT the Boltzmann

approximation is valid with

1
F)=—7¢—/. 2
f( ) eXpEﬁ?F ()

Thus, in order to determine the charge carrier concentrations n. for electrons in the
conduction band and ny for holes in the valence band, the density of available states
D(E) of the corresponding band must also be considered. If an electron is lifted from
the valence to the conduction band, a corresponding hole in the valence band must

have been created, so that
Ne = N, - (3)

The charge carrier concentrations of electrons n, and holes n;, can then be described
by

+oo 3 EC ) EF

Ne = /Ec f(E)-D(E)c dE ~ Nc exp (_kT) "
By )

m= [0 5B DB 4B = Ny esp (_EFkTEV> .

where N¢ and Ny describe the effective density of states in the conduction and valence
band respectively. The product of the two charge carrier concentration in equilibrium

is according to

n12 = Ne * Ny
Ec—-F EFr—F
= NC exp <—CM_‘F) . NV exp <_F‘k1—1\/>
Ec —EV) (6)

= NcNv exp (— T

Ec
CRVERP < kT)
independent from the Fermi energy and therefore independent of the doping. [12| [1T]

The Fermi-level and Electrochemical Potential Keeping in mind the condition

for intrinsic semiconductors in equilibrium, that the product of the charge carrier con-
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centration for both holes and electrons remains the same, the position of the Fermi-Level
for an intrinsic semiconductor is then determined by [ and [f to
Ny

1 1
Fr=-(F E kT In — 7
b= 5 (By+ Ec) + 5hTIn (7)

[12]

Doping in Semiconductors Especially in solar cell physics, the doping of semicon-
ductors plays an important role. Hereby, donor or acceptor atoms are inserted in the
intrinsic semiconductor to produce a higher concentration of electrons or holes respec-
tively. Donors D offer an energy level close to the conduction band minimum (CBM),
so that it needs less energy to lift an electron to the conduction band egg, which then

leaves a positive charged donor ion DV behind according to
D — Dt +ecp . (8)

This leads to an increase of electron concentration in the conduction band.
Acceptors A offer an energy level close to the valence band maximum (VBM), so that it
needs less energy to extract an electron from the valence band, which leads to a negative

charged acceptor ion A~ and a hole left behind in the valence band hy/p according to

The insertion of acceptor atoms leads to an increase of the hole concentration inside
the valence band.

Doping with donors or acceptors and their unilateral influence on the charge carrier con-
centrations causes a shift of the Fermi-level towards the CBM or the VBM respectively,
what can be seen in figure 2 The increased electron concentration in the conduction
band is the reason why doping with donors makes a semiconductor an electron con-
ductor (n-type or n-doped) whereas doping with acceptors makes it a hole conductor
(p-type or p-doped) due to increased hole concentration in the valence band. The pre-
vailing charge carriers are called majority carriers (electrons for n-type and holes for

p-type semiconductors) and the respective other minority carriers.
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CB

vB
intrinsic n-type p-type

Figure 2: Illustration of the different relative positions of the Fermi level inside the band

gap for intrinsic, n-type and p-type semiconductors. For an intrinsic semiconductor, the Fermi

level is located approximately in the middle of the band gap, whereas n-doping leads to a shift
towards the CBM and a p-doping towards the VBM. Taken from [13]

At room temperature, the energy is sufficient for the electrons to overcome the gap
between the donor or acceptor level and the corresponding band edge, so that all donor
or acceptor atoms are ionized and the charge carrier concentration equals the donor or

acceptor concentration np and na respectively, according to

Ne & Np (10)

np ~ NA . (11)

This information can be used to determine the new Fermi-levels based on [l and solving

it for the Fermi-level in an n-type semiconductor to

N¢

Erpn=FEc—kT In— (12)
np
and for a p-type semiconductor to
N
Epy,=FEy+kT In—" . (13)
nA

To complete the section about doping in semiconductors it must be mentioned that the

doping itself does not influence the square of the intrinsic charge carrier concentration
2

n{ as equation |§| is still valid due to shifting of the Fermi-level.

A summary of the different semiconductor types (intrinsic, n-type, p-type) and their

characteristic charge carrier related parameters can be seen in table
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Table 1: Summary of different parameter definitions for the three semiconductor types intrin-

sic, n-type and p-type, modified according to [12].

type Ne Th Ep

intrinsic | Ngexp (—%) Ny exp (—%) % (Ev — Ec) + %len %—‘é

n-type np = Ec —kTn %
2 2
p-type % = ZA na By + kTIn g—;’

2.1.3 Photoabsorption - Charge Carriers in Non-equilibrium

So far, only the charge carrier conditions in equilibrium have been considered. In
order to obtain free charge carriers for solar energy conversion, the processes that
take place under irradiation, or in non-equilibrium, are particularly relevant. When a
semiconductor absorbs a photon with sufficient energy, there is a transfer of energy from
the photon to the electron so that it is lifted from the valence band to the conduction
band. It leaves behind an electron vacancy, i.e. a hole. Therefore, photoabsorption
results in a higher concentration of both electrons in the conduction band and holes
in the valence band, and thus both the electron and hole concentrations within the

corresponding bands increase in comparison to the equilibrium.

As a consequence of the increased electron concentration in the conduction band, the
Fermi level shifts towards the conduction band, whereby at the same time a shift
towards the valence band would be expected due to the increased hole concentration
in the valence band. The consequence of this is the separate description of the Fermi-
levels for electrons Er ¢ and holes Ery. This difference in the Fermi distributions of
electrons and holes in non-equilibrium is called quasi fermi level spitting. The charge

carrier concentrations are now described as

Fo—F

7o = N exp <Cl<:TFC) (14)
Fry — F

ny = N\/ exXp (FVkTV> 5 (15)

which results in the fact that their product is now greater than the square of the

intrinsic concentration n12 < ne - ny, with

Fry — F ey — F
nen = NNy exp (FVkTV> exp (FVkTV)

2 Epc — Epy
= Ny exp T .
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This demonstrates, that in absence of a quasi fermi level splitting, so if Frc = Erv,
the product is only defined by nl2 as shown in equation |§| which is valid for equilibrium.
When there is a quasi fermi level splitting due to photoabsorption, the product is

strongly dependent on the amount of the splitting. [12]

2.1.4 Energy Forms of Electrons and Holes

In the previous sections, mainly the charge carrier concentrations in equilibrium and
in non-equilibrium for semiconductors have been considered. In order to understand
how a current of charge carriers occurs, the energy forms and prevailing potentials,
especially the resulting electrochemical potential of electrons and holes are of great

importance and will be explained in the following according to [12].

Figure [3] shows the different energy forms for electrons and holes in a semiconductor.
For both charge carrier types, the overall electrochemical potential 7 is built up by the

electrostatic potential —ew and the chemical potential p.

€. A
y A 4
-eq <>  |<g> +e
-ep ¥
“’s.lﬁ — l’lh.n
nn 1 Tlh
£ L e ot |oT
Ec -y yklinta/N) | | ____ I
SF.U '-'_-_-_-_-_-_-_-__-‘:-_‘-___-_-_____-_
o.T KT In(n/N,)
Ey y
A
3/2 kT

Figure 3: Different energy forms for electrons and holes in a semiconductor. The electrochem-
ical potentials for electrons 7, and holes 7, are shown, which are divided into the electrostatic
and chemical potentials. In addition, the presence of the quasi fermi level splitting shows that

this is a semiconductor in non-equilibrium. Taken from [12]

As an example, the electrochemical potential for an electron is given by:

Ne = —€P — le (17)

whereas the chemical potential of an electron . is composed by the material charac-
teristics with the distance from the conduction band edge to the electrostatic potential

level and the doping related quantity of the Fermi-level for electrons, which gives the
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distance of the Fermi-level to the CBM with k7 In (ﬁ,—é) The chemical potential of an

electron is then

fte = 1o + KT'In (;C> . (18)

The higher the electron doping concentration, the lower the magnitude of the chemical

potential pe. In the end, the electrochemical potential for the electron would result in

Ne = —eg — jieo — kTIn < e > . (19)

2.1.5 Transport Mechanisms of Free Charge Carriers

The reason for using semiconductors for photovoltaic cells or photoelectrochemical wa-
ter splitting is the ability to generate free charge carriers with a potential difference
of the quasi fermi level splitting due to photoabsorption in order to use this energy.
For an efficient extraction of the free charge carriers, it is useful to understand the
transport mechanisms taking place within the semiconductors. The total driving force
for the resulting current inside a semiconductor is the electrochemical potential, which
is composed of the electrostatic potential ¢ and the chemical potential y. As soon as
at least one of these quantities shows a gradient across the material, they act as a force
on the charge carriers. Thereby, the gradient of the electrostatic potential Vi (7) # 0
causes a field current to equalize charge differences, whereas the chemical potential

gradient V(7)) # 0 causes a diffusion current to equalize concentration differences. [12]

Figure 4/shows the energy diagram of a semiconductor in equilibrium (no QFL-splitting)
with an electrostatic potential gradient V¢ # 0 = const. forcing electrons to the left
side due to a decrease of electrostatic potential from the right to the left side and a
chemical potential gradient Vi # 0 = const. forcing electrons to the right side due
to higher electron concentration on the left side. In this case, both resulting currents

compensate each other to a total current of zero. [12]

10
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Figure 4: Schematic representation of electron energies in a semiconductor in equilibrium with
both electrostatic (orange) and chemical potential gradients (blue) for the left (1) and right (r)
side. It can be seen that the electrostatic potential gradient forces electrons to move from the
right to the left, whereas the different chemical potentials would force them to the right. The
two gradients balance each other out in this example. Modified according to [12]

2.1.6 The Conductivity of Semiconductors

The conductivity o of a conductor can be described by
0 = NeClle, (20)

where n, describes the electron concentration, e the elementary charge and p. the
mobility of the electrons. For a semiconductor, hole concentration ny and mobility uy

have to be taken into account as well:
0 = NeClle + nheln (21)

In an n-type semiconductor, where the electron concentration is significantly higher
than the hole concentration, the holes can be neglected and the conductivity of the

doped semiconductor becomes again
0 = Nellle , (22)

whereas for p-type semiconductor the conductivity is mainly determined by the hole

concentration and therefore defined by
0 = npely - (23)

[10]
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2.2 Semiconductor Junctions

In semiconductor industry and especially for solar conversion devices, a semiconductor
is brought into direct contact with the same or different materials to form potential
gradients to achieve desired charge carrier flow in a whole cell. The region of the
interface is called a junction. In the following, the different classes of junctions that

are formed in photoelectrochemical cells are presented.

The main distinction is made between homojunctions and heterojunctions. In homo-
junctions, the junction is composed of the same materials, but usually with different
doping (see section . Heterojunctions, on the other hand, consist of a contact of
different materials. These can both be semiconductors with different band gaps (e.g.
a-Si/c-Si or Si/Ge) or semiconductors with other material groups like metals. If both
junction types occur in a cell, one speaks of hybrid junctions. [I4] In addition, there is
the semiconductor/electrolyte interface, which is especially important for electrochem-

ical cells or dye-sensitized solar cells.

In the following, the heterojunction semiconductor /metal, the semiconductor /electrolyte
interface as well as the p-n-junction (which can consist of a homojunction as well as
a heterojunction) including the subform of the tunnel recombination junction will be

discussed.

2.2.1 Standard p-n-Junction

The p-n-junction is a very important concept not only for solar energy conversion but
also for many electrical devices for example a diode is based on a p-n-junction. P-
and n-doped semiconductors are brought into direct contact and can be out of the
same materials (p-n-homojunction) or out of materials with different band gaps (p-
n-heterojunction). Figure [5| shows the energy diagram of a typical p-n-junction in
equilibrium (figure and in non-equilibrium under illumination (figure . When
in contact, the bands of the two materials align according to the different Fermi-levels.
The greater chemical potential for electrons on the n-side acts as a driving force for
an electron diffusion current from the n- to the p-doped side, where the electron re-
combines with p-doping induced holes. This results in a relative negative charge inside
the p-doped side close to the interface. At the same time, hole diffusion current oc-
curs from the n- to the p-side, what leads to a relative positive charge inside the n-type
semiconductor close to the interface. This region, where relative charges occur, is called
space-charge-region. Due to a depletion of majority carriers close to the junction, it is
also called depletion region. It represents an electrostatic potential acting on the charge
carriers inside this region, opposing to the chemical potential gradient. Therefore, the

diffusion current continues to flow until the electrostatic potential gradient equals the
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chemical potential gradient. The higher the doping concentration inside the semicon-
ductors, the narrower the depletion region because the higher doping concentration
leads to increased probability for a diffused charge carrier from the other side of the
junction to recombine with a majority charge carrier from the higher doped semicon-
ductor. This can clearly be seen in figure where the n-doped side on the left has a
higher doping level (the Fermi-level is located closer to the CBM on the n-doped side
than to the VBM on the p-doped side), and the depletion region, spanned from —wy,

to wy, is narrower than on the p-doped side.

A J
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Figure 5: Schematic representation of the energy band diagram in a p-n-junction (a) in

equilibrium and (b) in non-equilibrium with quasi fermi level splitting, taken from [12].

However, this also means that the doping concentrations of the two sides for the p-n
junction determine the chemical potential gradient, which drives the diffusion current
and the electrostatic potential gradient, which drives the drift current. When no ex-

ternal voltage is applied, the electrostatic potential difference ¢™ — P, is given by

kT = npna
=—In—5

(& n;

n

" — P

(24)

This potential difference is caused as a reaction to the chemical potential gradient. In
equilibrium, the electrostatic potential gradient extincts the chemical potential gradi-

ent. Thus, the charge carriers do not experience any forces. [12]

Figure shows the p-n-junction in non-equilibrium, so under illumination. The gen-
eration of additional free charge carriers via photoabsorption leads to the Fermi-level
splitting, as discussed in section [2.1.3] For an efficient extraction of charge carriers
from the p-n-junction, the concentration of the charge carriers, e.g. electrons, should
not decrease on their path towards the contacts. This means, that the difference of

Fermi-levels on the opposite contact sides of the device EF jefy — EF right must not be

13



2.2 Semiconductor Junctions 2 THEORETICAL BACKGROUND

smaller than the Fermi-level-splitting Er ¢ — Epy, which is valid for figure [12]
Therefore, the doping concentration (which is equal to the charge carrier concentration
in the dark) must be larger than the additional free charge carrier concentration caused

by photoabsorption nf and ny:

npna > ning (25)
or expressed in energy form
npna neny,
kT In = e(on —¢p) > Erc— EBryv =Fklln— (26)

i i

This means that the electrostatic potential difference of a p-n-junction in the dark must

be at least as large as the fermi level splitting due to illumination of this junction.

2.2.2 Tunnel Recombination Junctions

A tunnel recombination junction (TRJ) is a p-n-junction with very high doping con-
centrations. As a consequence, the energy levels of the p-doped materials VBM and the
n-doped materials CBM approach. Ideally, the energy level of the CBM even exceeds
that of the CBM due to the Fermi-levels lying inside the bands. As the energetic dis-
tance of the bands at the interface decreases, the depletion region of the p-n junction
also decreases. Bringing the two band edges closer together enables a charge carrier
recombination from electrons of the CBM with holes from the VBM. The fundamental

concept behind this is quantum tunneling, which will be explained in this section.

Physics of Quantum Tunneling The principle of a tunnel recombination junction
is based on quantum tunneling: The probability to find an electron at a certain location
|W|? is given by the square of its wavefunction ¥ that has to fulfill the Schrédinger-
equation

R? d*

gy T Vi =By (27)

with & being the reduced Planck constant, 1 the wave function of the particle, x
the location of the particle, m its mass, E its kinetic energy and V the potential
energy [15, [I1]. The principle of quantum tunneling is simplified shown in figure @
When a particle with a kinetic energy of E and an incident wave function Wincident
moves on the x-axis from the left to the right, it approaches a potential barrier Fy > F,

shown in blue.
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Vix)

potential
barrier

Figure 6: Schematic representation of quantum tunneling. It can be seen how the amplitude
of the particle’s wavefunction decreases exponentially inside the barrier when travelling from
the left to the right. As a consequence, the exit wavefunction on the right side is not zero.
Taken from [16]

From classical mechanics one knows, that a particle with less kinetic energy could not
overcome a potential barrier with Ey > E. The particle would be reflected completely.
For quantum particles, the amplitude of their wavefunctions decreases exponentially
inside the barrier. As a consequence, the wave function on the other side of the barrier
Weyit 1S not zero, what means that there is a solution for the Schrodinger equation
and there is a probability for transmission to the other side, in contrast to classical
mechanics [I1]. This process is called quantum tunneling. The tunnel probability is

highly correlated with the energy and width of the barrier [17].

Tunnel Recombination Junctions in Tandem Devices Especially in solar en-
ergy conversion, the concept of using two semiconductors in direct contact plays an
important role [18], e.g. to use different wavelength ranges of the solar spectrum with
different band gaps for photovoltaic devices or to deliver the required voltage for solar
water splitting. Tunnel recombination junctions are used to connect the subcells physi-
cally and electrically in series to enable the recombination of free majority-carriers from
each cell [19]. The phenomenon of interband tunneling at the interface of a p- and an
n-doped material was discovered by Esaki in 1958 [20] when he was studying p- and
n-doped Germanium layers. Figure 7| shows his schematic representation of the energy

bands of a tunnel recombination junction.
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Figure 7: Schematic sketch of a tunnel recombination junction energy band diagram from
Esaki in 1958 [20].

The band edges of the p-type material are shown on the left side, the ones from the
n-type material on the right side. The VBM as Ey and the CBM is marked as F¢.
The Fermi-level is shown as a dashed line with (- for the Fermi-level inside the p-
doped material and (¢ inside the n-type material. The depletion region is said to be
about 150 Angstroms. In the figure it can be seen that both materials are heavily
doped so that the Fermi-level is found to be inside the valence band for the p-doped
and inside the conduction band for the n-doped material. This is the reason for the
narrow depletion region, which in turn leads to an increased probability for tunneling
of electrons from the valence band of the p-doped material into the conduction band

of the n-doped material.

Especially in tandem devices, the TRJ between the subcells plays an important role
regarding efficient charge collection as it influences the overall tandem performance
due to affection of the short-circuit current density, the fill factor and the open-circuit
voltage [19]. Tandem devices with TRJ can be found in the literature especially for
solar cells with the tunable band gap material perovskite [21], 22], 23]. Jost et al. [24]
for example could improve the efficiency of a CIGSe/perovskite tandem device from 3.1
to 18.2 % by changing the recombination interface materials. However, the implemen-
tation of a TRJ in tandem devices is more complicated than for an ideal Esaki-diode:
Often, different semiconductor materials require the implementation of the TRJ in a
heterojunction with Fermi-levels lying inside the band gaps. Therefore, the tunnel

junctions, especially with perovskite solar cells, are often not ideal Esaki-diodes. [19]

Figure shows the band diagram of a Si/perovskite tandem solar cell studied by Rolland
et al. in 2018 [22].
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Figure 8: Schematic representation of the energy band diagram of a Si/perovskite tandem
solar cell with tunnel recombination junction, marked between the TiO, electron transport layer
and the Si substrate. [22]

This Si/perovskite tandem cell is made up by a hole transport material (HTM), the per-
ovskite absorber (marked in red), a TiO4 electron transport layer and a-Si(n™")/Si(p*™)
tunnel junction on a Silicon substrate (the T indicates high doping concentrations). If
free charge carriers are created by photoabsorption in the two cells, electrons will travel
to the Si substrate and will be collected via an electron contact and holes will travel
to the HTM and will be collected by a hole contact. As both TiO, and the Silicon
substrate are n-type semiconductors, their Fermi-level is located close to the CBM. A
direct contact would therefore result in a high potential barrier for electrons when they

travel from the perovskite to the silicon layer. [22]

2.2.3 Semiconductor Metal Junction

The metal contact of solar energy conversion devices is intended to facilitate charge
carrier transport between the cell and a load. The band alignment at contacting behaves

similarly to a semiconductor-semiconductor contact. [12]

The chemical potential of the metal is given by the chemical potential of the electrons
Hem- When contact is made with a semiconductor, an electrochemical potential gradi-
ent occurs, which is balanced by a diffusion current. This results in a contact potential

difference until an electronic equilibrium is established. [12] [13]

The total electric potential difference of the space charge region drops within the semi-
conductors close to the metal interface. Depending on the doping of the semiconductor

and the relative position of the work function of the metal, there is an accumulation or
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depletion of majority charge carriers (electrons in n-type and holes in p-type semicon-
ductors) in the space charge region. An accumulation is called an ohmic contact and a

depletion is called a Schottky contact. [12]

Figure [0 shows the different metal-semiconductor contacts that can be created.

g semi- e semi- €,
e 4 conductor . metal X e 4 conductor metal metal 1 A p-conductor , metal 2
v » N » . » X
€ E -ep
€ Hos P _Ulf"'f €c
Fl-—2*— . &
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(a) Ohmic contact (b) Both Schottky and ohmic contact.

Figure 9: Schematic representation of the energy band diagrams for ohmic and Schottky
metal-semiconductor contacts. a) shows the ohmic contact of an n-type semiconductor and a
low work function metal. On the other side, both contact types are shown in b). A p-doped
semiconductor is brought into contact with metal 1 with a small work function on the left side
and with metal 2 with a large work function on the right side, resulting in a Schottky contact

on the left and an ohmic contact on the right. Taken from [12]

Figure [9a] shows a semiconductor-metal junction with an n-type semiconductor and a
metal with lower work function than the semiconductor. The band diagram before and
after contacting is shown. Before contacting, it can be seen that the magnitude of the
chemical potential from the metal pic , is smaller than that of the chemical potential of
the electrons of the semiconductors e m, resulting in a chemical potential gradient from
the metal to the semiconductor. This causes electrons to diffuse from the metal to the
semiconductor upon contacting due to this chemical potential gradient. This results in
band bending with an accumulation of electrons and thus a region of negative space
charge near the surface of the semiconductor. In figurd9h| a p-type semiconductor is
shown in contact with a high work function metal on the right and a low work function
metal on the left. [12]

2.2.4 Semiconductor Electrolyte Interface

When semiconductor and electrolyte are in contact, the charge carrier balance behaves
similarly to metal and semiconductor. The redox Fermi-level Ep rcqox plays the same
role as the Fermi-level of semiconductors or metals [25, [13] and is determined by the

standard chemical potentials of the reducing and oxidizing species (,uOR and ,u%) and
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their concentrations (N and No):

Nr

EF,redox = (MOR - MOO) + kBT In <N> . (28)
O

If, for example, an n-type semiconductor is brought into contact with an electrolyte
whose chemical potential is greater in magnitude than that of the semiconductor, a
depletion of majority charge carriers (in this case electrons) occurs in the semiconductor
near the interface, since the chemical potential gradient from the smeiconductor to the
electrolyte is balanced. Thus, a region of positive charges (space charge region) is
created. On the electrolyte side, an accumulation of negatively charged particles is
formed close to the interface, the so-called Helmholtz layer. The width of the space
charge region is usually much larger than that of the Helmholtz layer. [13]

2.3 Photoelectrochemical Cells

Photoelectrochemical cells consist of a semiconductor device for photoinduced free
charge carrier generation that provides the voltage to drive the water splitting reaction
inside an electrolyte that contains the needed ions for the reaction. In this section,
general aspects of photoelectrochemical water splitting is explained, followed by the
presentation of the working principle of a photoelectrochemical cell. Tandem cells and
their limitations are also discussed and it is explained why the use of excess charge

carriers by hybrid photoelectrochemical and -voltaic cells can be useful.

2.3.1 Photoelectrochemical Water Splitting

The overall water splitting reaction [13]
2H,0(1) + Energy —= 2H,(g) + Oy(g) AG = 237.22kJ /mol (29)

with the required Gibbs Free Energy AG consists of two half-cell reactions: The hy-

drogen evolution reaction (HER) with
2HT +2¢ — H, (30)
and the oxygen evolution reaction (OER) with [26]

1
20H — 20, + H,0 + 2. (31)

In theory, the Gibbs Free Energy of AG = 237.22kJ/mol corresponds to a required
voltage of 1.23eV (at standard temperature (T° = 298 K) and pressure (p° = 1bar))

19



2.3 Photoelectrochemical Cells 2 THEORETICAL BACKGROUND

according to

A
U—G

= F (32)

with n being the amount of electrons needed for the reaction (in this case, n = 2) and

F' being the Faraday constant.

The minimum required voltage supplied by a water electrolysis system consists of this
1.23eV and an the overpotential voltage Vop, which has to balance out losses of the

kinetic barriers for the HER na and OER n¢ each as well as resistance losses inside the
device ngq. [13]

This required energy can be provided directly by photoelectrolysis, also known as a

photoelectrochemical cell.

2.3.2 Working Principle

Figure [I0] shows the working principle of a photoelectrochemical cell. An n-type semi-
conductor is used as a photoanode. It is brought in contact with an electrolyte in which
a metal electrode is immersed. The semiconductor is connected to the metal electrode
by a conductive substrate and a conductor.
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Figure 10: Schematic representation of the working principle of a PEC (taken from [27])

If the cell is now irradiated with light, various processes take place. First, the semicon-
ductor absorbs photons (I) and a Fermi-level splitting occurs within the semiconductors
and thus also a charge carrier separation (II). Due to the depletion region and the as-
sociated band bending near the interface, the electrons move toward the conductive

substrate and the holes move toward the electrolyte. The holes then contribute to
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the OER at the semiconductor/electrolyte interface and the electrons, after traveling
through the conductor toward the metal electrode, contribute to the HER. It is made
clear in the figure, that the photoinduced quasifermi-level splitting provides a voltage

greater than the necessary 1.23 eV for the water splitting reaction. [27]

Besides the supplied voltage by the PEC, there are other factors that influence the
water splitting ability of a whole cell. For example, surface active sites at the photoan-
ode/electrolyte interface play an important role. In a TiOy-Photoanode for example,
oxygen vacancies, Ti interstitials, and Ti vacancies can lead to higher reactivity with

water molecules. [28]

2.3.3 Tandem PEC and its Limitations

Considering the losses that take place inside a PEC, the photoelectrode material should
have a band gap of at least 2.03eV. If a single material provides this band gap,
the whole part of the spectrum with lower energy than 2.03eV will not be used. A
tandem configuration with high and lower band gap materials can use the spectrum
more efficient. Additionally it can provide enough driving force for self-driven solar

water splitting. [18]

However, the overall device current is limited by the material with the lowest current.
As long as it cannot be ensured that the same current is generated in the two subcells,

the higher current of one material will be limited to the lower current. [12]

2.4 Hybrid Photoelectrochemical- and Voltaic Cells

To overcome this current mismatch, Segev et al. (2018) presented a working hybrid
photoelectrochemical and -voltaic cell by integration a TiO, photoanode onto an inter-
digitated back contact (IBC) Si wafer. It uses the excess free charge carriers inside the
Si wafer by creating an additional circuit with p-and n-contacts on the back side of the
wafer. The cell HPEV cell is shown in figure For the integration they used a fluorine
doped tin oxide (FTO) and a p-doped layer. More detailed information on the FTO
was not provided. But due to the Fermi level located in the conduction band of FTO,
its energy band edges will significantly lower when contacting with TiO2, whose Fermi
level is located close to its conduction band but still inside the band gap. Together
with the p* doping on the Si wafer, it can be assumed that this is the realization of a
TJ.
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Figure 11: Schematic representation of the working principle of an HPEV cell (taken from [§]).

In figure the photoanode is shown in orange (PEC), the n-type photovoltaic layer
in green. The two back contacts (nT-contact in green and the p*-contact in blue)
are indicated below the PV layer and a p*-doped layer (blue) above the layer. In
addition, the cell consists of an electrolyte, shown here in blue, which is in contact
with the photoanode. The cell becomes fully functional due to the metal connection
of the n* back contact of the PV cell with the cathode that protudes the electrolyte.
When irradited with sunlight, both semiconductors absorb photons of the corresponding
wavelength. Free electron-hole pairs are generated in both layers. The process within
the PV layer is shown schematically in the figure: First, a free electron-hole pair is
generated (1). The free hole either migrates to the p-contact on the backside (2),
contributing to the electrical power output, or migrates to the p*-doped layer towards
the PEC, contributing here to the increased voltage for chemical output (hydrogen
production). In either case, the electron migrates to the n* back contact, where it

subsequently contributes to either the electrical power or the chemical output.

Segev et al. tested their samples using LSV in the three- and two-electrode configuration
with the p* back contact disconnected. For the three-electrode configuration, they were
able to measure a current density of 1.23V vs. RHE of 0.104mA - cm~2. In the two-
electrode configuration, a current density of 0.085 mA - cm ™2 could be obtained at 0V
vs RHE, i.e., without external bias. [§]

2.5 Semiconductor Materials

In this chapter, the two materials Silicon and TiO, together with TiO4 are presented
as they act as the main photoabsorbers in the form of a silicon wafer and a TiOy

photoanode in this work.
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2.5.1 Silicon

Silicon materials can be divided into amorphous (a-Si) and crystalline silicon (c-Si).
Figure shows the different structures. In the crystalline arrangement, each sili-
cone atom forms a bond with four neighboring silicone atoms and assumes the typical
tetrahedral shape. In amorphous silicone, on the other hand, the arrangement is more
disordered. As a result, some atoms have unsaturated bonds (so-called dangling bonds).

By adding hydrogen during production, these dangling bonds can be saturated [29]

Crystalline Silicon Amorphous Silicon Hydrogenated Amorphous Silicon

Figure 12: Schematic representation of crystalline and amorphous silicon. Amorphous silicon

is shown with dangling bonds and with saturated hydrogenated bonds. Taken from [30]

The two materials differ with respect to their properties, for example, in that a-Si has
a higher absorption than c¢-Si. In addition, the band gap of a-Si is 1.75eV and that of
c-Siis 1.1eV. [30]

When in contact with air, native oxide of SiOx grows on a silicon surface [31]. This
additional native oxide layer on top of a Silicon structure can be removed by NFj
etching [32]. Hydrogen passivation can prevent or reduce re-adsorption of ogygen by

the saturation of dangling bonds [33]

In this work, the Si wafer used is an n-type crystalline wafer.

2.5.2 TiO4

TiO, is a semiconductor material which is widely used for photoelectrochemical appli-
cations [5]. Its band gap with approximately 3eV [34] suits well for the desired water
splitting reaction [6l [5] and has excellent stability against (photo-)corrosion [5]. It can
be distinguished between three polymorphs of TiO5 in nature, that can be used for pho-

toelectrochemical applications. Figure [L3|shows the two tetragonal forms with anatase
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and rutile and the orthorhombic form brookite. The TiOg octahedra are distorted in a

different way in a crystal form for every polymorph as can be seen in figure [6]

Anatase Rutile Brookite

Figure 13: Schematic representation of the different polymorphs of TiO4 anatase, rutile and
brookite. The TiOg octahedra are arranged differently in the crystal for each polaymorph [6]

Especially anatase and rutile play an important role for PEC applications. According
to Shen et al. [6] bulk rutile has the highest thermodynamic stability whereas anatase
is the more active form, probably because of a higher charge carrier mobility. The band

gap of antase and rutile is 3.2eV and 3.0eV repectively.

The newly developed understochiometric TiOx Photoanode from Berends et al. is a
TiO, based Photoanode deposited by reactive magnetron sputtering with bipolar ro-
tary targets. Only titanium is used as target material and oxygen as reactive gas. The
power distribution between the two targets is 75 % at one and 25 % at the other tar-
get. During the deposition, an oxygen partial pressure of 8 is present. In comparison
to a standard TiO4 material, this results in off-stochiometric samples with an oxygen
deficit. A darker material is created that has a higher broad-band absorption coeffi-
cient for wavelengths approximately A > 350 nm and a higher conductivity. During
electrochemical characterization this sample showed the highest performance for solar

water splitting and is therefore used in this work. [7]
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3 Experimental Methods

3.1 Sample Manufacturing

For the production of the photoelectrode, several layers are required using different
deposition methods. The substrate is a commercially aquired unpolished n-doped crys-
talline silicon wafer, on which the different layers are deposited individually. This sub-
chapter therefore introduces the deposition methods used for this thesis by explaining

their basic operation.

3.1.1 Plasma-enhanced Chemical Vapor Deposition

Plasma-enhanced chemical vapor deposition (PECVD) is a type of chemical vapor
deposition method. During CVD the film deposition is realized by adding the material
precursos in a gaseous and/or vapor form into the chamber. The film deposition is the
result of a chemical reaction of the gas inside the chamber. In PECVD technique, the
plasma serves to excite the gases by producing radicals based on electron dissociation
in order to trigger the chemical reaction. It is caused by a potential in the PECVD
chamber. It can therefore take place at lower temperatures than conventional CVD

techniques. [35]

The setup of a PECVD chamber can be seen in figure The voltage is applied
between the cathode and the grounded electrode, which is placed on a heater. Facing
towards the plasma, the substrates are located onto the grounded electrode. Inert and

reactive gas flow enable the plasma. The pumps create a vacuum inside the chamber.
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Figure 14: Schematic representation of a plasma-enhanced chemical vapor deposition process.

[36]

For thin films based on silicon, monosilane SiH, is used as silicon source. Inside the
PECVD chamber it dissociates into neutral particles, ions and radicals [37] due to
the present plasma. The desired reactions for film formation take place in the whole

chamber and condensate on the substrate with

SIH2 - Sisurf + H2 (33)

SiHy —= 2Si,¢ + 3H, (34)

where Sig,,; can occur as amorphous or crystalline phase of Silicon. [38].

sur

In this work, all the PECVD processes are performed with the Cluster tool CS400PS
(by VON ARDENNE GmbH, Germany). Silane SiH, is used as material precursor.
For n-doped layers phosphine PH3; and for p-doped layers diborane ByHg is added to
the process as doping gas and phosphorus P or boron B are included as doping atoms
inside the silicon films. P-doped and n-doped layers take place at a temperature of

200 °C and 240 °C respectively and are deposited in different chambers.

26



3.1 Sample Manufacturing 3 EXPERIMENTAL METHODS

3.1.2 Physical Vapor Deposition - Reactive Sputtering

In constrast to PECVD the primary source of depositing species during Physical Vapor
Deposition (PVD) is solid material, a so called target. The principle of PVD is that
atoms are removed from the target, they transit an evacuated chamber and then are
deposited on a solid surface where they form a film. There are different ways of removing
the atoms from the target, e.g. thermodynamic, with an electron beam or via energetic
collision. Latter is called sputtering. [39]

For the deposition of oxides, e.g. TiO,, sputtering with alternating voltage applied
between two targets, is used. This is called bipolar sputtering and avoids accumulation
of charges on the surface of the target. The voltage between the cathode and the anode,
together with the plasma gas, create the necessary plasma. In reactive sputtering, in
addition to the solid target material, a reactive gas is introduced together with the inert
gas to form the plasma by the application of the voltage. The reactive gas chemically

combines with the sputtered atoms of the target material during film formation. [40]

The probability of plasma particle collision or scattering can be increased by the in-
crease of their path lengths. This can be achieved by increasing the plasma density via
applying a magnetic field at the targets through so-called magnetron sputtering. The
magnets are placed behind the targets and direct the electrons onto paths in the form

of closed loops in order to extend their path lengths. [39]

A schematic representation of the working principle of sputtering is shown in figure
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Figure 15: Schematic representation of an RF reactive magnetron sputtering process. The
RF generator supplies the electrodes with the corresponding voltage to maintain the plasma.
The inert gas Argon is inserted together with the reactive gas O,. The ionized plasma particles
remove particles from the solid target material, which then form a film together with the reactive
gas. Vacuum inside the chamber is enabled by pumps. The substrate holder is heated whereas

the targets and magnets are cooled with water. Taken from [41].

All sputter depositions referred to this work are carried out with a VISTARIS 600 in-
line vacuum System (by Singulus Technologies AG, Germany). The same parameters
are used during the process that are described by Berends et al [7] for TiO, for solar
water splitting. Reactive magnetron sputtering is applied. For all processes titanium
rotary targets are used as solid target material and O, as reactive gas. An oxygen
partial pressure of 16e—16 mbar is set and hold during the process. The deposition
process is performed bipolar at a present frequency of 50 kHz and a power of 8000 W.
Argon with a gas flow of 300 sccm is used as the inert gas. The deposition is performed
at a temperature of 200 °C and the sample is preheated 720s before the deposition is
started.
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3.1.3 Electron Beam Physical Vapor Deposition

Electron beam physical vapor deposition (EB-PVD) is a form of vapor deposition where
the source material is heated in a high vacuum, so that the melting point of the ma-
terial becomes relatively low. For EB-PVD, an electrom beam generated by a glowing
filament is used for heating and is focused on the material via deflection with magnets.
The vapor rises as a material steam and then condenses on the substrates that are
located on a rotating holder above the crucible with the melted material. Thus a film
is formed on the substrates. [40] To control the evaporation process, a shutter is placed
between the crucible and the substrates that can block the rising material vapor. In
the beginning of the evaporation process, the shutter is closed until a stable process is
reached. The deposited film thickness is determined by a piezo element and as soon as
the required thickness is reached, the shutter is again closed to protect the substrates
from further vapor. All EB-PVD film depositions in this work are performed with
the high vacuum deposition electron beam device Dreva Lab 450 (by Vakuumtechnik
Dresden GmbH, Germany).

3.2 Sample Characterization

In order to be able to evaluate the produced samples, appropriate characterization is
essential. In this subsection, the methods used for characterization in this work are
presented. First, the characterization methods for the individual layers are presented.
These include Raman spectroscopy, Profilometry, UV-Vis spectrometry and dark con-
ductivity and Hall effect measurement. Then, linear sweep voltammetry is described,

which is used to characterize the entire PEC electrochemically.

3.2.1 UV-Vis Optical Spectrometry

Important information about the optical properties of materials can be obtained with
the aid of UV-Vis optical spectrometry, or in this case UV-Vis-NIR spectrometry. As
the name suggests, the instrument can measure in the wavelength range from 200 to
2500 nm, using a deuterium lamp for the 200 to 350 nm range and a tungsten-halogen
lamp for the > 350 nm range. A monochromator is located between the light source
and the sample in order to select the respective wavelengths and allow them to focus
on the sample separately. The transmitted or reflected part of the light is measured by
a detector. This is exchanged once at 800 nm, which can lead to increased signal noise

in this range.

If transmittance and reflection are known, the absorption coefficient can be determined.

This is done on the basis of Lambert-Beer’s law for the decrease in intensity of light as
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it enters a medium and is taken from [42]:
I(z) = I(0) - exp(—a(]) - z) (35)

where I(x) is the light intensity at location x, I(0) is the initial intensity at location
x = 0 before entering the medium and a(\) is the wavelength dependent absorption
coefficient. If the absorption coefficient is to be determined for the entire length x = d
(with d as the total penetration depth of the medium), i.e. after the light has exited on
the opposite side, the expression 1 — R can be used for the initial intensity 7(0) and the
measured transmittance T can be used for the intensity after exit, so that according
to [43] follows

a(\) = _é ‘In <£R> . (36)

Once the spectral distribution of the absorption coefficient is known, the Tauc model
can be applied to determine the Tauc-optical-band-gap, which assumes to describe the

wavelength-dependent absorption coefficient « as follows:

ahv = B(hv — Eg)? (37)

Here hv represents the energy of the incident photons, B the tauc coefficient and E; the
tauc-optical-band-gap. The factor v depends on the type of electron transition (v = %

for direct and vy = 2 for allowed indirect band transition). [44]

Now, if (ahu)% is plotted over hv, the tauc-optical-band-gap can be determined via a
linear fit to the absorption edge. For spectral characterization of the optical properties,
the samples within this work are measured in the Cary 5000 UV-Vis-NIR (by Agilent
Technologies Inc., USA). All measurements are baseline corrected and carried out for

layers on witness glasses.

3.2.2 Dark Conductivity

The measurement of dark conductivity is of great importance in thin film development,
especially of silicone thin films, as it provides information about quantities such as the
distance from the Fermi-level to the respective band edge (depending on the doping),
room temperature conductivity as well as room temperature resistance and sheet resis-
tance. For the measurement, a voltage is applied to the sample under vacuum between
two contacts and the resulting current is measured. The sample is heated up to a cer-
tain temperature and then allowed to cool down. This is based on the equation [21] or,

for doped layers, on the equations [22] and For simplicity, the procedure is shown
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here for an n-doped semiconductor and is taken from [38]. If the electron concentration

in equation [22]is replaced by the definition of itself in equation one gets

EC —E€F
On = 26]{3T/,Le . NC exp <_M) . (38)
If the mobility of the charge carriers p is expressed by the Einstein relation as pe = %,
the general expression of the dark conductivity is as follows
E
odark(T) = ogexp (— k;%) , (39)

where og is a prefactor of the conductivity, which is assumed to be temperature in-
dependent under the simple model and includes the charge carrier diffusion constant
D. E, is the activation energy, which for n-type materials is given by ec — e and for
p-type materials by ep — ey. If now equation is logarithmized and plotted against
the temperature T in the so-called Arrhenius plot, the activation energy F, can be
concluded by a linear fit through the slope, since the logarithmization results in the

linear relationship between In og, and the temperature T'

m@m@»_m%n<—i?>. (40)

3.2.3 Hall Effect Measurement

The measurement of the Hall effect is based on the Lorentz force. The principle can be
taken from figure

| é- L
++ 4+ ++ 4+ ++ 4+ +H
Xe
QO 0O

Figure 16: Schematic representation of the principle behind Hall effect measurement of a
conductor. The constant current [ is indicated to the right inside the sample and the applied
magnetic field B points into the image plane. The electrons experience an upward force and are
deflected to this sample edge. The charge carriers accumulate and a voltage can be measured

between the upper and lower edges. Taken from [45]
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The Lorentz force acts on charged particles moving through a conductor in a magnetic
field B with a velocity ¢ perpendicular to these two. In doing so, they experience a
force ﬁLoremZ , which is normal to the direction of motion and to the magnetic field.

This produces an electric field E , perpendicular to ¢ and B. For a charge ¢ then holds:
ﬁLorentz = Q[E + (’U X é)] (41)
This potential difference between the two sides of the conductor is called the Hall

voltage Vi1. It is defined by

IB

qns

where [ is the constant current in the sample and ng = nd is the sheet density from
bulk density n and layer thickness d of charge carriers. Thus, the bulk density can
be determined from the Hall measurement with a known layer thickness. If the sheet

resistance Rs is also known, the charge carrier mobility p can be determined via [45]

_ Vel 1
H=RIB ™~ qn.R.

(43)

3.2.4 Raman Spectroscopy

Raman spectroscopy can be used to draw conclusions about the composition and crystal
structure of sample materials. Monochromatic light generated by a laser with a wave-
length of Ag, is shone onto the sample. With the aid of a monochromator, the radiation
scattered by the sample is spectrally decomposed. It can be observed that in addition
to the originally irradiated wavelength Ao (Rayleigh-scattering), other wavelengths Agc
are present. If A > Ao, the photon has transferred energy to the material structure
and one speaks of the so-called Stokes radiation. It is determined by the rotational
vibration differences of the molecules. However, it can also happen that As. < Ag, i.e.,
the energy of the scattered light is greater than that of the incident light. This so-called
anti-Stokes radiation occurs when molecules that have already been excited are excited

again and now enter a lower energy state.
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Figure 17: Principle of different molecule scattering forms inclusive Raman scattering. As
incident laser source, a green laser is chosen. As one can see on the left side, the incident light
is scattered at the molecule into a green part with the same wavelengths (Rayleigh scattering),
into a red part with lower wavelengths (Stokes Raman scattering) and into a blue part with
higher wavelengths (Anti-Stokes Raman scattering). The middle part of the figure illustrates
the difference in energy of the scattered light for the three scattering processes. On the right, the
corresponding measurable Raman intensity is shown for all three scattering processes. Taken
from [46]

From the measured frequency shifts of the scattered light, the vibrational frequencies
wy of the molecules can be determined and, with the aid of knowledge of material-
characteristic shifts, allow conclusions to be drawn about the sample under investiga-
tion. [11]

Especially for the production of crystalline silicon thin films, the proportion of crys-
talline to amorphous silicon can be determined via the crystallinity factor X¢. This can
be determined from the recorded Raman spectrum of the samples under investigation
from the ratio of the areas under the peaks belonging to the respective crystalline and
amorphous phases of the silicon. For the deconvolution of crystalline silicon thin films,
a peak at 420 - 440 cm™!, 480cm ™!, 504 - 511 cm™! and 514 - 518 cm ™! is assigned
respectively to the longitudinal optical (LO), transverse optical (TO) phonon modes of
the amorphous phase and the optical vibrational modes of defective and pure Si phase.

The crystallinity factor X¢ can thus be calculated from

.= 2l (44)

>Yle+nyIa
where > I. represents the integrated intensities of the peaks emanating from the crys-
talline phase (i.e. 504 - 511 cm™! and 514 - 518 cm™!), I, represent the integrated
intensities peaks emanating from the amorphous phases (i.e. 420 - 440 cm™!' and
480cm™1 ). n was chosen to be 0.8. [47] In figure [18| the deconvolution is shown on an

example of a ca. 20 nm nc-Si:H film.
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Figure 18: Example plot for deconvolution of Raman spectrum for determination of silicon
crystallinity [47].

The measured data is shown as a solid black line. Underneath the contributions of the

amorphous and crystalline phases are shown.

For the deconvolution, the three measured Raman spectra are averaged and baseline
corrected manually. Gaussian curves are fitted to this curve using a multiple peak fit.
The curves are fitted by

A ) (1_520)2

Y=Y+ —F7—=6€xp

wy/ /2 (45)

to the data (here x,y) and give the results for the offset yp, the area A, the width w,

and the center of the peaks x¢ including errors. The overall fit is a cumulative fit.

All samples in this work are measured with a laser of 488 nm using a Senterra System
(by Bruker Corporation, USA) and the deconvolution is performed with OriginLab [48].

3.2.5 Profilometer

The thickness of the single layers are measured with a profilometer. Before deposition,
the glass substrates are marked with a pen marker. After deposition the pen color is
removed with isopropanol to expose the layer edge. A diamond pin can then measure
the thickness via moving orthogonal to the layer edge. The pin uses a certain force to
press on the surface and can therefore recognize height variations of 0.1 nm. Profilom-
etry measurements are performed with the DektakXT stylus profilometer (by Bruker
Corporation, USA).
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3.2.6 Linear Sweep Voltammetry

For the electrochemical characterization of the PECs, linear sweep voltammetry (LSV)
is performed. Figure[l9shows the schematic setup of an LSV measurement on a PEC. A
voltage is applied and subsequently increased between the Si wafer bottom cell (working
electrode) and the platin wire inside the electrolyte (counter electrode). The resulting

current is measured.

Reference
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Figure 19: Experimental setup for linear sweep voltammetry as schematic representation,
modified according to [§]. The working electrode is connected to the back contact and the
counter electrode to the platin wire. The reference electrode protrudes into the electrolyte from

above.

The voltage is given as potential with respect to a reference electrode, which also
protrudes into the electrolyte. It is applied between the reference and the working
electrode and causes a potential between the working and the counter electrode. After
light absorption and successful charge carrier separation, electrons would then flow from
the working to the counter electrode into the electrolyte where the HER and OER take

place.

In figure an example plot of the linear sweep voltammetry measurement result of
a BiVO, can be seen. Besides the dark measurement curve, the light measurement is
differentiated between an illumination from the back and from the front side. In this

work, only front-side illumination is considered.
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Figure 20: Example of a linear scan voltammetry result for an n-type BiVO, photoanode,
taken from [13]. The current density over the applied potential vs. reversible hydrogen electrode
(RHE) for the illuminated sample from the back and front side as well as for the measurement

in the dark is shown.

The reason for making both light and dark measurements is to understand the share
of the current density coming from absorption and conversion of sunlight, which is
called photocurrent density. In consequence, the higher the absorption of a material,
the higher should be the difference between dark and light current density. The LSV
curve under illumination is characteristic for a PEC. At first, there is hardly any cur-
rent density, since there is hardly any driving force to successfully separate the charge
carriers and mainly recombination of the charge carriers separated by photoabsorption
for a short time takes place. If the applied voltage is sufficient, the current density
starts to increase. This point is called onset potential and from then on the transfer
of charge carriers through the cell increases. [49] If a cell shows a photocurrent at 0
V vs. RHE that suggests that it is suitable for unassisted overall water splitting. [50]
However, the dark current density is also important: it can be used to draw conclusions
about the stability or possible corrosion of the coatings. If no current can be detected
during the dark measurement, this indicates that the coatings are corroded. If a cur-
rent is detectable, characteristically very small like in figure 20} the materials are stable

throughout that voltage range. [13]

All LSV measurements in this work were performed using a VersaSTAT 4 potentiostat
(by Ametek scientific instruments, USA) and under a halogen lamp of 560 Wm™2 for
illumination measurements. During measurement, the voltage is varied between —0.5 —
1.7 V vs. Ag/AgCl at a scan rate of 10 mTV A 3.5 M potassium cloride KCl Ag/AgCl
reference electrode and a 0.5 M potassium hydroxide KOH electrolyte is used. For
every PEC, three light measurements are followd by three dark measurements. Latter

are performed by covering the entire apparatus with a box dyed black from the inside.
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For the measurement setup, a 3D printing is used to place the electrolyte on the pho-
toanode and the reference electrode into the electrolyte. Different sizes are used for
this. Figure [21] shows both the entire setups and the 3D prints used.

Figure 21: Experimental setup design for linear scan voltammetry a) as whole setup with
potentiometer connections and the reference electrode. The used 3D-prints to enable the semi-
conductor/electrolyte interface for a complete PEC show b) the setup for big samples and c)

for smaller samples.

The 3D-prints are placed on the samples so that the photoanode faces upwards. The
electrolyte is then poured in. By connecting the outer circle with the inner circle
via holes, the electrolyte is distributed over both circles. Through the hole facing
downwards, the electrolyte in the inner circle is in contact with the photoanode. This
thus also determines the active area of the photoanode during a light measurement. The
platinum wire is dipped into the electrolyte in the outer circuit. One end protrudes
from the electrolyte to connect the potentiometer. The two setups differ mainly the
inner holes, by which the smaller setup results in an active area of A,.; =11.95cm? and

the larger one in A, =46.00 cm?.
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4 Interlayer Material Selection

For a successful integration of the photoanode on the silicon wafer, a well-founded
material selection for the interlayer is indispensable. This chapter describes the process
of material selection by first outlining the requirements placed on the interlayer. Then,
various possible materials are presented and the subsequent choice of the material used
for this work is justified. Different layer configurations are presented, and their band
diagrams are simulated with the help of the Automat FOR Simulation of HETero
structures (AFORS-HET) [51].

4.1 Requirements for the Interlayer

To set the requirements for the interlayer, it is first necessary to investigate the proper-
ties of the two semiconductor materials (Si wafer and TiOy photoanode). This allows
an analysis of the band alignment without interlayer by means of a simulation of a

band diagram.

The properties of the semiconductor materials as used for the simulation can be found
in table [2l The value for the band gap of the Si wafer is taken from literature [30] and
the one for the TiOx Photoanode is measured by Dennis Berends (DBS). The remaining

data were recorded using Hall effect measurements.

Table 2: Properties of the materials Si wafer and TiOx photoanode used for the band diagram
simulation in this work. The negative sign for the bulk electron concentration comes from the

negative charge of electrons.

Parameter Si wafer TiO4 Photoanode
Band gap [eV] 1.1 [30] 2.75 [DBS]
Bulk electron concentration [cm™3] | (—1.52 4 0.42) - 10%° —3.20-10%
Bulk electron mobility [$2 (9.1 % 1.6) - 102 2.8-107*

Figure 22| shows the band diagram simulated with AFORS-HET for the case of direct

contact of Si wafer and photoanode without an interlayer.
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Figure 22: Band diagram of the two semiconductors in direct contact without an interlayer,
simulated with AFORS-HET [51]. The VBM (Ey) is shown in dark green, the CBM (E¢) in
blue and the Fermi level (Eg,) in light green.

In the band diagram, it can be distinguished between the smaller bandgap of silicon on
the left and the larger bandgap of TiOx on the right. Since both are n-type semicon-
ductors, the Fermi level of both materials is closer to the respective CBM than to the
VBM. However, as identified by the Hall measurements, the carrier concentration of
the TiOx with —3.20 x 10%% cm ™2 is much higher compared to the one of the Si wafer
with —1.52 x 10" cm ™3 and the distance between Fermi level and CBM is smaller for
the photoanode than for the Si wafer, as can be seen from the simulation. The Fermi
level of the TiOy is even within the conduction band in this case. This leads to the
fact that in case of a direct contact, the CBM of the photoanode aligns by approx.
0.4eV below the CBM of the Si wafer. Due to the larger band gap, the VBM of the

photoanode is lower by a difference of ca. 2.6 eV below that of the Si wafer.

For the application with TiOx as a photoanode in a PEC, this setup would cause free
electrons to migrate from the Si to the TiOx layer and the holes to migrate in the
opposite direction when photoabsorption generates free charge carriers within the two
materials. From section it appears due to redox reaction potential matching, that
the holes are required for the OER at the TiOx-electrolyte interface and the electrons
must be tapped via the contact at the silicon wafer to contribute to the HER at the
platin wire. This would therefore require a flow of electrons from the photoanode into

the Si wafer. This is made more difficult by the arrangement without an intermediate
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layer due to the band position just described and the resulting high recombination.

To avoid this high recombination, a TRJ can ensure correct current flow. A high
p-doping layer has a Fermi-level close to its VBM. Therefore, the use of a p-doping
interlayer can provide an energy level close to the CBM of the TiOy layer. This enables
the flow of free electrons in the conduction band from the TiOy layer towards the Si
layer. In the following, possible p-type materials are presented, that have already been
used in TRJ.

4.2 P-type TRJ Materials

Wang, Yajie et al. (2018) [52] presented a tunnel recombination junction in a perovskite-
CIGS tandem solar cell using aluminium doped zinc oxide (AZO) and nickel oxide
(NiOy). Figure shows the schematic band edges of each layer in the tandem solar
cell, indicating the electron movement from the CIGSe layer on the left to the electron
contact on the right by the arrows. In addition, the hole movement from the perovskite
layer on the right to the hole contact on the left is drawn by arrows, too. The recombi-
nation from free charge carriers takes place at the interface between the AZO and the

NiOy layer, where the respective band edges approach.
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Figure 23: Schematic representation of a TRJ by the location of the energy band edges of
each layer in a perovskite CIGS tandem solar cell, taken from [52].

Due to the Fermi level being close to the CBM for AZO (here -4.6 eV) and close to the
VBM for NiOy (here -5.2 €V), a tunnel recombination junction occurs when the two
layers contact each other.

The same authors report alternatives to NiOx. One example of this is MoO3. Its VBM
in their example would beat about -5.3 eV, so even 0.1eV higher than for NiOyx and
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therefore show a higher doping concentration. [52]

Another tunnel junction in a perovskite-Si tandem solar cell was realized by Mailoa et
al. in 2015 [2I]. They created a silicon tunnel junction between an n-type silicon wafer
and a TiO4 layer integrated in a perovskite-silicon tandem solar cell, which can be seen
in Figure 24 The TRJ consists of one highly n-doped amorphous Silicon layer and a
ptT-type emitter on top of the Si wafer. The nT"-doped layer allows the CBM to be
lowered enough for electron tunneling into the VBM of the p*+-doped layer.

Tio, n7Si p™Si n-Si

“"---.___*"

Figure 24: Schematic representation of the TRJ between TiOs and an n-type Si layer realized
by a nt* /pt* TRJ, taken from [21].

The TRJ consists of a p-type crystalline emitter on top of the Si wafer and a 30 nm
thick n™" doped a-Si layer. To reduce possible dopant interdiffusion, a 2-3 nm thick
intrinsic a-Si layer was inserted in between. The layers were annealed at 680 °C under
Ny atmosphere. The entire TRJ thus allowed electron transfer from TiO2 to Si and
vice versa for the holes. The charge carrier concentrations inside the a-Si layers were
measured to be 1019- 102° cm 3.

4.3 Chosen Material and Sample Setup

Due to the variable doping possibilities and the expertise available in the laboratory,

it was decided to use doped crystalline silicon.

Since the Fermi level of the TiOy lies within the conduction band, the highly n-doped
layer from the TRJ as in Mailoa et al. [21] is omitted in this case. Thus, a TRJ is to be
realized by adding a single p-doped crystalline silicone layer between the Si wafer and
the TiOy photoanode. The TRJ is then formed between the p-doped crystalline silicon
layer with a Fermi-level close to the VBM and the TiOy photoanode with a Fermi-level
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inside the conduction band.

The influence of inserting such a layer on the energy band diagram was studied in
AFORS-HET and can be seen in ﬁgure Shown are the band diagrams of Si wafer/c-
Si(p)/TiOx in equilibrium. Four different parameter configurations for the film thick-
ness t and the doping concentration N, for the p-doped Si film are listed. Shown are
the CBM (blue), the VBM (dark green), and the Fermi level of the holes (light green).

As the band diagrams are shown for the equilibrium, Fr , = Ef .
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Figure 25: Band diagrams of c¢-Si(p) as interlayer between the Si wafer and TiOy in different
parameter configurations, simulated with AFORS-HET [51]. The VBM (Ey) is shown in dark
green, the CBM (E¢) in blue and the Fermi level (Eg,) in light green.

First, it can be seen for all cases that the addition of the p-doped interlayer results in
band bending due to the depletion of majority charge carriers (electrons) in the Si wafer
at the interface edge. Therefore, the VBM of the Si wafer is lifted toward the CBM
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of the TiOy layer in the interface region and creates a TRJ. This allows free electrons
inside the conduction band of TiOy to recombine with free holes from the valence band
of the Si wafer. For use within a tandem PEC with TiOy as the photoanode, the holes
for the OER are required at the surface of the TiOy. A flow of electrons from the
conduction band from the Si wafer towards TiOy as in figure in a configuration
without TRJ is thus counteracted.

The figure shows the cases for a ¢-Si(p) film thickness of ¢ = 30 nm the ascending doping
concentrations from a) 1.5 x 10 em™3 over b) 1.5 x 10®¥ cm™3 to ¢) 1.5 x 10?Y cm 3.
Additionally, for the doping concentration of 1.5 x 10'® ecm™3, a distinction is made
between the film thicknesses b) 30nm and d) 90nm. If the doping concentration in-
creases while the film thickness remains constant (a-c), it can be seen that the energetic
distance between the VBM of the Si wafer and the CBM of the TiOy decreases. This
is due to the Fermi level in the c-Si(p) layer moving towards the VBM with increasing
doping concentration. For the doping concentrations greater or equal 1.5 x 108 cm ™3,
the VBM of the Si wafer even exceeds the CBM of the TiOy. For a larger film thickness
of 90 nm (d), it can be seen that there is a region with constant band edge positions due
to the thicker layer. Here, the position of the Fermi level very close to the VBM can
be clearly recognised for the c-Si(p) layer. In further characterization of the layers, the
results of the dark conductivity measurements will deliver the activation energy E, of
the layers (Hall measurement, which would deliver the doping concentration, will not
be conducted as the layers will be too thin). The aimed activation energy for the c-Si(p)
layer should be maximum F, ~ 0.1eV as indicated by the small distance between the

Fermi-level and the VBM in figure

However, in order to keep the absorption of the c¢-Si(p) layer as low as possible while
enabling tunneling at the junction at the same time, { = 30nm was found to be a

promising thickness and is set as the target layer thickness.

After the identification of a material for the realization of a TRJ within the tandem
PEC, a proof-of-concept experiment will be performed to find out whether the addition

of the TRJ can improve the cell performance in the laboratory.
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5 Stack Preparation

In this work, tandem PECs are produced and characterised. The focus is on an interme-
diate layer between the two absorber layers. In this chapter, the layer stack used with
all layers will be presented first, followed by the presentation of the part of the stack
that remains unchanged throughout the experiments. For this purpose, the results of

the characterizations are presented.

5.1 Sample Stack

A tandem PEC consists of several individual layers. Figure shows the layer stack

that was chosen within this work.

Photoanode TiOx ~ 250 nm Reactive Magnetron Sputtering
TRJ nc-Si(p) ~30 nm PECVD
Si wafer Si wafer ~ 300 um
Electron selective layer nc-Si(n) ~30nm PECVD
Electron contact Al ~300nm  EB-PVD

Figure 26: Layer stack as used in this work including approximate layer thicknesses and the
corresponding deposition method. The ratios of the layer thickness representation in the center

of the figure are for visualization purposes only and do not correspond to the actual ratios.

The substrate material is a purchased n-type crystalline Si wafer, on which nc-Si(n) is
first deposited on one side as electron transport layer. This side of the wafer is now
referred to as back side. Then c-Si(p) is deposited on the front side. The aluminum
back contact is then deposited on the back side. Finally, TiOy is sputtered onto the
c-Si(p) layer.

Since the focus of this work is on the tunnel recombination junction between the c-Si(p)
layer and the photoanode, the wafer backside with the ¢-Si(n) and the Aluminium layer

is always coated in the same way and there is no variation of the deposition parameters.

5.2 Wafer Backside

The wafer backside consists of a c¢-Si(n) layer and an Aluminium layer. Since the
manufacturing process of aluminium as electron contact is already established in the
laboratory conditions, the characterisation is omitted. Therefore, only the results of

the ¢-Si(n) layer characterization are shown.
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5.2 Wafer Backside 5 STACK PREPARATION

5.2.1 Raman Deconvolution

In figure an example deconvolution of the Raman spectrum of a c¢-Si(n) layer is

shown.

T ¥ T % T % T ki . T L T % T
—— nc-Si(n)
LO phonon mode
TO phonon mode
—— Defective crystalline phase
—— Crystalline phase
|— Cumulative Fit

Intensity [a.u.]

T T T — T T T = P
250 300 350 400 450 500 550
Wavenumber [cm™]

Figure 27: Exemplary Raman signal deconvolution of nc-Si(n) layers. The measured data is
given in black. The deconvolution is shown as a cumulative fit (red curve) of the longitudinal
optical phonon mode (orange), transversal optical mode (yellow), defective crystalline phase
(green) and the crystalline phase (blue) together with the corresponding peak fit centers.

Looking initially only at the measured Raman data, two peaks can be identified, one as a
peak tip adjacent to a broader peak. The deconvolution shows that the peak at approx.
520 cm~! comes from the crystalline phase (blue curve) and also from the defective
crystalline phase (green curve). The broad peak is composed of the proportions of the
amorphous phases (orange, yellow curve). For all deposited c-Si(n) layers a crystallinity
factor of X¢ = 0.38£0.05 is obtained out of the Raman deconvolution accrording to
The peaks of the crystalline phase and a crystallinity factor of 0.38, which is also found
in the literature for nc-Si(n) layers in that range [47, 53], [54], confirm that the c-Si(n)
layers used in this work are grown as nanocrystalline silicon and they are now referred

to as nc-Si(n) layers.

5.2.2 Layer Thickness

The nec-Si(n) layers used in this work have a thickness of 29+ 6 nm. The relatively large
standard deviation could have their origin in the process of removing the pen color
by the mechanical application of the isopropanol. This mechanical stress, especially
around the layer edge, could lead to mechanical removal of the coatings, which varies

for different areas. Nevertheless, it can be said that the target thickness of approx.
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5.2 Wafer Backside 5 STACK PREPARATION

30 nm was achieved and will also be used in the following for further evaluations.

5.2.3 Tauc Optical Band Gap

Before the results of the individual layers can be evaluated, it must be ensured that
the determination of the band gaps from the UV-Vis spectra is carried out below the
band gap of the glass substrate. Therefore, figure 28] shows the taucplot for the glass
substrate including the determined band gap. Figure

——— Substrate with E;=(3.720+0.002) eV
=+ Linear Fit
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Figure 28: Tauc plot for the glass substrate. The determined band gap is E, =(3.720 +
0.002) eV.

It can be seen that the substrate absorbs electromagnetic waves with an energy greater
than (3.7204+0.002) eV in the energy spectrum.. Thus, it is assumed that the subsequent
measurements in this range could be affected by the absorption of the glass. Therefore,

the fits for the calculation of the taucplot are only applied for energies E < 3.720eV.

Figure shows the exemplary results of the UV-Vis spectroscopy for the nc-Si(n)
layers. The figure shows the absorption coefficients over the wavelength calculated
according to equation [36] and the resulting tauc plots according to equation [37] for the
determination of the optical band gap. The indicated errors of the band gap result

from the errors of the linear fits.
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Figure 29: Exemplary results of the evaluation of the UV-Vis spectroscopy for the nc-Si(n)
single layers on glass substrate. The absorption coefficient (a) and the tauc plot (b) are shown.

The course of the absorption coefficient shows that the coatings absorb little or nothing
in the visible and NIR range. Only in the range of wavelengths smaller than approx.
450 nm the absorption increases approximately exponentially. This results in a linear
edge in the taucplot, leading to tauc optical band gaps of all the used nc-Si(n) lay-
ers within this work of (2.03 £ 0.05) eV. These results are comparable to values on
nanocrystalline doped silicon layers from the literature [47, 53], which also exhibit tauc

optical band gaps around 2eV.

5.2.4 Dark Conductivity

Figure [30] shows the Arrhenius plot extracted from the dark conductivity measurement

of an example nc-Si(p) singe layer.
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Figure 30: Exemplary Arrhenius plot for an nc-Si(n) layer.
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For the exemplary result shown, an activation energy of E, = 0.403eV can be deter-
mined through dark conductivity measurement. This confirms the presence of doping
as the middle of the band gap of Eg = 2.03eV would result in an activation energy
of approximate 1eV. On average, the activation energy for the nc-Si(n) layers of all
samples is F, = (0.38 £0.19) eV. This is a relatively large error. However, all samples
are clearly n-doped and since there is no correlation of the activation energy of the

nc-Si(n) layers with the results later on, this is negligible.
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6 Proof-Of-Concept

6.1 Aim of the Experiment

The primary goal of this experiment is to verify whether the cell structure elaborated
in the previous chapter is suitable for application as a PEC. The structure concept is
to add a p-doped crystalline silicon layer between the Si wafer and the photoanode
forming a tunnel recombination junction with the TiOy photoanode. In this context, it
is particularly relevant if the cell performance can be improved by adding the interlayer
compared to a cell structure without interlayer. For this work a commercially purchased
n-type crystalline Si wafer is used. As the wafer is stored in air, this can lead to the
formation of native SiO9 on the surface. Therefore, an additional question was if a
pretreatment of the wafer prior to the interlayer-deposition (to remove native SiO,
layers) is necessary to produce functional cells at all. The treatment methods used are

H, passivation and etching with NFj.

6.2 Experimental Setup

To investigate the previously stated goals of the experiments, six different sample stacks
are examined within this experiment, which can be seen in figure [31] along with their
sample names. The naming pattern is made according to the following scheme: First,
the presence of the interlayer (il) is indicated by a 1, its absence by a 0. In addition,
a distinction is made between wafer treatments (tr), whether no treatment (no), Hy-
passivation (pa) or NFs-etching (et) was carried out. Thus, the sample name tr-1_tr-pa
indicates that the sample has an interlayer and the wafer has been passivated directly

before the deposition of the interlayer.

interlayer/ without treatment with etching with passivation
treatment
with IL TiOx TiOx
TiOx cSilp) csifp)
cSi{p) etching passivation
Si wafer Si wafer Si wafer
cSi(n) €5i(n) cSiln)
Al Al Al
i-1_tr-no i-1_tr-et il-1_tr-pa
without IL Tiox Tiox
TiOx etching passivation
Sl wafer Si wafer Si wafer
€Sifn) €5i(n) eSifn)
Al Al Al
iIH0_tr-no i-0_tr-et il-0_tr-pa

Figure 31: Schematic representation of the sample setup for the first experiment.

For the PECs with p-doped nc-Si, a distinction is made with respect to the wafer

49



6.3 Results and Discussion 6 PROOF-OF-CONCEPT

treatment between the samples without treatment, with etching and with passivation.

The same pattern results again for the samples without interlayer.

The process parameters for the interlayer deposition can be found in table

Table 3: Parameters for the PECVD process during nc-Si(p) deposition

Parameter | nc-Si(p)-deposition
tProcess [s] 80
Fgin, [sccm] 0.7
?Z?:j [] 0.14
Fu, [scem] 1000

6.3 Results and Discussion

The following section contains the results and discussion of the characterizations of the
individually deposited layers that make up the PEC samples. Since the wafer is com-
mercially available, the backside with the nc-Si(n) layer has already been investigated in
chapter and the parameters for the TiOy photoanode have been taken from Berends
et al. [7], the single layer characterisation will focus on the interlayer. In addition, the
characterisation of the total PEC is carried out. Within the single layer characteri-
zation methods, Raman measurements and profilometry results are first evaluated to
control the material composition and the layer thickness respectively. Then, mainly
for the determination of the optical band gap, the UV-Vis spectrometry data are ana-
lyzed. Then the dark conductivity results are used to determine the activation energy.
Once the optoelectronic properties of the individual layers are known, the results of
the electrochemical characterization of the PECs investigated in this experiment are

discussed.

6.3.1 Raman Deconvolution

In figure [32| the results of the deconvolution of the Raman spectra for the ¢-Si(p) single

layers on glass substrate can be seen.

50



6.3 Results and Discussion 6 PROOF-OF-CONCEPT

500 4 " r
s ) =
3 ¢ =(438£8) cm e
e ¢ =(480+2) cm™ 400 TO phonon mode
2 Defective crystalline phase
—_ = 1 —
S 3004 S GRS R) cd L S ——— Crystalline phase
& ¢ = (517.86+0.06) cm @, 300 Guruative B
= . Cumulative Fit 2
w < ol
g § 200-
£ £
1001 100
i 0
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Wavenumber [cm™"] Wavenumber [cm™']
(a) (b)
7004 —jl-1_tr-et nc-Si(p)

LO phonon mode

600 - TO phonon mode

5004 Defective crystalline phase

E - Crystalline phase
— ] Cumulative Fit
> 400
£ 300-
£

200+

100

0 23 S Y

T T T T T T T
250 300 350 400 450 500 550
Wavenumber [cm™"]

(c)

Figure 32: Raman signal deconvolution of nc-Si(p) layers for the samples without wafer
treatment (a), with passivation (b) and etching (c). The measured data is given in black.
The deconvolution is shown as a cumulative fit (red curve) of the longitudinal optical phonon
mode (orange), transversal optical mode (yellow), defective crystalline phase (green) and the

crystalline phase (blue) together with the corresponding peak fit centers.

Looking initially only at the measured Raman data, a peak of the crystalline phase
between 513 and 517 cm ™! can be seen for the single layers of il-1_tr-no and il-1_tr-pa.
It is characterized by a sharp peak with adjacent broad shoulder of the peaks of the
amorphous phase. For the single layer of il-1_tr-et, the amorphous and crystalline phase
peaks are initially indistinguishable in the measured data. Looking at the deconvoluted
peaks, however, it becomes clear for all samples that they consist partly of an amor-
phous phase (orange and yellow curve) and partly of a crystalline phase (green and

blue curve).

The results of the determination of the crystallinity factors can be found in table
The error information is based on an error propagation calculation of the error of the

area information of the individual fits given by the fit with OriginLab.
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Table 4: Crystallinity factors of the nc-Si(p) layers.

PEC sample name p-doped

il-1_tr-no 0.48 £0.07
il-1_tr-pa 0.4+0.1
il-1_tr-et 0.30 +0.04

The values for the crystallinity factors are between 0.30 and 0.48. Similar values for

doped nc-Si layers can also be found in literature [47, 53, [54].

It is striking that the shoulders, caused by the peaks of amorphous origin, become larger
from the samples without wafer treatment via passivation to etching. It therefore stands
to reason that there could have been an influence of the wafer treatment on the growth
of the layers. However, the differences could also be due to the order of the depositions
in the chamber. A more detailed investigation could be recommended here for further

experiments, especially if there are different results in further measurements.

According to Veprek et al. (1987), with decreasing crystallite size from approx. 10 nm
to 3nm, the peak at 520cm ™' characteristic of crystalline silicon shifts to lower fre-
quencies up to ca. 512cm~! [43]. These data show with decreasing peak from ca.
518 cm~! toward 513 cm ™! also decreasing crystallity factors. This decrease in crystal-
lity factors could therefore be related to decreasing crystal sizes. However, the results
allow the conclusion that the deposited nc-Si(p) layers are nanocrystalline silicon (nc-
Si). Therefore, the interlayer will be referred to as nc-Si(p) in the further course of this

work.

Figure shows exemplary the measured Raman spectrum of the TiOy layer on the

witness glass from the TiOy deposition for sample il-0_tr-e.
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Figure 33: Raman spectrum of the TiOy layer of the sample il-0_tr-e. Reference Raman peak

positions for anatase and rutile TiO, are shown and taken from [55]

No clearly sharp peak can be identified. Rather, a broader peak around approx.

250cm ™! can be seen, which has a broad shoulder in the region around 500cm™!.

This agrees well with the descriptions of Berends et al. [7]. It can therefore be assumed
that the photoanode material deposited in this experiment is the TiOy described by

Berends et al.

6.3.2 Layer Thickness

Table shows the measured thicknesses of the nc-Si(p) single layers on a glass substrate.

Table 5: Measured thicknesses of the nc-Si(p) layers

PEC sample name | Thickness [nm]

il-1_tr-no 27+ 4
il-1_tr-pa 30+3
il-1_tr-et 31+4

The layer thicknesses with the standard deviation correspond to the expected target
layer thickness of approx. 30 nm, which is also used as layer thickness in the following

calculations.

6.3.3 Tauc Optical Band Gap

The individual layers of the PECs (p- and n-doped nc-Si layers as well as TiOy lay-
ers) on glass substrate and a substrate glass were optically measured in the UV-Vis

Spectrometer.
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The results of the UV-Vis spectroscopy of the PECVD deposited doped nc-Si(p) can be
found in ﬁgure The figure shows in a) the absorption coefficients over the wavelength
calculated by equation and in b) the resulting tauc plots for the determination of
the optical band gap by equation The indicated errors result from the errors of the
applied linear fits.
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Figure 34: Absorption coefficients and tauc plots for all three nc-Si(p) layers of the experiment.

The fits in the tauc plot are shown as dotted lines.

Table [6] shows the determined band gap from the tauc optical band gap fits to the data

in the tauc plots.

Table 6: Tauc optical band gaps resulting from the linear fit to the tauc plots.

PEC sample name | Tauc optical band gap [eV]

il-1_tr-no 1.981 £ 0.005
il-1_tr-pa 1.978 4+ 0.003
il-1_tr-et 2.289 + 0.007

The absorption coefficient plot indicates that the nc-Si(p) single layers on glass sub-
strate absorb little or nothing, especially in the visible and NIR range. Only in the
range of wavelengths smaller than approx. 450nm the absorption increases sharply
linear. This results in an equally sharp and clear linear edge in the taucplot, leading
to tauc optical band gaps from (1.9814 0.005) eV for the nc-Si(p) layer without prior
wafer treatment up to (2.289+ 0.007) eV. These results are comparable to values from
the literature [47, 53], which also show tauc optical band gaps around 2 eV for nc-Si(p)

single layers.
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6.3.4 Dark Conductivity

As the layer thickness of the individual nc-Si(p) layers is too small to measure the
doping concentration directly via Hall measuremtn, the activation energy is determined
by measuring the dark conductivity according to subsection The results of the
dark conductivity measurements for the individual nec-Si(p) layers on witness glasses

can be seen in figure
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Figure 35: Arrhenius plots as the results of dark conductivity measurements for the nc-Si(p)
single layers. The different plots show the conductivity for the nc-Si(p) single layers of the
samples a) il-1_tr-no, b) il-1_tr-pa, and ¢) il-1_tr-et.

The linear fit yields very similar values for the activation energies for all three layers
between E, = 0.077eV for the layer with prior Hy passivation and E, = 0.08¢eV for
the layer without prior treatment. The activation energy for the layer with etching is
determined to E, = 0.079eV. This means that the distance of the Fermi level to the
VBM for the p-doped nc-Si layers is still below 0.1 eV, which is an elaborated value for
a suitable activation energy from the simulations with Aforshet (see section . The
requirement of high doping to realize a TRJ at the interface with the n-type photoanode
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thus seems to have been achieved.

6.3.5 Electrochemical Characterization

Electrochemical characterization is measured in the form of linear sweep voltammetry
measurements on the complete PECs. Each sample was measured three times in suc-
cession under irradiation and three times in the dark, resulting in a total of six result
curves. In addition to the general trend, the current density at 0V vs RHE and 1.23V
vs RHE (which is +0.205 V above the potential vs Ag/Ag/Cl) are compared.

Figure [36] shows the results of the three light and dark measurements for each of the
six samples. No dark measurement is available for the il-0_tr-no sample because the

sample is broken after the light measurements.
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Figure 36: Linear sweep voltammogramms for all samples of the experiment.

Looking first at the general curves, it can be said that the trend of the current den-
sities of all samples for all measurements roughly corresponds to the expected course
of the current-voltage curve of a PEC. After there is only a very low current density
between -0.5 and 0 V, it starts to increase slightly between 0 and 0.5 V until it shows an
almost constant clearly higher slope from about 0.5 to approximately 1.3 V. At approx-
imately 1.3 V, this slope increases again and continues until the end of the measurement
at 1.7V. In addition, a clear difference between illumination and darkness can be seen
for all five samples with dark measurements present, demonstrating an increased cur-

rent density due to photoabsorption. According to Bisquert et al. [I3], the materials in
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this experiment appear to be stable in the voltage range considered and not corroded,

since a current density greater than 0V is present for the dark measurements.

Furthermore, it is noticeable that with increasing number of measurements a decrease

of the current is noticeable. This phenomenon is discussed in more detailin chapter

For a direct comparison between the samples, figure shows the LSV curves of the
results of the light measurements of all samples, separated by the measurement num-
ber. Figure shows the first, figure [40D] the second and figure the third light

measurements.
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Figure 37: Linear sweep voltammetry plots of the Proof-of-Concept experiment for all samples,
plotted for all light measurements seperated according to the measurement number. The first

measurements are shown in a), second measurements in b) and the third measurements in c).

The individual values of current density at 0V and 1.23V vs RHE and the maximum
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values at 1.905V vs RHE are given in table [7]

Table 7: Current densities at 0V and 1.23V vs RHE and the maximum current densities at
1.7V vs Ag/AgClL

PEC sample name | J(0 V vs RHE) | J(1.23 V vs RHE) J max
[mA cm™!] [mA cm™!] [mA cm™!]
il-1_tr-no 0.052 0.538 0.904
il-1_tr-p 0.029 0.424 0.773
il-1_tr-e 0.067 0.412 0.716
il-0_tr-no 0.03 0.267 0.398
il-0_tr-p 0.02 0.238 0.348
il-0_tr-e 0.082 0.363 0.587

Looking more closely at the results for the first measurements in figure and in
table [7] it is noticeable that there are differences between the individual samples. At
0V vs RHE the PECs for the first measurements reach current densities in the range
of approx. 0.02 to 0.08 mAcm ™2, which approaches the 0.085 mAcm™2 reported by
Segev et al. It is noticeable that there seems to be a sorting according to the wafer
treatment method. The samples with H, passivation have the lowest currents with
0.02mAcm™2 and 0.029mAcm™2 for the sample without and with interlayer respec-
tively. With a current of 0.03mAcm™2 and 0.052mAcm ™2, the two samples without
wafer treatment again follow in the order without and with interlayer. The largest cur-
rent at 0V vs RHE, 0.067 mAcm ™2 and 0.082 mAcm ™2, is exhibited by the two samples
where the wafer was previously etched. Here, however, the sample without interlayer
exhibits the higher current. The wafer treatment (etching/passivation) takes place on
the Si wafer before the nc-Si(p) layer is deposited and is therefore outside the TRJ. It
can therefore be assumed that the influence of the wafer treatment is so small that it
only becomes apparent at lower applied voltages. With increasing applied voltages, the
external field leads to increasing band bending in the whole cell structure due to an
increasing electrostatic potential gradient. In figure [40c| it can be seen that the band
bending within the Si wafer is not abrupt, but has a relatively low curvature and thus
protrudes relatively deep into the wafer. If smaller barriers are encountered here due
to native SiO,, it could be that these can be overcome more easily with larger electrical
potential gradients. This could result in the influence of the wafer treatment becoming
less apparent at higher applied voltages. Thus, wafer treatment appears to have an

effect on cell performance for unassisted water splitting, with NFs-etching appearing
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to improve performance and H,-passivation appearing to worsen performance relative

to untreated wafers.

In the figure, the identifiable differences between the samples are mainly visible in the
range > 1 V vs Ag/AgCl. The three samples with nc-Si(p) interlayers (dark blue,
blue and turquoise) with similar values and similar slope are particularly striking.

Their maximum current densities at 1.7 eV are 0.716 mAcm ™2, 0.773 mAcm 2

, and
0.904mAcm 2 for the samples with etching, passivation, and no wafer treatment, re-
spectively. They mainly stand out from the current densities of the samples without 1L
and without treatment and with H, passivation with 0.398 mAcm ™2 and 0.348 mAcm ™2,
respectively (yellow and orange). The sample without IL where the wafer was etched
before interlayer deposition has a slope somewhere in between and a maximum current
density of 0.587 mAcm~2. Comparing the same wafer treatment to each other, one can
see for each of the three pairs that the sample with interlayer has a significantly higher
current with a factor of up to 2.3 for the two samples without wafer treatment. Thus,
insertion of the interlayer results in an increase in current for each wafer treatment

method. It can be surmised here that the TRJ has a positive effect on the performance
of the PEC.

Recalling the question of whether prior wafer treatment is necessary for the feasibility of
PEC sample fabrication, we obtain comparable results for the samples with interlayer
for all treatment methods. For unassisted water splitting, NF5 etching of the wafer
seems to be able to increase the current density. For higher applied potentials, however,
even the sample without treatment shows the highest current. For the samples without
interlayer it looks a bit different: The sample with etching treatment has the highest
current both for 0V vs RHE and for the maximum applied voltage. However, it is
interesting to look at light measurements two and three. In general, it can be said that
there was a decrease in current for all samples when repeating the measurement (see
chapter [§| for more details). If we look at the maximum currents again, a clear grouping
can be seen: As for the first measurements, the three samples with interlayer achieve
the largest currents, keeping the order. For the samples without interlayer, the sample

that was etched now also has the lowest current.

For the question of the necessity of wafer treatment for the feasibility of PEC sam-
ple fabrication, it can be concluded that for further experiments the pretreatment of
the wafer is not absolutely needed. It cannot be ruled out that there are parameter
configurations, e.g., by optimizing the etching process, in which better results may be
obtained with pretreatment. This can be assumed by the larger currents for unassisted
water splitting from the etched wafers. However, this is beyond the scope of this work,

but is to be investigated for further optimization.
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7 Comparison with a TiO2 Photoanode

This chapter describes the experiment comparing the newly developed TiO, photoanode

with the conventional TiO5 photoanode when integrated into a tandem PEC.

7.1 Aim of the Experiment

As Berends et al. [7] showed, the TiOx photoanode they developed exhibits increased
absorption compared to conventional TiO,. However, since this only refers to the
individual layers, this experiment will verify to what extent the TiOy photoanode in the
tandem PEC structure used in the proof-of-concept also differs from the conventional
TiO, photoanode in the overall cell structure. At the same time, we want to understand
whether the resulting current density for the tandem PECs is not caused by the Si wafer
alone, but is the result of the successful integration of the photoanode into a tandem

cell.

7.2 Experimental Setup

The sample stack of this experiment can be seen with all samples used in figure For
the first comparison, approximate 250 nm thick TiO, and TiO4 layers were each inserted
into the tandem PEC. A PEC with a an approximate 30 nm thick protective layer of
TiO4 was fabricated to analyze the influence of the silicon wafer. The aim of the TiO4
layer is to avoid photocorrosion reactions in ageous solution under ilumination [27]. In
order to distinguish the samples, those with the significantly thicker layers are called
absorber layer (AL) and those with the thin layer protection layer (PL). For all samples,
the same interlayer of nc-Si(p) as used in the proof-of-concept was added between the
wafer and photoanode material. All layers are fabricated as in the proof-of-concept

experiment. As a result of the proof-of-concept analysis the wafer was not treated.

TiQ, TiO,
absorber layer (AL) absorber layer (AL) protection layer (PL)
TiO, — 250 nm TiO, - 250 nm 710, —30m
ne-Si(p) nc-Si(p) ne-Sifp)
Si wafer Si wafer Si wafer
ne-Si(n) ne-Si(n) ne-Sifn)
Al Al Al

Figure 38: Schematic representation of the sample setup. The material TiO is shown in gray,

and TiO, in yellow.

For this experiment, the Si wafers are broken down to an area of approximately 6 x 6 cm?

and the smaller 3D print is used for the LSV structure, resulting in an active area of
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11.95 cm.

7.3 Results and Discussion

Since only other materials or layer thicknesses of the photoanodes are varied in this
experiment, the focus of the single layer characterization is on the photoanode layers.

The other layers have been characterized in previous chapters.

7.3.1 Raman Spectroscopy

In figure the results of Raman measurements of the TiOy and TiO, layers on glass
substrate are shown. The Raman shift characteristics of anatase and rutile phase are

plotted for reference.

0.8

0.6+

0.4
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MNormalized intensity [a.u.]
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Figure 39: Raman signal of the photoanode layers used in this experiment. The Raman shift

characteristics of anatase and rutile phase are plotted for reference.

For the layer of sample TiO,_AL, a clear distinct peaks can be seen at the Raman shifts
characteristic of anatase. The layer of sample TiO,_AL again shows the broad peak

1

around 250 cm ™! with a very broad shoulder around 250 cm ™!, as also noted by Berends

et al. For the thin film of the TiOy_PL sample, the signal is less clear. A peak is seen
at 143 cm™!, which is considered characteristic of anatase. The peak at 570cm™! is
not related to neither anatase nor rutile phase. Since the cause of Raman shifts lies
in the atomic bonds, even small changes in the bonds can lead to altered peaks. It is

therefore possible that impurities could have occurred in the very thin layer.

7.3.2 Layer Thickness

Table 8| shows the results of the profilometry measurements for the TiOy and TiO4

layers.
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Table 8: Measured thicknesses of the TiO and TiO, layers

PEC sample name | Thickness [nm)]

TiO, AL 291 + 8
TiO, AL 270 + 10
TiO,_PL 3244

Slightly larger film thicknesses than the target film thicknesses were measured in each
case. However, the TiOx_AL and TiO,_AL layers at (291 4+8) nm and (270+10) nm are
comparable with the targeted thickness of 250 nm. The TiO, layer used as a protective
layer is (32 £+ 4) nm, which is on the order of the target thickness of 30 nm.

7.3.3 Electrochemical Characterization

In figure [40| LSV measurements under illumination and in the dark are shown as linear

sweep voltammogram for each sample individually.
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Figure 40: Linear sweep voltammogramms for every sample. Shown are three measurements

each, which were performed under irradiation and in the dark.

It can be seen that the materials of the samples are not corroded as they all exhibit
dark currents. As expected, the TiOyx sample shows a similar curve to the sample
with the same parameters from the proof-of-concept experiment. Only the absolute
values of the current density are significantly lower. The maximum current measured
at 1.7V vs RHE is here 0.389 mAcm 2. For this experiment, the smaller setup was
used. Since the resistance of the electrolyte increases with greater distance [56], it is
suspected that the longer distance between the platinum wire and photoelectrode in
the smaller setup results in the lower current. However, since a uniform sample setup
was used for all samples within one experiment, the results within one experiment are

comparable to each other.

For a direct comparison of the samples with each other, the LSV curves of the mea-
surements under irradiation for the three samples are shown in figure separated by

their measurement number.
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Figure 41: Linear sweep voltammograms for the three samples in this experiment showing
the first (a), second (b) and third (¢) LSV measurements under irradiation.

If the first measurements are compared with each other, clear differences in the curve
become apparent. The curve shapes of the samples TiO,_AL and TiO,_AL are similar
up to approx. 1.0V. However, for voltages > 1.0V the slope for the sample with
TiO4 starts to saturate while the curve for the TiO, tandem PEC keeps increasing.
The current density for the curve of TiOy at 1.7V is then 0.271 mAcm ™2 compared
to the 0.389 mAcm ™2 for the sample with the TiOx photoanode. It stands to reason
that this increase in current density is due in part to the increased absorption of the
TiOx. In addition, the substoichiometric TiOx may have created oxygen vacancies

where increased OER can take place.
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The sample with a thin TiO, layer of approx. 30 nm, on the other hand, already shows
a significantly lower current density from approx. 0.5V than both other samples. The
slope also starts to decrease and at the end at 1.7V a current density of 0.138 mAcm 2
can be seen. It can be assumed that photoabsorption occurs mainly in the Si wafer
due to the very thin TiO layer. As a result, the theoretical minimum voltage of 1.23 V
required for water splitting (losses not yet included) would be expected to be reached
much later and thus the onset potential would be higher than for the tandem cells.
However, this cannot be observed for the first measurement. Nevertheless, it can be
seen that the current density increases only more slowly. This slower increase leads
to a significantly lower current density even for an applied potential of 1.7V for the
sample with 30nm TiO,, which could be due to the lower reactivity toward Og in
comparison to TiO,. Figure shows the second LSV measurement under irradiation
of each sample. A similar behavior as for the first measurement can be observed for
the TiOy AL sample. The TiOyx photoanode on the TiO,_AL sample seems to lead
to a reduced the current density for the second measurement compared to the TiO,
photoanode. The reduced current density can be clearly seen in the region starting at
an applied voltage of 0.5 V. This also decreases the difference in current densities at
1.7V: The sample with TiOy has a decreased current density of 0.337 mAcm ™2 and
the sample with TiOy with 0.271 mAcm ™2 has not experienced a decrease in current
density compared to the first measurement. For the LSV curve of the sample TiO4_PL,
the onset potential increased by approx. 0.6V. Why this increased onset potential
compared to the tandem cells is only observed for the second light measurement cannot
be clearly explained. A possible explanation could be that the thin TiO, layer lead to
reactions with a native SiO, layer formed on the surface of the wafer which was not

removed by the non-treatment.

The third measurements in each case can be seen in figure For these, the trend of
decrease in current density for the sample with TiOy continues. This could also be seen
in the proof-of-concept and is therefore consistent with the results. The LSV curves of

the TiO9_AL and TiO4_PL samples appear to show an unchanged current density.
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8 Device Degradation

8.1 Aim of the Experiment

In the course of the electrochemical characterisation of the previous experiments, a
change in the current density was observed with repetitions of the measurement. There-
fore, this experiment will show why the first three measurements were considered in

the evaluation.

8.2 Experimental Setup

For the investigation, 20 LSV measurements under irradiation are performed one after
the other with a time interval of one minute between each measurement. The measure-
ments are numbered in ascending order from 1. To avoid heat exchange, the door of

the climate chamber remains closed for the duration of the entire experiment.

8.3 Results and Discussion

Figure 42 shows the time-dependent behavior of a PEC (same layer stack as il-1_tr-no)
for a linear scan voltammetry. Since there is not much change in the trend between

measurement 10 and 20, only the first 10 measurements are shown here.
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Figure 42: Linear sweep voltammogramms of one PEC device for 10 consecutive light mea-
surements. a) shows all 10 LSV curves in one plot, whereas the first three measurements are

shown in b) separated from the following measurements 4-10 in c).

Figure[d2a]shows the first 10 measurements all in one plot. It can be seen that the curves
partially overlap. Therefore, the curves are grouped into two subplots: Figure [42D)]
contains the measurements with a decreasing trend (measurement 1-3). It can be seen,
especially in the range of ca. 0.3 — 0.5 V, there is a significant decrease in the current
density from the first to the third measurement. At the same time, the characteristic of
the current curve also changes, since the onset of the increase of the current is shifted
towards higher potentials. It should be noted that the difference in current density

from measurement 1 to 2 is significantly greater than the difference from measurement

68



8.3 Results and Discussion 8 DEVICE DEGRADATION

2 to 3. A possible explanation for this decrease in current density could be that the
oxygen vacancies initially present become more and more saturated in the course of a

measurement, so that fewer oxygen vacancies are present for the next measurement.

From measurement 3 onwards, the current density starts to increase, what can be seen
in figure It seems that the currents increase more and more and also the onset
potential shifts to lower potentials. Thus, an increasingly lower applied potential is
sufficient to lead to an increase in current density. Additionally, a saddle point seems

to form.

From approximately 10 min after the measurement start there was a continuous, ap-
proximately linear increase in temperature inside the climatic chamber from 25 C to
around 35 C toward the end (measurement 20). It stands to reason, especially from the
correlation of the increase in the conductivity of semiconductor materials with increas-
ing temperature, that the increase in current density from measurement 3 onward is
due to the temperature increase of the climatic chamber and the associated heating of

the experimental setup (especially electrolyte and sample).

Due to the trend reversal from measurement 3 onwards, it is assumed that the oxygen
vacancies are comparatively saturated from then onwards, so that there is no longer
any significant decrease and the influence of the temperature predominates. It is also
possible that the chamber or the electrolyte with the semiconductor have heated up

after 10 minutes so that this has an influence on the conductivity.

This is the reason why three light measurements are always carried out in succession in
this work. For the subsequent dark measurements, the irradiation of the experimental
setup is prevented by putting an opaque box over it, which is why the effects of the
previous temperature increase should also be small here. Due to the observed influence
of the temperature after 10 minutes, the measurement was always started immediately
after insertion of the setup into the climate chamber. Nevertheless, variations in the
start time cannot be excluded and are attributed to the external error. This is the
reason why all three light and dark measurements are shown in each case so that

trends can be seen.
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9 Summary and Conclusion

The aim of this thesis was to identify a suitable interlayer material for the integration
of the newly developed TiOyx Photoanode onto a silicon wafer. The selected material
should then be used to verify whether functional tandem PECs can be produced in the

present laboratory conditions.

To achieve this, first analysis of the band diagrams for the existing silicon wafer in
direct contact with the TiOx photoanode were performed. It was found that a c-doped
material could allow tunneling of electrons from the photoanode into the Si wafer. This
results in a tunnel recombination junction between the Photoanode and the p-doped
material. As a possible candidate, p-doped nc-Si was identified due to tunable doping

possibility and existing expertise in the laboratory.

In a subsequent proof-of-concept experiment, it was possible to demonstrate that nc-
Si(p) is suitable as an interlayer material and can significantly increase the current
density during an LSV measurement compared to samples without an interlayer. It
was shown that the current density is the result of a successful integration of the single
materials into a functional tandem PEC. Moreover, it could be confirmed that the
off-stochiometric TiOy layer enables higher current densites compared to conventional
TiO4 layer when integrated into a tandem PEC device. However, a significantly larger
decrease in current density was observed for the PECs with a TiOx photoanode during
the first three measurements compared to TiO, as photoanode material. It is assumed
that these are saturations of oxygen vacancies at the surface of TiOy, reducing the
reactive sites for the OER at the TiOy surface. For an application as a photoanode in
a tandem PEC, this performance decrease should be investigated in more detail and

avoided if possible.

Thus, from these results, it can be concluded that nc-Si(p) is suitable as a material
for the interlayer and functioning tandem PECs can be fabricated with the laboratory
conditions. Further optimization of the tandem PEC stack seems reasonable at this
point. A next possible step for following work would be to experimentally verify which
layer thickness and which doping concentration of the nc-Si(p) layer optimizes the
cell performance. In addition, a hole-blocking layer between photoanode and nc-Si(p)
could be added, offering a lower level of VBM than that of the photoanode to reduce
recombination at the TRJ. Furthermore, more detailed investigation of the influence of

wafer etching could be undertaken to improve the ability for unassisted water splitting.
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