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“God made solids, but surfaces
are the work of the devil”

Wolfgang Ernst Pauli (*1900 — 71958)
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Abstract

Photoelectrochemical multi-junction devices for direct solar energy conversion have been highly improved
during the last decade with solar to hydrogen efficiencies reaching almost up to 20 %.

However, these efficiencies are still below their expected physical limits, which requires a deeper un-
derstanding of band energy diagrams along the functional device interfaces in the vicinity of a liquid
electrolyte in order to identify potential and charge transfer losses, that will limit the conversion efficiency
of the overall device.

For this purpose, model surfaces of classical elemental (Si) and binary (InP) semiconductors were
prepared and characterized by photoemission spectroscopy with respect to their electronic structure
and electronic surface state formation. The interaction of these surfaces with water was investigated
by modeling the electrochemical interface in ultra-high vacuum using a “frozen electrolyte” approach.
Depending on surface termination and surface state concentration, the surfaces showed a shift in Fermi
level towards the vacuum level, indicating an electron injection upon water adsorption by the interaction
with unsaturated dangling surface bonds.

The contact formation of the photoabsorber to the noble-metal catalyst results in an electron depletion
layer acting as a barrier for the charge transfer and therefore preventing considerable conversion efficien-
cies.

Using TiO, as buffer layer in between the photoabsorber and catalyst seemed to prevent the strong
depletion of the photoabsorber. However, this effect strongly depends on the TiO film properties, which
results from the preparation process. This has to be optimized in order to guarantee a loss-free charge
transfer from the photoabsorber to the catalyst.

The deduced energy band diagrams from modeled interface experiments help to understand the elec-
trochemical performance when using the layer arrangement in a device-like setup. However, when
method-related microstructural effects like lateral inhomogenities or mechanical and structural stability
come into play, the performance prediction solely derived from the energy band diagrams of model
interfaces seem to fail and cannot fully describe the energetic device complexity at operation conditions.
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Zusammenfassung

Photoelektrochemische Mulitabsorber-Schichtverbindungen zur direkten Energieumwandlung der Sonnen-
energie wurden im letzten Jahrzehnt erheblich verbessert, wobei Solar-zu-Wasserstoff-Wandlungseffizienzen
von beinahe 20 % erreicht wurden. Dennoch liegen diese Effizienzen immer noch weit unter ihrem zu

erwartendem physikalischen Potential. Daher ist ein tieferes Verstindnis der Bandenergiediagramme

entlang der funktionalen Grenzflachen gerade im Kontakt zum fliissigen Elektrolyten erforderlich, um

Potential- und Ladungsiibertragungsverluste zu identifizieren, die die Umwandlungseffizienz der gesamten

photoelektrochemischen Zelle begrenzen.

Zu diesem Zweck wurden Modelloberflachen aus klassischen elementaren (Si) und bindren (InP)
Halbleitern prépariert und hinsichtlich ihrer elektronischen Struktur sowie der Bildung elektronischer
Oberflachenzustinde mittels Photoelektronenspektroskopie charakterisiert. Die Wechselwirkung dieser
Oberflachen mit Wasser wurde durch die Modellierung der elektrochemischen Grenzflachen im Ultra-
hochvakuum mithilfe eines gefrorenen Elektrolyt-Ansatzes bei Tieftemperaturadsorptionsexperimenten
untersucht. Abhédngig von der Oberflachenterminierung und der Oberflachenzustandsdichte zeigten
die Oberfldachen eine Verschiebung des Fermi-Niveaus in Richtung des Vakuumniveaus, was auf eine
Elektroneninjektion im Kontakt mit den Wassermolekiilen durch die Wechselwirkung mit ungeséttigten
Oberflachenbindungen hinweist.

Die Kontaktbildung des Photoabsorbers zum Edelmetallkatalysator fiihrte zu einer Elektronenverarmungs-
schicht, die als Barriere fiir die Ladungsiibertragung wirkt und somit nennenswerte Umwandlungseffizien-
zen verhindert.

Die Verwendung von TiO, als Pufferschicht zwischen dem Photoabsorber und dem Katalysator schien
hingegen die starke Elektronenverarmung des Photoabsorbers teilweise zu verhindern. Dieser Effekt
héngt jedoch stark von den Eigenschaften der TiO2-Schicht ab, die sich aus dem verwendeten Herstel-
lungsprozess ergeben. Um eine verlustfreie Ladungsiibertragung vom Photoabsorber zum Katalysator zu
gewdahrleisten, miissen diese weiter optimiert werden.

Die abgeleiteten Energiebanddiagramme aus den modellierten Grenzflichenexperimenten helfen, die
elektrochemische Leistungsfahigkeit der Zelle unter Anwendung zu verstehen. Wenn jedoch praparations-
bedingte mikrostrukturelle Effekte wie laterale Inhomogenitidten oder die mechanische und strukturelle
Stabilitét beriicksichtigt werden, scheinen die abgeleiteten Energiebanddiagramme die elektrochemische
Leistungsfahigkeit nicht mehr genau vorhersagen zu kénnen. Dies ldsst vermuten, dass die energeti-
sche Komplexitiat des Multi-Schichtabsorbers unter Betriebsbedingungen nicht vollstindig mit den hier
prasentierten Modellexperimenten beschrieben werden kann.
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1 Introduction

The need for sustainable and clean energy sources has never been more urgent. According to the most
recent 2022 IPCC report,! technologically and ecologically it is still possible to limit global warming until
2100 to 1.5°C compared to the preindustrial age. However, this requires a prompt expansion in renewable
energy sources such as wind and solar energies.

a) /

b) electric power mix

Germany 2022
worldwide primary energy supply 571 billion kWh
in million tonnes oil equivalent biomass
8%
natural gas nuclear 5.0 % others

23.7% hydropower 2.7 % 5% _
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coal
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10.6 % /
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Figure 1.1: a) Worldwide primary energy consumption with contribution of different energy sources
in 1973 and 2020.2 b) Electric power mix for Germany in 2022 at a total electric consumption of
571 billion kWh.3

The worldwide energy demand doubled within the last 50 years, which was mostly satisfied by fossil
fuels (Figure 1.1a)), leading to an ongoing increase in annual CO»-emissions.! In 2020, around ~90 % of
worldwide energy consumption are still related to fossil fuels, therefore increasing the anthropogenic
carbon footprint.? The rising demand in energy will become even more critical in the future, at least
because of the continuous increase of human population. One strategy to mitigate climate change is the
transformation from burning fossils to the use of electric power from renewable energy sources. Another
aspect that forces mankind into this energy transformation is the depletion of exhaustible resources such
as gas and oil by the end of the century.*°
In Germany, around 44 % of the electric power was supplied by renewable sources in 2022 (Figure 1.1b)).3
From all the renewable energies listed in Figure 1.1b), solely solar energy has the potential to meet all
human energy needs.® To further increase its contribution, one main challenge is its storage when it is




abundant, so it can be released on demand when it is needed.

There are different storing technologies available depending on the timescale of storage and demand
when needed, i.e. supercapacitors, batteries, pumped-storage power plants etc.” A very promising
approach is to directly store the solar-converted energy in the form of chemical bonds by the synthesis of a
synthetic fuel like hydrogen or hydrocarbons with in a photoelectrochemical cell (PEC).® Inspired by the
photosynthesis process in plants, these PEC devices are also denoted as “artificial leafs”. The simplest fuel
is molecular hydrogen, which is the smallest molecule. It contains only two protons and two electrons
and thus reveals the highest gravimetric energy density (143 MJkg~!) of all fuels.® The production of
hydrogen by the photoelectrochemical water splitting process is an uphill reaction, which requires energy
in the form of (sun)light:

i 1
H,0 8% 11, 4 5O2 AG = +237kJ mol ! (1.1

In contrast to organic fuels formed by CO, reduction, the electrocatalytic hydrogen half cell reaction
only requires a two-electron transfer and resigns complex carbon capture technologies, which is thus less
challenging. Furthermore, the stored energy can be readily converted into electricity again using the
reverse reaction in fuel cells or by combustion without any CO, emission. %7

However, it should be noted that storing hydrogen is rather challenging and requires additional energy
when compressing or cooling in liquid cryo-storages. Technological solutions are provided either in the
form of high surface area physisorption or by forming chemical bonds in metal hydrides or organic fuels
as well-established with the Fischer-Tropsch technology.?

The promising PEC approach is based on the spatial separation of photoexcited electron-hole pairs
provided by a solid-state assembly based on semiconductor junctions.® The excited charge carriers are
then consumed at the electrodes to run the cathodic and anodic half cell reactions in order to produce the
“solar fuel”.

The water splitting reaction thermodynamically requires 1.23 V, which is close to the bandgap optimum of
single-bandgap absorbers revealing a maximum solar conversion efficiency of ~32 %.'° However, in order
to run the catalysis at both electrodes, additional overpotentials are needed, which requires a photocell
with a minimum photovoltage of >1.6 eV, at which it still provides reasonable photocurrents in the range
of 10 to 20 mA cm~2.11-13 It turned out that single absorber layers, i.e. metal oxide photoanodes, with
reasonable bandgaps Eg could not provide these ambitious requirements in order to achieve considerable
photo conversion efficiencies >10 %. 1415

Buried multi-junction device structures facilitate the use of the larger part of the solar spectrum, while
the photovoltages of the single absorber systems sum up providing solar conversion efficiencies of more
than 10 %. 1416

A schematic tandem absorber configuration is depicted in Figure 1.2. Two solid-state photoabsorber
absorb light from two different wavelength. The top absorber absorbs photons of higher energy F, ; while
the bottom absorber absorbs photons of lower energy Fg 1< Fg 1. The thermodynamic efficiency limit of
such a tandem device would be at about 42 %.'! However, charge transport restrictions will limit the
solar to hydrogen efficiency (STH) to about 25 to 30 %. %16 The number of photoabsorbers can even be
increased to triple or quadruple junctions which will further increase the photovoltage of the PEC device.
But, the photocurrents will be limited by the poorer transfer properties of the wide bandgap bottom
absorber. 18
Record efficiencies on different benchmark systems such as microcrystalline and amorphous Si triple-
junction arrangements (9.5%),!° a-Si tandem cells in combination with metal oxide photoanodes
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Figure 1.2: a) Tandem PEC structures, adapted from ' . In the left configuration both junctions are in
contact to the electrolyte, whereas in the right configuration a photocathodic junction is separated
from the metal anode. Both configurations are illuminated from the top. b) Bottom and top absorber
will absorb the marked irradiance of the Solar AM1.5 spectrum, respectively. Optimal bandgaps are
depicted according to Hu et al.®.

(4.9 %), and ternary III-V tandem arrangements (19.3 %) 2! have been achieved recently, but are still
below their physical limits.

High-performant solar cell systems based on Si or III-V elements are not stable in the presences of a
hazardous electrolyte. Furthermore, buried PEC devices need active co-catalysts for the efficient half-cell
reactions at the electrodes. Accordingly, an efficient PEC contains 3 functional device parts:

i) The buried multi-junction photoabsorber:
The solar cell system has to be designed in a way that the photovoltage at the maximum power
point is high enough to run the water splitting reaction at reasonable photocurrents.

ii) The electrochemical buffer layer:
The electrochemical buffer or window layer has to protect the buried photoabsorber from corrosion
in the liquid electrolyte. Furthermore, it should be transparent for a wide range of the solar spectrum,
while providing an efficient and fast transfer of excess charge carriers from the photoabsorber to
the catalyst.

iii) The co-catalyst:
The co-catalysts for both half cell reactions have to be stable under operating conditions and catalyze
the half cell reactions without considerable overpotentials.

The separated optimization of the single components will not be sufficient to optimize device efficiencies,
since the electronic coupling at the functional device interfaces will be of high relevance when trying
to impede charge transfer losses from one layer into the other.??23 Furthermore, the contact of the
photoabsorber to the liquid electrolyte will provide an additional contact formation, which leads to a
charge redistribution at the semiconductor/electrolyte interface.

It has been shown that these contacts do not simply follow ideal semiconductor contact behavior, as
classical models do not sufficiently consider the role of surface or interface states and reaction intermedi-
ates. '>23 The chemical arrangement as well as the final energy band diagrams at the functional device




interfaces in equilibrium as well as under operation have not been studied systematically yet, impeding
the comprehension of efficiency-limiting factors of the overall device.

The present thesis aims to address this gap in knowledge and gain insights in the electronic properties of
such buried interfaces through model experiments using surface science approaches.

Motivation of thesis

In detail, this thesis will address the comprehension of the band energy diagrams of photoelectrochemical
devices with respect to the potential distribution as well as the formation of electronic surface and interface
states mainly using photoemission spectroscopy. The origin of surface states on Si and InP model surfaces
and their physical properties are investigated with regards to different surface treatments. The role of
these surface defects has to be investigated with respect to surface stability and further defect evolution in
the vicinity of the electrolyte to identify i.e. corrosion-induced potential offsets, which limit the effective
photovoltage of the PEC device.

The main challenging aspect in this regard is to elucidate the electronic structure of these semiconduc-
tor/electrolyte interfaces by electron spectroscopies, since the very short electron inelastic mean free path
impede an analysis directly through the liquid electrolyte. In addition, the electron detection classically
requires ultra-high vacuum (UHV) conditions, at which the electrolyte typically evaporates. To overcome
this limitation, model experiments have to be carried out by gas-phase adsorption in UHV under ambient
but also cryogenic temperatures in order to investigate the water adsorption behavior with respect to
chemical composition, surface reconstruction and structural defects.

These surface science methods have been developed and deployed already since the 1980’s.242> These
studies, however mainly focus on surface reactions of adsorbates on ideal surfaces. Specifically, the role
of surface defects regarding surface reactivity and charge transfer mechanisms has not been studied
systematically from a PEC device related point of view.

Furthermore, the electronic coupling of the photoabsorbers to a chemical and electronic passivation layer
as well as to the co-catalyst have to be studied in more detail in special regards to chemical composition
changes at the interfaces and defect formation, which may additionally act as potential loss and/or
recombination center for photo-excited charge carriers.

The goal is to identify routes for optimizing the electronic coupling at the electrochemical hetero-
interfaces, which will later bring multi-junction PEC devices to their physical limits. The studies in
this thesis will not cover experiments on real microcrystalline or amorphous tandem devices, but cover
specifically designed model interfaces, which reduce the complexity of such a device to a minimum
through thin film approaches in UHV.

To adress these points, this thesis will begin with a brief introduction into the theoretical principles and
used analysis techniques. Afterwards, surface defects on Si and InP model systems are investigated and
characterized with respect to charge transfer and Fermi level pinning. In a next step, the reactivity of
surface defects in contact to molecular water is explored. Furthermore, the intrinsic properties of TiO,
are investigated using different deposition techniques and the contact formation to the photoabsorber
is examined. In the last chapter, the contact formation of photoactive model absorbers to functional
layers are studied, and the final device structures are tested and characterized with photoelectrochemical
measurements.




2 Theoretical background

This chapter will cover the most import aspects of solid state physics, the working principle of photoelec-
trochemical devices and the material properties considered in this thesis. Fundamental concepts of solid
state physics and semiconductor electrochemistry are based on the textbooks of Ménch 2°, Memming %7

and Van de Krol and Gritzel®. Electrochemical concepts are mainly based on the book of Hamann and
Vielstich 8.

2.1 Fundamental properties of semiconductors

The model experiments developed in the framework of this thesis are based on a solid state approach,
which requires the combination of different material classes. The photoabsorber, where light is converted
into electric power, is based on a semiconductor system. Stable passivation layers are systems of ionic
bonds which are typically characterizing insulators. The co-catalysts for the chemical reaction are mostly
based on noble metal systems. Accordingly, typical photoelectrochemical water splitting devices cover all
three material classes, whose fundamental electronic properties are presented here.

2.1.1 Solid state material classes: Metals / semiconductors / insulators

Different from isolated atoms or molecules, the valence electrons in solids will interact with the surrounding
atoms in all three d1mer151ons and the periodic potentials within the crystal lattice will give rise to an
energy dispersion F(k ) in dependence on the wave vector k in reciprocal space.?’ From the energy

a) metal f(E) b) semiconductor f(E) ¢) insulator f(E)

E =

1

Energy E(k)

Wave vector K DOS(E) Wave vector K DOS(E) Wave vector K DOS(E)

Figure 2.1: Schematic band structure diagrams for a) metals, b) semiconductors, and c) insulators. The
electronic DOS represents typical electronic state distribution of solid states considering different
states and directions.




dispersion, one can derive the density of states (DOS) representing the electronic states over the whole k&
space, while the electronic occupation of the states is derived from the Fermi-Dirac distribution

1
~ 1+ exp((E — Er)/ksT)’

f(E) (2.1)
with kg7 as the Boltzmann term and Fr as the Fermi energy, at which the occupation probability is 1/2.
In solid state physics, materials are categorized according to their electronic properties (Figure 2.1). In
metals, the Fermi energy Ef is located within an energy band and electrons energetically located around
Er behave almost like a free electron gas as there are enough states around Fr which could be temporarily
occupied by these free electrons and thus contribute to the good electric conductivity of this material
class. In semiconductors and insulators, Er is located within a forbidden band gap at which no electronic
states exist. The highest occupied band is the so-called valence band (VB), while the lowest unoccupied
band is the conduction band (CB). In the case of a semiconductor, the forbidden band gap E, is narrow
enough (Eg<3eV) that electrons e from the valence band maximum (VBM) can be excited by the thermal
energy kg1 to the conduction band minimum (CBM), leaving holes % in the VB. Due to the high DOS of
free electron states in the CBM and hole states in the VBM, both free charge carrier with concentrations n
and p are mobile with a certain mobility u.;, and contribute to a moderate electric conductivity ¢ with

0 = Nellel,e + Pellel h- (2.2)

For insulators, Fj is typically too large to excite intrinsic charge carriers thermally (£¢>3 ¢V). Furthermore,
the charge carriers are rather localized within the crystal structure leading to no electronic conductivity.
However, electronic charge carrier transport can still occur due to the existence of defect states within the

bandgap referred to as doping.
E
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2.1.2 Semiconductor doping I A Y
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The electronic properties of semiconductors can strongly vary with
temperature or by introducing dopants, which contribute additional conduction band
free charge carriers to the CB (electrons, n-dopants) or VB (holes, CBM | — |
p-dopants). As a consequence, Er will move with respect to the
valence and conduction band edges, and thus change the electronic )
occupation in CB and VB, respectively. Doping effects can arise from - T ________________________________ )
intentionally or unintentionally introduced ”defects” in the crystal F l
lattice such as impurity atoms on lattice or interstitial sites, vacancies,
or other point-defects. In Si, n-type doping can easily be achieved
by replacing a Si lattice site with a group V element such as P or
As. In the four-fold coordinated Si matrix, these atoms exhibit an
additional electron which can easily be delocalized, contributing to
the “free electrons” in the CB. By introducing group III elements,
p-type doping can be achieved similarly. Figure 2.2: Semiconductor band
In an energy band diagram as shown in Figure 2.2, the dopants will energy diagram. Doping raises /
introduce electronic states within the band gap, which are located lowers Ek.

slightly below the CBM for electron donors and above the VBM for

electron acceptors. The respective ionization energy of the dopants within the corresponding crystal
matrix E'p and E4, has to be in a range of kg7T'. Typical ionization energies in Si for donors are 45 meV (P)
and 54meV (As), while they are 45meV (B) and 72meV (Al) for acceptors.??

The surface potentials Ip and .. are independent of doping and describe the distance from the respective
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band edges to the vacuum level Ey,., at which an electron is considered to be free of bulk potential
interactions (Figure 2.2). The work function ® describes the difference of Ef to Ey,c and is consequently

a parameter which depends on doping.

2.1.3 Contact formation at semiconductor interfaces and potential distribution
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Figure 2.3: Band energy diagram of a
homo-junction before and after contact
formation with electric charge density
and electric field distribution according
to the depletion approximation.

When contacting two materials, the Fermi levels of both mate-
rials have to align in order to reach thermodynamic electronic
equilibrium. In a simple case, the same semiconducting mate-
rial but different doping will lead to a homo junction formation
with a charge transfer of electrons from the low work function
(WF) side with @, into the high WF side with ®,>®,, while
holes move vice versa. The diffusion of free charges leaves the
non-mobile dopant ions Ngo, T and N, ~ behind, inducing an
electric field Fq (z). Accordingly, the interface layer is called
space charge region (SCR). The electric field causes a drift
current, which is contrary to the diffusion current, resulting
in an equilibrium state. Figure 2.3 illustrates the schematic
band diagrams before and after contact formation.

Potential and charge distribution: Poisson equation

The potential and charge distribution &(7), p(7) at the space
coordinate 7 within the SCR are related by the Poisson equa-
tion 26

AB(F) = V2P(F) = —VEq (F) = —'05(57“), (2.3)
0
which is simplified in 1D to
PO dBy(z)  pla)
dz2 ~—  dxz eso (24)

with p(z) = qNgon ™. The amount of ionized donors Ny, ™
depends on the energetic difference of the donor level to the
Fermi level Ep — Er according to the Fermi-Dirac distribution
from Equation 2.1, for which the solution of Equation 2.4
becomes rather complex. The so-called depletion approxima-
tion has been used to simplify p(z) = ¢Ngon to a fixed value,
implying that all dopants are ionized Ny, = Ngon ™ and the
neutral regions are field free.3° As a result, the electric field
within the space charge region becomes linear with = and the
potential shows a parabolic behavior (see Figure 2.3):

@(x):// —@dwdaﬁ:—qz\[ﬂ-w2
SCR  €€0 2eeq

A drop of potential ¢pp in a semiconductor SCR is accordingly
denoted as band bending

(2.5)

(2.6)




with Wscr describing the width of the SCR.
By adapting p(x), Equation 2.4 can also be solved for insulators, where p(x)= 0 leads to linear potential
curves or metals where p(z) becomes a delta function with all charges constrained to the surface.

Current-voltage characteristics

Homo-junctions as shown above are the centerpieces of diode devices, which are known to show rectifying
resistance properties. Applying an external bias potential U to the junction will change the equilibrium
state of diffusion and drift currents. According to Equation 2.4, the external bias will induce an electric
field which is, depending on the sign of U, either amplifying or counteracting the inner field of the SCR.
Consequently, the effective barrier height ® for charge carriers to overcome the SCR changes with U and
the current j can be described with the ideal diode law according to Shockley>°

3U) = jo - (7B — 1), 27)

with j as reverse bias saturation current density. For U>0V, the external bias is counteracting the field
of the SCR and the current increases rapidly when qU>>®g. The current flows in forward direction. In
case of U<0V, the external bias even increases the effective barrier and the current is approximating jg.
The current flows in reverse direction.

2.1.4 Semiconductor surfaces

In principle, the considerations from Section 2.1.3 are also valid, if the Fermi level alignment results
from a charge transfer into another semiconductor (hetero-junction), a metal (Schottky contact) or an
adsorbate. However, a charge exchange can even result from surface or interface states trapping the
counter charges to the semiconductor surface. Surface states result from unsaturated bonds at the surface
and are typically located within the band gap as pointed out by Bardeen3!. In this case, since the surface
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Figure 2.4: a) Energy band diagram of semiconductor surface towards the surface with random DOS
distribution inside the band gap. b) Calculated surface band bending over SS density for two different
bulk doping concentrations and the assumption that Ngs is independent of energy E (calculated by A.
Klein for e= 10 and ¢gg max=0.5€V).




states can either act as donors or acceptors, the surface states are only partially occupied. In principle,
there exists a concept of “surface Fermi level”, at which the surface is free of any isolated charge, even the
surface itself cannot be separated from the bulk, as for example when contacting two bulk materials. This
“surface Fermi level” is therefore referred to as the charge neutrality level (CNL). From this level Ecyy, the
surface can exchange charges with the bulk semiconductor in order to align the electrochemical potential
of the surface with the bulk. In Figure 2.4 a), electrons from the n-doped semiconductor are getting
trapped by the energetically favored surface state and induce surface band bending ¢pp in the substrate.
In contrast to the classical Schottky model, the total amount of the surface states Ngg can vary and strongly
depends on surface orientation and surface preparation.

In Figure 2.4b), the surface band bending over the total amount of surface states (SS) is depicted using the
depletion approximation (compare Equation 2.6). It assumes that the maximum band bending ¢pg max at
which Er and E¢cy, coincide, is 0.5 eV and Ngg is independent on the energy E. Even though Nss(E) always
shows a certain defect distribution with E, it is exemplary shown that the band bending due to SS, for which
its CNL is located 0.5 eV below the bulk Fermi level Ef, strongly depends on the bulk doping concentration
Ngon as well as on the surface state density Nss. For a defect concentration of Ngs=10'? cm~2, a band
bending of 0.4 eV would be observed on an n-doped wafer with Ng,,=10'®> cm~3, while on a higher doped
wafer with Ngon=10'" cm ™3, only ¢pp=0.1eV could be observed. For Ngs>10"% cm~2, Fr is approaching
the CNL independently of bulk doping, which is referred to Fermi level pinning or Bardeen limit, since
neither doping nor an external contact potential is able to shift Fr from the CNL.3!

The presented model can be also applied to interface states, i.e. metal induced gap states (MIGS), as
proposed by Cowley and Sze 32.

2.1.5 Optical properties of semiconductor junctions

When illuminating a semiconductor with a
bandgap Eg, electrons can be excited from the VB
into the CB if the energy of the incident photon dark

n-doped p-doped ’ A]'(U) = jo (eqU/kBT _ 1) — jm
hv exceeds the bandgap E,. The transition can ei- Evac / — illuminated
ther occur at the same momentum vector k£ (direct

transition) or by changing k due to photon-phonon CB,%

interaction (indirect transition), which is less prob- /

able. Indirect semiconductors such as Si therefore

typically reveal a lower absorption coefficient « VEM
than direct semiconductors such as InP.
For hv>FEg, photoelectrons are typically excited — Euvac drift
deep into the CB but relax quickly to the CBM due hy @4«—
to the high DOS in the CB, converting the excess CBM —/>/ ) .
energy into heat. As the illumination deviates from EF“ Frp A\, o
thermodynamic electronic equilibrium, two differ- —/&r—
ent quasi-Fermi levels can be defined, where Fk VBM —
describes the electrochemical potential of the holes drift ()I y
sC

and Er j that of the electrons as proposed by Wiir-

fel>>. Without an external field, the excess charge Figure 2.5: Current voltage curve of a photodiode

carrier can move freely in the crystal until they  nder dark and illuminated condition.
recombine after a certain lifetime 7. The recombi-

nation rate strongly depends on the purity of the crystal lattice, since the dominant recombination will
occur over mid-gap states in the band gap as described by Shockley and Read 3*. Accordingly, 7 can be




heavily reduced by surface or interface induced gap-states.

When exciting an electron-hole pair in the SCR of a semiconductor junction, the excess charge carrier will
be separated by the impact of the present electric field and carrier distribution inside the SCR. By the
choice of appropriate contacts, the excess charge carriers can be extracted, leading to a photocurrent jpy,.
The photocurrent will consequently flow in reverse direction of the diode and shift the current voltage
curve (Equation 2.7) to negative values (Figure 2.5). The intercepts with the coordinate axis’ give on the
one hand the maximum photovoltage Vo (open circuit voltage), and on the other hand the maximum
potocurrent Isc (short circuit current), which can be achieved with the photodiode, even though at these
conditions, no solar power Pp, = Upy, X jpp, can be supplied. The maximum conversion efficiency is reached
when the solar cell is operated at the maximum power point Pypp, Where Ppy, reaches its maximum.

2.2 Working principle of photoelectrochemical cells

The working principle of photoelectrochemical cells (PECs) is based on the combination of the photovoltaic
effect, where the energy of light (solar power) is converted into electric power as described above, and
electrolysis, which finally uses the electric power to run an endothermic reaction to split molecules, i.e.
H,O0.

2.2.1 Fundamentals of electrolysis

Electrochemical reactions describe the relation between chemical redox reactions and electricity. In these
reactions, electrons are transferred from an oxidized species Ox to a reduced species Red.

ducti
Ox +ne” ———= Red (2.8)
oxidation
Ox and Red are labeled as the so-called redox couple (Red/Ox) with a standard redox potential of 1.0, .
liredoz 1S @ measure of how much Reaction 2.8 prefers to run in the one or the other direction and it is
related to the thermal energy kg7 and the activity a of Ox and Red by the Nernst equation:2®
]CBT a(OX)
Hredon = Hredor & 710 e

In most cases, it is sufficient to use the concentration ¢ instead of the activity.

Every reduction/oxidation reaction requires the counter reaction in order to release or consume the
required electrons. The counter reaction can occur at another redox couple as exemplary depicted for the
acidic water splitting reaction:

(2.9)

reduction: 2H;, +2e” — Ha1t 1910»=0.000V vs. RHE (2.10)
oxidation: 2H;0 — Op1 +4H] +4e” 10 gon=—1.229V vs. RHE (2.11)

The reduction process is the hydrogen evolution reaction (HER) with Mge dox (H*/H3)=0.0V vs. RHE
giving the ultimate reference named as reversible hydrogen electrode (RHE), while the oxidation is the
oxygen evolution reaction (OER) with M?e do H20/02)=-1.229V vs. RHE.

The Gibbs free energy AG is then derived with the Faraday constant F' and the number of transferred
electrons n as

AG = —nFAlyredos- (2.12)

Since fi,eq0. Of both HER and OER depends equally on the proton activity a(H:q) and temperature T,
Afiredos is a constant for the water splitting reaction, requiring AG= +237kJ mol~1.°
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2.2.2 Butler-Volmer equation and charge transfer kinetics

In order to describe the kinetics for a one-electron transfer reaction, the “activated complex” is frequently
used as model description.?® According to this model, there is an activation barrier AG* due to the
formation of the “activated complex” which needs to be overcome to run the reaction (Equation 2.8)
in either forward or backward direction which is described by a Boltzmann term j o exp( _I%TG "), In
equilibrium, the oxidation and reduction currents j* and j~ extinguish each other. Applying an external
potential 7, the so-called overpotential, will affect the effective barrier height AG* of the activated complex
by anFn with « as charge transfer coefficient, a symmetry factor of the barrier ranging from 0 to 1.

F 1—a)nF
im) =3i"+i" =jo <exp (O;?Tn) — exp (—(RO})nn» (2.13)

The sum of anodic and cathodic current then leads

to the famous Butler-Volmer equation in 2.13, with

jo as exchange current density.?® The Butler-Volmer

equation is displayed in Figure 2.6. At sufficiently

high overpotentials, the backwards reaction can be

neglected and 2.13 can be simplified to a single

exponential term.

However, the Butler-Volmer equation is only valid ~ j+ _ ; xp (2L )
to describe a one-electron transfer and does not

consider tunneling through the barrier AG* or in- >
termediate states induced by adsorbates. Apart n

J A

from the activation overpotential described here, T = o exp (7 (1—I§T>nF,,/)
also additional charge transfer limitations need to

be considered for real systems. This could include AG

diffusion limitations, other reaction overpotentials AG* < anFn

or ohmic losses.27-28

2.2.3 The
semiconductor / electrolyte interface

»
>

Figure 2.6: Butler-Volmer equation with anodic j+
Band bending as a result from contact formation  and cathodic j~ currents for a = 0.5. Scheme
as explained in Section 2.1.3, does not strictly re-  of AG* represents the activation barrier of the ac-
quire a solid state contact, but can also form at the tivated complex.

semiconductor electrolyte interface.® The driving

force for the charge transfer at these electrochemi-

cal interfaces is the alignment of the electrochemical potential of the semiconductor Er and the redox
potential of the reactive redox couple in the electrolyte fi,cq0z.2/ As a consequence, most of the contact
potential will drop in the semiconductor’s SCR. The counter charges of the SCR are provided by the
accumulation of oppositely charged ions in the solution leading to the so-called Helmholtz double layer at
which additional potential can drop at a width of 2 to 5A.6

Ideally, the semiconductor electrolyte contact can be described by the Schottky model derived for semi-
conductor/metal contacts. However, the state distribution within the electrolyte is rather different from
those of metals, where a quasi-continuous DOS of occupied electronic states is expected, that is occupied
up to the Fermi level FFg.

In the 1950’s Marcus 3> developed a detailed theory of electron transfer in polarized media such as elec-
trolytes, which Gerischer3® applied to the semiconductor electrolyte contact. He postulated a Gaussian
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distribution for the reduced species in the solution, while the oxidized species is shifted towards the
vacuum level.3” The reason for the splitting of both levels is the reorganization of surrounding molecules
in dependence of the redox couple charge. Accordingly, the energy levels E,, and E,.4 are separated from
Lredox DY the reorganization energy. In Figure 2.7a), the band alignment of a semiconductor electrolyte
interface are depicted after contact formation. The distribution of E,.; and E,, has to be considered as
probability distribution rather than an electronic DOS. This means that only one level exists at a time
for each ion and an optical transition is not possible.® For the electronic DOS of the electrolyte, the
concentrations of oxidized c,, and reduced c,.4 species have to be considered as well.?”

At this point, it should be noted that the charge exchange can either result from VB or CB edges or even
directly from SS, depending on its concentration. Additionally, for multi-electron transfer reactions and
for the often occuring cases that surface chemical bond formation and related electron states are involved,
the Marcus-Gerischer concept is not valid any longer. In these cases buried PEC interface considerations
must be developed, which requires detailed knowledge on the interfacial DOS.
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Figure 2.7: a) Energy band diagram of a semiconductor electrolyte interface with a reversible one-electron
transfer redox couple after the alignment of Er and ji,..q0.- b) Current-voltage curve of a photocathode
for HER under dark and illuminated conditions. Illumination leads to a convolution photodiodic behavior
and charge transfer kinetics. lllumination induces a photovoltage, shifting the onset of the HER versus
the RHE into anodic direction.

In Figure 2.7b), the schematic current-voltage characteristics of a photocathode for photoelectrochemi-
cal HER are shown. The SCR within the semiconductor in contact to the electrolyte leads to a separation
of excess charge carriers during illumination (for hv>FEj). In case of a depleted p-type photocathode,
illumination will accumulate photoelectrons at the electrochemical interface, promoting the cathodic
HER. As a result, the photovoltage V¢ shifts the reaction onset into the anodic region. The inverse
considerations can be made for depleted photoanodes, where the accumulation of holes shifts the onset
of the oxidation reaction into cathodic potentials.

If Vo is large enough (>1.6 V), the complete water splitting reaction, i.e. HER at the photocathode
and OER at the counter electrode, can run by the solar power without additional bias. However, the
photocurrents are limited due to the charge transfer properties of the photodiode.

For these considerations, it does not matter if the photovoltage results from an illuminated SCR directly
induced by the contact to the liquid electrolyte as utilized in photocatalysis, or if the photovoltage results
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from a buried junction PEC device as considered in this thesis.
However, even for buried junctions, the interaction of the photodiode with the electrolyte can still induce
band bending by charge transfers and therefore affect the PEC device properties.

2.3 Investigated materials

Buried PEC devices require a complex combination of different material classes. In this section, the
electronic properties of the different materials relevant for this thesis are presented.

2.3.1 Photoabsorber: Si and InP

Silicon (Si) is an important elemental indirect semiconductor with a large variety in modern electronic
applications such as transistors, integrated circuits, light emitting diode (LED) and solar cells. Especially
as photoabsorber, Si attracted a lot of attention due to its bandgap of 1.12eV 22 located close to the
middle of the efficiency maximum for solar cell applications and its advantage in terms of abundance and
nontoxicity over many other photoabsorbers.

Indium phosphide (InP) belongs to the group of III-V compound semiconductor and has a direct bandgap
of 1.34eV,3® which is in the optimum of the Shockley-Queisser efficiency limit.'° Despite the fact that
ITI-V semiconductors tend to show better photovoltaic performances, binary and ternary compound
semiconductors are much more critical in terms of abundance and costs than Si, reducing their application
potential in wide-spread applications.3°

Electronic structures

In silicon, the outer 3s and 3p orbitals combine to form hybrid sp3 orbitals, splitting in the 3D crystal
into bonding and antibonding combinations that form VB and CB, respectively. InP is of more polar
character, since the five-valent P atoms bond to the trivalent In. Accordingly, the bonding and antibonding
combinations from the outer P 3s & 3p and In 5s & 5p states form VB and CB.

Si
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E ) /{"_/ > transition T indirect
25 1.34eV 1.12eV transition
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Figure 2.8: Band structure and optical transition scheme of InP (left) and Si crystals (right), adapted
from 40 . InP reveals a direct band transition after optical excitation, while an indirect transition in Si
requires an electron-phonon interaction.
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The resulting electronic band structure calculations are shown in Figure 2.8. A direct inter band
transition is observed in InP, while the indirect transition in Si requires an electron-phonon interaction,
leading to lower absorption coefficients in comparison to InP. On the other hand, indirect semiconductors
typically reveal longer charge carrier life times.*!

Crystal structure and surfaces

In its pure form, Si reveals a diamond like crystal structure with a lattice constant a of 5.431 A, while InP
crystallizes in the similar face-centered cubic “zinc blende” structure with a=5.869 A as many other III-V
compounds (Figure 2.9). Furthermore, the relevant surface planes are depicted, at which single crystals

(100) (110) (111)

Figure 2.9: Surface planes of Si (diamond structure). For InP, grey and yellow atoms represent In and P
atoms, respectively (“zinc blende” structure). Non-saturated bonds at specific surfaces are highlighted
in red.

are cleaved. At the surface, the regularly fourfold coordinated atoms become unsaturated due to the
lack of bonding partners. The non-saturated bonds at the respective surface of both semiconductors are
highlighted in red. The (100) surface reveals 2 so-called dangling bonds per surface atom, while the (110)
and (111) surface, only reveal one dangling bond per surface atom. The surface atom density slightly
varies for each surface, but is in the range of 1 x 10~'° cm~2. In order to saturate the dangling bonds,

(1 x 1) unreconstr. p(2 x 1) sym. p(2 x2) c(4 x 2)
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Figure 2.10: Surface superlattice of (100) surface reconstructions according to Zandvliet *2. The different
colors represent atoms of different level.

the surface atoms will relax and form surface reconstructions.“? In Figure 2.10, the relevant surface
reconstructions for the Si (100) surfaces are shown. The unsaturated surface atoms form dimers leading
to a symmetric p(2 x 1) structure. Chadi proposed that the out of plane buckling of the surface dimers
forms higher order reconstructions and opens a gap between occupied and unoccupied surface states
lowering the total energy of the dimer. The buckling can either appear in-phase or out-of-phase when
neighboring dimer rows buckle in equal p(2 x 2) or opposite c(4 x 2) directions (Figure 2.10).43

In principle, these structures are also valid for InP. However, the two different atomic species lead to even
more complex superstructures with either In or P terminated surfaces.
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Stability in aqueous solutions

Neither Si nor InP show relevant Pourbaix stabilities in aqueous solutions under realistic working conditions
above —1.0V vs. RHE. *»% However, in acidic solutions (pH < 7), Si forms stable oxide passivation layers
such as SiO,, H,Si0O3, H4SiO4 for potentials above —0.8 V vs. RHE.

For InP, there exists no stable phosphate passivation phase, while for a pH window of 5 < pH < 11 Iny03
becomes passivating for potentials >—0.5V vs. RHE.46:47

2.3.2 Electrochemical buffer layer: TiO,

Titanium dioxide (TiO2) is a versatile semiconductor material, belonging to the group of transition metal
oxides, that finds applications in various fields, including electronics and energy conversion. It attracted
a lot of attention in photocatalysis, when Fujishima and Honda*® proved the photocatalytic activity of
TiO,, which could catalyze the water splitting reaction solely by the power of UV-light.

Apart from that, TiO, is often employed as an electrochemical buffer layer in the context of photoelectro-
chemical multi-layer devices, playing a crucial role in improving device performance and stability.?!*? An
electrochemical buffer layer requires specific electronic properties in terms of facilitating charge transfer,
mitigating electron recombination, and providing a stable interface between different materials within
the device. In this regard, TiO, combines good optical properties with a bandgap of >3.0eV with still
good electric conductivity and relatively high electron mobilities.>® In addition, it can be deposited by a
wide range of deposition methods, ranging from various ultra-high vacuum (UHV) thin film techniques
to wet-chemical sol-gel procedures.®! In conclusion, TiO, has a good chemical stability and corrosion
resistance, preventing the photoabsorber from degradation.

The anatase and rutile phase

The technologically most important polytypes of

TiO4 are the rutile and the anatase phase. Both ® it
. . Ti

polymorphs show tetragonal symmetry, which dif-

fer in distortion and linkage of TiO¢ octahedra (Fig- ® 03+

ure 2.11).

In the anatase phase, TiO5 tends to form oxygen va-

cancies, which can be controlled by adjusting film

growth and annealing conditions.”! Even though

anatase reveals a direct bandgap F; of 3.2eV, oxy-

gen vacancies can lead to charge carrier concentra- o 9

tions of up to 10?Y cm ™3, giving rise to a conductiv-

ity of up to ~10 S cm~1.%0

In contrast to anatase, rutile reveals a slightly nar-

rower indirect bandgap of Ey;=3.0eV and shows

donor concentrations in the range of 10’ cm =3 in

its reduced form. However, the anatase modifica- Figyre 2.11: Crystal structures of a) rutile and

tion provides much higher electron mobilities ¢ b) anatase TiO, modifications.

than rutile due to the by a factor of 20 reduced

effective electron mass leading to typically lower conductivities in the rutile phase of ~0.1 S cm™!.>°

a) rutile b) anatase

The bonds in TiO, are highly polar or even of ionic character. The VB in TiO5 is mainly composed of O 2p
states, whereas the CB is primarily of Ti 3d character.® Even though the rutile phase is thermodynamically
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more stable than the anatase phase, the lower surface energy of anatase is favored when considering
nanostructures with grain sizes below 20 nm. >?

TiO, stability in aqueous solutions

TiO, is stable for a broad potential window under alkaline conditions. For acidic solutions, the TiO»
Pourbaix diagram shows Ti corrosion under HER working conditions <0.0 V vs. RHE.4” However, there are
several studies reporting that TiO, also forms a stable passivation layer under strong acidic conditions, >3
providing a protecting electrochemical buffer layer for photoabsorbers underneath. >+>>

2.3.3 Electrocatalyst: Pt

Platinum (Pt) is a widely recognized and extensively studied electrocatalyst for the HER at the cathode.
It reveals remarkable electrocatalytic properties, including a high activity, conductivity, and selectivity,
which makes it a preferred choice in electrocatalytic applications such as fuel cells and electrolyzers.>%57
Pt provides the best HER activity in acidic media, since Pt is located on the top of the volcano plot, showing
the highest exchange current density due to a moderate binding energy of hydrogen adsorption (Sabatier’s
principle).>8

As very costly noble metal, the utilization of Pt for electrocatalysis can be optimized by nanostructuring
and clustering, which maximizes the active surface sites at a minimum of loading. > For instance, a cluster
size of 46 atoms Pty has been found to maximize the photoelectrochemical hydrogen evolution rate on
illuminated CdS nanorods.®°

According to the Pourbaix diagram, Pt is immune in all media under HER conditions. 4’ However, nanos-
tructuring and the contact to the catalyst support might limit the Pt stability under very corrosive
conditions.

16



3 Analytical methods

In this chapter, the physical principles of the relevant analytical methods used in this thesis are presented.
Fundamental principles of spectroscopy is based on the books of Hiifner®!, and de Groot and Kotani 2.

3.1 Photoemission spectroscopy (PES)

Photoemission spectroscopy (PES) belongs to the most crucial and extensively employed analysis tech-
niques to investigate electronic structures of solid state surfaces and interfaces. 6> The method is based
on the photoelectric effect, which has been first analyzed in ultra-high vacuum (UHV) by Philipp Lenard in
1900.%4 Albert Einstein could provide a quantum mechanical explanation of the effect in 1905, for which
he was awarded with the physic’s Nobel Prize in 1921.%> Accordingly, electrons can be released from a
surface by the impact of electromagnetic radiation. The kinetic energy of the photoreleased electrons FEj;,
depends on the quantum energy of incoming photons hv, but is independent of the light intensity. As a
consequence, the analysis of released photoelectrons gives information about their binding energy E,
within the material. F}, is element and orbital specific, since it depends on the atomic number Z and the
first quantum number n, according to Bohr’s theory. %®

3.1)

A schematic scheme of the emission and detection process in PES is depicted for a semiconductor in
Figure 3.1a). If the energy of incident photons hv is large enough to overcome the electrons binding
energy Ey and the samples work function ®, the electron can be released and leaves the sample surface.
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Figure 3.1: Schematic drawing of a) emission and detection process of photoelectrons from a semi-
conductor and b) mean free path of electrons in solids with respect to their kinetic energy adapted
from®7 .
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The remaining energy of the photoelectron Ey;, is
Ekin =hv — Eb —&. (32)

When analyzing and detecting the free photoelectron using a spectrometer, the sample and the spec-
trometer are in electric contact, increasing Fji, by the contact potential of both (® — ®pec) and Eyy,
becomes

Eyin = hv — E, — o+ ((I) - (bspec) =hv — Ey, — (I)spec- (3.3)

Consequently, the analyzed Fy;, of photoelectrons is independent of ® but solely depends on ®gpec. Pspec is
taken into account by shifting the Fermi edge of a clean metallic sample to E,=0.0eV. As a consequence,
under electronic equilibrium, all binding energies measured in PES are referred to Fr which makes it a
feasible tool to follow potential changes at the sample surface.

The high surface sensitivity of the technique originates from the low electronic mean free path Apyp of
electrons in solids, which typically follows the so-called “bathtub curve” (see Figure 3.1b)). Apvrp describes
the traveling distance of undisturbed electrons within a solid until their number has been reduced by e~!
due to inelastic scattering processes, which lead to losses of the electron’s kinetic energies. According to
Figure 3.1b), Avrp strongly depends on the electron Fi,, but is also slightly material dependent, which is
typically neglected in PES. In PES only non or elastic scattered electrons contain relevant material specific
information. Therefore, the information depth is related to A\pypp and ranges from 1 to 10 nm, depending
on the excitation energy.®” However, to consider the reduction of the effective attenuation, due to elastic
scattering effects, the effective attenuation length Agay, is typically used nowadays. %8

Apart from the energetic reference to the electrochemical potential Er, PES also provides chemical infor-
mation about the sample surface. In chemical compounds, atoms are typically bound by their valence
electrons which form quasi-continuous energy bands (see Section 2.1). The deeply located core levels
barely contribute to the chemical bonding. However, the analysis of the core levels may provide information
about the chemical environment of the atoms like the oxidation state with a high sensitivity for surface
impurities.

In order to excite such deeply located core levels, high energetic photons are required. With the lab based
X-ray photoemission spectroscopy (XPS) used in this thesis, monochromatic Al K, is used with a photon
energy of about 1486.74 eV. For the analysis of the valence states, ultraviolet photoemission spectroscopy
(UPS) is a suitable method, since the He I and II excitation of a He lamp are of higher intensity and higher
energy resolutions.

3.1.1 XP-spectra

The spectrum gained by PES shows the total density of states (DOS) within the excited energy range. The
binding energy F, is calculated according to Equation 3.3.

A characteristic XP-survey spectrum of a sputter-cleaned Pt foil is shown in Figure 3.2. For conventional
reasons, the binding energies in PES are defined positive, even though the x-scale is typically reversed.
According to Equation 3.1, the core level binding energy in the PES scale typically decreases with increas-
ing first quantum number n. Thus, the Pt 4s (n=4) emission line is located at a higher binding energy
than the Pt 5s (n=5) line. Due to spin-orbit interactions, orbitals with an azimuthal quantum number (>0
show a doublet splitting, as observed for p-, d-, and f-orbitals in Pt. Each state of the doublet is indexed
with the total angular momentum quantum number jq, = |l £ %|.63
The valence band (VB) states arise from Pt 5d states, which overlap with partially occupied 6 s states
leading to half-filled energy band at the Fermi level. As a result, a Fermi edge is observed confirming the
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Figure 3.2: Exemplary XP-survey spectrum of a sputter-cleaned Pt foil. The 4 types of emission features
are represented schematically in the boxes. The Fermi edge is extracted in higher resolution. Empty
and filled spheres represent electrons before and after excitation.

metallicity of the Pt sample. !

Auger emissions typically are detected too, when measuring XPS. In this case, the emission of a photo-
electron leaves an empty site at an inner core level. When this free site gets occupied by a core electron
from an outer shell, the difference in energy is transferred to another core level electron. If the electron is
excited above Ey,, it leaves the sample and can be detected by the spectrometer as an Auger emission line.
In contrast to core level lines, Auger lines appear at constant kinetic energy and are independent of hv.%3
If the photoelectrons from these characteristic emissions experience inelastic scattering and partially
transfer their kinetic energy to an electron transition nearby, satellite emissions can appear within the
XP-spectrum. Depending on whether the other electron is excited above Fy,. and thus leaves the sam-
ple or not, satellites are named as “shake-off” or “shake-up”.%? In addition, due to inelastic scattering,
photoelectrons loose kinetic energy and satellites appear at higher binding energy, which result from
excitations within the bulk of the material, e.g. often found for localized states due to different final
states. In addition, multiple and inelastic scattering effects at electrons and nuclei over all energy states
along the spectrum lead to a continuous background which correlates with the sum of DOS over the core
levels and increases with higher binding energy.®! Furthermore, photoelectrons can excite surface and
bulk plasmons, collective electron vibrations, which also reduces their kinetic energy. Plasmon excitation
typically lead to a maximum in the background at the left edge of the spectrum.

Quantitative XPS analysis

The detected XP signal of a certain emission line x not only depends on the atomic density Nx of a certain
element but on several parameters, which need to be considered when doing quantitative analysis with
XPS. For the “magic angle” configuration, where X-ray source and electron detection are arranged in 54.7°
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and angular distribution of photoeletrons can be neglected, Ix depend on the following parameters. %°
Ix = InyTspec(Exin) ASF (X, hv)edc( By ) cos O - Nx 3.4

Iy, is the X-ray flux of the source, T, describes the spectrometer transmission and detector efficiency at
a certain Ey,, ASF is the photoionization cross-section of a certain element X, and edc the escape depth
correction of a certain emission line with ©, as angle between detection and surface normal. %3

When normalizing the integrated intensities Ix to these parameters, Nx or edc can be separated for
stoichiometry or film thickness analysis. Further details are described in Section 4.1.1.

3.1.2 Ultraviolet photoemission spectroscopy (UPS)

The operation principle of UPS is rather similar to XPS.%% In UPS, the photon excitation is produced from
a gaseous discharge. The excitation from noble gases such as helium is in the hard UV range with very
narrow line width of <30 meV. Consequently, binding energies in UPS do not refer to deep core levels but
to VB levels. Due to the high surface sensitivity of excited photoelectrons, UPS also covers shallow states
of adsorbates, which makes it a powerful tool to investigate interactions of adsorbates with surfaces. %367
In addition, angular resolved measurements can be performed to investigate the band structure at the
surface region and to explore the effect of adsorbates on the band structure. !

3.2 Near edge X-ray absorption fine structure (NEXAFS)

Near edge X-ray absorption fine structure (NEXAFS) is another powerful tool to analyze the electronic
structure of a material. It is based on the absorption of X-rays by the excitation of a core level electron into
the lowest unoccupied molecular orbital (LUMO). In contrast to PES, NEXAFS are sensitive to unoccupied
electronic states within a material, providing additional information about electronic structures of the
conduction band (CB) and chemical environment of certain atomic species. %2

NEXAFS requires a tunable X-ray source. This is why it is typically performed at synchrotron facilities. The
absorption spectra are typically conducted by the analysis of photoelectrons. They can either be measured
in total (TEY, all photoelectrons) or partial electronic yield (PEY, specific, e.g. Auger electrons), providing
additionally surface sensitivity.

3.3 Low-energy electron diffraction (LEED)

Low-energy electron diffraction (LEED) is a UHV technique to investigate the atomic structure of the sample
surface.”%”! The physical principle is based on electron diffraction at the periodic surface superlattice
due to its wave character as postulated by De Broglie 72 in 1923.
Ae = h (3.5)
c vV 2meEkjn ’
According to him, the De Broglie electron wave length \. depends on the Planck constant h, the electron
mass me, and its kinetic energy Ey;,. For low electron energies in the range of 20 to 200 eV, the wave
length is ranging from 0.8 to 2.7 A. According to Figure 3.1b), the A\pygp of electrons is typically less than
10 A, which is basically 2 to 3 surface layers and therefore ideal to investigate surface reconstructions.
When the low energy electrons hit the surface, they interfere with the electron density around the surface
atoms. If the Bragg condition a sin § = 2n\. with n as integer diffraction order is fulfilled, constructive
interference occurs. These interference spots image the reciprocal space of the surface, which can be
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visualized using a LEED setup.”!
The transition of the two translational vectors a7 and a3 into the reciprocal space are performed by the

relations o B
X X
Cor (22X and @b — o (P9 (3.6)
ai(ay x 1) ax(m x az)
with 77 normal to the sample surface.”! The rec1procal space and with that the LEED image is then
composed of the sum of both translation vectors ha’ + kaj with h, k as integer numbers.
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Figure 3.3: Exemplary surface structure of an fcc (100) — (2 x 2) surface in real and reciprocal space (left).
Grey and yellow spheres could represent surface layer and ad-atoms, respectively. Scheme of LEED
setup represents working principle (right). The LEED image on a fluorescent screen is equivalent to
the reciprocal space.

In Figure 3.3, an unreconstructed fcc (100) surface with a periodic ad-atom coverage, e.g. adsorbates,
are depicted. The (2 x 2) LEED image is composed of the superposition of crystal and ad-atom reflexes.
On the right hand side of Figure 3.3, a scheme of the typical LEED setup is shown. An electron beam is
diffracted at the sample surface, leading to bright spots on the fluorescent screen in case of constructive
interference. The 2D image on the screen is recorded with a camera to visualize the 2D image of the
reciprocal space. Dedicated voltages on screen and grids in front suppress background noise.

3.4 Electrochemical performance

Electrochemistry describes the chemical processes that cause an electron transfer between separated
materials. There are various electrochemical methods to investigate the electrochemical properties of a
certain sample surface.

In a 2-electrode configuration, where two electrodes are electrically connected but separated by an
electrolyte, the performance of a full device setup can be tested, including the sum of single component
performance and limitation, i.e. catalysis, charge transfer properties or ohmic losses, which occur on both
cathode and anode simultaneously.

In order to investigate the half-cell performance of one electrode, a 3-electrode setup is to be chosen.
With that, it is possible to investigate the current-voltage characteristics of the so-called working electrode
(WE) independently of the counter electrode (CE). In this configuration, the potential of the WE, the
electrode of interest, is measured against a reference electrode (RE) while the current flow is measured
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between WE and CE. Due to the high ohmic contact between WE and RE, no currents flow between both
electrodes and consequently no chemical reaction occurs at the RE.?®

3.4.1 Reference electrodes

In the 3-electrode setup, different reference electrodes are in use. For ideal measurement conditions, the
reference electrode has to be stable within the used electrolyte media. For acidic solutions, the Ag/AgCl
reference has been established, while for basic solutions the Hg/HgO reference has been proved. Both
references are based on a redox couple with a fixed activity.”?
The most common reference scale which has been established today; is the reversible hydrogen electrode
(RHE). It is a pH corrected standard hydrogen electrode (SHE) potential, which is defined as Esy p=0.0V
for an H* activity of 1.

FEsygrp=Fy—0.0591V - pH (3.7)

In order to compare measurements in different electrolytes, the RHE has been defined independently of
pH:

3.4.2 (Photo)current voltage curves

For a stable configuration, no current flows between the WE and CE under open circuit conditions and
the electrochemical potential of the WE can be measured against the used RE. This potential difference
is called open circuit potential (OCP). Under steady state conditions, the OCP is a fixed value.?® When
applying an additional potential between the WE and CE which is large enough to run a suitable redox
reaction, a current flow can be measured in dependence on the electrochemical potential. Current voltage
curves describe the current flow between WE and CE at a linearly changing potential, which is referred
to the RE. The current density j, which is assigned to an oxidation or reduction reaction at the WE
depending on the sign of current, is according to Faraday’s law proportional to the reaction rate and
with that to the amount of evolving product, which is in case of electrolysis either Hy or O, evolution.
For a simple one-electron transfer redox reactions, the current voltage characteristics are described by
the Butler-Volmer equation (see Eq. 2.13). However, it should be noted that a current flow might be
also related to side reactions, such as corrosion, or capacitive currents from electrochemical double layer
charging.

Chopped light voltammetry

If the WE is photoactive, additional information can be drawn from current voltage curves using light
illumination.® Here, photo and dark currents as a function of applied potential can be analyzed by
sweeping the potential with a constant scan rate and switching a light source at a fixed energy. As
a result, one gets a dark current and a photocurrent curve from the same measurement. For proper
photoelectrochemical cells (PECs), the photocurrent will be in principle larger than the dark current curves.
Additional photogenerated charge carriers will contribute to the reaction and increase the applied potential
bias. Since most single-junction photoelectrodes are not able to run the water splitting reaction without
any additional bias, a half-cell solar to hydrogen efficiency (STH) or “applied bias photon-to-current
efficiency””# is defined. Accordingly, the STH is

V;'edo:r - %ias

STH = |jpn| x , (3.9)

Pillumination
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with j,;, as the photocurrent, Pjjjymination as the light intensity and Vj,;,, as the applied bias. V.40, is then
1.23V vs. RHE for photoanodes and 0.0 V vs. RHE for photocathodes. For an additional bias V};,s # 0V,
the half-cell STH has to be interpreted as an “extrapolation towards a tandem cell device, in which the
required bias voltage is generated by a photovoltaic cell that is placed behind the photoelectrode”.® The
photocurrent onset potential in reference to V.4, gives furthermore the information of photovoltage
gain, which is produced by the illumination of the photoelectrode. In addition, this information can also
be drawn from the OCP shift under illumination, which is related to the V¢ value of a solar cell device.
Under dark conditions, the diodic character of the photoelectrode is in reverse direction, which limits the
dark current drastically. 1

3.5 4-point Hall measurements

The van der Pauw method is a feasible technique to measure the conductivity as well as the Hall coefficient

of a thin film sample. As long as the film thickness is homogeneous, the measurement is independent of
75,76

the film geometry.

Conductivity

By applying proper contacts, 4-point contact probes are attached on a
thin film. When applying a current /g from contact A to B, a potential
drop Upc is measured between contact D and C. With these values a
resistance Rap pc is derived, with

Upc

Ragpc = Tas ' (3.10)

When deriving Rpcap in the same way, the conductivity o is calculated
with the known film thickness d and a symmetry factor f, which is only
a function of the ratio between Rapgpc and Rpcap
~ In2 " 2f

md  Raspc + Rec,ap

Figure 3.4: Scheme of van der
Pauw method.

(3.11)

g

Hall mobility

When applying a magnetic field B perpendicular to the thin film, the Lorentz force F;, will act on the free
charge carriers of charge ¢ moving between two contacts with the velocity v:

F,=q-7x B (3.12)

F, is acting perpendicular to the current flow and the magnetic field what will change the measured
value of RAB,DC-
The Hall coefficient Ay is then derived by the following relation
1 d

AH = = =X ARAB,DC- (313)
qnel B

From that, the free charge carrier concentration n. can be determined. In addition, with the relation
0 = naqlie the charge carrier mobility e can be derived.
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3.6 UV-Vis-NIR

With Ultraviolet-visible-near-infrared spectrocopy (UV-Vis-NIR), the optical properties in the region of
visible light, i.e. sun-light, from near-infrared to ultraviolet light is investigated. In this energy (0.1 to
4¢eV), electronic interband transitions can take place. It is therefore a feasible technique to investigate the
forbidden optical band gap of semiconducting materials.”” The attenuation of light of the intensity I)) is
described by the Lambert-Beer law.

Iny = 1)), - exp~@hv)e (3.14)

In Equation 3.14, x describes the penetration depth of the light, while a/(hv) is the absorption coefficient.
In order to absorb a photon by exciting an electron from the VB into the CB, hv has to be larger than the
band gap E. Accordingly, « is strongly hr-dependent.

In the used setup, the absorption spectrum is calculated from transmission and reflection spectra. For
that purpose, the sample is usually tilted by an angle ¢ and the absorption coefficient a(hv) is calculated
from Equation 3.14 if the sample thickness d is known with

It cos
hv) = —1 3.15
a(hr) = -In (1OO—IR) * T4 (3.15)

In order to identify the nature of the optical band transition and to derive the optical bandgap, the

quantity (o - hu)% can be plotted over hv which gives raise to the so-called “Tauc-plot” using the linear

relation )
hv — Eg = (- hv)r, (3.16)

with r as characteristic exponent denoting the nature of the band transition.”®”° For an allowed direct
band transition, r takes the value of 0.5, while r equals 2 for an allowed indirect band transition. With the
right value for r, the linear region within the Tauc plot can be used to extrapolate the optical band gap F,.

3.7 Thin film deposition techniques
In this Section, the deposition techniques used in this thesis are briefly introduced.

3.7.1 Magnetron sputtering

Magnetron sputtering belongs to the group of physical

> 0 vapour deposition (PVD) techniques requiring vacuum con-
—> ditions. The ignition of a plasma between a target and a
NS surrounding anode ring by a high voltage source accelerates

° ® Ar ions of an inert process gas onto the target material, where

° ° e0O the impact of the high kinetic energy ions causes material

2 . : . o
° ablation. The fine atomized sputter material disperses and
° thin film  P3sses the discharge zone and finally condenses on the sub-
strate. Depending on the process parameter, a thin film will

substrate . . .

form according to the predominant growth mode and diffu-
sion mechanisms.”” The plasma is composed of an ionized
process gas, commonly Argon and optionally a reactive gas.
Pure metal thin films are deposited solely with Ar, leading
to pure, homogeneous and dense metal films. For the deposition of metal oxide films, typically reactive
magnetron sputtering is used. Here, the oxide thin film forms from an elemental target, where the metal

Figure 3.5: Scheme of used magnetron sput-
ter process.
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atoms react with oxygen during the sputter process and form an oxide film on the substrate while the
compound stoichiometry is controlled by the process parameters. 80-81

In case of magnetron sputtering, permanent magnets are placed behind the target and induce a circular
magnetic field. When igniting the plasma due to an electric direct current (DC) voltage, Ar ions are forced
to move along a circular path close to the target, increasing the ionization rate. This procedure allows
to perform the sputter process even in the lower Pa-range, therefore promoting high deposition rates.
The properties of the deposited film and the degree of crystallization depend on substrate temperature,
discharge sputter power, substrate to target distance, ratio of reactive gases and working pressure. 82

3.7.2 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) belongs to the group of chemical vapour deposition (CVD) techniques. It is
based on the alternating purging of precursor gases.8>84 In contrast to other conventional CVD methods,
the cyclic film growth process is self-terminating, leading to homogeneous films with strongly defined
layer thicknesses on an atomic scale. The ALD process is also very suitable for 2D layers with high aspect
ratio or complex 3D structures such as nanowires, and is consequently used a wide range of applications
from catalysis to microelectronics. %>
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Figure 3.6: Atomic scheme of a full ALD-cycle assuming idealized deposition conditions.

In Figure 3.6 the working principle of the thermal ALD process is shown. Before starting the deposition
process, a clean substrate is heated to a certain substrate temperature. The precursor pipes can be
heated as well and the flow of an inert purging gas, typically Ar or Na, is set confirming a constant base
pressure, which is typically in the 10~! mbar range. Starting from a clean substrate, the layer growth
during deposition consists of repeating four consecutive steps, which can be repeated any numbers of
time: 8°

i) The sample is pulse-wise exposed to the first precursor terminating the substrate surface.

ii) Purging and evacuating the process chamber removes the non-adsorbed reactants and gaseous
by-products.

iii) The sample is pulse-wise exposed to the second precursor terminating the sample surface. When
adsorbing to the first reactant, both precursors react at the sample surface to form the ALD-layer.
Formed by-products have to desorb from the sample surface to prevent contamination in the film.

iv) Purging and evacuating the process chamber removes surplus precursors and the by-products from
the ALD reaction.
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The pulse-wise exposure of precursor gases is electronically controlled in the sub-second range by
pneumatic valves. Purging can be established either pulse-wise or constantly. The used reactants have
to be volatile. For the deposition of metal oxide layers, the precursors can be either inorganic, such as
elements or halides, or metal-organic, such as alkyls, amides, or cyclopentadienyls. The second precursor
is an oxidizing agent, typically H,O, H,O5 or O3. Apart from metal oxides, pure metals, nitrides, and
sulfides can be deposited by ALD.8>

Ideally, one covering monolayer forms within the first full cycle and the film growths by a layer-by-layer
mode. In reality however, steric hindrance and incomplete chemical reactions will lead to a growth per
cycle which is below the monolayer.8¢ The different nature of the substrate surface can furthermore
lead to an initial nucleation delay, depending on the reactant substrate interaction.®” The substrate
temperature has to be chosen high enough that the precursor can condensate and react with the substrate
surface and low enough to prevent the reactants from desorbing or even decomposing.®* In order to
increase the reactivity of the process, an oxygen plasma can be used in the so-called plasma-enhanced-ALD
process. 8384

3.7.3 Electrodeposition

Electrodeposition has become a widely used rapid and low-cost deposition technique forming nanostruc-
tured coatings with low porosity.®88° Furthermore, it gained attention for the synthesis of atomic-level
metal catalyst.°® The working principle is based on an electrochemical reduction reaction of metal ions
Me"* dissolved in an electrolyte:

Me™t 4+ ne” —— Me (3.17)

The oxidation reaction takes place at the anode and might be either the oxidation of anions in the
electrolyte or the dissolution of the electrode itself. To control and investigate the reduction process at
the WE, electrodeposition is typically arranged in a 3-electrode setup. The thickness and morphology can
vary and strongly depend on the deposition parameter such as electrode potential and current density,
electrolyte concentration, substrate, and the deposition time.”° Especially the potential can be applied
potentiostatic (at constant potential vs. the reference) or galvanostatic (at constant current density). In
addition, the potentials can be applied periodically by cyclic or pulsed voltammetry methods, leading
to a huge amount of variable process parameters with strongly different coating properties. 38 Specially
developed process techniques even allow strongly controlled or terminated film thicknesses such as
“underpotential deposition”?° or “self-terminated deposition”. !
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4 Sample preparation and experimental setup

If not stated otherwise, sample preparation and photoemission spectroscopy (PES) analysis presented in
this thesis was performed in the Darmstadt Integrated System for Fundamental research (DAISY-FUN)
located at the material science department at TU Darmstadt.

monochromatic
monochromatic Al K, source
He I/1I source LEED O top window
adsorption =<1 gate valve
chamber
electrochemical ~ ©rganic analysis chamber ALD chamber
chamber chamber O
O
buffer O
chamber
buffer
chamber
O
PVD chamb
HREELS load lock VD chamber
DAISY-MOVE

Figure 4.1: Scheme of DAISY-FUN with analysis chambers (yellow) and thin film preparation cham-
ber (blue), adapted from®2 .

The system is an integrated ultra-high vacuum (UHV) system with base pressures from 10~7 to
10~'9 mbar. All chambers are separated by gate valves and samples can be transferred from the prepara-
tion chambers into the analysis chamber without breaking the vacuum conditions, preventing sample
contamination, such as hydrocarbons or water. The analysis chamber was used for PES and low-energy
electron diffraction (LEED) experiments. Low temperature adsorption and water exposure were performed
in the adsorption chamber. Atomic layer deposition (ALD) chamber was used for the deposition of TiO,,
while surface preparation and sputter deposition (Pt and TiO3) were conducted in the physical vapour
deposition (PVD) chamber. The DAISY-MOVE 3 was used for the in vacuo sample transfer to BESSY II
synchrotron, while the sample transfer from TU Ilmenau was conducted with another UHV shuttle. %4
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4.1 PES analysis

PES measurements were conducted normal to the sample surface with a PHOIBOS 150 spectrome-
ter from SPECS Surface Nano Analysis GmbH, Berlin. For X-ray photoemission spectroscopy (XPS), a
monochromatic Al K, X-ray source (SPECS Focus 500 with XR50 M) with a defined photon energy
of hy=1486.74eV was used. Survey and detail spectra were measured in fixed analyzer transmission
mode if not otherwise stated with a pass energy of 20eV (step size of 0.5eV) and 10eV (step size of
0.05eV), respectively. The spectrometer was regularly calibrated by yielding the Fermi level edge of
Au, Ag, and Cu to Er=0.0eV binding energy as well as Au 4f;,» at 83.98 eV, Ag 3ds,, at 368.26 eV, and
Cu 2ps,2 at 932.67 eV binding energy with deviations <50 meV. For ultraviolet photoemission spectroscopy
(UPS), a HIS 13 Mono (Focus GmbH, Hiinstetten) was used as monochromatic He I (hv=21.21¢V) and
He II (hv=40.81eV) source on the same spectrometer with a pass energy of 5eV (step size of 0.05¢V).

The maximum XPS energy resolution was limited

by the X-ray monochromator and a minimum full

§ 12 — width at half maximum (FWHM) of the Ag 3ds,»
; _ line of about 0.50 eV and 0.45 eV could be achieved
S for 10 and 5 eV pass energy, respectively. For the
g 87 monochromatic UPS, the Ag Fermi edge revealed
“E - a very high resolution with a FWHM of <0.15eV.
S 4 For element quantification, the spectrometer trans-
4 mission including the transmission of the detector
% 1 as well as of the lens system was evaluated with
E 0— | T i T i T [ 2 sputter cleaned Ag foil measuring the 4d, 3d,
and 3p core levels as well as the MNN Auger line
1200 800 400 0 at different pass energies. The transmission func-

tion Ty for a survey measurement at 20eV is
depicted in Figure 4.2. The effective attenuation
Figure 4.2: Evaluated transmission function for sur- length Agar, empirically evolved by Seah ®> has been
vey measurement at 20 eV pass energy. used to consider the electron escape depth correc-
tion edc. For matrix related electron escape depth
corrections, the inelastic mean free path Apvrp was used.
Casa XPS was used for Shirley background subtracted peak areas and stoichiometry calculations. SpecsLab
Prodigy was used for chemical component fitting.

Binding energy /eV

4.1.1 Surface oxide thickness and stoichiometry

Due to its high surface sensitivity, XPS can be used to determine the thickness of very thin surface
oxide layers. For electron detection normal to the surface plane, the oxide to substrate intensity ratio
Iox/Isups can be calculated by the infinite bulk intensity ratio 5y /I3, the oxide thickness dox and the
inelastic mean free path in the oxide matrix for the specific core level kinetic energy Amvirp(Ekin, ox) and
AmvEp (Fiin, subs) according to Equation 4.1.

Tox _ IS;’ % 1—- eXp[_dox/)\IMFP(Ekjn, ox)]
Tsups Isolfbs eXp[_dox/)\IMFP(Ekin, subs)]

“4.1)

When the oxide related component can easily be separated from the same core level, as is the case
for SiO5 on top of c-Si in the Si 2p emission, Equation 4.1 simplifies and the oxide thicknesses dsio,
is obtained from XPS intensities of bulk Ig; and oxide Isio, taking raw areas of Shirley background-

28



subtracted Si 2p spectra according to Equation 4.2 using the inelastic mean free path Apvpp (Exin=1400 eV
in Si05)=3.8 nm ?¢ and the ratio of bulk intensities Ry = 0.88.%7

Isio, /Is;
dsio, = Avrp - In (1 + 513;551) (4.2)

It should be noted here that R, strongly depends on surface contamination.

The relative stoichiometry of the native SiO3 layer (cp/cs;) is given by

o _ Iots, ox. " AS FsiopTspec(Si2p)edcsio, (Si2p)
CSi ASFOlsTspec(OlS)edCSio2 (015) ISin, oX

; (4.3)

with the raw area of O 1s Iois and oxide-related Si 2p Isjpp ox. , Scofield atomic sensitivity factor
ASF,%8 spectrometer transmission function T, and the escape depth correction edec. The native SiO,
layer (co/cs;) has a finite thickness, which has to be considered in the escape depth correction according
to Equation 4.4.

dsio
ede = / ? eXp_x/AIMFP(Ekin) dz = Avrp(Ein) X (1 — exp—dSiOQ/)\IMFP(Ekm)) (4.4)
0

Reasonable oxide stoichiometry values can therefore only be achieved with dg;o, from Equation 4.2 and
Amvep in the SiO5 matrix with )\IMFP(Ekin, 015(900 eV)):27 nm and )\IMFP(Ekina Sl2p(1400 eV)):38 nm
according to Tanuma et al. .

4.1.2 Potential corrected line shapes

Potential corrected line shapes have been used in literature to describe the potential distribution over
Schottky contacts %1% or insulator interfaces. 101-103

The potential distributions inside the space charge region (SCR) of Si surfaces and interfaces presented in
this thesis were modeled by calculating the total photoemission line shape I(E},) as the sum of emissions
shifted by the local potential Ugcr over the XPS information depth, for which Apvpp was assumed.
Accordingly, the total line shape is defined as

I(Eb) = /0 Io(E[) + USCR(l')) X eXpix//\IMFP dx, (4.5)

with Iy(Ep) as flat-band line shape. The total line shape I(E}) is convoluted with shifted flat-band line
shapes using exp %/ M 3s attenuation term according to the Lambert-Beer law. The most unknown factor
is the potential distribution U s¢cr(x), which can become a very complex model when solving numerically
the 1D Poisson’s equation as presented in Equation 2.4.2°

In order to minimize complexity of the used model, two approximations were considered:

i) No free charge carriers: This is considered for the SiO, surface layer due to its dielectric properties.
The total potential ¢ is considered to drop linear over the SiO thickness dgio,:

Ey+Uscr(z) =Ey— = (4.6)

For a finite oxide thickness, the integration limits in Equation 4.5 should be limited to ds;o,.
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ii) Constant charge carrier concentration within a SCR: This is known as the so-called depletion
approximation and is valid for moderately doped semiconductors.3? The band bending ¢gg is
considered to drop parabolically over the Si SCR as derived in Section 2.1.3:

Wscr — 7\ >
Eo + USCR(m') =Fy— ¢BB 1-— (W> 4.7)
SCR

with Wscr as the width of the SCR:

Wscr = ¢BB (4.8)
Accordingly, the final line shape depends mainly on two parameters: the doping concentration Ny,
and the total band bending ¢gp.

In Figure 4.3, the deconvolution of a semiconductor line shape with a narrow SCR is depicted schemati-
cally for the example of a Si 2p line. At the bottom, the calculated line shapes of a single crystalline Si

AIMFP ;
J —~SCR-
Ip A
. \ I(z) = I e~/ Amrp
:. \
N ® —
ey depth z /A
g b x —a?
g
R Conduction band
Eplo
T T T T T |—I_'
101.0 100.0 99.0
Binding energy /eV
Valence band
¢pp=0.0eV
— flat band ¢ps= +0.6 eVm\ \ ’,}i;‘{;,..QbBB:—O.G eV
—— Wscr=1000nm (7.8 x 101 cm—3) A :
= —— Wscr=100nm (7.8 x 106 cm—3) c-Si
S | — Wscr=10nm (7.8 x 10*¥ cm—3)
> | — Wseg=1nm (7.8 x 10? cm™3)
g 510, 1/
E U totZO.O eV I/ !,-""
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Figure 4.3: Deconvolution of potential distribution over the measurement depth schematically
shown (top) and simulated line shapes for oxide covered Si (bottom). The influence of potential
distribution of +0.6 ¢V on the Si 2p line shape are depicted in dependence on the doping concentration.
The bulk position of all samples has been aligned to the flat band energy position (red curve).
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wafer covered by about 1 nm SiO, without any potential drop is presented (solid curve). Furthermore,
a potential drop of +0.6¢V is simulated according to the presented model (dashed curves). For the
SiO, related component at higher binding energy, where a linear potential distribution is expected, the
main line will mainly shift due to the potential drop. As the initial line is rather broad, the line shape
will not be significantly affected by the potential drop. However, in this example, the maxima of the
potential corrected line shape only differ by about 0.3 eV, even though the total potential drop is about
0.6 eV. Furthermore, it should be noted that Ej of the oxide will be affected from band bending in the
semiconducting c-Si substrate.

According to Equation 4.8, the line shape of the semiconducting c-Si contribution strongly depends on
Wscr and with that on the doping concentration Ny,,. In Figure 4.3, the line shapes for a constant band
bending of 0.6 eV dropping over different Wgcgr are shown. In the bulk, beyond the SCR, the energy of all
samples is aligned to the red curve. For Wgcr ranging from 100 to 1000 nm, no significant changes are
observed in the Si 2p line. Only the kink between the doublet is slightly less pronounced compared to
the flat band condition. The peak maxima only differ by about 30 meV, indicating that the effect of band
bending on the shape itself does not play a crucial role for doping concentrations below 10'” cm~> and
the peak maximum will correlate with the total band bending. This changes for doping concentrations in
the range of 10'® cm~3 (blue curve), where the whole SCR is contributing to the overall line shape. The
line shape also depends slightly on the direction of band bending, due to the asymmetric doublet shape.
For even thinner SCR, the line shapes almost resemble the bulk line shape. Only the broader shoulders at
lower or higher binding energy indicate upward and downward band bending, respectively, while the
peak maxima differ by <20 meV.

Igor Pro 6 has been used for the potential correct line shape fitting procedure.

4.1.3 Synchrotron XPS and NEXAFS

Synchrotron XPS measurements were performed on SoLIAS endstation at the undulator beamline U49-
2/PGM-1 of the BESSY II, Berlin storage ring with excitation energies ranging from 80 to 2000 e¢V. Near
edge X-ray absorption fine structure (NEXAFS) measurements of Si surfaces were performed at the
undulator beamline UE56-2/PGM-2, BESSY II. Absorption spectra were obtained in partial Auger yield
using a SPECS PHOIBOS 150 spectrometer in constant-final-state mode. Si Ly 3 and the O K-edges were
measured at Kinetic energies of 93.9 and 474.9 eV, using step sizes of 0.1eV.

4.2 Semiconductor surface preparations

4.2.1 Si surface preparation

Unless otherwise stated, samples were prepared and analyzed in DAISY-FUN. The silicon single crystals
were supplied as 10 x 10 mm? cut wafers by Silchem Handelgesellschaft mbH, CrysTec GmbH, and Si-Mat
-Silicon Materials e.K.. Wafers that were not wet-chemically treated, were rinsed with acetone and isopropyl
alcohol subsequently for 10 min in an ultrasonic bath before being loaded to the UHV system.

A complete list of prepared Si surface are listed in Table A1 of the Appendix.

Flash annealing treatment

The flashed samples were obtained from (100)-oriented wafers, which were flash annealed by a direct
electron beam impact (1kV acceleration voltage) onto the sample back side for about 3 s to up to 1400 °C
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(sample name: flash). The 2x1 reconstruction monitored by LEED was achieved by subsequent UHV
annealing at 300 °C for 3h (flash-2x 1) under base pressures at room temperature of <10~ mbar.

Oxygen termination

The native oxide (nat. ox) was analyzed as received from the supplier. Prior to preparation of a thermal
oxide (therm. ox) layer, the wafer was softly radio frequency (RF)-sputtered for 5min (5 W at 0.5 Pa
partial Ar pressure). Subsequently, it was annealed for 5h in 0.5 Pa Oy-atmosphere at 275°C. Oxide
thicknesses dg;o, were obtained from XPS intensities of bulk Ig; and oxide Is;o, taking raw areas of Shirley
background-subtracted Si 2p spectra according to Equation 4.2.

Hydrogen termination

The dry H-terminated samples (dry-H) were prepared by Mohammad Amin Zare Pour, TU Ilmenau. The
wafer were annealed in Hy-atmosphere in a commercial metalorganic chemical vapor deposition (MOCVD)
reactor (Aixtron, AIX200). p- and n-Si (100) substrates with 2° offcut towards [110] direction were used. A
wet-chemical pretreatment was applied to the Si (100) substrates before processing in the MOCVD reactor.
The pretreatment consisted of: (i) boiling the substrates in a 1:1:6 mixture of ammonium hydroxide
(NH40H, 25 %), hydrogen peroxide (H202, 30 %) and deionized water (DI water) to remove organic
contamination and metals (RCA1); (ii) dipping Si (100) for 10s in HF (10 %) diluted in water (1:4); and
(iii) thin oxide layer formation (RCA2). The Si(100) substrates were annealed at 1000 °C for 30 min at
950 mbar Hy pressure in order to remove the oxide layer. %4 Subsequently, the Si (100) substrates were
cooled to 740°C to prepare a H-terminated, double-layer stepped surface with prevalence of (2 x 1)
domains. 105106 This step was controlled by in situ reflection anisotropy spectroscopy (RAS) (shown in
Figure Al in the Appendix).'°” Samples were contamination-free transferred from the MOCVD reactor at
TU Ilmenau via a dedicated UHV transfer shuttle ®* with base pressures <5 x 10~!? mbar to TU Darmstadt
and finally loaded to DAISY-FUN without breaking vacuum.

The wet-chemical hydrogen termination was prepared according to Angermann et al. 1% by etching the
oxide of the (100) (100-H) and (111) (111-H) wafers for 10 min at 80 °C in piranha solution (1 H,SO4
(96 %):1 Hy02) and 6.5 min at room temperature in buffered 5 % hydrofluoric acid (HF (40 %):7 NH4F
(40 %)). Subsequently, the etching step in piranha solution was repeated and finally the samples were
etched in ammonium fluoride (NH4F,40 %) for 10 min. The samples were rinsed after every etching step
with DI water. After preparation, the samples were loaded within 10 min to the UHV system. The so-called
“defective H-termination” (111-H def.) was achieved by storing the wet-chemically prepared H-terminated
sample for 4 weeks at <102 mbar in UHV.

4.2.2 InP surface preparation

The homoepitaxial InP (100) was grown by Mohammad Amin Zare Pour, TU Ilmenau on a commercial p-type
InP (100) wafer (Zn-doped, 2.3 x 1078 cm~3 with 2° miscut toward the [111] direction) in a horizontal-flow
metal organic vapor phase epitaxy (MOVPE) reactor (Aixtron, ALX-200) modified to enable a contamination-
free transfer to UHV using Hy as carrier gas. Tert.-butylphospine (TBP) and trimethylindium (TMIn) were
used as precursors for the InP (100) epilayer while diethylzinc (DEZn) was used as a p-dopant source.
The molar flow of DEZn was adjusted to ensure a carrier concentration of 2 x 10~'® cm ™3 in the InP (100)
epilayer, which was finally confirmed by electrochemical capacitance-voltage profiling (CV profiling).
The growth was monitored by RAS, which allows the preparation of the specific surface (see Hannappel
et al. 19 and Letzig et al. 119 for further information).

After growing the InP layer, the well-ordered P-rich and In-rich InP (100) surfaces were prepared according
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to Hannappel et al. '!. The P-rich surface was achieved by cooling the sample down from the growth
temperature 873 to 575 K in the presence of precursor TBP and subsequent heating to 673 K in the absence
of TBP. The In-rich InP (100) surface has been prepared by cooling down from 840 to 725 K in the presence
of TBP and from 725 to 630 K in the absence of TBP. Afterwards, the samples were transferred to UHV,
moved via an UHV transfer shuttle with a base pressure of <5 x 107° mbar®# to TU Darmstadt and finally
loaded to the DAISY-FUN cluster tool.

4.3 Water adsorption

Low-temperature water adsorption was performed 100sat1l x 108 mbar =1L
in the adsorption chamber by cooling the sam- UH O inlet o
ple substrate with liquid nitrogen. For that pur- 2 Liquid nitrogen

pose, nitrogen gas with 2 bar over pressure flowed
through cooling lines, which were immersed in a
filled liquid nitrogen dewar. The condensated ni-
trogen passed the sample stage afterwards, where
it cooled the sample substrate to —176°C. This
temperature was directly measured on the sample
substrate via a K-type thermocouple. Then, ultra-
pure water from the gas phase was exposed to the

chamber. The water dose was controlled by the Figure 4.4: Sample stage with liquid nitrogen cooling

exposure time and partial water pressure, which  |ines, H,0 inlet and sample holder with sample.
was measured by a full range pirani/cold cathode

gauge (PKR 251, Pfeiffer Vacuum GmbH, Afslar). A dose of 100s at 1 x 10~® mbar corresponds to 1 L (Lang-
muir). Finally, the cooling process was stopped, and the sample returned to room temperature. After
each treatment step, including cooling and desorption, XPS and UPS measurements were carried out.

4.4 Thin film deposition

Thin films of TiO5 and Pt were deposited by direct current (DC)-magnetron sputtering. In addition, TiO2
was also deposited by ALD.

4.4.1 Magnetron sputtering

DC-magnetron sputtering was performed inside the PVD chamber at regular base pressures of 1 x 10~8 mbar.
It is equipped with a central rotatable sample holder capable of holding 4 sample holders with samples of
10 x 10mm?. Substrates can be heated by a 700 W SiC heater. Heating calibration curves were conducted
by a thermocouple glued on a fluorine doped tin oxide (FTO)-substrate. The deposition was carried out
using two 2-inch MS/63C12 magnetron sputter sources and DC-power supplies from PREVAC. The process
pressure and gas composition during sputter deposition were controlled using gas flow controllers from
MKS and an automatic regulating valve from VAT. The process gases of 99.999 % purity were supplied by
AirLiquide.

TiO, was deposited at 20 W from a metallic Ti target with a purity of 99.995 % from Kurt J. Lesker Company,
Jefferson Hills, USA. The metallic Pt target of 99.99 % purity was supplied by Scotech Ltd, Port Glasgow, UK.
Pt was deposited at 10 W. For all samples the total gas flow was set to 20 sscm at a fixed process pressure
of 0.5 Pa. The substrate-to-sputter source distance during deposition was set to 20 cm. In order to remove
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adsorbates from the target surface and to establish an equilibrium state, the targets were pre-sputtered
5min under closed shutter.

4.4.2 Atomic layer deposition of TiO,
In-house ALD processing

Internal ALD-TiO; films were prepared by a thermal ALD-process in the ALD chamber with a base pressure
of 1078 mbar. During the deposition process, the turbo pump was separated with a gate valve, and the
chamber was pumped through a bypass using a rotary vane pump. Additionally, a cold trap was installed
in front of the rotary vane pump to condensate any surplus reactants and side products in order to
protect the pump. During the deposition process, the pressure reached approximately 10~ mbar between
precursor purging. To control the pumping power, a butterfly valve was used and set to 5 % opening
position. As precursors, only H,O and TiCl, were used for the TiO, deposition. The deposition process
was developed and optimized by Thorsten Cottre 12 (see chapter 3.1 for a detailed description of the
used components). The relevant process parameter are listed in Table 4.1.

Table 4.1: Parameters of in-house ALD-TiO, deposition.

. H>O TiCly
. substrate precursor/inlet constant Ny
Ti precursor pump/purge pump/purge
temperature temperature purge
sequence sequence
TiCl4 160°C 40°C/30°C 300ms/180s 250 ms/180s 20 sscm

After accomplishing deposition, the heating was shut off and the chamber was evacuated via the turbo
pump again. After reaching a base pressure of 9 x 10~8 mbar, the samples were transferred to the XPS for
analysis.

External ALD processing on Si photocathodes

External ALD-TiO, layers were deposited by Jennifer Veldzquez Rojas, Helmholtz-Zentrum Berlin using two
different Ti precursors (TiCl4 and titan(IV)isopropoxid (TTIP)) and H2O. Process parameters are listed in
Table 4.2. Before each precursor exposure, Ar was purged pulse-wise into the system. The base pressure
after each purging step was 4 x 10~%mbar. Three different sample thicknesses were prepared within
the same process, while one sample was separated after 50 (1.5nm), 100 (3.0nm), and 200 (6.0 nm)
cycles. A total growth per cycle rate of 0.3 A/cycle was determined using in situ ellipsometry. All samples
revealed a little nucleation delay.

Table 4.2: Parameters of external ALD-TiO, deposition.

H,O precursor Ar
Ti precursor SIS precursor pump/purge pump/purge pump/purge
temperature temperature
sequence sequence sequence
TiCly 200°C RT 1.5s/30s 0.1s/30s 0.1s/30s
TTIP 200°C 54°C 1.5s/30s 0.75s/30s 0.1s/30s

After deposition, samples were shipped to Darmstadt under ambient atmosphere.
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4.4.3 Thermal evaporation of Pt

The thermal evaporation of Pt thin films were conducted by Jennifer Veldzquez Rojas, Helmholtz-Zentrum
Berlin. The Pt was evaporated at 1.28 kW while the deposition rate was 10.8 Amin~"! as controlled by a
quartz crystal microbalance (QCM). The base pressure of the deposition chamber during evaporation was
3 x 107 mbar. After deposition, samples were shipped to Darmstadt under ambient atmosphere.

4.4.4 Interface experiments

In order to analyze the interfacial band alignment, interface experiments were conducted by the stepwise
deposition of TiO, and Pt. After every step, the total deposition time was doubled leading to a thickness
doubling. XPS and UPS was carried out after each deposition step. The film thickness was calculated by
assuming constant deposition rates, which were determined by profilometry. The contact potential was
deduced from XPS secondary electron edge (SEE) cut-offs of the clean substrate and the thick added layer.

4.5 Electrochemical characterization

Electrochemical measurements were conducted in
a photoelectrochemical cell (PEC), which consists
of a polychlorotrifluoroethylen (PCTFE) housing
(PECC-2, Zahner-Elektrik GmbH & Co. KG, Kronach)

RE

as schematically depicted in Figure 4.5. This cell

allows the electrochemical characterization of a

sample in 3-electrode configuration where currents Ag/AgCl ‘Tl

are measured between the sample as working elec- O-ring LED
trode (WE) and the counter electrode (CE). The CE ||

consists of a metallic Pt coil in order to pass the in- Sample

cident light and to achieve a homogeneous electric WE

field distribution between WE and CE. The poten- Pt wire / |- glass window
tial is measured between the sample as WE and 0.1 M H5S04

the reference electrode (RE). As reference, a sil- PCTFE housing

ver chloride electrode (Ag/AgCl) was used. Before
assembling the cell, the RE was measured in the
used electrolyte versus a reversible hydrogen elec-
trode (RHE). This value reference Eag/p,c1 Was
then used to convert all measured potentials to Egyp in V vs. RHE using the following relation:

Figure 4.5: Scheme of used PEC, adapted from °2.

Erup = Eag/agal +0.197V +0.0591V x pH (4.9)

The electric back contact of the sample was realized by pressing a gold covered metal plate onto the
samples’ back side by using screws for the assembly. To improve the back contact for bare Si wafers, a
Galn eutectic from Alfa Aesar, Karlsruhe was put on the backside of the wafer, which was additionally
scratched in order to partially remove the native oxide. Between the eutectic and the metal plate, a copper
foil was placed in between, which was previously rinsed in 6 M HCI for 2 min.

The measurements have were performed using Zahners ZENNIUM PRO potentiostat and the Zahner PP212
LED control with an active feedback loop to ensure constant light intensity during the measurement.
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4.5.1 Chopped light open circuit potential (OCP)

In order to measure the open circuit photovoltage of the buried model device, chopped OCP measurements
were conducted measuring the electrochemical potential versus the reference without any current flowing
from the sample to CE. If not otherwise stated, the OCP was measured for 5 min while every 15s the
white light light emitting diode (LED) (2285lsw-2, Zahner) with a mean wave length of 536 + 60 nm was
switched on for 15s and illuminated the sample with 1000 W m~? intensity, imitating AM1.5 sunlight.

4.5.2 Chopped light voltammetry

For the chopped voltammetry sweeps, typical scan rates of 10mV s~! were used. The same white light
LED as mentioned above was used for sample illumination with 1000 W m~2 with light periods of 0.5 if
not otherwise specified.

4.5.3 Galvanostatic Pt deposition

For the deposition of Pt particles as hydrogen evolution reaction (HER) catalyst, Pt was electrochemically
reduced from a Pt salt solution (2 mM KyPtCls (99 %, Carbolution Chemicals GmbH) in 0.1 M H5SO4 (Carl
Roth Gmbh)). The galvanic Pt particles presented in this thesis were deposited galvanostatically enforcing
a constant current density at the WE of —0.5 mA cm~2 for 120s using the 3-electrode configuration in the
PEC cell as presented above. These parameters led to a theoretical (for 100 % Faraday efficiency) loading
of 1.9 x 10'7 atoms/cm?.

4.6 Other techniques

4.6.1 LEED setup

LEED measurements were performed using the BDL8OOIR-LMX LEED optics from OCI Vacuum Microengi-
neering Inc., London, Canada. A retarding and focus voltage was adjusted in order to sharpen the LEED
pattern and to increase the image contrast.

4.6.2 Hall measurements

To determine the charge carrier concentration of the investigated Si wafers and the sputter deposited
TiO, films, Hall and conductivity measurements were carried out in a van-der-Pauw geometry. Four-point
Pt-contacts were sputtered on top of the 10 x 10 cm? samples. For Hall measurements, a magnetic field
of 1.3 T was applied. Currents were chosen according to the conductivity of the sample (~1mA for Si
wafers).

4.6.3 UV/vis spectroscopy

Ultraviolet-visible-near-infrared spectrocopy (UV-Vis-NIR) measurements on sputtered TiO; thin films
were performed on a Cary 7000 Universal Measurement Spectrophotometer (UMS) purchased from Agilent
Technologies, Santa Clara, USA. After the baseline correction by the machine, the sample was inserted
with a tilt of 6° and a reflectance and transmission spectrum from 250 to 2500 nm was recorded under 12
and 180°, respectively.
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4.6.4 Profilometry

Film thickness measurements were carried out on a DektakXT profilometer from Bruker Corp., Billerica,
USA. Two line scans were conducted perpendicular to the edges at each of the four sample edges. The
mean thickness was determined based on the height difference between the film and the substrate.
Assuming uniform and linear film growth, a constant deposition rate was determined by dividing the film
thickness by the deposition time.

4.6.5 External measurements

The following measurements were Kindly performed by my colleagues.

SEM

Secondary electron microscopy (SEM) images were conducted on a Philips XI.30 FEG with a lateral
resolution of about 2nm at 30kV. Used SEM images of this thesis have been conducted together with
Kerstin Lakus-Wollny and Sumanth Pulluru.

AFM

Atomic force microscopy (AFM) imaging was conducted by Chuanmu Tian with a Bruker Icon Dimension
AFM in amplitude modulation mode using PPP-Zeihr cantilevers (NanoAndMore GmbH, Wetzlar). The
scanning area of the sample surface was 1 x 1 ym? with a tip velocity of 2 um/s. Gwyddion was used for
roughness analysis and visual illustration.

XRD

Gracing incidence X-ray diffraction (XRD) on TiO3 thin films were performed by Chuanmu Tian at 5° on a
SmartLab diffractometer from Rigaku (Tokyo, Japan) equipped with Cu-Ka radiation and a parallel beam
geometry.
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5 Silicon surfaces

Parts of this chapter have been published in Encyclopedia of Solid-Liquid Interfaces.”

Photoelectrodes based on silicon offer significant advantages as reference systems due to the extensive
number of research in both fundamental and application-oriented studies documented in the literature.
The combination of crystalline and amorphous silicon photoelectrodes offers efficient and intriguing device
architectures, particularly when integrated into multi-junction cells'*!'3 and nanorod structures. !4 In
this chapter, a detailed surface science study on the electronic properties of Si surfaces is presented. In
model experiments, the effect of surface states found on differently doped Si (111) and (100) surfaces
is investigated in relation to the resulting surface electronic structure after applying different surface
preparation and processing procedures. As an elemental semiconductor, silicon provides the ideal model
system to analyze semiconductor surfaces and their interfaces to a liquid electrolyte. The reactivity and
changes in electronic structure are studied following a “frozen electrolyte” approach, which is based on
low temperature water adsorption.

5.1 Dangling bond defects on Si surfaces

The results and content of this study have been published in Solar RRL.11°

Before analyzing the contact formation of a semiconductor with an electrolyte, it is essential to un-
derstand the electronic structure of the surfaces including a detailed description of surface states and
electronic defect distribution, which might be involved when interacting with adsorbates and intermedi-
ates at the contact to an electrolyte.
Although surface preparation of Si has been investigated for many decades and wet chemical surface
preparation for native oxide etching as well as electronic surface passivation became a widely and common
method in Si wafer processing, 108116117 the role of surface defects with respect to photoelectrochemical
applications is not fully understood yet.!18:11° The chemically harsh conditions at photoelectrochemical
interfaces require a deeper understanding of the energetic role of surface defects, with respect to chemical
environment and electronic distribution of the defect centers in order to identify Fermi level pinning
mechanisms leading to barrier formation and trapping of excess charge carriers. 119120
Due to the lack of bonding partners in one dimension, non-saturated bonding states caused by dangling
bonds, appear at the Si surface and thus form the dominating surface defect. The paramagnetic and
diamagnetic character of such trivalent Si3=Si- dangling bonds, depending on the electronic occupation
of the defect, have been identified as so-called P,-centers at the interface to a native oxide layer and are
well studied with electron spin resonance spectroscopy (ESR) as well as spin-dependent recombination
(SDR). 121122 The formation of Si-O, Si-H or Si-R terminated surfaces lead in case of perfect adsorbate
covered dangling bond states to an electronic and chemical passivation of the Si surfaces. The quality of
these passivation layers corresponds to the number of remaining dangling bonds and depends on surface
orientation and quality of the surface passivation treatment. 129123

To understand the impact of surface preparation on defect distribution and surface band bending,
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different surface preparation procedures are provided and described in detail in Section 4.2.1. A complete
list of prepared Si surface with regarding Si 2ps3,» binding energy position can be found in Table A1 of the
Appendix.

5.1.1 Surface band bending and surface defects

In order to determine surface band bending the main discussion is based on the energetic position of the
spectra in dependence of the applied surface preparation. In Figure 5.1, the survey spectra of p-Si surfaces
after the different pre-treatments are shown, with detail spectra of the Si 2p and O 1s emission inserted.
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Figure 5.1: XP spectra of prepared flash-annealed (top), oxide-terminated (middle), and hydrogen-
terminated p-Si surfaces (bottom) with normalized detail spectra of Si 2p and O 1s. The calculated flat
band position for the Si 2ps3/, is marked as a dashed orange line. Sample indices (i, — vi,) are noted
according to Table A1.

Besides the expected elemental Si emissions, traces of O emissions appear to a certain extent as
contaminant on the sample. Furthermore, the flash-annealed as well as the air exposed samples reveal
traces of carbon contamination, which is according to the binding energy of C 1s at ~285.0 eV assigned to
adventitious carbon not affecting surface band bending. For that reason, the following discussion focuses
on surface states on pure silicon and oxidized surfaces.

The energetic position of the Si 2p line depends on the charge carrier concentration in the bulk as well
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as on the defect concentration at the silicon surface. With its band gap F,=1.12¢eV,?’ crystalline Si has
an intrinsic charge carrier concentration of <1 x 107!° cm™ in the bulk. !4 For that reason, the doping
concentration is the dominating contribution to the charge carrier concentration and can therefore be
derived from Hall measurements. The majority charge carrier concentration for each Si wafer was derived
from Hall measurements as given in Table 5.1.

Table 5.1: Fundamental bulk properties of Si wafers used in this work with sheet conductivity, charge
carrier mobility, and charge carrier concentration as derived from Hall measurements (in van der
Pauw measurement geometry with a magnetic field of B=1.3T). Flat band onset Er— E\jg calculated
according to Eq. 5.1and 5.2.

Si wafer/ Shee't . Mobility in Charge Cattier — caleulated flat
c : Dopant conductivity 9+,—1.-1 concentration in
orientation . _ cm“ V™ s _ band Er—FEyp
inScm™! cm ™3
p-Si (100) Boron 0.15 290 3.2 x 101 0.22eV
p-Si(111) Boron 0.11 270 2.5 x 10%° 0.22eV
p-Si (100)* Boron 0.67 111 3.8 x 1016 0.16eV
n-Si (100) Phosphorous 0.19 1270 9.3 x 10 0.86eV
n-Si(111) Phosphorous 0.10 1330 4.6 x 1014 0.84eV
n-Si (100)* Phosphorous 110 102 1.9 x 10%® 1.02eV

* Wafer with different doping concentration used for dry-physical H-termination.

With an jonization energy of 45 meV for both B and P,?? the dopants are almost completely ionized
at room temperature (shallow dopants). Furthermore, the charge carrier concentration is low enough
to approximate the Fermi-Dirac distribution with a Boltzmann term. Accordingly, with the measured
acceptor concentration N, for p- and donor concentration Ny, for n-type doping, the bulk Fermi level
position Fr with respect to the valence band edge Fyp and conduction band edge Ecg can be determined
by Equations 5.1 and 5.2

N,

EVB—EF:kBT-ln< ac), (5.1)
Nyp

EF - ECB = kBT -In (J\fdon> y (52)
Ncs

using the Boltzmann term for the thermal energy kg7 and the effective valence and conduction band
density of states Nyg=1.8 x 10! cm~3 and Ncg=3.2 x 10'% cm~3.2° With Ecg = Evp + E,, the valence
band onset in the bulk of the Si crystal can be calculated for all wafers (Table 5.1) in order to compare
these theoretical bulk values with the surface measured by photoemission spectroscopy (PES).

Both, the valence and conduction band in Si are formed by sp? related bonding o and anti-bonding
o* combinations. Due to missing bonding partners at the surface, dangling bonds form a characteristic
surface state distribution Ngg inside the band gap. Depending on the surface state distribution and the
surface’ charge neutrality level (CNL) with respect to the bulk Fermi level, charge transfer from the
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surface into the bulk occurs and induces band bending towards the surface (see Section 2.1.4 for more
details). Using the invariant energetic difference of the Si 2p core level line to the valence band maximum
(VBM) Eys = Egizp, 1 — Evs, the valence band (VB) onset Fyg — Ef at the surface can be precisely
determined by the position of the Si 2ps/» line. In case of crystalline silicon, Ey g is equal to 98.74 eV
and is independent of doping and surface band bending. 2> With that, the Fermi level position at single
crystalline Si surfaces is calculated as Eyg — Er = Egjop, o= 98.74eV. In principle, these values can be
determined by the Hell VB edge as well. However, for comparing these values a precise evaluation of
the valence band onset, contributions of surface states and modified source-induced photovoltages must
be considered. The calculated flat band position of Si 2p3/> has been marked in orange into the Si 2p
spectra of Figure 5.1. According to that, all the depicted p-type Si surfaces reveal a higher Si 2p binding
energy at the surface than expected from the bulk doping indicating an electron accumulation at the hole
depleted surfaces. In order to understand the charge depletion at the surface, a detailed understanding
of present surface defects in Si is required.

5.1.2 The intrinsic dangling bond states at Si surfaces

Threefold-coordinated Si surface atoms, which localize a nonbonding sp orbital are described by Si3=Si -
dangling bonds. These trivalent Si3=Si- dangling bonds are known to form two corresponding states
inside the band gap of Si with one donor state (bonding state) at around 0.25 ¢V and one acceptor state
(anti-bonding state) at about 0.85 eV above the VBM. 125127 The amphoteric character of this dangling
bond surface states (SS) leads to an U-shape like density of states (DOS) distribution with the CNL
located at about 40 meV below mid-gap position. 1?8 The reason for the splitting of the defect level is the
effective correlation energy of 0.6eV.!?? It is defined by the energy difference which is required to add
an electron to an unoccupied and to an already singly occupied dangling bond orbital and is composed
by the Coulombic repulsion and compensating lattice relaxation energy. 2?13 According to that, the
Si3=Si- dangling bonds can exist in three different charge states (see Figure 5.2b)): The neutral dangling
bond SS° exhibits one singly occupied sp? orbital. the positive SST is characterized by a sp? hybrid with
an empty p. orbital, and the negative SS~ exhibits an s?p? hybridization forming a doubly occupied Si
lone pair. 130

The detailed Si 2p spectra of flashed n- and p-doped Si (100) surfaces are depicted in Figure 5.2a),
without any visible oxide or suboxide species that should be located at higher binding energies of 101.1
to 103.2eV.!3? The Si 2ps,, emission of the p-doped sample is located at 99.34 eV, which correlates to
a mid-gap Fermi level position of 0.60 eV above the VBM what is in good agreement to pinning levels
previously found on Si (111) surfaces.?>!2° In contrast, the n-doped surface reveals a 0.2 eV higher
Fermi level position. But after reduction of the X-ray intensity a downward shift of the Fermi level also
nearly to mid-gap is observed on the n-doped sample indicating a source-induced SPV reducing the initial
band bending at the n-doped surface. This is most probably related to different capture cross sections
of minority charge carriers (o, (p-Si) > 0,(n-Si)) at the surface, which has been found to decrease the
recombination velocity at the n-Si/SiO, interface in comparison to p-type Si.!33134 Accordingly, the
binding energy of the p-doped sample is independent of the variation of the X-ray intensity which indicates
a fixed Fermi level position, confirming the higher recombination rate of photoelectrons as minority
charge carrier at the p-Si surface. The identical energy position at low X-ray intensities for both, the n-
and p-type sample, respectively indicates a strong Fermi level pinning which is independent of the bulk
doping Npopant concentration. Fermi level pinning is expected for ionized surface state concentrations
Nss > /2e€0Eg Npopant, as this corresponds to the maximum charge stored in the semiconducting space
charge region with a band gap of E; (Bardeen limit, see Section 2.1.4). In this case, the Fermi level
position coincides with the CNL of the Si dangling bond states, indicating Nss>>10'! cm~2 as most of the
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Figure 5.2: a) Si 2p spectra of flashed n- and p-doped Si(100) surfaces with different X-ray source
intensities. Intensity dependence on binding energy indicates surface photovoltage (SPV). Fermi level
positions are derived from Si 2p core level by Esiops,, — 98.74eV and seem to be independent of bulk
doping. b) Schematic surface states distribution SS DOS of Si dangling bonds with charge occupation
Ng/Niot in dependence on surface Fermi level position and marked CNL according to Brogvist et al. 181,

surface states remain uncharged close to the CNL (Figure 5.2b)). Due to the pinning level at 0.6 eV above
the VBM, the surface band bending ¢gg is about 0.38 ¢V. Considering a parabolic potential drop inside
the Si space charge region (SCR) (depletion approximation, see Section 2.1.3), the amount of total surface
charges ss can be calculated with the acceptor concentration of Nac=3.2 x 10'® cm ™3 (Table 5.1) and
es; = 11.7%° using Equation 5.3.

—Qss = \/eeo¢dpeNac = 1.44 x 10* cm ™2 (5.3)

Accordingly, less than 0.1 % of the surface atoms contribute to a positively charged defect by releasing
an electron into the Si SCR (SS° —— SS* + e~). If one assumes that the defect SS is very narrowly
distributed around the defect level AEp+<0.1eV, the ionized surface defect density Nsst can be
calculated with the total defect density Ngs:
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1
Nsst = Nss(1 — f(Ep)) = Nss [ 1 — — 5.4
( ( )) 1 + %exp EiBTEF

By taking Nss™ as the total surface charge Qss derived from Equation 5.3, the literature value for
Ep=0.26 ¢V, 2 and the pinning level Fr=0.6 ¢V, one can calculate for Nsg a value of 2.2 x 10'7 cm—2.
This value exceeds the density of surface atoms by a factor of 100 and is therefore an unrealistic defect
concentration. Consequently, the “narrow defect distribution” cannot describe the real defect distribution
on Si surfaces, indicating a more complex defect distribution spread over the band gap region with donor
states reaching up to the Fermi level. In any case, it can be concluded that after flashing of the Si surface,
the defect density is rather high and the number of dangling bond states is approaching the number of Si
surface atoms (~10'° cm—2), since the unreconstructed Si (100) surface reveals two dangling bonds per
surface atom.

In order to characterize the different surface preparation in more detail, electronic and structural anal-
ysis have been performed using ultraviolet photoemission spectroscopy (UPS) and low-energy electron
diffraction (LEED). Figure 5.3 shows the UP valence band spectra after surface preparation and LEED
pattern for those samples, which revealed LEED reflexes. The expected surface structures are depicted in
Figure 5.4. The high amount of Si dangling bonds straight after flashing leads to a high surface reactivity

hv=40.81eV:  Si3s-Si3s * Si3s-Si3p : Si3p-Si3p
' : OH 1 :
30— T ™
Si flash : : 0 2p ; VBM
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Figure 5.3: Hell (hv=40.81¢V) spectra of prepared p-Si surfaces with depicted valence state regions
(represented by the broken lines). LEED images with denoted beam energies shown on the right for
the samples, which revealed LEED reflexes.
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Figure 5.4: Si surface structures as expected from UP-spectra and LEED pattern. Blue and white balls
indicate Si and H atoms visualized with VESTA.

of the surface as observed in the Hell spectra (grey) revealing a progressing, rapid hydroxylation of
the surface even at a base pressure below 8 x 107! mbar. Two rising features at 7 and 12 eV which
correspond to the 17 and 3¢ antibonding and bonding orbitals of OH 3> appear after a short time and
increase in intensity (see Section 5.2 for more details).

Only after subsequent annealing of the surface in ultra-high vacuum (UHV), a two-domain 2 x 1 LEED
pattern with domains orientated perpendicular to each other indicates a stable Si dimer formation. Nev-
ertheless, the reconstructed Si(100) (2 x 1) surface, still reveals one dangling bond per top Si surface
atom (Figure 5.4, left). However, specific emissions appear in the Hell spectra from 7 to 11 eV which are
related to the O 2p o- and 7n-bonding states. Moreover, the XPS O 1s emission shows a chemical shift
from the hydroxide species at 532.2 eV to a more oxidic species at 531.8 eV (Figure 5.1). As a result, the
VBM shifts to higher binding energies in the same manner as the Si 2p line, indicating an upward Fermi
level shift to 0.7 eV above the VBM resulting from oxygen-induced donor states localized above mid-gap.

Conclusively, the flashed surfaces show a high amount of reactive surface defects, leading to a pinned
surface. Furthermore, it is observed, that oxygen contamination lead to an energetic shift. In order to
further discuss, the influence of defects on the electronic structure, the impact of hydrogen and oxygen
termination on Si surfaces on the observed spectra will be analyzed in more detail in the following two
sections.

5.1.3 Oxide specification and oxygen-related dangling bond defects

The o and = interaction of oxygen with silicon atoms is capable to passivate surface defects as bonding
and antibonding states formed by Si sp® hybrid orbitals interacting with O sp hybrids, and O 2s as
well as O 2p contributions appear below the band edges. 36137 Hell spectra of oxidized silicon surfaces
show broad O 2p emissions at around 7eV (Figure 5.3). In addition, the Si 3s, 3p and O 2p related
states reveal a characteristic valence band feature at 12 eV and around 14 eV.!*® The sputter annealing
procedure of the bare wafer leads to pronounced valence band features indicating a well-defined oxide
layer, which seems to be homogeneous and stoichiometric. In the Si 2p core level region, broadened
SiOq-related contributions appear between 103.5 and 103.8 ¢V dependent on substrate doping with a
full width at half maximum (FWHM) of about 1.5¢eV (Figure 5.1). From the SiO, to Si ratio of the
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Si 2p region, an oxide layer thickness of around 8.1 A with an oxygen to Si ratio of 2 : 1 (67 atm.%
O and 33 atm.% Si) results for the untreated wafer (see Table A2 in the Appendix). After the sputter
annealing step, the thickness increased to 10.5 A with no significant change in the oxide stoichiometry.
As expected, for none of the oxide terminated wafers a LEED
O 1s loss in SiO, pattern can be observed, indicating an amorphous SiO, layer
for both native and thermal oxides. For a sufficient amount
of XPS scans, the loss feature of the O 1s signal provides in-
Ols formation about the electronic band gap of the native oxide
electron loss \ layer on top of the Si wafer (Figure 5.5).'3%140 The elec-
tron loss is caused by the direct interband transition from
the SiO; VBM into the conduction band minimum (CBM).
By doing so, a value of 8.02¢eV is evaluated for the native
oxide, which is lower than the literature value of 9.0 eV found
by the same method of thermally grown 2.3 nm thick SiO,
layer!*° or by photoconductivity on thicker (500 nm) SiO2
films. 14!
The VB onset from the Hell spectra (Figure 5.3) is found to
15 10 5 0 be at about 5eV. This is 0.5 to 1.0 eV above the SiO, mid-gap
position which might be caused by charging effects. However,
as the Fermi level in SiO; is far from the band edges, the
Figure 5.5: Electronic bandgap determina- dielectric character of the SiO, termination layer is confirmed
tion of native SiO; layer. and no free charges nor a charge transport over the valence
and conduction bands are expected.

| oxide bandgap 8.02 eV |

Photoelectron intensity /a.u.

Loss energy /eV

For entropy reasons, even a fully oxidized Si surface possesses dangling bond defects. In this case, the
surface state distribution in the bandgap strongly depends on the oxidation state of the defect centers
induced by dangling bonds. These partially oxidized P}, centers can be assigned to either Si;O;=Si- or
Si;04=Si- structures. They are known to show only donor-like states within the Si bandgap at around 0.4
and 0.7 eV above the VBM, revealing a narrower distribution than the symmetrical mid-gap states. 4*> The
donor state of the O3=Si- center is expected to be even above the CBM, thus related to a fixed positive
oxide charge. 128 For the native oxide termination, both p- and n-type Si show donor-like doping at the
surface. This results in an inversion layer at the surface of the p-Si as the Fermi level is located 0.74 eV
above the VBM which is slightly above mid-gap position. For the n-Si, an electron accumulation at the
surface is observed as well, since donor states are shifting the Fermi level to 1.00 eV above the VBM which
is located 0.13 eV above the flat band position in the bulk. Due to the temperature treatment, excess
dangling bonds are consumed by the reaction with oxygen and to some extend by the reaction with
silicon, leading to a more pronounced flat band like situation than the initial native oxide termination
does. The p-Si reduces the initial surface band bending to 0.29 ¢V. On n-Si, the Fermi level equals the flat
band position. In contrast to bare Si, the Fermi level position for the oxide terminated Si seems to be
independent of the source intensity. The reason for the more pronounced flat-band situation on n-Si/SiO,
compared to p-Si/SiOs is attributed to the amphoteric interaction of the P}, acceptor states above mid-gap
and partially oxidized Py, centers acting as donors accordingly.

In conclusion, oxidized defect center lead to donor-like states inside the Si band gap. But, proper
oxidation treatments can minimize the total amount of defect states by the passivation of dangling bonds.
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5.1.4 Dangling bond passivation by hydrogen termination

Saturating Si dangling bonds with atomic hydrogen is a well-known surface treatment in order to passivate
the dangling bond states at Si surfaces. In this study, a wet chemical treatment according to Angermann
et al. 198 is compared to a dry physical treatment under 950 mbar H, ambient right away transferred to
UHV according to Briickner et al. 19>, It turns out that the Hy-prepared Si-H samples are spotless and show
neither carbon nor oxygen contamination (Figure 5.1, yellow spectrum). By applying dedicated fitting
routines, the Si 2p emission can be deconvoluted, resulting in separated single Si 2p components with
different 2p doublet structure pointing to different back-bonding centers as depicted in Figure 5.6a). A
surface related component of about 10 % relative intensity is found with a chemical shift of about 0.25 eV
compared to the bulk-related Siz —Si3 center that can be assigned to Si3=Si—H. The same chemical shift
was found by Lewerenz et al. '3, which they also assigned to Si—H species according to their density
functional theory (DFT) calculations. In addition, reflection anisotropy spectroscopy (RAS) (Figure Al in
the Appendix) and LEED (Figure 5.3) pattern reveal a 2 x 2 reconstructed surface indicating a monohydride
surface phase with two 2 x 1 domains rotated by 90° 19144 (see Figure 5.4 for the surface structure).

a) b) |c; .
Si (100)-H Si(100)-H Si-H
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Figure 5.6: Photoemission spectra of dry physical prepared monohydride Si(100) surface according
to Briickner et al.19%. a) Si 2p deconvolution of bulk and surface component. b) Angular resolved
Hell (hr=40.81 V) spectra revealing the Si — H bonding orbital at 6.0 V.

Due to the sample transfer from Ilmenau to Darmstadt, first PES measurements have been con-
ducted 24 h after preparation. The n-Si:H sample exhibits a binding energy position of the core level
of Fy,(Si 2p3/2)=99.85¢eV and a Fermi level position of 1.01 ¢V above the VBM. According to the higher
doping concentration of the wafer which was used for this sample, the measured value is only 30 meV
below the calculated bulk position, indicating flat-band situation at the surface. For p-Si:H, the Si 2p
appears at Fy, (Si 2p3,2)=99.23 ¢V, which can be assigned to a Fermi level located 0.49 ¢V above the VBM
in contrast to the calculated bulk position of 0.16 eV. Nevertheless, source-induced SPV plays a role for
both samples since reduced light intensity moves the Fermi level 100 meV towards mid-gap in both cases,
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n- and p-type Si, respectively. In order to obtain these energy shifts in n-Si, the source intensity needed to
be decreased from 300 W to 1 W. In contrast to that, it was sufficient to decrease the source-intensity for
the p-Si to 10 W, showing again that the depleted n-Si layer is more susceptible to SPV than p-Si.

The Hell line of the Si (100):H prepared samples show two degenerated Si 3p features at around 2.5

and 4.1 eV, which are clearly associated with the reconstructed surface (Figure 5.6b)). At 8¢V a strong
Si 3s-3p peak arises whereas the broad feature at around 10.5eV is more of a 3s character. By changing
the photoelectron emission angle @, from 0° to 30° in azimuthal [110] direction shown in Figure 5.6, 144
one can probe the surface Brillouin-zone from the I" to the J-point showing a very sharp peak at 6.0€V,
which can be associated to a Si—H surface bonding and is in good agreement with previous findings and
tight binding calculations at the .J-point. 14>146 Furthermore, the 3s feature at 10.5¢V is enhanced due to
the hybridization of the H 1s and Si 3s orbitals at the K-point of the surface Brillouin zone as predicted by
Pandey '*® and has been also found on fully hydrated Si(111):H-(1x 1) surfaces. 47148 To my knowledge,
this prominent H-resonance has not been observed on Si (100) yet, confirming the high surface order of
the present monohydride surface.
Despite the well-defined surface with almost flat-band condition, the Hell line reveals a small amount
of states showing up above the valence band edge up to the Fermi level with a small peak structure
290 meV above the VBM, which is attributed to the occupied Si dangling bond state (see magnified
VBM region in Figure 5.6b)). Repeating the measurements 48 h after preparation (not shown here), the
Si 2p line of the n-doped Si shifts about 200 meV to BE(Si 2p3,2)=99.63 ¢V which seems to be source
intensity independent. This indicates a strong Fermi level pinning 0.89 eV above the VBM due to partially
H-desorption, increasing the amount of Si dangling bond states in UHV.

During the wet-chemical H-termination, the native oxide is etched and remaining dangling Si-bonds
are terminated in NH4F solution with atomic hydrogen. The H-terminated samples were loaded within
10 min after preparation into the XPS analysis chamber. The prepared H-terminated surfaces reveal low
oxygen contents of less than 1.5 atm.% with XPS. However, the Hell spectra reveal clear indications of
surface oxidation as shown in a broad O 2p feature at around 5 to 10eV. At the same time, the VBM
from Si 3p states and the Si 3s-3p feature at 8¢V are clearly visible, while the oxidized contributions
appear as two features at 11 and 13 eV. Both preparations led to 1 x 1 LEED pattern (compare Figure A2),
indicating a fully hydrided surface with no surface reconstruction due to dimer formation on both (111)
and (100) surfaces'!” (see Figure 5.4 for the surface structure). Energetically, H-terminated n-Si (100)
and (111) show a Fermi level position very close to the conduction band FE4 (Si 2pp.111)=99.88 eV and
Ey(Si 2pp.100)=99.94 ¢V, indicating an accumulation surface layer due to oxygen related donor states
similar to the oxygen terminated surfaces as discussed before. The H-terminated p-doped surfaces show
for both orientations a mid-gap Fermi level position at F4,(Si 2ps,2)=99.35eV. In case of p-Si, donors and
acceptors of partially oxidized and non-oxidized Py, centers pin the Fermi level 0.6 eV above the VBM.
On n-Si, the acceptor states are fully occupied due to the higher bulk Fermi level. In combination with
the oxygen related donor states, this results in an electron accumulation at the surface. This is in good
agreement with Schlaf et al. '?° who found a strong donor level pinning the Fermi level at 0.2 eV below
the CBM for HF-etched p- and n-Si surfaces. Storing the p-Si (111):H sample for 4 weeks at <10~ mbar
led to further surface oxidation and a Fermi level shift of 50 meV towards the conduction band indicating
further oxygen-induced electron accumulation.

For the very defined dry-physical H-terminated Si surface, the PES analysis allowed the investigation of
occupied donor states. To investigate non-occupied acceptor states close to the Si bandgap region near
edge X-ray absorption fine structure (NEXAFS) spectroscopy of wet chemically H-terminated Si surfaces
were measured in the surface sensitive partial Auger yield at the BESSY II synchrotron storage ring. In

48



Sily 3 edge O K edge

I

Intensity /a.u.

.................. I 1‘ Sle diff. uo.x-clean

98 100 102 104 106 108 110 525 530 535 540 545
Excitation energy /eV Excitation energy /eV

Figure 5.7: NEXAFS spectra of wet-chemically prepared H-termination of Si with Si L, 3 and O K-edges.
Dotted green spectra depicts difference of clean (orange) and oxidized (blue) spectra revealing two
additional adsorption features close to the main adsorption edge after partial oxidation.

Figure 5.7 the Si Ly 3 and the O K-edges are shown. The n-(111) surface shows almost no absorption
in the O K-edge region (blue spectra), indicating the lowest amount of surface oxidation. At the same
time, the n-111 Si samples reveals the most prominent pre-edge feature, labeled with A, 0.4 eV below
the main Si absorption L-edge starting at h»=99.75 eV, indicating the CBM. This pre-edge structure can
be assigned to the Si dangling bond acceptor states which was reported to appear =~0.3eV below the
CBM. 2 Furthermore, the observed acceptor state on the wet-chemical (111) surface coincides with the
pinning level of the 48 h altered UHV H-terminated (100) surface indicating that Si dangling bonds are
the dominating defects on both surfaces. Samples, which do not show that prominent pre-edge feature
in the NEXAFS spectra, reveal significant amounts of oxygen confirming that the acceptor states of the
oxidized P}, centers are located far above the CBM leading to only donor states within the Si bandgap
as previously described. 1?2 By comparing the NEXAFS of clean and oxidized samples (green spectra),
two additional features B and C appear 0.53 and 1.23 eV above the CBM, which may be assigned to the
acceptor states of the SioO=Si- and SiO,=Si- defect centers. The ionized donor state of the O3=Si-
defect, is also expected to contribute in this region. > The main absorption of the native SiO, oxide layer,
is known to appear far beyond the conduction band edge at about hv=105 eV.14%150 However, the broad
distribution of the oxide species in this region indicates the presence of Si>*, Si*>*, and Si** species, which
would support the assumption of present oxidized Py, centers. 151

To summarize the investigated defect distribution of Si dangling bonds, Figure 5.8 represents the whole
surface state distribution of non-oxidized Si dangling bond centers within the bandgap according to the
measurement results. The obtained pinning levels from X-ray photoemission spectroscopy (XPS) and UPS
are related to the donor and acceptor states, which are found 0.29 and 0.89 eV above the VBM. With that,
the effective correlation energy of 0.6 eV is confirmed with photoemission spectra as previously derived
from ESR 126129 and DFT!3! studies. As soon as the surface starts to oxidize, the acceptor states are
shifted apart from the conduction band (CB) edge and therefore play no role for surface band bending and
excess charge carrier recombination at the surface. However, their donor states remain in the Si bandgap
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Figure 5.8: In-gap states of Si dangling bonds at H-terminated Si surfaces. UP- and XA-spectra reveal
occupied and unoccupied dangling bond states, respectively. UP-spectrum is conducted from a dry
physical prepared n-Si(100)-H and XA-spectra from a wet chemical prepared n-Si(111)-H surface. VB
cut-off and XA onset were normalized to mid-gap states and separated by the optical bandgap of
around 1.2eV.

and may cause electron injection into the Si surface. With that assignment, the effective correlation energy
of the Si;O=Si- defect would be around 0.9 eV and is increasing with further oxidation to 1.7¢eV for the
SiO,=Si- defect.

5.1.5 Source-induced photovoltages at cryogenic temperatures

Band bending due to surface states results in a SCR which acts as a charge separator for excess charge
carriers and with that is able to induce a SPV while illumination. Even under fully dark conditions, the
X-ray source itself can induce SPV as already observed on the flashed Si surfaces (Figure 5.2a)). The
extent of SPV measured at a depleted SCR due to surface states depends on several substrate properties.
Besides the absorption properties, the diffusion length of the minority and majority charge carrier, which
is a bulk property, and the lifetime of excess charge carriers in the bulk compared to the surface (surface
recombination) is of importance. For Si with high carrier mobilities (>10% cm? V—! s~!, compare Table 5.1)
and bulk carrier life times from 1076 to 1072 s,2%1>2 most of the non-equilibrium charge carriers will
be separated and recombine at the surface by Shockley-Read-Hall recombination3* involving surface
states. As a result, the mobility of charge carriers at surfaces is considerably lower than in the bulk, since
Coulomb scattering occurs at charge carriers which are trapped at surface states.!>® The measurement of
SPVs depending on light intensity is thus an easy experimental tool to characterize the quality of surface
preparation, as the surface recombination will strongly be affected by the number of surface states.?!-154

Figure 5.9 depicts the surface band bending of a clean p-Si surface in the dark and under illumination.
Required that under illumination the total surface charge (Qss will not change, the source-induced excess
charge carriers will screen the fixed surface charge and thereby reduce the initial surface band bending. 1°°
Consequently, the SPV shifts the Si 2p to lower binding energies by eUpy,. Source-induced SPVs always
lead to a decrease of apparent band bending. In order to pronounce this effect, cryo-XPS measurements
can be performed to probe the SCR at the prepared Si surfaces.>%157By cooling with liquid nitrogen, a
measured substrate temperature of —176 °C is achieved. As the thermally induced transitions of holes as
majority carriers are exponentially reduced with that temperature, the recombination of excess charge
carriers with intrinsic counter charges is suppressed which also leads to strong temperature dependence
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Figure 5.9: Scheme of a depleted p-Si surface with dangling bond states a) in the dark and b) under
illumination where SPV lead to more flatband conditions, due to a higher concentration of electrons in
the SCR indicated by their quasi-Fermi-level Ef ,,.

of the reverse saturation current density of the rectifying SCR.%7 It is evident that with decreasing thermal

carrier velocity also the surface recombination velocity drops at low temperatures according to Stevenson
—AFE

and Keyes 1°8 with o T~'e 7T . However, apart from the pronounced SPV, resulting in binding energy
shifts when approaching flat-band condition, there are other energetic effects which need to be considered
when analyzing surface band bending at liquid nitrogen temperature. One is the “freeze-out” of doping
levels, since the thermal energy is too low to ionize all dopants and leads to a flatband Fermi level position
of Eyp — Ep(—176°C)=0.08 eV and Er — Ecp(—176°C)=0.09 eV for the p-Si and n-Si wafers, respectively.
Another fact is the band gap spreading by AEg(—176°C) = +40meV.?°

By considering all these effects, the Fermi level positions within the Si bandgap for all p- (bottom row)

and n-Si surfaces (top row) as evaluated from the Si 2ps,» position according to Table A1l are depicted in
Figure 5.10 in comparison to the expected flatband potential from Table 5.1. The difference between the
measured surface Fermi level position and the calculated bulk (or flatband) Fermi level position (dashed
lines) at room (green) and liquid nitrogen (red) temperature is representing the total surface band bend-
ing ¢pp by the size of the bars. The shift of the flatband energy due to cooling is related to the freeze-out
effect of dopants as explained above. The bandgap of the Si-H (dry) was reduced due to the bandgap
narrowing of the n-type wafer because of the high doping concentration of Ngo,=1.9 x 108 cm=3,15%
The reduction of the bar size after cooling (green vs. red bars) can be considered as source-induced SPV
at low temperature. The extent of SPV gives conclusions about the total amount of surface defects and
to what extent they can act as recombination centers for excess charge carriers. It should be mentioned
that additional bias light could even enhance SPV.1° However, at low temperature no significant shifts
toward the flatband position could be observed by additional white light illumination, indicating that the
X-ray source itself almost brings the SPV to it’s physical limits.
All p-Si samples show a depletion region due to the previous discussed donor states inside the Si bandgap
at the surface. In contrast to that, only oxygen-free samples (flashed and dry-H-terminated Si) reveal a
slight electron depletion in n-Si surfaces due to unoccupied acceptor levels below the bulk Fermi level.
All other n-Si surfaces show either flat band (therm. Ox) or electron accumulation at the surface due to
oxygen-related donors close to the CBM.
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Figure 5.10: 2D projection of SCR inside the Si bandgap of all samples due to surface band bending at

room temperature (green) and liquid nitrogen temperature (red). Bottom and top row represent p-Si
and n-Si samples, respectively. Bar edges indicate VBM to Fermi level energy difference in the bulk and
at the surface. Reduction of band bending at liquid nitrogen temperature indicates a source-induced
SPV. *Bandgap narrowing and different bulk Fermi-level positions due to higher doping concentration
of used wafer for sample Si-H (dry).

From the shown set of samples, the following conclusions might be drawn:

i) At low temperature, oxygen-free surfaces show lower source-induced SPV indicating that the
recombination activity of the Si dangling bonds gets reduced by the oxidation of Py, centers. This
is in good agreement with Flietner 142, who attributed the main recombination activity to the
non-oxidized dangling bond states, as the amphoteric character of this defect enhances the Shockley-
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Read-Hall process when the splitting of Quasi-Fermi level at mid-gap ionizes donors and acceptors
simultaneously.

ii) All p-Si surfaces show more band bending than equivalent n-Si surfaces as already observed else-
where. 120:161 This behavior might be attributed to the following observations: Clean n-Si surfaces
are more susceptible to SPV even at room temperature as discussed above, which renders the
evaluation of total band bending by photoemission spectroscopy nearly impossible. Furthermore,
the oxidation of dangling bond centers shifts acceptor levels above the conduction band and prevents
upward band bending.

iii) The sputter annealed sample (therm. Ox) shows for n- and p-type, the lowest band bending at room
and low temperature indicating that the total amount of surface states is the lowest in comparison
to all other samples.

5.1.6 Conclusion on Si surface defects

In this Section the role of Fermi level pinning due to Si dangling bonds on different Si (100) and (111)
surfaces has been investigated. The findings on flashed Si surfaces confirm the U-shape distribution of
clean Si dangling bond centers, exhibiting amphoteric behavior. Both p- and n-type Si show Fermi level
pinning in the middle of the bandgap, coinciding with the defect’s CNL. Furthermore, on surfaces entirely
devoid of oxygen, an occupied in-gap state 0.29 eV above VBM and an unoccupied in-gap state 0.40eV
below the CBM is found, which coincide with these dangling bond states. According to the present results,
surfaces contaminated with oxygen tend to accumulate electrons since the unoccupied in-gap states
vanish, resulting in only donor-like states within the bandgap. These oxygen-related donor states were
attributed to partially oxidized Si dangling bond centers. Hence, none of the present p-type surfaces
reveal flat-band conditions after preparation, whereas n-type surfaces reveal comparatively lower surface
band bending. Nevertheless, it is inferred that flatband conditions alone not sufficiently describe the
overall defect density of the analyzed surface, as only ionized surface states contribute to surface band
bending. Moreover, Fermi level pinning requires the amphoteric character of a defect center at which
several charge states coexist. For high defect concentrations, the pinning level will correspond to the
CNL of the defect, provided that there are electronic states at this energy. In this case, the electronic
distribution of the defect plays a minor role for the pinning itself. For lower defect concentrations, the
amphoteric character is provided by the defect itself when neutral and ionized states coexist and lead to a
half-filled defect band. Consequently, identical surface defects but with varying concentrations result in
different pinning positions within the bandgap.

Furthermore, the cryo-XPS measurements suggest that donor-like oxidized Py, centers reveal lower recom-
bination activities than the amphoteric non-oxidized dangling bond centers. According to the results,
none of the investigated surfaces could be considered as defect-free. Nevertheless, sputter-annealed oxide
layers provided the most effective surface passivation for photoelectrochemical applications, since for
p- and n-Si the lowest surface band bending is observed at room temperature but also liquid nitrogen
temperature, indicating the lowest recombination activity of excess charge carriers.

Even though the oxide layer is capable to passivate the majority of Si surface and interface states with
low surface recombination velocities of <1 cms™!, 133 the dielectric character of the oxide layer will act
as tunnel barrier at the electrochemical interface and thus limits the charge transfer properties of the
interface, thereby impeding the overall device efficiency.
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5.2 Surface reactivity of Si dangling bonds

In the previous section, it was shown that the high amount of Si dangling bonds straight after flash-
annealing leads to a high reactivity of the hot surface. To monitor the reactivity of excess dangling bonds,
a time resolved measurement sequences and angular resolved UPS measurements were conducted on a
flashed Si (100) and (111) surface.

5.2.1 Reactivity of Si(100)

The color maps in Figure 5.11 show the O 1s, Si 2p, and Hell VB spectra of a p-Si (100) wafer straight
after flashing over consecutive scan numbers related to a certain time sequence. The time resolution for
each scan is about 30, 25 and 90s for O 1s, Si 2p, VB, respectively.

_ O 1s Si2p Hell VB

=3

g OH OH
2 “

B

=

8

RS

Scan number

5
<
~
=
=
=
E | | | | | | | | | | | | |
532.5 529.5 102 100 98 20 15 10 5 0
Binding Energy /eV Binding Energy /eV Binding Energy /eV
0 2 4 6 8

Intensity /a.u.

Figure 5.11: Hydroxilation process of an as-flashed p-Si (100) wafer. Rising O 1s and highest occupied
molecular orbital (HOMO) OH features in the valence band indicate dissociative adsorption of water
at a base pressure of <10~ mbar. SS disappear with hydroxilation while Si 2p remains unchanged.

With a base pressure of about 7 x 10~!? mbar at room temperature, which shortly raises during flashing
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to 1 x 10~8 mbar, one can assume an average partial water pressure of about 1 x 10~ mbar during the mea-
surement time. This would lead to a final water dosage of <2 L after the last scan. After 10 min (20 scans)
a signal starts to rise in the O 1s region at about 532.5 eV. At the same time, two features at 7eV and 12eV
which correspond to the 17 and 30 antibonding and bonding orbitals of OH, 3> appear in the Hell VB. In
addition, clear gap states arise 0.2 ¢V below the Fermi level as marked in purple. It is yet not clear whether
these gap states originate from isolated dangling bonds as discussed before 12 or from the w-interaction
of the dangling bonds of the Si dimers at the surface forming the 2 x 1 surface reconstruction. 163-16
These gap states vanish with the ongoing hydroxylation, confirming that they result from SS. Interestingly,
the Si 2p line does not change in binding energy, indicating a strong Fermi level pinning at mid-gap,
which remains after hydroxilation. Accordingly, not all dangling bonds can be saturated by dissociated
H>0 molecules. The Si 2p line gets slightly narrower with time, which might be mainly caused by a
temperature effect when the sample slowly cools down after flashing. However, the unknown impact of
remaining heat impedes a consistent fitting routine for the Si 2p during hydroxylation.

The observed evidence for adsorbed OH,q4, at the surface, which is expected to be caused by the
dissociation of H»O, raises the question if H,4s could be also identified as the second product of water
cleavage, or if even the evolution of H, desorbing from the surface has to be considered. In Figure 5.6b) it
was shown that the Si—H bonding could be identified on the very well defined 2x1 Si (100):H surface by
angular resolved VB spectra. By repeating these measurements on the hydroxylated Si (100) surface, a de-
convolution of the upmost 17 state could be observed (Figure 5.12), where the upper contribution appears
quite sharp at E,=6.75eV. Schmeisser et al. 13> assigned this feature to an oxygen lone pair revealing a
chemical shift for H5O on Si (100). However, as at the same time, the broad Si 3s contribution increases at
about 11 eV and both features have been similarly observed at the H-terminated surface (orange spectra,
Figure 5.12), where the spectral data suggest an Si—H assignment.
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Figure 5.12: Angular resolved Hell (hv=40.81¢V) spectra of hydroxylated Si (100) in comparison to 2 x 1
Si (100) surface. on-dimer and inter-dimer configuration is inset as adapted from Yu et al. 1% Si-H
bonds appear at E,=6.75 eV, while features at 7.50 and 12 eV are assigned to hydroxyl orbitals.

However, both Si-H contributions at the hydroxylated surface reveal a chemical shift of A=0.75¢V in
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comparison to Si(100):H surface. This shift, might be explained by different back bonding contributions
of the surface Si—H bonds. In the case of the monohydrided 2 x 1 Si (100) surface the Si—H is backbonded
to a Si surface dimer.!!” Apparently, this is no longer the case for the hydroxilated surface, which is
also confirmed by the decrease of SS during hydroxilation (compare Figure 5.11).'63 DFT calculations
of Lewerenz et al. 1*3 reveal a chemical shift for Si with OH, 4, and H,4, bonded to the same Si atom in
comparison to a Si3=Si—H bond of about 0.6 eV. This might suggest that one surface atom carries both
products of H,O dissociation. In principle, this is possible, since (100) surfaces reveal two dangling bonds
per Si surface atom when breaking the Si dimers. However, DFT and scanning tunneling microscopy
(STM) studies strongly suggest a dissociative H,O adsorption where two configurations are energetically
favorable compared to a molecular adsorption with E,4,=0.74¢V:

i) the on-dimer configuration, where H and OH sits at the two Si atom of the same Si dimer (with
E,4s=2.38 eV per H,0), and

ii) the inter-dimer configuration, where H and OH are located at Si atoms of neighboring dimers (with
FL4s=2.12 eV per H,0). 166,167

The mechansims are schematically depicted in Figure 5.12 according to Yu et al. 1°®. Beyond the similar
adsorption energies also the kinetics for both reaction pathways i) and ii) with calculated barriers of
~0.25eV 167 are almost the same, what suggest that both configurations coexist at the hydroxilated
Si (100) surface as experimentally observed. 1% From the present spectroscopic data, it is not possible to
distinguish between both configurations, even though the H-resonance appears to be slightly broader in
comparison to the ordered 2 x 1 Si (100) surface. However, the polar back bonds of the Si—H features in
on-dimer configuration is expected to cause a larger chemical shift than for the inter-dimer configuration.
Final computational calculations are missing in order to identify the chemical shifts for both configurations
and thus verify the reaction mechanism of H>O dissociation on Si (100).

5.2.2 Reactivity of Si (111)

In comparison to the (100) surface, the flat Si (111) surface only reveals one dangling bond per surface
atom. The electronic structure of this surface strongly depends on the surface reconstruction.%8 As
already observed on the (100) surface, no LEED pattern could be observed on the as-flashed (111) surface
indicating a low surface ordering with a high amount of excess dangling bonds.

Figure 5.13 reveals at the top the dangling bond energy dispersion of a Si (111) (1 x 1) surface without
surface reconstruction according to tight binding calculations of Chadi'®®. Accordingly, the unrecon-
structed Si (111) surface reveals a strong metallic character with three distinct surface states spread
over the Fermi level region. The state at the I"-point of the surface Brillouin zone is located above the
surface Er, which is the equivalent to the CNL of the surface. According to these calculations, the states
below Efr at K and M reveal a very high localization of surface charge density, which is also demonstrated
by the “flatness” of the bands at these points.1%° These calculations are fully consistent with the Hell
spectrum of the Si (111) surface straight after flushing (bottom). It reveals two distinct SS features (a
and b) at 0.43eV (FWHM=0.34¢V) and 1.04eV (FWHM=0.42¢V), and has been assigned to dangling
bond states. 12>168 The broad energy dispersion and the spectrometer acceptance angle of +8° might
be the reason why both features can be measured even under normal electron emission ©.=0°. These
features have been found on Si (111) (1 x 1) as well as (7 x 7) surfaces. 168:170:171 For comparison, the
(2 x 1) surface only shows feature a, which disperses with a bandwidth of about 0.8 eV 172173 and is of
s, p. character confirming the dangling bond state. 174
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Figure 5.13: Dangling bond dispersion and surface Brillouin zone of not reconstructed Si(111) (1 x 1)
surface according to Chadi®® (top). Hell spectra of Si(111) surface straight after flushing and after
exposed to 1kL H,0 (bottom).

As similarly observed on the flashed Si (100) surface, the (111) surface seems to be highly reactive.
The blue Hell spectra in Figure 5.13 show the characteristic hydroxilation feature at 7.9 and 11.9eV. In
comparison to the (100) surface, not only the intensity ratio of the 17 and the 3o state differs, but also the
energetic distance decreases by about 0.5¢eV. The 17 orbital appears at a higher energy, what might indi-
cate a stronger interaction of the oxygen lone pairs with the (111) surface. By changing the photoemission
angle O, to 30° in azimuthal [112] direction, the surface Brillouin zone is probed from the I to the K-point.
A rising feature at ~6.8 eV can be observed, which is attributed to a H resonance at the K-point.#> It
should be noted that the H-resonance at the K-point of the hydroxilated (111) surface is clearly lower
in intensity than observed at the M-point of the (100) surface. With the dissociative adsorption of HyO,
the surface states a and b get clearly damped and only one surface state a’ at 0.66eV (FWHM=0.5¢V)
remains. The change in ©. does not show a clear energy dispersion and coincides with the dangling bond
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state found by Chadi et al. 172 on the Si (111) (2 x 1) and (7 x 7). As a consequence, neither on the (100)
nor the (111) surface all dangling bonds are consumed upon the dissociative water adsorption.

The related Si 2p XP spectra are inset in Figure 5.13. In comparison to the spectra of the flashed
Si (100) surface, the Si 2p is less distinct, indicating a more complex reconstruction configuration most
probably due to the larger variety of back bonding geometries on the (7 x 7) surface. The Si 2p3/5 is
located at 99.54 ¢V and shifts to 99.43 eV by reducing the X-ray power from 300 to 1 W, indicating an
upward band bending at the n-Si (111) surface. When exposing the (111) surface to 1 kL H,O, the Si 2p
shifts further down in binding energy to 99.36eV (see Figure 5.13). Interestingly, it is located at the
same position as found on the flashed p- and n-Si (100) surfaces, which correlates again with the mid-gap
pinning 0.6 eV above the VBM. Furthermore, no SPV are observed when reducing the X-ray power. The
shape of the Si 2p gets slightly narrower after water exposure (most indicated by the more prominent kink
between the dublett, Figure 5.13). However, the consumption of surface states which appear at the edge
to lower binding energies of the Si 2p3/» 12> can be barely resolved with Al Ko radiation, just as little as
the formation of Si'* at higher binding energies3? after hydroxilation. For that purpose, highly surface
sensitive synchrotron radiation is needed, 1%>17> which could not be performed in the framework of this
thesis. Assuming that both surfaces reveal a high enough surface state density of Nss>>10!! cm~2, the
observed energy shift could only be caused by two effects:

i) The CNL of the surface, changes after hydroxilation, while the CNL of the unreconstructed (1 x 1)
surface is located above the Fr of the bulk, therefore inducing electrons into the bulk.

ii) Both surfaces, the clean and the hydroxylated, reveal mid-gap Fermi level pinning due to the
dangling bond distribution around mid-gap but the clean n-Si surface shows a more flat-band like
surface due to source-induced SPV as described in Section 5.1. This would imply that the surface
hydroxilation of Si (111) induces fast recombination centers preventing SPVs, even though the total
surface state density decreases.

As both conclusions are of high relevance for photoelectrochemical applications, further Kelvin probe or
photoconductive decay measurements are necessary in order to clarify this observation. }>°

In conclusion, it is shown that the surface reactivity of Si (100) and (111) surfaces is strongly related
to dangling bond defects leading to water dissociation. However, even after high water exposures in
the range of 1kL, a considerable amount of defects remains and pin the Fermi level at the surface CNL.
However, high fluctuation of the H,O molecules absorbing from the gas phase, might not fully saturate
the surface with water as it is expected in the liquid electrolyte.
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5.3 Low-temperature water adsorption on Si surfaces

In Section 5.2, the chemical reactivity of Si dangling bonds has been discussed in detail for highly reactive
surfaces. In these experiments, water has been adsorbed at room temperature from the gas phase leading
to high desorption rates. In a next step, the focus is placed on the electronic interaction of reconstructed
and partially passivated surfaces as prepared and characterized in Section 5.1, including charge transfer
mechanisms when defects are created or passivated due to the chemical and electronic interaction with
the electrolyte. This might be indicated by a change of the energy band diagrams of the Si/adsorbate
(electrolyte) contact showing the change of band bending, surface positioning of the Fermi level vs the
bulk, and possible changes of the band edge positions. To increase the amount of water at the surface
preventing desorption, the electrochemical interface of the Si surfaces with molecular water is investigated
by low-temperature adsorption experiments using the “frozen electrolyte” approach. 17°

5.3.1 Model experiment at the example of H-terminated p-Si(100) / H,0

The first objective is to provide a thorough presentation of the H,O adsorption model experiment,
which uses the previously described well-defined dry H-terminated p-Si(100) surface (see Section 5.1.4).
Strength and weaknesses of conducting low-temperature adsorption experiments is extensively examined
and the conclusions that can be derived from them are discussed.

To enhance the sticking coefficient of HoO molecules, the sample substrate is cooled using liquid nitrogen,
resulting in a constant substrate temperature of —176 °C. Ultrapure water from the gas phase is then
gradually adsorbed using controlled water partial pressure and exposure time. A dose of 100s at 1 x
10~® mbar is considered equivalent to 1 L (Langmuir). Finally, the cooling process is stopped, and the
sample returns to room temperature. XP survey and detail spectra are obtained, as well as high surface
sensitive UP valence band spectra using monochromatic Hell emission with hv=40.81 eV, after each step.
The O 1s and Si 2p core level lines are shown in Figure 5.14 after each step of the adsorption experiment.
The H-terminated Si surface exhibits no emissions from O or C as shown in Section 5.1. The O 1s signal
rises at about 533 eV when exposing the H-terminated surface step-wise to molecular water, indicating
a molecular adsorption on the surface. Simultaneously, the Si 2p signal gets slightly damped by the
adsorbate. The evolution of binding energy position of O 1s, Si 2ps3,2 and the work function (WF) are
shown at the bottom of Figure 5.14. The adsorption experiment can be devided into four regions as
depicted accordingly:

i) Cooling: The first region of the experiment involves cooling the sample without any exposure to
water, which induces a core level shift in the Si 2p line due to a source-induced surface photovoltage
(SPV). The SPV flattens the initial surface band bending of the p-doped wafer as has been discussed
in detail in Section 5.1. In contrast to room temperature measurements, the reduction of the
X-ray intensity from 300 to 10 W does not lead to a reduction of the source-induced SPV at liquid
nitrogen temperature. This indicates a saturation of SPV even at very low excitation intensities
and a remaining surface band bending of 0.17eV (compare Figure 5.10, Section 5.1). Accordingly,
source-induced SPV become one of the main weaknesses of the model experiment as low temperature
PES measurements do not represent the thermodynamic equilibrium of charge carriers.

ii) Sub-monolayer adsorption: The second region represents the initial adsorption of water in the sub-
monolayer range (<1L). In case of surface reactions during the inital contact with water, significant
spectral changes are expected. In case of the present H-terminated surface, no spectral changes can
be observed in the Si 2p line, indicating a chemically immune surface during low-temperature water
adsorption. Furthermore, no shifts in the Si 2p emission can be observed, showing that the initial
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Figure 5.14: O 1s and Si 2p spectra at different exposures with water (top). Binding energy and work

function according to secondary electron cutoff over water dosage are shown for using 300 W and
10 W X-ray source intensity (bottom).

surface band bending is not affected by adsorption of molecular water and the electronic interaction
of the adsorbate with the Si substrate is rather low. In contrast, the O 1s line exhibits a slight shift
of approximately 0.3 eV towards higher binding energies during monolayer formation, which could
result from an electrochemical double layer formation or a charging effect of the adsorbing water
molecules. The calculated WF, however, which was derived from the XPS secondary electron edge
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(SEE) does not shift upon water adsorption and with that follows the Si 2p lines, meaning that
the ionization potential of the Si 2p core level electrons Ip siop (given by the binding energy of the
Si 2p3,2 line Ey, siop and the ionization potential of the sample /p=5.11eV) is constant in contact
with water. As a result, no surface dipole is detected confirming that there is no interaction of the
Si substrate with the water molecules as a preferential water adsorption is expected to induce an
overall surface dipole ¢ due to the electric dipole moment of the HyO or adsorbed OH molecules.
The shift in the O 1s line could therefore result from a charging effect of the water molecule or a
forming ice multi-layer indicating an island growth mode of the adsorbate.!””

iii) Multi-layer adsorption: In the multi-layer regime of the experiment, both the substrate-related
Si 2p and the HyO-related O 1s spectra exhibit clear shifts to higher binding energies, with the extent
of the shift appearing to be dependent on the intensity of the probing X-rays. Here, a reduction of
intensity leads to even higher shifts. Two contrary effects make the interpretation of these shifts
not trivial. On the one hand, band flattening by SPV would lead to a downward shift in binding
energy, while on the other hand potential charging of the water molecules could shift the O 1s line
to higher binding energies. The shifts to higher binding energies by lowering the excitation intensity
could consequently indicate an overall reduction of source-induced SPV. In contrast, the absence of
any spectral changes in the Si 2p line does not support the hypothesis that there is a reduction in
source-induced SPV resulting from interfacial defect formation. It is also unlikely that there is any
loss in intensity due to additional X-ray absorption in the adsorbed water molecules, as X-rays can
penetrate in the micrometer range and such thin ice layers do not cause significant X-ray absorption.
It is more likely that the reduced source intensity might result in fewer secondary electrons that
accumulate at the depleted p-type surface under illumination, which can finally compensate the
emission of emitted photoelectrons in the ice layer. However, the exact origin of the substrate shifts
in the multi-layer regime cannot finally be deduced by this experiments.

iv) Room temperature desorption: In the final stage of the experiment, the cooling is stopped and
the sample warms up to room temperature again. Analyzing the O1s line suggests that all water
molecules desorb completely from the surface, with no remaining water, in either molecular or
dissociative form. In addition, the Si2p line returns to its original binding energy position revealing
a slightly broader appearance.

Based on the XPS data, the conclusion is that no electronic charge transfer occurred during the water
adsorption experiment, indicating that no alteration in surface band bending was observed due to defect
formation or passivation for this particular monohydrided Si(100):H surface.

To further study the effect of water adsorption, monochromatic UP valence band spectroscopy using the
Hell (hv=40.81¢V) line is conducted as it is a useful technique for detecting adsorbate species and surface
reactions because of its high surface sensitivity. 1”8 The valence band spectra of the low-temperature water
adsorption experiment are depicted in Figure 5.15. As the water coverage increases, a distinct water
feature emerges in the spectra, consisting of three features that can be assigned to the 1b;(6.5¢eV), the
3a;(8.5¢eV), and the 1b,(12.5¢V) highest occupied molecular orbitals of molecular water.?%179 Apart
from the three water features, a surface feature emerges from 9.4 to 11.2 eV binding energy, which persists
even after the total desorption of water. Even though, no O 1s signal is detected by XPS, this feature
might be assigned to OH 17 and 30 states, indicating partial OH adsorption. 7 Apparently, the 17 feature
appears with much lower intensity and at about 2eV higher binding energy on the reconstructed Si
surface than compared on the unreconstructed Si surface presented in Section 5.2. In contrast to the
surface state feature due to the hybridization of H 1s and Si 3s orbitals at the K-point of the surface
Brillouin zone appearing at similar energies, 47-148 this feature is sharper and does not show a significant
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Figure 5.15: Monochromatic Hell UP spectra (hv=40.81 ¢V) of a low-temperature water adsorption exper-
iment on Si (100):H. The three HOMO features of molecular water arise with increasing water coverage
as depicted with the linear combination of atomic orbitals (LCAQ) approach of the H,0 molecular
states. Difference spectra show a surface state appearing at around 9.4 to 11.0 eV, which remains
after the desorption of water. These states might be related to adsorbed OH species.

energy dispersion by conducting angular-resolved measurements. Furthermore, the intensity of the H
resonance does not change (see Figure A3 in Appendix), which indicates no further hydration of the
surface. However, the 2 x 2 LEED pattern forms into a 2 x 1 pattern after the desorption of water showing
that the surface order decreases upon water adsorption (see Figure A3 in Appendix), which is also
reinforced by the slightly broader Si 2p spectrum as observed by XPS. However, the initial surface band
bending remains as the VB onset is not shifting and the Fermi level remains at the pinning position 0.6 eV
above the VBM. Accordingly, no complete defect passivation is indicated by the adsorption of additional H
or OH at unsaturated dangling bonds, even though partial OH absorption is observed. However, further
dangling bond formation increasing the DOS at Er even further cannot be ruled out since Er coincides
already with the CNL of dangling bonds as found in Section 5.1. In any case, it can be concluded from the
adsorption experiment: Neither the Si dangling bond defects of this surface seem to be reactive upon
water adsorption nor the water itself induces any additional electronic states within the Si bandgap since
the initial surface band bending is not affected due to water adsorption. However, LEED images suggest
that the structural ordering of the surface is reduced after the adsorption experiment which might increase
the concentration of dangling bonds reinforcing the initial Fermi level pinning.

5.3.2 H,0 adsorption on treated Si surfaces

In the next step, the described model experiment is applied to oxidic, wet-chemically hydrogen terminated,
and flash annealed Si surfaces as characterized in the previous section. In Figure 5.16 the O 1s and Si 2p
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core level lines of the water adsorption experiments on the differently terminated Si surfaces are shown
exemplarily for each termination type. The logarithmic dependence of the water adsorption on the VBM
with respect to Ef is plotted as well.
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Figure 5.16: O 1s and Si 2p spectra of water adsorption experiments on prepared p-Si surfaces with one
a) Si-O, b) Si-H, and c) Si-R termination each (left) with evolution of VBM over water coverage (right).
Samples are prepared according to Section 5.1 with specifications given in Table A1.

The oxidic terminated surfaces in Figure 5.16a) clearly reveal a binding energy shift with the initial
contact to water towards higher binding energies. The observed shift implies that the semiconduc-
tor/adsorbate interface experiences an increase in initial surface band bending when it comes into contact
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with water, which results from an electron transfer from the interface into the Si SCR. Notably, the increase
in band bending is more pronounced for the native oxide (with a shift of AE=0.25¢V) than for the
thermal oxide (with a shift of AE=0.15¢eV). In both cases, the largest shifts occur in the initial steps
of adsorption, while it saturates in the multi-layer regime. In contrast to the clean 2 x 2 H-terminated
surface, the energy shifts are therefore not related to a charging of the adsorbates, but indicate a real
change in the electrochemical potential of the Si/SiO; surface. Additionally to the shift in the crystalline
Si 2p contribution, the oxide related Si 2p component shows significantly larger shifts of up to 1eV during
the adsorption experiment, indicating the formation of a surface dipole. Furthermore, the O 1s line reveals
a chemical shift of the oxide-related SiO, component at about 532 eV to the water-related multi-layer at
about 534 eV. Nevertheless, the SiO5 contribution of the O 1s line also shifts to higher binding energies at
the presence of water as equally seen in the SiO, component of the Si 2p spectra. Following the line of
argumentation, it cannot finally be deduced, if this shift is due to a dielectric potential drop results from a
charging of the multi-ice layer or due to a charge transfer from adsorbates into the Si SCR. Additional
bias light using the Hell excitation, reveals that the SiO, component is further shifting, while the metallic
Si 2p component remains constant reinforcing that adsorbate charging plays a role, even though a double
layer formation that is independent of the photo excitation might occur in addition (compare Figure A4,
in the Appendix).

The wet-chemically terminated Si (111) surfaces in Figure 5.16b) also reveal energy shifts when coming
into contact with water. In contrast to the oxide terminated surfaces, the shifts are clearly smaller
(AE<0.1eV). Especially the initial contact with water does not lead to appreciable energy shifts. As there
is no saturation observed in the multi-layer regime, these shifts might be related to charging effects as
already observed for the contaminant free monohydrided 2 x 2 Si surface shown in the previous section.
Nevertheless, one might note that the “defective” surface (yellow) reveals slightly larger shifts than the
“intact” surface (green) indicating a slightly higher interaction with the adsorbates.

Rather different is the situation on the flash-annealed surfaces in Figure 5.16c). Here, an extremely
strong charging effect is observed in the multi-layer regime with shifts of up to 0.8 eV at 10 L.. As these
samples reveal the highest defect concentration with the highest recombination rate, the high initial band
bending leads to very low conductivities in reverse direction of the depleted surface. The high surface
recombination rates at these surfaces prevent the accumulation of excited secondary photoelectrons
compensating the photoholes in the adsorbate during the measurement. Consequently, the highly defective
surfaces are inappropriate to investigate charge transfers, as the Fermi level is pinned anyway.

The influence of bulk doping on charge transfer behavior

Since there is an evident electron transfer from the p-Si/SiO, terminated surface into the Si SCR, the
question arises, whether this electron originates from an occupied state and where it is located. To address
this query, the experiments shown above were repeated on n-type surfaces, which were equally prepared
as the p-type surfaces before.

Figure 5.17 shows the low-temperature adsorption experiments on n-type wafers. The results are
similar to the experiments performed on the p-type wafers. Again, the oxide terminated surfaces reveal an
energy shift to higher binding energies at the initial contact to water. Here, both surfaces form an electron
accumulation layer with no difference whether they initially start from a slight electron depletion (therm.
Ox) or flat band conditions (nat. Ox). In both cases, the Fermi level shifts into the CB and finally pins
at the CBM due to the high DOS at the band edge. Furthermore, the Si 2p3,» shows no further shifts in
the multi-layer regime reinforcing that no charging occurs in the Si SCR. The total energy shift of the
thermal oxide terminated sample is with about AE=0.15eV the same as found on the p-type sample.
Due to the higher initial Fermi level on the native oxide terminated surface, the total energy shift of

64



O 1s

a) n-Si-SiOy (therm. Ox) 137 Conduction band
5 > 127 i
g R
2z SRR
§ E flatband position
) —{J-nat. Ox
—{1-therm. Ox
| I I T I 097 I | |
b) n-Si-H (100-H) as is LT "7 conduction band
0.2L
5 0.5L 2 127
© ~
8 . ~ D/c/
>
2 . DR S N
§ E flatband position
SL ) —1-100-H
16L —{1+111-H
= | | | T | | 0.9 = I | |
536 534 532 530 106 104 102 100 98 0.01 0.1 1 10
Binding energy /eV Binding energy /eV Coverage /L

Figure 5.17: O 1s and Si 2p spectra of water adsorption experiments on prepared n-Si surfaces with
a) Si-0 and b) Si-H termination (left) with evolution of VBM over water coverage (right). Samples are
prepared according to Section 5.1 with specifications given in Table A1.

AFE=0.05¢V is limited by the Fermi level pinning at the CBM. The potential drop in the oxide layer seems
to be independent of the bulk doping and increases up to 1eV. In any case it can be concluded that for
both p- and n-type samples, electrons from the Si/SiO, interface are injected into the Si SCR, which
requires that they have to come from an energy state, which is located above CBM.

Interestingly, the wet-chemically H-terminated surfaces reveal similar behaviors. In the sub-monolayer
regime, the (111) surface experiences a slight upward shift in binding energy until the Fermi level gets
pinned at the CBM as observed for the oxide terminated samples, indicating again an electron injection
into the SCR upon the first contact to water. In contrast to that, the Fermi level of the (100) surface is
initially pinned at CBM instead, which prevents further upward binding energy shifts. In the multi-layer
regime (>1L) however, both H-terminated samples again show further binding energy shifts, which
again suggest a sample charging. This is surprising as the electron accumulation actually should lead to a
metallic behavior of the Si-H/H,O interface. The broadening of the Si 2p features seen in Figure 5.17b)
for high coverages also reinforces the hypothesis of charging, as after desorption the Si 2p regains its
initial shape.
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5.3.3 Origin of electron injection into Si substrates

The XPS results above clearly reveal an indication for an electron injection at the interface of the Si
surfaces in contact to the frozen electrolyte. This injection was found to be independent of bulk doping
and more pronounced on oxidic terminated than on wet-chemically H-terminated surfaces. This raises
the question of where these electrons come from and what reaction mechanisms are involved. In order to
address this question, Hell valence band spectra are analyzed.
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Figure 5.18: Monochromatic Hell (hv=40.81 ¢V) UP spectra of water adsorption on a) Si/SiO, and b) Si-H
terminated Si surfaces. The bottom spectra show differences after first adsorption step (red), pure
ice (blue), first adsorption step subtracted with molecular water spectrum (green), after cooling (black),
and after desorption (orange).

Figure 5.18 displays the Hell valence band spectra of the electrochemical interfaces of a) Si/SiO, and
b) Si-H with water. The adsorption experiment on the flashed surfaces c) Si-R is shown in Figure 5.19.
The characteristic water signature already appears for all samples, after only the initial water coverage
of about 0.1 L, suggesting primarily molecular adsorption of water. The spectral changes after certain
adsorption steps are apparent in the difference spectra at the bottom. The green spectra represent the
differences in the valence band spectra after the adsorption of 0.1 L HyO, with the molecular water
structure subtracted. Additionally, the spectra after cooling (black) and after desorption (orange) are
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shown as spectral differences. The sample is cooled at base pressures of around 5 x 10~ % mbar, which leads
to a small but observable amount of water adsorption. Taking into account a partial water background
of approximately 1 x 10~ mbar, a water dosage of 0.1 L. can be achieved in about 15 min. Except for
the three H,O HOMO features labeled with black bars, hardly any other spectral changes can be seen.
From Section 5.2 it is known that the 17 and )

30 features at about 6.50 and 11.25eV below the Si-R

VBM indicate present Si—OH species. On the ther- Si (flash) Si(2x1)

mal oxide terminated Si in a), two additional fea- M
tures appear in the difference spectra after the \ “IM//\\

first adsorption step at binding energy of 9.8 and /
12.2 eV (green) and is similar to the surface states [
observed on the reconstructed Si(100):H(2x1) = r/

surface. They remain after desorption (orange), / /
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chemically shifted by the oxygen backbond environ-
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surfaces also show two additional features apart

from the molecular ice spectrum at 5.8 and 10.4eV, Figure 5.19: Hell UP spectra of water adsorption on
which could also indicate traces of Si—OH back-  Si-R terminated Si surfaces.

bonded to Si.?*!84 As traces of water even adsorb

during cooling, the difference spectra after cooling (black) reveals the most significant differences. How-
ever, the possible OH related features disappear again after desorption from the less defective sample,
while the defective sample still reveals OH traces after desorption.

The observations on the flash-annealed Si-R samples upon water adsorption are rather similar to those
on the Si-H samples (Figure 5.19). The as flashed sample on the left shows some indications of further
hydroxylation, particularly after desorption (orange), while the spectral changes for the 2 x 1 surface are
almost negligible.

All UP spectra mainly show molecular water adsorption. Minor spectral indications for traces of hydroxy
formation due to dissociation can be found on almost all surfaces. However, the hydroxilation is far
from a monolayer formation, reinforcing that structural defects such as vacancies or steps are necessary
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for water dissociation.?*!8> The observation of increasing downward band bending on the oxidic and

wet-chemically H-terminated surfaces upon water adsorption suggests that electrons are injected from
the adsorbate interface into the Si substrate. The UP valence band spectra indicate that the HOMO of
molecular water (1by) is about 7 eV below the substrate’s Fermi level, making it unlikely to directly act as
a donor by injecting an electron from its orbitals. The interaction between the surface and water is highly
dependent on the quality of surface termination as quantified by the initial band bending, suggesting
that the mechanism of electron injection upon molecular water adsorption is likely to be mediated by
surface states or defects. However, the lack of electronic interaction on the dry-physical Hy-annealed H
termination as well as the flash-annealed surfaces suggests that oxygen related defects such as vacancies
are necessary for the electron transfer to occur. The wet-chemically prepared H termination, which
showed a minor shift in binding energy, may have contained oxygen-related surface states as discussed in
Section 5.1 that facilitated the electron injection. The large shifts observed on oxidic terminated surfaces
further support this hypothesis. The largest shift is observed on the native oxide, as this surface fulfills
the requirements of oxygen-related surface defects and a higher density of surface states compared to
other terminations. In the previous section, it was demonstrated that the primary defect centers at Si
surfaces are dangling bonds, known as Py, centers. It is therefore suggested that only polar backbonded
dangling bonds will interact with water by inducing electrons, which necessitates a partial oxidation of
the defect as explained in the Section 5.1. As less than 1 % of surface atoms are expected to contribute to
surface defect states, it is difficult to directly observe spectral changes that indicate the origin of electron
injection in the UP spectra shown above. Consequently, conclusions about surface defect chemistry can
only be drawn from shifts in the Fermi level. Based on these observations, two reaction mechanisms are
considered, which could occur when molecular water comes in contact with the dangling bond defect
center (=Si-). First, the dissociation of H,O, which requires two neighboring active sites to bind both
dissociation fragments OH,4s and H, 4 on the surface:

2=Si- + HoO — =Si—0OH, 45 + =Si—H,gs (5.5)

In case of reaction mechanism 5.5, the electronic activity of the dangling bond center would be passivated
by the adsorbed hydrogen and hydroxyl groups forming bonding orbitals below the Si bandgap. As a
consequence, the defect passivation would lead to a flattening of downward surface band bending on the
p-Si, contradicting the observed increase of surface band bending upon water adsorption. In Section 5.2,
it was shown that the energy levels of chemisorbed OH or H species is too low (E,>6¢eV) to ionize them
for an electron transfer reaction. For that reason, the injection of electrons into the surface is proposed to
be caused by the adsorption of the intact water molecule. In that case, an isolated dangling bond binds
water molecularly tentatively by the oxygen lone pairs of HoO as already proposed by Takagi et al. 18°.
The lone pair interaction with the dangling bond defect causes a splitting of bonding and anti-bonding
orbitals. One electron from the dangling bond state and one electron from the H,O lone pair occupy the
common bonding orbital, while the second lone pair electron occupies the anti-bonding orbital located
above the CBM. This electron is then lifted in energy above the CBM, which finally leads to a transfer into
the Si conduction band and thus into the space charge region of the Si. This leaves the bonded water
molecule as an ionized donor at the surface as similarly proposed by Mayer et al. 18°:

=Si- + HyO — =Si—H,O" + e~ (5.6)

Figure 5.20 illustrates an LCAO approach for the proposed electron injection mechanism according to
Equation 5.6. It is evident that this type of electron injection into the Si CB only occurs when no unoccupied
states below the CBM remain at the surface. This is consistent with the findings from Section 5.1, which
showed that this is only the case for partially oxidized Py-centers. This might be another reason why the
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charge transfer upon low-temperature water adsorption is predominantly observed on oxidized surfaces.
The difference spectra showed on almost all surfaces the biggest differences at about ~10 V. It is therefore
quite possible that this difference is partially contributed by an adsorbed water molecule in the vicinity
of a dangling bond shifting the 1b; orbital towards higher binding energies when forming bonds to the
undersaturated Si site.

E /eV
A Nss /cm? Ny,o/cm?

Figure 5.20: LCAO scheme of molecular water forming bonding and anti-bonding orbitals with the Si
dangling bond surface defect. The additional electron from the anti-bonding orbital is injected in the
Si space charge region leaving the ionized water molecule at the surface.

In addition, the shift of the SiO5-related component of the Si 2p spectra, which is equivalent to the shift
of the SEE, is larger than the shifts observed in the crystalline component related to the SCR. This indicates
a changing surface dipole moment and with that a change in ionization potential. The observed shift of
Ad=~0.1eV in the submonolayer region suggests the presence of ionized water molecules at the surface.
The mechanism for the ionization, whether it is due to charge transfer upon bond formation or source-
induced charging by the emission of photoelectrons, cannot be fully elucidated by these experiments.
Despite not expecting charging in the monolayer range (Figure 5.14), the oxide layer may still impede
charge compensation in the adsorbate even in the monolayer regime.

However, further experimental as well as theoretical studies are necessary to confirm this proposed model
and to fully reveal the underlying mechanism of electron injection upon water adsorption on Si surfaces.

5.3.4 Conclusion and energy band diagrams

In this Section, the low-temperature model experiment of the semiconductor/electrolyte interface was pre-
sented. The results show that this type of model experiment reaches a qualitative problem when assuming
thermodynamic equilibrium condition, which might lead to misinterpretation in similar studies.177-183.187
The model and methodology of low-temperature adsorption experiments induces further questions such
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the effect of excited charge carriers 1>>160 or inhomogeneous
which have only been addressed by a few incoherent studies yet.

as the influence of temperature effects, 188
field effects due to adsorbate charging, 161
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Figure 5.21: Band energy diagrams of p-doped Si with Si-O, Si-R, and Si-H terminated surfaces be-
fore (black) and after the water adsorption experiment (blue) with depicted measured values VBM-Ef
and WF with sample specifications given in Table A1. Only the oxidic terminated surfaces show an
increase of band bending remaining after the desorption of molecular water.

To summarize the effects of molecular water adsorption on p-Si surfaces with different surface pas-
sivation, a comparison of band energy diagrams at room temperature before and after the adsorption
experiments is presented in Figure 5.21. The observed change in surface band bending upon contact with
water is only observed for the oxidic terminated surfaces indicating an electron transfer into the Si SCR
showing that the charge transfer process during the adsorption experiment is not fully reversible after the
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desorption. The WFs, determined from XPS SEEs closely follow the Fermi energy, revealing that there is
no significant change in the surface dipoles () upon water adsorption. As charge transfer mechanism,
molecular water adsorption at isolated Py, centers via the oxygen lone pair of H,O is proposed. The single
occupied antibonding orbital combination is consequently lifted above the CBM and induces its electron
into the CB. This mechanism requires on the one hand a positive adsorption enthalpy when the molecular
orbitals overlap. On the other hand, the dangling bond should only be singly occupied with no acceptor
states inside the bandgap, since the acceptor state would aspirate the excess electron preventing the
charge transfer into the Si CB. These requirements are only fulfilled for fully or partially oxidized Py,
centers.

5.4 Contact formation of Si with Pt catalyst

So far, surface states of Si and their interaction and reactivity with molecular water were discussed.
However, the real photoelectrochemical device structure requires an adequate catalyst for an efficient
cell reaction process. For the device performance with low overpotentials, the electric coupling of the
catalyst is essential in order to maintain the loss minimized charge transfer from excited charge carriers
in the photoabsorber into the catalyst phase. Pt is an expensive but well known catalyst for the cathodic
hydrogen evolution reaction (HER). As free H* protons in an acidic electrolyte are reduced to H; gas,
light-induced electrons need be transferred to the catalyst in order to run the reaction.

To investigate the electronic coupling, the formation of the Si/Pt interface is examined first. Next, the wa-
ter adsorption behavior of the heterojunction is investigated, followed by testing the photoelectrochemical
performance in a three-electrode setup.

5.4.1 The Si/Pt interface energetics

In order to investigate the Si/Pt interface formation, Pt is step-wise deposited onto a native oxide
terminated p-Si (100) wafer using a direct current (DC)-magnetron sputter process (see Section 4.4.1 for
details). According to profilometry step edge line scans, the deposition rate is determined with a value
of 2.3nm min~!. It should be noted that in this experiment five different but equal substrates have been
deposited within the same process.

Figure 5.22 shows the core level shifts of the crystalline (c-Si) and SiO related Si 2p, the SiO, related
O 1s, and the Pt related Pt 4f core levels for the initial Pt deposition steps. From the peak maxima, the
core level shifts were derived after each deposition step shown at the bottom.
All spectra cleary reveal shifts towards lower binding energies after the contact formation. Initially, the
Si 2p3/5 is found at 99.51 eV, which is equivalent to a Fermi level position of 0.77e¢V above the VBM
indicating an initial surface band bending of 0.51 eV due to oxide-related donor states as extensively
discussed in Section 5.1.3.
After the Pt deposition, the Si 2ps/» shifts to Fy,(Si 2p3/2)=99.11 eV, resulting in a slightly remaining
band bending of 0.11 eV. However, it is clearly observed that the SiO, related core levels shift by about
~—1.0eV, while the Pt 4f;/, shifts by —0.6 eV with increasing film thickness to its well known metallic
value of Ey, (Pt 4f;/5)=71.1eV.18%190 For the initial deposition steps, an additional Pt species arises at
Fy, (Pt 4f7,9)=T72.2 eV, which could either indicate Pt—Si'8%1°1 or Pt— 0192194 bond formation. According
to the SEE, the WF of the clean p-Si (100) surface is found to be WFg; si0,=4.1€eV. For the thick Pt layer,
a value of WFp;=5.3 ¢V was found (while Er was found to be at E,=0.0eV), which is slightly below the
values reported in literature ranging from 5.4 to 6.4 eV.19>1%®However, the contact potential, which is
given by the difference in workfunction of both surfaces, is therefore at least AWF=1.2¢eV. As described
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Figure 5.22: XP core level spectra of Si 2p, O 1s, and Pt 4f at the p-Si/Pt interface experiment after each
sputter deposition step (top). The shifts in binding energy E,, represent the potential drop in the Si
SCR and the SiO; interlayer.
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above, 0.4 eV of the contact potential drops in the Si SCR. An additional potential of about 0.6eV (1.0eV
total SiO; shift subtracted by 0.4 eV substrate shift) is dropping in the interfacial SiO, layer. For these
low coverages of metallic Pt, the Pt components are refered to the substrate Er of the p-Si. The potential
drop in the SiO; interlayer is therefore shifting the Pt 4f by the same value (0.6 eV). It should be noted
that for the initial Pt deposition steps, size effects of the Pt might also affect the binding energies in Pt
clusters. However, binding energies in metallic Pt clusters are expected to be smaller than in bulk Pt while
here, the binding energy increases with decreasing layer thicknesses.'°° Secondary electron microscopy
(SEM) analysis could not resolve the initial deposition steps indicating a flat and homogeneous covering
of the multi-crystalline Pt layer. 197-198

For an ideally passivated, defect-free interface, the contact potential of the Si/Pt interface is large
enough to fully accumulate holes at the p-type Si substrate, therefore shifting Er into the VBM as the
ionization potential of the Si wafer Ip(c-Si)=5.2eV 2? is lower than the Pt work function. This is not the
case though, as Er remains 0.37 eV above the VBM, indicating Fermi level pinning due to defect formation.

Potential corrected line shapes

In order to verify the potential distribution and to deconvolute electronic and chemical shifts, the line
shapes of the SiO; related contributions can be analyzed assuming that the potential across the SiO, layer
drops linearly as expected according to its dielectric properties. The used model has been presented in
Section 4.1.2. The O 1s line was used as line shape for the potential correction at the Pt/Si interface.
The thickness of the native oxide layer of the bare wafer d was determined according to Equation 4.2
as 8 A. The fitting routine reveals an potential drop & of —1.0 eV when using the O 1s line shape of the
native wafer, the substrate shift of —0.4 eV due to a change in band bending, and the Apgp(O 1s)~29 A

O 1s Si2p
potential drop b e c-Si
. are p-Si/SiO
in SiOy with Pt fit P 2
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transfer
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Figure 5.23: Fit of contact potential drop at Si/Pt interface along the SiO» interface layer according to
the model presented in Section 4.1.2. Fitting the Shirley background subtracted O 1s of bare SiO; line
shape (red) into interfacial SiO, core level (grey) reveals a potential drop § of 1.0eV. Applying the
same model to the SiO, related Si 2p spectrum indicates additional suboxidized Si species.
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in the SiO, matrix”® (Figure 5.23). It should be mentioned that Apvrp might get reduced when adding
Pt as top layer. However, the differences of considering Apyrp (O 1s)~13 A in a Pt matrix are negligibly
low (<0.1eV). Consequently, the total contact potential of this specific p-Si/Pt interface is 1.4 eV, where
about 0.4 eV is dropping in the Si SCR and about 1.0V is dropping in a dipolar layer over the interfacial
oxide layer. Considering a simple plate capacitor model, the total charge per area % accumulating at each
side of the SiO, interlayer is given by Equation 5.7 with eg;0,=3.9:1%°

% = %eeog =1.3x 10" cm2 (5.7)
The high interface charge concentration compared to the bare surface state charges (Jss observed on
bare Si/SiO, wafer, 209201 indicates additional defect formation when the Si/SiO, substrate comes into
contact with metallic Pt.

Transferring the same model, including the potential drop of —1.0€eV to the SiOs-related Si 2p line
shape shows that the fit suits well at the high binding energy flank, but fails for the lower binding energy
region. The constant signal between the SiO, and c-Si components hints at sub-oxidized Si species with
oxidation states below +4 indicating additional defect formation at the interface.

The interdiffusion of Pt into Si is a well-known phenomenom observed at Si/Pt interfaces?°? and even
occurs at room temperature.?°> The more pronounced Si 2p;,» peak at the Si/Pt interface is therefore
superimposed by Pt,Si and PtSi contributions. However, the constant signal at even higher binding
energies indicate further sub-oxidized Si species, suggesting a chemical reduction of the SiO, interlayer
during the interface formation. The raw area relation of O 1s to Si 2p shows a reduction by absolutely
5 %, which might indicate a removal of oxygen by the sputter deposition process. Oxygen is known to
be preferentially sputtered on SiO, surfaces.?%%29> However, as the working distance from the sputter
target is rather high (20 cm), ion bombardment on the Si substrate is an unlikely process. According to
the stoichiometry considerations presented in Section 4.1.1 it is assumed that the changing damping
factor due to the added Pt with Apyrp(Pt) < 0.5A\nvrp(SiO2) leads to an underestimation of oxygen content
when getting covered by metallic Pt.

From PtSi synthesis it is known that oxygen is detrimental and binds preferentially to the Pt side.
Furthermore, Pt needs to diffuse through the SiO, passivation layer, which might lead to a formation
of a mixed Pt,SiO, reaction compound, e.g. containing Pt,Si and PtO, phases. This would be in good
agreement to the additional Pt species found in the Pt 4f core level as shown in Figure A5 in the
Appendix. 1927194

All in all, the interface formation to Pt leads to an interdiffusion of Pt atoms which might induce
additional defect states, which is indicated by Fermi level pinning in the lower half of the Si band gap.

203,206

Electronic defect distribution at Si/SiO,/Pt interface

To understand the defect distribution at the Si/SiO5/Pt interface, surface defects and Pt interface defects
need to be considered and compared to the present data. From Section 5.1, it is known that a reduced
SiOg layer is not capable to passivate the crystalline Si surface, thus indicating oxidized Si dangling bonds.
Oxidized Py, centers form only donor-like states at the Si/SiO interface. The pinned Fermi level 0.37 eV
above the VBM coincides therefore with the donor level of an Si,O=Si- defect, which is expected 0.4 eV
above the VBM. 142 As there is an equally high indication for Si?* and Si®* showing their defect levels
above mid-gap (see Section 5.1), these defects might be depleted by the higher WF of the Pt contact layer
and the p-Si substrate bulk.

In addition, the interdiffusion of Pt into the Si wafer is a frequently observed phenomena and is related to
“deep level” impurities. 2%’ Deep impurity defects of Pt in Si, also reveal an amphoteric character with two
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dominant defect levels at Eyg+0.32 eV, acting as donor and at Ecg—0.25 eV, which is known as acceptor
level.2%8 This was similarly observed for the clean P}, center on clean Si surfaces. It is frequently reported
that the origin of the acceptor results from a single substitutional Pt site.2°8-210 The origin of the donor
state is discussed to be related with a lattice reconstruction about the substitutional defect center?!° or
a defect pair of neighboring sites.?® Additional reported defect levels such as a donor at Eyg+0.36 eV
seem to originate from process-dependent metallurgical defects.2%8

When repeating the Pt interface experiment on n-type Si, shown in Figure A5 of the Appendix, the
Fermi level shifts from 1.10eV to 0.45eV above the VBM indicating an electron depleted SCR. The Fermi
level at the n-Si/Pt interface is therefore located only 70 meV above the Fermi level observed at the
p-Si/Pt interface, confirming Fermi level pinning. The slightly higher Fermi level in the n-type Si might
additionally indicate the amphoteric character of the Si/Pt defect formation since the lower Si WF is not
fully depleting the unoccupied acceptor state above midgap as expected for p-type Si.

With the similar pinning level, the linear potential drop at the SiO; layer, is expected to be in the same
range for both, p- and n-type interfaces. Applying the line shape model to the n-Si/Pt interface (shown in
Figure A5), gives a potential drop of 1.2¢eV in the oxide layer. Taking into account the 70 meV higher
Fermi level observed in the n-type Si, the potential models predict similar potentials with a difference of
only 130 meV, verifying the model itself with a good reproducibility of the fitting routine. The WF=4.1eV
on native oxide terminated Si is independent on bulk doping and equals the commonly reported value
for the Si electron affinity.2? Interestingly, the WF of the equally deposited 138 nm thick Pt film on the
n-type Si differs from the value of 5.3 eV derived on p-Si and is equal to the literature reported value
of WFp=5.6eV.19%19 [n fact, it seems that the contact potential of both substrates depends indeed on
the Si doping, since the potential drop in SiO, is more or less the same regarding the pinning level at
Eyp+0.32eV. The additional contact potential in n-Si is therefore dropping in the SCR. The acceptor level
at Ecg—0.25 eV is not affecting the band alignment, since it gets depleted by the high Pt WE. However, it
will still affect the charge transfer properties, since it is known as recombination center for photocarriers
with capture cross sections of oy, pa210715 cm?. 211212 Furthermore, the reduction of the SiO, layer will
further enhance the recombination activity of electrons for which the capture cross section is found to be
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Figure 5.24: Interface formation of Si/SiO,/Pt Schottky contact on p (left) and n-type substrate (right).
Defect levels from substitutional Ptg; are taken from Mantovani et al. 2%8. Oxygen related defect levels
are not depicted. WF are deduced from XPS SEE.
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The summary of all obtained values for the Si/SiO,/Pt interface for p- and n-doped Si substrates is
depicted as final band diagrams in Figure 5.24. Both substrates show Fermi level pinning in contact to
sputter deposited Pt due to substitutional Pt defects. The VB and CB-offsets at the Si/SiOs-interface are
expected to remain unchanged after Pt deposition.

It is reported that a substrate bias of —90 V during the Pt sputter deposition changes the grain morphology
of the Pt and with that influences the interdiffusion of Pt into Si.%8202 Unfortunately, there is no study
yet that investigates if substrate bias might be able to prevent Fermi level pinning at the Si/Pt interface.

The meaning of the presented band diagram will be presented later in Section 5.4.3, when the charge
transfer over the interface is investigated in a photoelectrochemical setup.
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5.4.2 Water adsorption on Pt covered Si

In a next step, the adsorption behavior of water is investigated for Pt covered Si (100) in comparison to
the bare Si surfaces presented in Section 5.3. Before investigating the H,O adsorption behavior on Pt
covered Si, the adsorption experiment was conducted on sputter-cleaned Pt and Pd foil (Figure A6 of the
Appendix). Due to their good known HER activity, both metals clearly show dissociative adsorption of
H,O at RT. However, the position of the OH related 17 and 3o features differ with 9.05 and 11.6eV for
Pt and with 7.95 and 10.85 eV for Pd and are narrower than observed on flashed Si (7.56 and 12.08eV).
Both spectra reveal additional O 2p lone pair features between 2.0 to 3.5eV. As expected from the high
charge carrier concentration, the core level lines of the metallic surfaces remain at the same binding
energy during water adsorption.

With these references, the interaction of partially Pt covered p-Si/SiO,/Pt surfaces with water were
investigated.

Room temperature water exposure on Si/SiO,/Pt
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Figure 5.25: XP core level spectra of Pt covered p-Si/SiO; interfaces before (red) and after 10 kL. water
exposure (blue) at RT.

First, the surfaces of the interface experiment above were exposed at room temperature (RT) to 10 kL
H,O with the respective core level lines of the p-Si/SiO,/Pt interfaces shown in Figure 5.25. The crystalline
Si 2p contribution does not show significant shifts >50 meV, indicating that the interfacial band alignment
in the Si SCR does not change after the exposure to water. However, the SiO, related Si 2p and O 1s
contribution shows a shift in energy of about 0.1 ¢V to higher binding energies for the bare Si/SiO, as
well as the Pt covered substrates. The SEE shift by about the same amount, indicating a reduction in




WEF due to a change in surface dipoles. This effect might be induced by a partial hydroxilation of the
surface, decreasing the WF. On the 138 nm thick Pt film, the WF on the n-Si substrate is reduced from
$=5.6eV to 5.3eV, while on the p-Si substrate the initial WF of ®=>5.3 eV remains unaffected after the
exposure to water. This shows how sensitive to adsorbates the photoemission SEEs are, even though no
O 1s signal is found (compare O 1s signal for the as deposited pure Pt film at the top of Figure 5.25).213.214
Interestingly, the biggest changes are observed on

+1380 A Pt hy—d0.81 oV the metallic Pt top layer. Aftgr the first depositiqn
Pt—OH of a sub-monolayer Pt, a shift of up to 0.2eV is

V'a'w observed after the exposure to water. It decreases

! ‘ with higher coverages and vanishes for the thick Pt

o : : layer. In the previous section it was shown that the
+15A Pt | ' . L. . cq. .

potential distribution within the SiO, phase also

+77APt | : affects the Pt related binding energies. This might

suggest, that the interface dipole, which might be

induced by the adsorbates, lead to a potential drop
in the SiO, layer.
In Figure 5.26, the Hell spectra of the partially Pt-
covered surfaces are shown. The He II spectra of
the bare Si/SiO; surface do not reveal any changes
after the exposure to water. With Pt on top, the
17 and 30 related P-OH features appear at 9.1
and 11.6eV as observed on the sputter cleaned Pt
foil. Accordingly, it is assumed that water prefer-
entially dissociates at Pt atoms, changing the over-
all surface dipole due to adsorbed Pt—H,4s and
— asdeposited Pt—OH,q4, species. For these low coverages, the
— +10kL H,0O charge carrier concentration in the Pt layer is far be-
low the expected bulk value of typically 10%? cm 3.
Consequently, the change in surface dipole cannot
25 diff - be shielded completely by Pt and affects therefore
| | | | the potential distribution in the SiO, layer. With
higher Pt coverages, the charge carrier concentra-
15 10 S5 0 tion reaches its bulk value and the surface dipole
Binding energy /eV is shielded completely by Pt.
As a conclusion of this experiment, the potential
Figure 5.26: Hell UP spectra of partially Pt covered drop of electrochemical double layers also depends
Si/Si0,/Pt interfaces before (red) and after room on the surface charge carrier concentration of the
temperature exposure to water (blue). apparent co-catalyst, which might also affect the
potential distribution for the underlying layer of a
multi-layer stack, especially for nanosized clusters on surfaces. Such effects have been suggested to occur
at interfaces between semiconductor substrates and nanosized co-catalyst metal layers at electrochemical
junctions (pinch-off effect).21>216
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Low-temperature water adsorption on p-Si/SiO,/Pt

In a next step, low temperature water adsorption experiments were conducted on Pt covered p-Si/SiO2/Pt
interfaces. For this purpose, two different deposition techniques have been compared:
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i) One sample was prepared by an electrodeposition process where Pt was reduced from a 2 mM
K PtCl4 solution with a galvanostatic current density of —0.5mA cm 2.

ii) Another sample was prepared by a 2.5s sputter deposition process as described above. The
layer thickness is calculated by about 1A which is expected to be around 25 % of a Pt mono-
layer (~10'* atoms/cm?). Consequently, the depletion of the p-Si SCR is not fully developed and
the Fermi level is found to be 0.50 eV above the p-Si VBM.

In Figure 5.27, the particle distribution of a gal-
vanostatic deposited Pt on top of a Si/SiO, sub-
strate is shown as measured by SEM. Internal stud-
ies on Ti and p-InP could show that these type of
electrodeposited Pt leads to 230 + 90 nm particles
and a surface coverage of about 10 %. 12 The main
difference between the two deposition techniques
is the potential distribution of the Si/SiO, surface
in contact with Pt. When Pt is sputter-deposited, it
is expected to form fine and dispersed Pt clusters,
resulting in an equipotential surface with electronic  Figure 5.27: SEM images of calvanostatic deposited
potentials varying only over the thickness of the Pt particles.
functional layers (thin film approach). On the other
hand, galvanostatic deposition of Pt leads to the formation of bulk-like Pt particles on the Si/SiO, surface,
resulting in a lateral 2D potential distribution in the vicinity of these particles as schematically shown
in Figure 5.28. Consequently, lateral SCR will form while most of the p-Si surface is depleted due to
oxygen related surface states, while close to the Pt particles the p-Si surface reaches flatband conditions
as depicted in the previous band diagram (Figure 5.24).

a) sputter deposited Pt b) galvanostatic deposited Pt
12 e SCR
5
L—»2 - Pt Pt Pt
SiO2 SiOy
p-Si p-Si

Figure 5.28: Lateral potential distribution of a) sputter deposited Pt and b) galvanostatic deposited Pt.

Because of the structural differences of the surfaces, the spectroscopic characteristics displayed in
Figure 5.29 differ for the two surfaces upon low temperature water adsorption. Sputter deposition of Pt
results in a broad Pt 4f distribution due to the low Pt concentration, which means there is no clear Fermi
edge observed in the Hell spectra. Si 2p indicates a downward band bending of 0.28 ¢V which reduces
to 0.15eV upon cooling. On the other hand, the electrochemically Pt-covered surface shows a slightly
broader Si 2p contribution due to the lateral potential gradient. However, the main Si 2p line indicates
a downward band bending of 0.57 ¢V which reduces to 0.32 eV upon cooling. The bulk-like Pt particles
lead to sharp Pt 4f contributions and a distinct Fermi edge in XP and Hell valence spectra. Accordingly,
the Fermi edge in XPS is observed at —0.11 eV binding energy, indicating a source-induced SPV even at
room temperature, while the Hell spectra reveal the Fermi edge at almost zero with E,=—0.02eV. After
cooling, the Fermi edges for XPS and UPS are found at E;,=—0.60 and —0.66 eV, respectively, confirming
the enhanced SPV at low temperatures as described in Section 5.1.5. Furthermore, the peaks attributed to
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Figure 5.29: Low temperature water adsorption experiment of Pt covered Si/SiO; surfaces. Si 2p and
Pt 4f spectra of electrodeposited Pt are compared to sputter deposited Pt. Binding energy E, shifts
are depicted for both galvanic (middle) and sputter deposited Pt (bottom). The main difference is
observed in source-induced SPV and the SiO, component, only shifting on the galvanic deposited Pt
sample.
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c-Si and Pt show different shifts while cooling, which confirms an inhomogeneous potential distribution
and, consequently, lateral variations in SPV.

Upon exposure to molecular water, the Si 2p line associated with SCR does not exhibit any significant

changes, suggesting a constant surface band bending. However, the Si 2p component associated with
SiO; shifts to higher binding energies, which has been observed previously on bare Si/SiO, surfaces and
is attributed to an adsorbate-induced change in potential. Interestingly, when water comes in contact with
the surface, the Pt related Pt 4f line, as well as the Fermi edge, shift to slightly lower binding energies by
about —0.10eV (Apyr) and —0.07eV (Agermi edge)- This indicates, that the photovoltage in the vicinity
of the Pt particle increases in contact to water. This tendency is also observed on the Hell Fermi edges
coinciding with the XP Fermi edge at E;,=—0.69 eV, which is the maximum observed photovoltage at the
p-Si/Si0y/Pt surface. This requires an initial surface band bending by at least the same amount. The
rising photovoltage can result from an increased surface band bending in lateral regions inducing the
photovoltage to the Pt particles or to a reduced recombination activity due to defect passivation.
The high photovoltage contradicts the observed Fermi level pinning at the Si/Pt interface, which might
indicate that the galvanostatic deposition does not form substitutional Pts; which leads to deep impurity
defects as discussed above. Another explanation for the increasing photovoltage in the vicinity of the Pt
particles could be that mobile OH and H groups lead to a partial passivation of P, dangling bond defects.
The sputter deposited Si/SiO,/Pt surface does not show any significant changes upon water adsorption.
As expected, due to the depleted surface states, the source-induced SPV is rather small (eUp,=0.13€V).
Furthermore, the water adsorption does not show any impact on the photovoltage. After the desorption,
all core level show slightly higher binding energy, as already observed on the H,O exposed interfaces
above.

The Hell spectra show no significant spectral differences between the surfaces except for the molecular
water feature. On the sputter deposited surface, the 1b; feature is observed at F,=6.00eV with OH
features at 9.0 and 12.2 eV, while on the galvanostatic deposited Pt surface, the 1b; orbital of molecular
water is found at 6.5 eV with OH features at 9.8 and 13.0eV. The same features have been found on the
metallic Pt foil at 5.5eV (1b; of molecular water) and 9.0 and 11.6eV (17 and 30 of OH) and thus are
expected to be located only at Pt sites. However, the slightly broader splitting of OH features on the
prepared surfaces in comparison to Pt foil, could indicate that the H,O dissociation products might also
interact with Si surface sites.
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5.4.3 Electrochemical performance of the n-Si/Pt hetero contact

Photoelectrochemical performance measurements were used to connect the electronic interface alignment
at the n-Si/SiO4/Pt interfaces (Figure 5.24) with the interfacial charge transfer properties. This interface
might be of interest as model experiment, when considering the charge transfer properties of an n* -emitter
layer to the HER catalyst in case of a buried photoelectrochemical cell (PEC)-device.
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Figure 5.30: Linear chopped light sweeps in 0.1 M H,S04 for bare (red) and Pt covered n-Si/SiO, surfaces
(5mV s~!). Pt was deposited by DC-sputtering with thicknesses as given in the graph. Yellow and light
bars, represent dark and white light illumination (1000 W m—2), respectively. Energy band diagram for
bare and covered n-Si/SiO, are shown on the right as deduced from the interface experiment.

In Figure 5.30, chopped light sweeps for differently Pt covered n-Si/SiO, are shown. At this interface,

electrons need to be transferred from the n-Si substrate into the Pt catalyst by overcoming the Schottky
barrier for electrons ®p ;. This can be calculated by ®p , = Ey — ®p ,, with ®p 1, as Schottky barrier for
holes, which is given by the VB-onset and is determined for the n-Si/SiO,/Pt interface with ®p ,=0.68 V.
Even though the transfer direction for the cathodic HER is in forward bias, overcoming this barrier will
require additional overpotentials, resulting in charge transfer losses along this interface, that are notable
by the shifted onset potentials for the HER of at least 0.2'V.
For the n-type substrate, the illumination of this junction leads to a photocurrent response, since the
deposition of Pt will induce a SCR into the n-Si interface, which is able to separate excess charge carriers
when illuminated. But, the depleted n-Si will accumulate holes at the interface to metallic Pt and thus
hinder the cathodic HER which requires free electrons. Consequently, the overpotentials for the HER
reaction are even higher under illuminated condition than under dark conditions since the induced
photocurrents are pointing in reverse direction. Current-voltage curves on similarly Pt-covered p-Si/SiO;
are shown in Figure A8 in the Appendix. In this case, the Fermi level is pinned close to the VBM and
almost no photoresponse is observed in the cathodic regim, since the inversion layer at the interface
becomes very narrow and impedes the charge separation of excess charge carriers.

In conclusion, when considering a buried junction device where photoelectrons are generated in the
photoabsorber and must be transferred to the catalyst without loss, it is demonstrated that a depleted
emitter layer will inevitably restrict charge transfer properties due to the formation of a barrier ®5. When
light is absorbed within this depleted layer, a photovoltage is generated that counteracts the photovoltage
of the inner buried junction. Therefore, it is essential for the overall efficiency of the device to avoid
depleting the emitter layers on both electrodes.
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Electrodeposited Pt however, changes this depic-
tion. As already observed in the low-temperature
water adsorption experiments, a gain in photovolt-
age is observed for galvanostatic deposited Pt par-
ticles on top of a p-Si/SiO substrate (Figure 5.31).
Consequently, the depleted p-Si layer accumulates
light-induced electrons at the surface during illumi-
nation inducing a photovoltage Up, at the surface,
which shifts the onset of the HER to positive values
by about 0.25 V. This value coincides with similarly
prepared photocathodes under 1000 W m~?2 white
light illumination in literature2!7-218 but is signif-
icantly lower (<50 %) than the values achieved by
Hell illumination under liquid nitrogen tempera-
ture. Furthermore, the light-induced currents are
significantly lower for the electrodeposited Pt than
observed for the sputter deposited Pt suggesting
that the lateral inhomogeneous potential distribu-
tion impedes the lateral charge transfer from the
excited photoabsorber to the active Pt sites limiting
the total photoconversion efficiency.
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Figure 5.31: Chopped light sweep in 0.1 M H,S0O4 for

bare (red) and galvanostatic deposited Pt covered
p-Si/Si0; (black). 200 W m~2 illumination with a
red light LED (hr=635nm) increases photocur-
rents and induces a photovoltage Upy,.
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6 InP surfaces

Due to their promising photovoltaic performance, III-V photoabsorbers have gained significant attention
for potential applications in photoelectrochemical water splitting.2!->> In the realm of binary III-V semicon-
ductors, InP (100), as a benchmark system, can be terminated either In-rich or P-rich using metal organic
vapor phase epitaxy (MOVPE). Extensive experimental and theoretical investigations have been conducted
in the past to understand its preparation and surface reconstructions.21%22° Notably, experiments on InP
have demonstrated that distinct atomic surface reconstructions significantly influence stability and reaction
pathways upon contact with water.??! Nevertheless, the exact role of surface defects, as characterized
by Fermi level pinning, particularly at the interface with the liquid electrolyte, remains not completely
understood hampering further enhancements in photoelectrochemical efficiency. Consequently, research
efforts have recently shifted towards exploring the electrochemical interface between the semiconducting
photoabsorber and the liquid electrolyte, 184221222 Additionally, the interaction of InP as a photoabsorber
with water gains prominence when depositing conductive oxides as electrochemical buffer layers using
atomic layer deposition (ALD), where water often serves as the oxide precursor. 177-223

6.1 P-rich p-InP (100)

The results and content of this study have been published in ACS Applied Materials & Interfaces.'”® DFT
calculations were performed by Isaac Azahel Ruiz Alvarado under supervision of W.G. Schmidt, University of
Paderborn.

6.1.1 Electronic structure and surface states of P-rich p-InP (100)

P-rich InP (100) are known to form stable (2 x 1)/(2 x 2) surface reconstruction characterized by P-dimers
which can additionally bond to hydrogen atoms. 110-219-220 The well-ordered P-rich p-InP (100) surface has
been prepared at TU Ilmenau with a p-doping concentration of 2 x 10'® cm ™3 according to Section 4.2.2.
One day after preparation, the sample has been transferred and analyzed at Darmstadt Integrated System
for Fundamental research (DAISY-FUN).

The XP survey scan of the as received P-rich InP (100) surface reveals a very clean surface only showing
emissions from In and P (Figure 6.1). In particular, no traces of oxygen or carbon can be found at binding
energy Ep, (O 1s)~530eV and E},(C 1s)~285¢eV. The In 3ds,, emission is located at 444.25 eV and can be
fitted with a single Voigt line with a total full width at half maximum (FWHM) of 0.68 ¢V, indicating a
homogeneous compound surface with no oxidized or segregated subspecies. The associated P 2p emission
clearly contains a surface component, which appears about 0.51 eV toward higher binding energies than
the bulk-related emission at 128.45 eV with a relative intensity of about 9 %. With an inelastic mean free
path A\pvpp (Exin=1300¢V) in InP of 22.8 /OX, 96 9% results according to Beer-Lambert law from the first
2.15A of the sample surface, which is a bit less than half the lattice constant of a(InP)=>5.87 A. This surface
component can therefore be attributed to P dimers at the reconstructed P-rich InP (100) surface. 220 With
a FWHM of 0.55 eV, the component resolution is close to the spectrometer resolution (FWHM of Ag 3d; /»
=0.50¢eV). According to the secondary electron edge (SEE), the work function (WF) of the P-rich InP (100)
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Figure 6.1: Survey XP spectra of P-rich p-InP (100) with detailed spectra of In 3ds;» and P 2p core levels.
The In 3ds,, can be fitted with a single Voigt line, while the P 2p core level reveal a surface component
shifted by 0.51 eV to higher binding energy.

is found to be at 4.35 eV. Stoichiometry analysis results in almost 1 : 1 In (52.4 atm.%) to P (47.6 atm.%)
composition.

In a next step, the surface structure has been investigated by low-energy electron diffraction (LEED).
The LEED patterns clearly reveal a 2 x 1 surface reconstruction as depicted in Figure 6.2a). The first-order
spots (yellow circles) are separated by diffuse streaks (dashed lines) along the [110] direction. During
the MOVPE process, where Hj is used as carrier gas, the buckled P dimers are stabilized with atomic
hydrogen. The stabilization can be arranged in-phase resulting in a p(2 x 2) unit cell, or out-of-phase
corresponding to a c(4 x 2) unit cell (compare Figure 2.10 in Section 2.3.1).22%22> The superposition of
both unit cells leads to the 2 x 1-like LEED pattern with the characteristic streaks in the x2 half-order,
indicating a 2 x 2 — 2D—2H surface reconstruction with two buckled P dimers with two atomic hydrogen.
The 2 x 2 — 2D—2H structure is depicted in Figure 6.2b) and predicted as the most stable P-rich InP (100)
surface from ab initio calculations.?'?

In Figure 6.2c) the normalized UP valence band spectra with two different excitation energies are shown.
The valence band features have been studied in detail by Hannappel et al. 111, The valence feature S; is
attributed to a superposition of bulk and surface states.?2° The surface state contribution can be attributed
to the phosphorous dangling bonds at the phosphorous dimers. Hydrogen saturation leads to a damping
of Sy, indicating the presence of atomic hydrogen. !'! Hydrogen could be also confirmed by the S feature,
which is assigned to a hydrogen surface resonance. S, is associated accordingly to a phosphorous state.
Surface state S, results from a resonance with the bulk and is characteristic for the P-rich 2 x 2 surface of
InP (100).

With that, the structural and chemical analysis of the surface confirms a clean and homogenous surface
with the overall 2 x 2 — 2D—2H surface configuration. XP and UP valence-spectra reveal the valence
band maximum (VBM) at 0.60 eV below the Fermi level as shown in Fiugre 6.3a). With an InP bandgap
of 1.34eV,* the Fermi level at the surface is located slightly below midgap. However, according to the
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Figure 6.2: LEED pattern of P-rich InP (100) surface at 65 eV beam energy (a). 2 x 1 spots and diffuse
streaks along the [110] direction result from superposition of in-phase p(2 x 2) and out-of-phase
c(4 x 2) unit cells indicating the 2 x 2 — 2D—2H surface structure depicted in (b). UP valence band
spectra with Hel and Hell excitation are shown with labeled features (S;—S,) as explained in the main
text (c).

p-doping concentration of the grown InP with zinc as a shallow acceptor of about Ny = 2 x 108 cm ™3,
the Boltzmann term kg7, and the effective valence band density of states Nyg of about 1.1 x 1019 cm =3
the Fermi level in the bulk is expected to be ~40 meV above the VBM.

Ep — Bvg = kT m<N"C> = 43meV (6.1)
Nvg

This discrepancy between the measured and calculated Fermi level position relative to the valence
band indicates a strong surface band bending of ¢pg = 0.56 €V due to apparent surface states inducing
electrons into the surface, which pin the Fermi level (see Section 2.1.4). Considering a parabolic potential
drop inside the InP space charge region (SCR), the amount of total surface charges Q)ss can be calculated
with Equation 6.2 as done for the Si surfaces (see Section 5.1), meaning that < 1% of the surface atoms
contribute to a charged defect.
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—Qss = /e€gPeNac = 3.9 X 102 cm™2 (6.2)

The band structure of the 2 x 2 — 2D—2H surface has been studied in detail by Hahn and Schmidt??7.
According to them, the highest occupied surface band results from an out-of-plane unsaturated dangling
bond on the phosphorus atom of the P dimers. The lowest unoccupied surface band is attributed to
antibonding combinations of p orbitals, which are localized in-plane at the P-dimers. However, in both
cases these surface bands appear very close to the bulk valence and conduction band edges. For that
reason, the identified 2 x 2 — 2D—2H surface cannot cause the observed surface band bending.

As possible defect mechanisms, hydrogen-related defects, namely desorption and adsorption of one or
two H atoms, were considered using ab initio thermodynamics and band structure calculations performed
by Isaac Azahel Ruiz Alvarado (see'”® for computational details).
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Figure 6.3: Partial hydrogen desorption from p-InP (100) surface leads to in-gap states. a) VB-spectra
reveal Fermi level pinning at 0.60eV above the VBM while VB cut-off under flat-band conditions
would be expected to be located at 0.04eV. b) Band structure and atomic as well as orbital resolved
electronic density of states of the InP 2 x 2 — 2D—1H surface. The red/blue lines correspond to
occupied/unoccupied bands. The energy of zero corresponds to the InP bulk valence band maximum.
The shaded area represents the DOS for the ideal 2D—2H InP surface, without any defects calculated
by LLA. Ruiz Alvarado.

The desorption of one hydrogen atom from the 2D—2H surface is the by far predominant defect type
under MOVPE and analysis conditions, leaving an additional phosphorus dangling bond at the surface. It
corresponds to the formation of the InP (100) 2 x 2 — 2D—1H surface. The band structure and density of
states (DOS) calculations are shown in Figure 6.3b). The additional phosphorous dangling bond due to
the hydrogen vacancy gives rise to a half-filled surface band located slightly below the calculated midgap
position. This is in good agreement with the photoemission valence band (VB)-spectra, indicating that
the surface P dangling bond is the dominating defect causing the Fermi level pinning at the present P-rich
p-InP (100) surface.

The consideration of spin-polarized calculations leads to a splitting of the dangling bond state into an
occupied spin-up state at the VBM and an unoccupied spin-down state in the bandgap similar to states ob-
served spectroscopically on Si surfaces (see Section 5.1). However, the charge neutrality level (CNL) of the
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defect does not change and the Fermi level will be pinned between these two states in the lower half of the
bandgap.
The defect concentration of a hydrogen vacancy

culated surface charges experimentally evaluated
from Equation 6.2. However, the strong tempera-
ture dependency might also lead to a higher defect 100 200 300 400 500 600 700 800 900
concentration, as the prepared surface was trans- Temperature /K

ferred to UHV while cooling after the preparation
procedure at 300 °C.

All other defects are very unlikely to be observed
at the conditions modeled here. The adsorption of
one additional H atom is the second most likely defect with a calculated density of <103 cm~2 and thus
does not affect the surface band bending.

12
at the P-rich InP surface is given in Figure 6.4 as 10 "
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Figure 6.4: Hydrogen vacancy concentration on a
InP 2 x 2 — 2D—2H surface as a function of pres-
sure and temperature.

It should be mentioned that there are other point defects such as anti-sites or vacancies which are
known to form defect states in bulk InP, 2?8 which might also play a role at InP surfaces.

6.1.2 Reactivity of P-rich p-InP (100) with water

In a next step, the surface reactivity of the observed surface states under water adsorption was investigated
experimentally using the “frozen electrolyte” approach as presented in Section 5.3.

The XP spectra of the In 3d5/,, O 1s and the P 2p core level are shown in Figure 6.5 for each step of the
adsorption experiment.

After cooling the surface, the In 3d;/, and P 2p core levels shift towards lower binding energies by
about 0.27 eV due to a source-induced surface photovoltage (SPV) as observed similarly on the Si surfaces
(see Chapter 5). The SPV leads to a reduction of the initial surface band bending from 0.56 eV to 0.25¢eV.
After the stepwise adsorption of water, both core levels reveal a shift toward higher binding energies and
get damped by the growing water layer, rising the O 1s signal at ~533 e¢V. As the shift shows a linear
dependence on the water coverage even in the multilayer regime (>1L), it can be attributed to a charging
effect of the surface when the insulating ice layer charges due to the emission of photoelectrons. However,
the water adsorption itself does not lead to any spectral changes in the core level lines, indicating
a chemically immune surface upon water adsorption. After warming up the surface back to room
temperature, the water fully desorbs from the surface, and no O 1s emission remains. At the same time,
the In and P core levels shift back to their initial energy positions, and no spectral changes are visible.

With the He II UP spectra, a very surface sensitive In 4d emission spectrum can be measured as shown
in Figure 6.6. After cooling, the 4d core level shifts about AFE,=0.33 eV towards the Fermi level, similar
to the observation from the XP core levels. The same effect is also observed for the SEE with Hell emission,
where the WF shifts about 0.35¢eV to a value of 4.70eV. With higher water coverage, a characteristic
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Figure 6.5: XP core level spectra of of low-temperature water adsorption on P-rich p-InP (100) (top) with
core level shift after each adsorption step (bottom).

water spectrum arises in the valence band with three features, which can be attributed to the 1b; (6.5eV),
3a; (8.5¢V), and 1b,y (12.5¢V) highest occupied molecular orbitals of molecular water. '’ The water
features shift to higher binding energies with increasing coverage, indicating charging of the water layer
as similarly observed by X-ray photoemission spectroscopy (XPS). In contrast to the XP spectra, the
In 4d line and the SEE seem to be unaffected by the water layer. Only water coverages of >1L shift
the In 4d line slightly to higher binding energies, confirming that all core level shifts observed with XPS
and UPS are source dependent and can be related to the charging of the topmost ice layer. The SEE
follows the In 4d shifts. For moderate coverage by the ice layer, the InP core levels are not shifted as
the substrate photoelectrons are equally retarded and accelerated when passing the charged layer. This
apparently changes when the charging of the ice layer increases due to its increased thickness. In this
case, the substrate core levels reveal shifts to higher binding energies, too. Even though the photon flux
of the monochromatized Hell source (~10'! photons/s/mm?) is in the range of the XPS source, the Hell
measurement is less susceptible to charging as the lower photon energy leads to less photoionization.
After the desorption of the ice layers, the UP spectra reveal only slight spectral changes. However, at 8.0
and 9.9 eV, two features appear in the difference spectra, which might be assigned to 17 and 3¢ bonds of
adsorbed OH groups,17%-?2? indicating a dissociation of adsorbed H,O. Dissociative water adsorption has
been reported on the InP (110)23° as well as on the In-rich InP (001) surface. 221231 However, the weak
signal in UPS and no signal in the XPS O 1s line indicate that OH is only present on a few surface sites far
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Figure 6.6: Monochromatic Hell spectra (hv=40.81¢V) of low-temperature water adsorption on P-rich
p-InP (100). The difference spectrum of the valence band before and after water adsorption as well as
the LCAO approach of molecular water are inset.

below a monolayer coverage. Furthermore, the LEED pattern still exhibits the 2 x 1 surface reconstruction,
indicating that there are no structural changes after the desorption of water.

As a conclusion from the experimental data, it can be stated that, starting from a defective P-rich InP (100)
surface, almost no electronic interaction with chemical bond formation to water is observed.

To verify these experimental findings, the water adsorption configuration for the ideal 2 x 2 — 2D—2H
and the hydrogen-deficient 2 x 2 — 2D—1H surfaces are determined computationally. The potential energy
surface for a single H,O molecule adsorbed on the ideal P-rich InP (100) surface is shown at the top of
Figure 6.7. Interestingly, the P dimer does not provide a favorable bonding site for water, which agrees
well with earlier findings on In-rich InP surfaces, 31232 where water prefers adsorption on In sites rather
than P sites. Nevertheless, the water molecule tends to adsorb in the trench between the P dimer rows
on the P-rich surface. Examining the calculated charge redistribution under the equilibrium bonding
geometry of a surface-adsorbed water molecule, a subtle charge accumulation is observed between the
water proton and the P dimer up-atom along with an even weaker charge accumulation between the
water oxygen and the second-layer In atom. '”® However, the adsorption enthalpies are rather low (<1 eV)
and therefore in the range of weak physisorption.233 The band structure calculations with H,O as an
adsorbed add-atom reveal that water adsorption does not give rise to additional gap states.
Interestingly, the potential energy surface of H,O on the hydrogen-deficient surfaces are rather similar
as shown exemplarily for 2 x 2 — 2D—1H surface on the right of Figure 6.7. In this case, the absolute
adsorption energies are slightly higher (by ~0.03¢eV) than on the ideal 2D—2H surface, indicating a
slightly higher surface reactivity towards water. The preferential adsorption site, however, remains in
the trench between the P dimer rows and the H,0O molecule bonds weakly to the P dimer, which is
partially H saturated and thus far from the hydrogen vacancy defect. For that reason, the electronic
midgap state resulting from H desorption is not affected by water adsorption, confirming the experimental
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Figure 6.7: Potential energy surfaces for a single water molecule (top) and a hydroxyl group (bottom)
on InP (100) 2 x 2 — 2D—2H (left) and 2 x 2 — 2D—1H (right) surfaces calculated by I.A. Ruiz Alvarado.
The red marks correspond to the most favorable adsorption sites. Blue and orange spheres indicate
In and P, respectively.

results, according to which no electronic nor chemical reactions could be identified upon the adsorption
of molecular water.

As the UP spectra could reveal traces of remaining OH after the desorption of molecular water, the
calculations were repeated with OH as potential adsorbate. At the bottom of Figure 6.7 potential energy
surfaces are shown for OH adsorbed on the ideal 2D—2H surface (left) and the H deficient 2D—1H
surface (right). The calculations indicate that OH adsorption is strongly favorable on the H deficient
2D—1H surface, but not at all on the intact 2D—2H surface where all adsorption sites are energetically
unfavored. In case of the H deficient surface, the P dangling bond changes the adsorption energy not only
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at the dangling bond site itself but also on all P atoms of the 2 x 2 — 2D—1H surface lattice. The most
favorable adsorption site, however, is at the P dimer dangling bond with an adsorption energy of almost
—1eV. With that the observed OH groups in the UP spectra could further indicate apparent P dangling
bonds at the prepared P-rich InP (100) surface. The chemisorbed OH leads to a saturation of the half-filled
dangling P orbital which results from H desorption. Band structure calculations reveal the midgap surface
state is removed and the band structure of the 2D—1H—10H resembles that of the 2D—2H without any
defect. Even though the UP spectra reveal adsorbed OH groups at the surface preferentially adsorbing on
the H vacancy site, the Fermi level position within the bandgap, and with that the surface band bending,
remain unaffected after the adsorption of water, indicating that not all dangling bond defects could be
passivated by the OH groups. This also confirms that the P dangling bond center itself is not the active
site for water dissociation on the P-rich InP surface, because beyond the H vacancy as a stable OH site, a
neighboring active site for the remaining H adsorption as a further product of H,O dissociation is missing.
The positive adsorption energy map for the intact 2D—2H surface (Figure 6.7 bottom left) confirms that
the stabilization of an H and an OH adsorbed species at the two P dimer atoms is energetically unfavored.
This is in good agreement with recent studies on In-rich InP (100), suggesting that free In sites are
required for the dissociation of molecular water on InP surfaces. 23!

From the findings on the P-rich InP (100) surface, it can be concluded that the electronic interaction with
water is rather low. However, water dissociation may still occur at step edges rather than on terraces of
this surface. As a future perspective, it would be interesting to expose this surface to acidic and basic
aqueous solutions offering solvated H* or OH™ ions, which may strongly interact chemically to separated
defect sites and may lead to a complete electronic surface passivation.

93



6.2 In-rich p-InP (100)

6.2.1 Electronic structure and surface states of In-rich p-InP (100)

The In-rich InP (100) surface has already been investigated theoretically by Schmidt et al. 234, The surface
reveals a (2 x 4) surface reconstruction which is stable for a wide range of preparation conditions.

One day after the preparation of the p-doped In-rich InP (100) surface according to Section 4.2.2, the
sample was transferred and analyzed at DAISY-FUN.
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In 3d5/2 P 2p

1.4 atm.%
O 1s

Intensity /a.u

130 127
InMNN 535 530
. P 2s
In 3s I |
I I I I I I I
1200 1000 800 600 400 200 0

Binding energy /eV

Figure 6.8: Survey XP spectra of In-rich p-InP (100) with detailed spectra of In 3ds,, and P 2p core levels.
The In 3ds,, and P 2p core level can be fitted with a single component. Oxygen contamination after
UHV transport to Darmstadt is visible in the O 1s signal.

Figure 6.8 shows the survey spectra of the as received In-rich p-InP (100) surface. Similar to the
observation on the P-rich surface, the In 3ds,» is located at E,=444.33 eV and can be fitted with a single
Voigt line showing a similar residual spectrum. However, with a FWHM of 0.80eV the In 3ds/» line is
about 0.12 eV broader than observed on the P-rich surface. The P 2p line is found to be at £},=128.53 eV
and consists of only a single component. In contrast to the P-rich surface, no surface component can
be detected. The FWHM is increased by the same value to 0.66eV. The In 3ds,s to P 2p3/» energy
difference is constant and seems to be independent of both surfaces, confirming that the bulk InP matrix is
equivalent. Furthermore, the In-rich surface reveals slight traces of oxygen as surface contamination with a
concentration of around 1.4 atm.%. With F,=532.1 eV, the O 1s is attributed to OH species. 23>23% However,
oxidized indium or phosphates as surface species cannot be ruled out at these binding energy.?22237
From these results, it is not clear if the peak broadening in the core level lines finally results from the
oxygen contamination or from the more complex surface reconstruction. In addition, the oxygen surface
contamination leads to slight divergence of the 1:1 stoichiometry at the expense of In (42.3 atm.%) in
comparison to P ( 56.3 atm.%). However, this could confirm that the O 1s signal results from an adsorbed
oxygen species, as the more surface sensitive In 3d line is more damped by adsorbates than the P 2p
signal.
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Figure 6.9: LEED images of as received In-rich InP (100) at 50 and 80 eV beam energies in comparison
to an ideal LEED pattern from TU Ilimenau as published by Hannappel et al. ™. On the as received
sample only a 1 x 1 surface reconstruction can be observed. Most stable InP (100) (2x4) mixed dimer
surface reconstruction as shown below is indicated by reference LEED pattern.

Figure 6.9 shows the LEED pattern of the as received In-rich surface compared to the ideal oxygen
free In-rich one as prepared at TU Ilmenau. The described mixed dimer 4 x2 surface structure is shown
below as previously described.?3%238.239 In contrast to the P-rich surface, the ordered In-rich mixed dimer
4 x 2 surface is not stabilized by additional hydrogen.2'® However, the LEED pattern of the as received
sample clearly shows a 1 x 1 pattern which differs from the typical 4 x 1 pattern with weak streaks in
the twofold periodicity. This indicates the coexistence of 2 x 4 and ¢(2 x 8) domains2?3+24° as depicted
in the reference pattern. 1x1 pattern (yellow circles) also have been reported for etched InP (100)
surfaces.24!-242 Nevertheless, the as received sample shows very weak reflexes in the [011] direction (grey
circles), which might still be assigned to remaining mixed dimer 2 x 4 domains.

The Hell VB spectra of the as received In-rich InP (100) surface is shown in Figure 6.10. Reference
spectra of a clean mixed dimer 2x4 surface as well as an oxygen saturated surface are added according
to the study of May et al. 22!, The clean In-rich surface reveals four characteristic surface features.?*> The
highest occupied features have been investigated in detail by Frisch et al. 226, The surface state S; results
from a superposition of the ¢ bonds of the topmost In atom with the two cations below and a dangling
bond of the top surface P atom forming the surface highest occupied molecular orbital (HOMO). S, is
related to the In and P mixed dimers. These valence features can also be identified on the as received
surface confirming intact 2x4 domains as assumed from the weak LEED pattern. For the mixed-dimer
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Figure 6.10: Hell spectra of received In-rich p-InP (100) with clean (black) and oxygen exposed (blue)
In-rich reference spectra adapted from May et al. 22,

surface, the surface lowest unoccupied molecular orbital (LUMO) mainly consisting of In dangling bonds
extend into the upper half of the bulk bandgap. 24424

However, at binding energy regions of 5 to 7eV, a clear O 2p-induced signal arises, which are most likly
related to InO,, formation. Furthermore, two features at 8.7 and 10.5eV show up and can most probable
be assigned to P—O species, 24247 which have been identified as most favorable adsorption site for a
single oxygen atom at the mixed-dimer In-rich surface.?4® In addition, the 17 and 30 bonds of OH might
also appear at these energies. 178179

hv = 40.81 eV In4d| Besides the valence band features, the UP spectra reveal

a very surface sensitive In 4d line as shown in Figure 6.11.
Apart from the main component related to the bulk Inp,
two surface core level components can be deconvoluted
with Ing,¢4 shifted —0.39eV to lower and Ing, 5 shifted
+0.47 eV to higher binding energies. These surface core
level shifts have already been observed on 2x4 GaAs2*’
as well as on InP23%2°0 surfaces. Schmidt et al. %3* sug-
gest that Ing,¢ 5 is attributed to an electron transfer from
surface In to P, resulting in an empty dangling bond at
the In site and a double occupied P dangling bond as
postulated by the electron counting rule.?>! Ing; is
attributed to a relative electron accumulation compared
to the phosphorous coordinated bulk In. Ing,; could
20 19 18 17 16 therefore represent the In dimers at the mixed-dimer

Binding energy /eV 2 x 4 surface. Consequently, the spectrum suggests an
In-rich surface structure. The role of surface oxidation
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Figure 6.11: Deconvolution of surface sensitive
In 4d line measured with Hell excitation.
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is not clear in this specific case. May et al.??! found that Ing,, increases after oxygen exposure while
Ing,s1 disappears. However, for clean In-rich surfaces, Ing,¢; is reported to be slightly more intense than
Ing,f» Which might indicate partial In oxidation.?21-234 In conclusion, the overall valence spectra suggest
that oxygen attacks both surface indium and phosphorous on the present InP surface indicating In-O
and P-O0 surface species.

In conclusion, the as received In-rich InP (100) surface reveals oxygen contamination due to adsorbed
oxygen. Nevertheless, the LEED pattern and valence band features show that there are still intact 2x4
domains of the clean surface. This is also confirmed by the SEE, which corresponds to a WF of 4.05eV and
is identical to the reported value for the clean surface.!!! The oxygen related adsorbates are therefore
not completely covering the sample surface.

Surface band bending at the p-doped In-rich surface

The experimental XP VB spectra of the as received p-doped In-rich sample reveals the VBM at 0.74eV
below the Fermi level, which corresponds to a downward surface band bending of about 0.70 eV at the
In-rich surface when considering a Zn doping concentration of 2.5 x 10'® cm~3. When analyzing the
surface sensitive UP VB spectra, the surface state S; (Figure 6.10) reaches up to 0.45eV below the Fermi
level. With Zn as shallow acceptor dopant with an ionization energy of ~35meV,3® the Zn dopants might
get fully occupied by electrons from the occupied surface states Si, leading to a hole depletion at the
In-rich surface since the DOS of the surface states is several times larger than the p doping concentration
at the surface. Similar VB onsets have been found for intrinsic?2! as well as p- and n-doped 11243 In-rich
surfaces. This affirms the observation that surface band bending is only observed on p-type samples due
to Fermi level pinning at the upper half of the bandgap.

Density functional theory (DFT) band structure calculations of the In-rich mixed dimer 2 x 4 InP (100)
and the impact of single oxygen atom adsorption have been investigated by Schmidt and Bechstedt 244,
Apart from the occupied surface states S; (Figure 6.10) appearing close to the VBM, no states appear
inside the surface bandgap, suggesting an ideal electronic surface passivation on this specific surface
domain. According to these first-principle DFT calculations, the highest occupied surface bands of the
mixed-dimer 2 x4 surface should appear below the bulk valence band edge.?** However, since the surface
states Sy are clearly observed above the VB edge, the experimental data indicate the presence of defective
domains deviating from the intact In-rich mixed dimer surface structure. In this regard, it has to be noted
that there also exists stable In-rich 2x4 surface reconstructions where the highest surface band appears
above the bulk VBM (i.e. the top-P-dimer model or the «(2x4) InP surface). In these cases the highest
occupied surface band results from P dangling bonds at P dimers.?** For the P-rich surface, it was shown
that there exists a certain probability of stable surfaces to form side domains in a concentration that these
domains will determine the electronic properties of the overall surface. Therefore, the top-P-dimer and
a(2 x 4) configuration need to be considered as well when discussing the overall surface band bending of
the In-rich p-InP (100) surface.

Apart from the clean In-rich surfaces, potential energy calculations show that the adsorption of a single
oxygen atom on the In-rich surface is strongly favored on almost all surface atoms with adsorption
energies down to —2eV.2* The Hell spectra (Figure 6.10) clearly reveal oxygen contamination on the
as received In-rich surface. O, has been reported to adsorb dissociatively on the surface breaking In—In
and In-P bonds in order to form In-O—-In and In—O—P bonds.?21-252 First principle calculations show
that adsorption of single oxygen atoms does not lead to surface states inside the InP bulk bandgap since
surface dangling bonds are saturated.?>? The situation changes, however when partial surface oxidation
is considered and oxygen substitutes surface atoms. Those defects lead to oxygen-induced gap-states
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which appear in a broad distribution over the InP bandgap correlated with an oxygen coordinated P
dangling bond. 248252 It is therefore not finally deduced if the observed surface band bending results from
the clean In-rich surface or is due to partial oxygen adsorption as it has been observed for clean and

oxygen saturated surfaces. 111221

6.2.2 Reactivity of In-rich InP with water

From the analysis of the as received In-rich InP surface above, the conclusion can be drawn that the In-rich
surface is far less stable than the P-rich surface, as it clearly revealed oxygen and hydroxy contamination
even though transported from TU Ilmenau to TU Darmstadt under the same vacuum conditions as the
P-rich surface. This gives a clear indication that the In terminated InP shows a strong interaction with
residual water. To further investigate this interaction, a low-temperature water adsorption experiment

was performed.
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Figure 6.12: XP core level spectra of of low-temperature water adsorption on as received p-doped In-rich
InP (100) (top) with core level shifts after each adsorption step (bottom).

Figure 6.12 shows the XP core level spectra upon each adsorption step. After cooling, a source-induced
SPV can be observed, that confirms a hole depleted space charge region at the In-rich InP surface. However,
with an In 3d shift of 0.16 eV, the SPV is ~110 meV lower than found on the P-rich InP surface, indicating
a higher recombination rate of excess charge carriers. From the XPS data, it cannot be concluded if the
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higher recombination rate results from the clean In-rich domains or the partial surface oxidation. In the
submonolayer range of water adsorption, In 3d and P 2p show an energy shift of up to —90 meV towards
lower binding energies. The SEE follows the core level shifts equally. This indicates either a reduction of
surface band bending or an increase of SPV. Both is strongly related with a change of DOS distribution
at the InP surface. In the multilayer (>1L) regime, the In 3d and P 2p core levels follow the shifts of
the O 1s line of the adsorbed water, which might be related mostly to a charging of the water adlayer
as already observed on the P-rich InP surface. Interestingly, there are some fundamental differences
when considering the charging of the adsorbates. First, the O 1s signal after the first adsorption step
appears at F,=533.6 ¢V, while on the P-rich surface the adsorbate starts to appear at 533.0eV. Second,
the charging in the multi-layer regime is far less pronounced on the In-rich surface (O 1s shift after 5 L:
0.3 eV) than on the P-rich surface (O 1s shift after 5 L: 0.8 V). Both effects indicate that the interaction of
the adsorbate with the substrate is significantly stronger on the In-rich surface, since the higher binding
energies indicate a stronger bonding strength. Furthermore, the charge compensation by the emission of
photoelectrons from the surface into the adsorbate is enhanced, indicating a better charge transfer. After
the desorption of water, the In 3d and P 2p core level shift back to their initial position. However, the
oxygen content seems to increase after the desorption of water to 2.1 atm.%. In addition, the In 3d;,
line shows a shoulder at about 445.2 ¢V, indicating an oxidized indium species, while the P 2p spectrum
does not show significant spectral changes.
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Figure 6.13: Monochromatic Hell spectra (hv=40.81eV) of low-temperature water adsorption on In-rich
InP (100). The difference spectrum of the In 4d line and the valence band before and after water
adsorption are presented in the inset.

Figure 6.13 shows the Hell spectra of the In-rich InP surface after each adsorption step. Already
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after the cooling of the sample, the three HOMO features of molecular water appear at Ey,(1b;)=7.0eV,
Ep(3a1)=9.0eV, and E(1bs)=13.1eV and with that at about 0.5 eV higher binding energies than at the
P-rich InP surface. Accordingly, the UP valence features of the molecular water follow the trend of the
higher binding energy in O 1s as observed in XPS. With the He lamp as excitation source, the core level
shift of the In 4d line of about 80 meV due to the source-induced SPV is far lower than observed in XPS,
confirming the assumption that the recombination rate of photogenerated charge carriers is remarkably
higher on the In-rich surface in comparison to the P-rich surface, where no difference in SPV shift between
XPS and ultraviolet photoemission spectroscopy (UPS) could be observed. Furthermore, the In 4d shows
a slight shift of 40 meV towards lower binding energies as observed with XPS, indicating a reduction
of surface band bending upon water adsorption. This is in contrast to the as received low temperature
spectrum, where no spectral changes in the valence states apart from the three rising HOMO features of
molecular water can be observed. Neither the highest occupied surface band S; nor the In 4d level reveal
spectral changes. This changes however, when comparing the spectrum at room temperature with the low
temperature spectrum and is even enhanced in the spectrum after desorption. These changes are indicated
by the inset in Figure 6.13. It can be concluded that low temperature adsorption kinetically hinders
chemical surface reaction. This is in good agreement with first principle calculations, according to which
the dissociation of the H;O molecule on the mixed-dimer surface is favored but reveals an energy barrier
of about 0.87 eV.231:232 The observed reduction of surface band bending due to an electron depletion at
the surface is therefore related to a weak electronic bonding interaction of surface atoms with the intact
H;0 molecule. The most favorable H,O adsorption site on the mixed-dimer surface has been found on
the dangling In bonds forming weak In—O bonds when the water donates electrons from its 1b; orbital
into the unoccupied In dangling bond. 231244 However, according to this interaction an electron injection
rather than an electron depletion would be expected to be observed upon water adsorption. From another
perspective, this effect shifts the anti bonding surface states of the dangling In bonds beyond the InP band
edges, which could also lead to an elimination of recombination centers at the InP surface. Accordingly,
the shift of core levels to lower binding energies could be interpreted as an increase of source-induced
SPV. This consideration is supported by the fact that the observed core level shifts in XPS are larger than
observed with UPS, where also a small SPV has been observed.

However, the initial surface oxidation might play a role when the surface interacts with the molecular
water, too. In another study it was found, that partial surface oxidation leads to oxygen coordinated P,
leading to “O-modified P dangling bonds”,?4® which appear as a half-filled defect band inside the InP
bandgap as observed similarly on the P-rich surface. In this case, the saturation of these P dangling bonds
by molecular water could passivate some surface states causing the slight Fermi-level shift towards the
VBM. In summary, it cannot be concluded from the present data which effect causes the core level shifts.
Not even local temperature fluctuations can be ruled out causing the small core level shifts in this case.

As mentioned above, spectral changes before and after the water adsorption experiment that indicate
surface reactions are only observed at finite temperatures. The UP spectra clearly shift to higher binding
energies by about 135 meV, indicating an increased surface band bending to ~0.84 eV after the exposure
to water. The fact that this shift was not observed with XPS is assigned to a not fully warmed-up surface
during the XPS measurement, leading to an enhanced SPV. The In 4d core level shift corresponds to a
quenching of the surface state S, indicating that water attacks the top In-P mixed-dimer. Wood et al. 232
suggest that the mixed dimer is the active site for H,O dissociation. Alvarado Ruiz and Schmidt?3!
calculated that the favorite dissociation ends up with an hydroxyl group bonding to In-In dimers forming
In—-O-1In bonds whereas the remaining hydrogen atom is bound to the top P atom at the mixed-dimer,
which is also in good agreement to experimental data.?2! However, as S; also consists of interactions of
the topmost In mixed-dimer and the second-layer In, the present UP spectra suggest that the mixed-dimer
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surface is destroyed. Furthermore, no LEED pattern can be observed after water exposure on the In-rich
InP surface, confirming a loss of surface order. The In 4d line shows a reduction of the surface component
Ing,,¢1 of the initial spectra (Figure 6.11) which is assigned to a breaking of In dimers, while the oxidized
surface component increases and therefore suggests that oxygen or hydroxyl is inserted to form In-O—-In
bonds. However, the VB spectra reveal clear indications of surface hydroxylation with the distinct 17
and 3o features at 7.9 and 9.4 eV.'7? However, the O 2p features at 5.9¢V and 6.9 eV are most probably
related to In—O formation, 23%-253:254 while the two components at 8.9 and 10.9 eV might be assigned to
P-0.246:247 Interestingly, the WF simply follows the core level shifts with a final value of about 3.95 eV,
indicating no significant change of the surface dipole due to the surface oxidation.

As final conclusion, the exposure of the partially oxidized In-rich InP surface leads to further surface
oxidation with clear indications for In—O—P and In—O-1In formation, indicating substitutional adsorption
of oxygen on the surface. The chemical interactions are limited to the top surface layer, as no spectral
changes in XPS could be identified. The Fermi level shift after water exposure, identified by a rising
downward surface band bending, might be assigned therefore to oxidized P dangling bond centers, that
lead to an electron accumulation at the surface as observed for oxidized P}, centers in Si. Neither molecular
nor dissociative adsorption of water on the mixed-dimer InP (100) surface give rise to midgap states in
the InP bandgap.?3!
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6.3 O-rich InP

6.3.1 Surface composition of native oxide terminated InP (100)

For reference reasons, the interaction of an oxidized p-InP (100) wafer, as supplied by Wafer Technology
Ltd. with water was investigated as well. The wafer was specified with a Zn doping concentration N,
of 6.2 x 106 to 1.0 x 10'7 cm~3. Thermally grown as well as native oxide formation on InP has been
extensively investigated in literature.2>>-2%7 As there exists an comprehensive internal study on etched
I1I-V surfaces by Hajduk et al. 2>, this chapter will not cover the exact determination of chemical surface
species and composition in detail.
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Figure 6.14: Survey XP spectra of a commercial native oxide terminated InP (100) with detailed spectra
of O 1s, In 3ds/» and P 2p core levels. The In 3ds,» and P 2p core levels cannot be fitted with a single
component. A top oxide layer leads to additional components in the In 3d and P 2p core levels.

Figure 6.14 shows the survey spectrum of an InP (100) wafer covered with a thin oxide layer. Beside their
bulk components, the core level of In 3ds,, and P 2p clearly reveal oxidized surface components at higher
binding energies. According to Hofmann et al. 2>, these components mainly result from In(OH)3 and
InPO4 species and are less of InyO3 character. Stoichiometry calculations reveal still an In:P ratioof ~ 1 : 1
(In:29.5 atm.% and P:28.3 atm.%) with an oxygen content of about 17.5 atm.%. However, as there is still
a remarkable amount of adventitious carbon contamination with C 1s at F;,=285.05¢V (24.7 atm.%), the
analysis of O 1s with its maximum at 531.55eV becomes difficult. The In 3ds/2 maximum of the wafer
is located at 444.51 eV while the In related oxide species superimpose as a broad spectral contribution
on the bulk related spectrum indicating different components. Interestingly, the main P 2p line consists
of a very sharp bulk component at 128.75 eV, which can be fitted with the same line width as the clean
P-rich surface (FWHM=0.54 eV) but does not show any subspecies. This is in good agreement to former
investigations, that suggest a low temperature grown oxide forms an In-rich interlayer at the very InP/oxide
interface.2>>2>° The oxidized phosphate species appear at about ~133 ¢V and can be separated fully from
the main line.
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The XPS VBM is found to be at 0.96 eV, indicating an inversion layer at the surface of the p-InP wafer due
to the native oxide as similarly observed on oxide-passivated Si. The VB cut-off is therefore consistent with
the higher core level binding energies in comparison to the reconstructed InP surfaces before. According
to the doping concentration and Equation 6.1, the surface band bending is about 0.83 eV. Two years ago,
Hajduk et al. 2>® found on the same wafer a surface band bending of 0.51 eV, indicating that wafer ageing
leads to a further hole depletion at the surface. However, the VB offset between the crystalline InP and
the top oxide layer, which is according to UPS measurements found at 3.85¢eV, seems to be independent
of ageing and is 2.91 eV. The WF from XPS SEE is 4.14 eV and therefore does not indicate any change in
surface dipole due to ageing. In comparison, other studies found even higher core level binding energies
for Zn doped p-InP with similar doping concentrations.2>%257 It is still not fully clear, if these pinning
levels result from intrinsic P or In vacancies, 2%° Inp anti-sites2! or even from the shallow donor levels of
In, O3 revealing a high charge carrier concentration. 262

6.3.2 Electronic interaction of O-rich InP with water
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Figure 6.15: XP core level spectra of of low-temperature water adsorption on oxygen terminated InP (100)
wafer (top) with core level shifts after each adsorption step (bottom).

In the following, the core levels of oxygen terminated InP upon water adsorption were analyzed (Fig-
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ure 6.15). The adsorption experiment reveals clear differences in comparison to the reconstructed P- and
In-rich surfaces above. After cooling, the In 3ds,, and P 2p do not show the expected energy shift to lower
binding energies due to source-induced SPV, which should lead to a more flat-band like situation. The
lack of SPV due to the native oxide layer indicates a strong Fermi level pinning with a high recombination
rate of excess charge carriers, which are expected to be separated at the strongly depleted p-InP surface.
Rather than a decrease, an increase in binding energy during the cooling is observed (+30meV). The
Hell measurements show that a low amount of residual water already adsorbs during the sample cooling
procedure (Figure 6.16). The first intentional adsorption step (0.2 L) shows a further shift in binding
energy +120 meV of the main In 3ds,» and P 2p level indicating that the water adsorption itself causes
an increase in hole depletion at the InP surface. For further water coverage (>0.5L), the InP substrate
components seem to be constant in binding energy. In contrast to that, the oxide-related component in
the O 1s line shows a continuous shift for higher water coverages following the O 1s shifts of the H,O
adsorbate, which is most probably related to adsorbate charging. The O 1s of the H,O adsorbate on the
oxidized InP reveals the highest binding energy of 533.85 eV in comparison to the reconstructed surfaces,
therefore indicating an even stronger substrate interaction than on the In-rich InP surface. Interestingly,
the SEE, which is proportional to —®, not just simply follows the binding energy, therefore indicating a
change in the ionization potential /p due to a change in the surface dipole § counteracting the Fermi level
shift and keeping the WF almost constant for the whole experiment. The WF shift in the multi-layer regime
(>2L) confirms the charging in the adsorbate layer. The oxide-related component in the P 2p signal
follows mostly the oxide related O 1s signal, which increases the distance to the main line with higher
water coverages. Furthermore, the oxide-related shoulder of In 3ds,, at about 455.5 €V also shifts from
the main line. In both cases, it is assumed that the potential drop due to the charging ice layer causes the
oxide shifts rather than a chemical surface reaction indicating a dielectric and capacitive character of the
native oxide components. This assumption is also confirmed by the Hell spectra upon water adsorption in
Figure 6.16. Apart from the molecular water features 1by, 3a;, and 1b,, which start to appear at 7.0, 9.0
and 13.1eV, no spectral changes can be observed. As expected for an ex situ sample, the spectra before
and after the water adsorption experiment look the same.
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Figure 6.16: Monochromatic Hell spectra (hv=40.81eV) of low-temperature water adsorption on oxygen
terminated InP (100).
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6.4 Final conclusion on InP surfaces in contact to water

In this chapter, the electronic surface properties of differently terminated InP surfaces were compared. In
addition, possible charge transfers upon water adsorption were examined. The results are summarized in
band energy diagrams without and with H,O interaction shown in Figure 6.17.
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Figure 6.17: Electronic band energy diagrams of different p-InP (100) surfaces before and in contact
with water. For P-rich InP, no interaction with H,O could be identified. In-rich InP reveals a chemical
surface reaction only at room temperature after H,0 exposure (green). Electronic interaction during
low-temperature water adsorption (blue) was only observed on oxygen passivated surface. Values for
Eq and y, were taken from Shmidt 8.

The P-rich 2 x 2 — 2D—2H surface seemes to be very stable during the UHV transport to Darmstadt.
No surface contamination could be identified and the sample clearly revealed a 2 x 1 LEED pattern. In
contrast to that, the In-rich sample showed to some extend surface oxidation. However, besides the clear
1 x 1 LEED pattern, the expected 2 x 4 surface reconstruction of the stable mixed-dimer surface could
only be guessed from very weak spots in the LEED images after the sample transfer, indicating a higher
tendency to surface oxidation. However, both surfaces showed a remarkable amount of surface band
bending due to a hole depletion at the surface. For the P-rich InP, it is shown that the pinning level
coincides with a P dangling bond defect level due to partial hydrogen desorption. Furthermore, it is shown
that neither the clean surface reconstruction nor the defect itself interacts with molecular water. In case of
the In-rich surface, it could not be clarified if the hole depletion results from the incorporation of oxygen
causing donor levels or from other coexistant surface reconstructions. However, it is shown that upon low
temperature water adsorption, no charge transfer could be identified. Only during cooling and warming
Fermi level shifts could be identified as caused by chemical bond formation with oxygen that lead to
further hole depletion. An ex situ InP wafer covered with a native oxide layer exhibited an even higher
surface band bending caused by wafer ageing. However, upon low-temperature water adsorption, a clear
electron injection of more than 100 meV is found, which is completely reversible after the desorption of
molecular water and is associated with a change of the surface dipole moment §.
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7 TiO, as electrochemical buffer layer

In the previous two chapter model surfaces of Si and InP have been found to remain rather defective,
leading to barrier formation and impede the charge transfer towards the surface. Furthermore, it was
shown that the direct contact of the Pt-catalyst induces defects as well as Schottky barriers in photocath-
odes. This raises the question, if a suitable interlayer can improve the surface and interface properties
investigated so far.

This chapter is dedicated to the investigation of TiO, as a passivation interlayer for photoelectrochemical
interfaces. The requirements for an ideal passivation layer are quite challenging and often involve con-
flicting objectives. On one hand, the passivation layer has to protect the photoabsorber from corrosion
and should ideally have minimal light absorption, which typically requires insulating optical properties.
On the other hand, the passivation layer should facilitate efficient electronic charge transport without
significant losses, which necessitates high charge carrier transfer rates.

In principle, one can follow two different design strategies, when considering TiO, as passivation layer on
photoelectrochemical electrodes. On the one hand, a thick TiO, layer could ideally chemically passivate
the semiconductor, which might enhance performance and life time of the photoelectrode. In this case,
apart from the interfacial band alignment between the photoabsorber and the TiO,, the conductance and
optical properties of the TiOy bulk phase play a decisive role for the overall performance. On the other
hand, a very thin and completely covering TiO, film composed of a few mono layers could also act as
tunnel barrier for charge carriers, for which the Fermi level pinning mechanisms at the interface will
dominate the overall performance. In this regard, TiO, deposited by atomic layer deposition (ALD) has
been pointed out as promising passivation layer in terms of stability>*>> and efficiency optimization. 21,263

The chapter covers the electronic band alignment during interface formation between photoabsorber
and ALD-TiO,. Furthermore, the electronic bulk properties of sputter deposited TiO is presented in
dependence on oxygen stoichiometry.

7.1 Interfaces to ALD-TiO,

ALD offers a distinct advantage in producing high-quality thin films if the alternating exposure of precursors
is optimized by unique process controlling. It allows in principle the deposition of highly conformal thin
films with precisely defined layer thicknesses. It can be used to coat not only flat substrates but also
complex materials with a high aspect ratio such as nanostructures2®* or three-dimensional surfaces. 84265
The ALD process used in this section was established and developed by Thorsten Cottre 12,

7.1.1 The p-Si/Si0,/TiO, interface formation

During the step-wise ALD deposition of TiO, on a native oxide passivated p-Si/SiO; substrate, a growth
rate of 0.8 A/cycle is assumed, 177 which is about 25 % of a monolayer. 86

XPS core levels as well as core level shifts depending on the number of ALD cycles are depicted in
Figure 7.1. The Ti 2p spectra exhibit clear peaks at approximately F,=459.7¢eV, which shift towards
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Figure 7.1: XPS core level spectra of ALD grown TiO, on top of native oxide terminated Si/SiO, (top).
Energy shifts and potential drop models are shown at the bottom.

lower binding energies with increasing TiO, layer thickness, reaching 458.5eV after 100 ALD cycles. The
initially depleted p-Si/SiO, substrate also displays a shift towards lower binding energies, eventually
reaching F,=98.98 V. The Si 2p and O 1s components related to SiO show larger shifts of approximately
—1.0eV upon contact formation with TiO2, and this shift is also evident in the emerging TiO, related O 1s
signal being finally located at 530.0 eV. Applying the potential corrected line shape model to the SiO,
related Si 2p contribution presented in Section 4.1.2, a dipolar potential drop of —0.97 €V is identified at
the p-Si/SiO,/TiO- interface. In contrast to the interface to platinum, the SiO, phase reveals no hints for
a chemical reduction, thus there is no indication for the interdiffusion of both oxide phases. Furthermore,
the fitted potential drops follow the TiO, related Ti 2p and O 1s energy shifts. All in all, an overall contact
potential of 1.6 eV dropping at the p-Si/SiO5/TiO, interface is detected. About 0.5eV of the contact
potential are dropping in the p-Si space charge region (SCR). However, the Fermi level is not coinciding
with the valence band maximum (VBM), which would indicate an accumulation layer within the p-Si SCR.
According to the Si 2ps,» binding energy, the Fermi level position is located 0.24 ¢V above the Si VBM
upon contact with ALD-TiO,, indicating a pinning at that position. As already calculated for the interface
to Pt, the potential drop of 1.0eV over the SiO, layer, requires about 1.3 x 10~'3 cm~? ionized donors
(Equation 5.7). As no additional defects are observed by the contact formation and the pinning level
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coincides with the Py, dangling bond center, unoxidized dangling Si bonds are still the dominating defect
remaining at the Si/SiO2/TiO, interface. The high contact potential as well as the high work function
(WF) of 6.3 eV shows a highly oxidized TiO, phase with a low charge carrier concentration.2°® However,
since at maximum 0.13 eV of the contact potential drops in the TiO, phase, almost no band bending is
expected to form inside the thin TiO, layer. Significant amounts of chlorine found for these samples
as well as the slight decrease in Ti 2p to O 1s energy difference of 71.54eV compared to 71.29 eV,26°
suggests that about 6 % of the TiO; layer contain unreacted TiCl4 precursor, which increases for even lower
layer thicknesses. This suggests a precursor accumulation at the very interface. Additionally, Bronneberg
et al. 223 found an increased content of Ti®" at the very first TiO interlayer indicating a different chemical
environment at the very SiO,/TiO, interface.

The results suggest that the reaction process is highly influenced by the pumping power utilized during
the ALD process. In another p-Si/TiO, deposition, the TiCl4 content in the TiO layer could be reduced to
about 2 %. As a result, the WF is found to be 4.78 ¢V. Accordingly, 0.23 ¢V are dropping in the p-Si SCR
leaving to a pinned Fermi level 0.51 eV above the VBM which is located very closely (0.1eV) below the
charge neutrality level (CNL) of unoxidized Py, centers. Furthermore, about 0.53 ¢V are dropping in the
SiO, phase, leaving to an overall potential drop of 0.76 eV which equals the measured differences in WF.
The Ti 2p3,2 and O 1s emissions are found at 459.16 and 530.65 eV, which is associated to a valence band
(VB) onset of 3.1¢V.2% With an optical bandgap of 3.1eV,!'2 the TiO, layer is highly n-doped while
Mott-Schottky analysis reveals charge carrier concentrations of 1 x 10712 cm™3.177 The high charge carrier
concentration is also the reason why almost no band bending is observed in the TiO, layer.

As a conclusion, it has to be mentioned that the processing condition of the ALD deposition is decisive
for the interfacial band alignment of the TiO, covered photocathode. Unreacted TiCl4 precursor leads to
huge interface dipoles, that leads to an electron depletion of P}, centers. At the cathodic side, unoccupied
Py, states will be highly active for the recombination of excess photoelectrons, as electrons can be captured
at those empty states. The optimization of the ALD process leading to a complete reaction of precursors
without severely affecting the substrate is therefore important for a considerable photoconversion efficiency
of the electrode.

In order to oxidize remaining ALD precursor, the impact of an post-annealing treatment under oxygen
atmosphere as well as the contact formation to Pt has been tested as presented in Section 8 in the Apendix.
However, the interpretation of this data remain difficult due to multifactorial influences.
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7.2 Band alignment of p-InP/ALD-TiO,

In this Section the metal organic vapor phase epitaxy (MOVPE) prepared P- and In-rich InP (100) surfaces
presented in Chapter 6 are used to investigate the ability of surface passivation by defined ALD-TiO,
layer coatings. In the past, TiO, has been successfully used to improve device efficiency of InP photocath-
odes. °>-263

7.2.1 Initial ALD growth of TiO, P-rich InP (100)
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Figure 7.2: XPS In 3ds,» and P 2p core levels (top) with survey spectra (bottom) after 5 ALD half, and
10, 20, and 50 ALD full cycles. Detail spectra of Ti 2p and O 1s insets do not indicate TiO, nucleation,
although Cl contamination is observed.
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The water adsorption experiment presented in Section 6.1 could show that the P-rich InP (100) surface
is rather stable upon water adsorption up to partial water pressures of 10" mbar. The ALD process
for TiO, deposition uses HoO as oxygen agent to hydroxylate the surface in an initial step. In order to
investigate the initial growth processes at the InP/TiO, interface, extensive water exposure as well as up
to 50 ALD-cycles were analyzed (Figure 7.2). In a first step, 5 consecutive pulses of H,O were investigated,
which corresponds to 5 ALD half cycles. The exposure to water in the mbar range surprisingly did not
lead to complete destruction of the 2 x 1 surface reconstruction as observed in the low-energy electron
diffraction (LEED) pattern (Figure 7.3). Nevertheless, the LEED pattern becomes more indistinct and the
diffuse streaks in the x2 half-order, which where characteristic for the 2 x 2 — 2D—2H structure, can no
longer be fully resolved. The water exposure leads to a weak shift of the In 3d and P 2p core levels to
higher binding energies (A Ey~0.1eV). According to the O 1s spectra however, there is no indication for
surface oxidation, but there is a clear indication for Cl contamination coming from remaining ALD process
products in the gas pipes. Nevertheless, as there is no Ti signal observed on the InP surface, it is expected
that ClI results from HCI contamination. Even when starting the complete ALD process by running 10,
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Figure 7.3: Evolution of P-rich InP (100) LEED images after 5 half cycles and 50 full cycles of ALD-TiO,

deposition using TiCls and H,0 as precursors.

20, and 50 full cycles, no notable nucleation of TiO, is observed in the Ti 2p and Ti 2s spectra. The Ti 2s
is not disturbed by the In 3d plasmon shake-ups and therefore more sensitive on InP surfaces. At the
same time, the Cl contamination increases but saturates at about 6 atm.%. Interestingly, the P content
decreases by the same percentage, while the In content remains constant at about 50 atm.%. At the same
time, the 2 x 1 LEED pattern turns into a 1 x 1 configuration (Figure 7.3), indicating a destruction of the
well-defined P-rich InP surface reconstruction. This suggests that instead of TiO, nucleation, an etching
process occurs during the ALD processing. It can not finally deduced if this etching process is attributed to
the direct interaction with TiCl4 precursor or to the formation of HCI, a side product of TiO, deposition.
The ALD process is expected to occur on the exposed surfaces inside the reaction chamber, which could
act as HCl source. The presence of HCI leads to a chemical etching process as confirmed by Notten27>:

InP + 3HCl — InCl3 + PH3 1 (7.1)

While the InCl; compound remains at the surface, PH3 evaporates as a gas. However, since the CI
content is saturating, an adsorbed In—Cl,qs species is conceivable as well.2’® Phosphorous depletion on
cleaved InP surfaces have also been found by pure Cl, adsorption.?*>277 The In 3ds, reveals a chlorinated
(oxidized) species of about 7 % intensity at higher binding energies, which can be related to InCl and InCl,
species.2”® The presence of oxygen traces after full cycles might also indicate InO, species in addition. The
Hell valence band spectra clearly reveal chlorine features after the ALD treatment. The characteristic VB
edge is damped after the treatment, while Cl 3p features rise up at about 4 to 6 V. Furthermore, the In 4d
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Figure 7.4: Hell valence spectra before and after ALD treatment. Cl 3s features clearly arise up, while
also the In 4d core level reveals a less ordered In — Cl surface species.

core level can be deconvoluted into the intact InP component and a less-ordered broader In-Cl surface
species located at +0.44 eV.2”8 However, according to the VB spectrum there are still phosphorous states
present at the surface!!! which might come from locally intact P-rich InP domains. This is also confirmed
by pre-edge features in the XPS and UPS secondary electron edge (SEE), which might indicate lateral
inhomogenities (Figure A10 in the Appendix). However, the InCl, surface layer forms a large surface
dipole which increases the sample WF up to 5.9 eV. Interestingly, the bulk-related In 4d level shifts after
the treatment by about 0.15eV to higher binding energies, indicating an increase of the initial downward
band bending due to additional electron donors which has to be therefore related to interfacial states.
However, as the Fermi level shifts observed in XPS are smaller in comparison to UPS, source-induced
surface photovoltage (SPV) cannot be ruled out in this case. But, as already observed on the In-rich
surface when in contact to water, partial surface oxidation injects electrons into the p-InP SCR.

According to the experiment above, the P-rich InP (100) is not reactive enough to get hydroxilized
in order to initially interact with the TiO, precursor. Rather than the interaction with H,O, an etching
process with TiCl4 or HCl as a side product from the ALD process is observed, which leads to a phosphorous
depletion and the formation of an InCl, interlayer. However, the InCl, interlayer apparently does not
increase the reactivity of the surface to start the TiO, layer growth process.

The ALD deposition of TiO5 on rather perfect P-rich InP surfaces is therefore not possible.

7.2.2 Partially oxidized InP (100) as substrate for ALD-TiO,

Due to the observations presented above, the experiments were repeated with the partially oxidized
In-rich InP (100) surface after water adsorption as described in Section 6.2. In Figure 7.5, XP spectra of
the In-rich InP surface are shown after different full cycles of ALD-TiO5 deposition. It is clearly obvious
that after 50 full cycles a clear Ti 2p signal arises at 459.20 eV binding energy and shifts to 459.10eV
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after 150 cycles. Interestingly, the InP substrate signals show a slight energy shift of about A E,=50 meV
towards higher binding energies, indicating an electron injection from the ALD-TiO, interface into the
InP SCR. However, it is even more interesting that even after TiO, formation on the In-rich surface, the
In and P core levels are found at the exact same binding energy as observed on the P-rich InP surface
after non-deliberate etching during the ALD process. This indicates the same defect distribution causing
Fermi level pinning on both the etched P-rich InP and the InP/ALD-TiO; interface. As already observed
on the P-rich surface, the CI content at the partially oxidized In-rich surface is in the initial deposition
steps higher (x5 atm.%) than observed for the thicker TiO5 layer (2.5 %).
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Figure 7.5: XP spectra of the In-rich InP (100) surface after water adsorption and different amounts of
full ALD-TiO; cycles using H,0 and TiCl, as precursor gases.

The LEED images reveal that even for the partially oxidized InP (100) surface, showing no LEED pattern,
an etching process occurs for the initial 10, 20, and 50 full cycles as indicated by the 1 x 1-pattern already
observed for the P-rich InP surface (Figure 7.6). After 150 full cycles of ALD-TiO, deposition, the LEED
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Figure 7.6: Evolution of oxidized In-rich InP (100) LEED images after 50 and 150 full cycles of ALD-TiO,

deposition using TiCls and H,0 as precursors.

pattern disappears again, as is expected for the X-ray amorphous TiO; layer. This suggests a closed layer
of TiO, after 150 deposition cycles.!? In contrast, the clear 1 x 1-pattern after 50 cycles suggests that the
TiO, layer initially nucleates at a few nucleation centers, while the majority of the InP surface remains
uncovered and etched by the evolving HCI as side product from the ALD process.

The etching process is also confirmed by the He II VB spectra showing that Cl 2p features appear
at about 4 to 5¢eV while at the same time, oxide and hydroxide species disappear after 10 full ALD
cycles (Figure 7.7). In addition, the states at the VBM get quenched further and a sharp state 10.5eV
above Fr appears, which might be related to P 3s states?’280 and has been similarly observed by
Lewerenz and Schulte?®!. After 20 ALD cycles, TiO, is nucleating and forms the characteristic Ti 3d
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Figure 7.7: He Il In 4d core level fits of In-rich and P-rich surface after 50 full ALD-TiO, cycles (left) and
VB spectra before and after ALD treatment (right). HCI etching seems to be the initial treatment step.
After 20 cycles, the TiO, VB appears.
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— O 2p valence states of TiO,.282 However, according to the VB signal, the TiO; is still less than one
monolayer after 20 cycles. It is an interesting observation that the HCI etching process attacks the oxide
and hydroxide surface species as also observed in the O 1s XP spectra. It forms an InCl, surface phase,
which prevents the initial TiO, nucleation.

As already observed in XPS, the In 4d fits reveal slightly less amounts of chlorine contamination on
the In-rich surface in comparison to the P-rich surface after 50 ALD cycles. In XPS, the In 3d and P 2p
emissions of the In-rich and P-rich InP surface after 50 ALD cycles were observed on identical binding
energies, indicating equal interfacial defect distribution. In UPS, the bulk-related In—P component differs
in binding energy by about 0.15eV while the surface related In—Cl component is found at identical
binding energies of Ey,(In 4ds,2)=18.13 V. This fact suggests that again source-induced SPV shift the XP
core level spectra to identical binding energies, while with He II illumination, the etched P-rich InP is less
susceptible to SPV, indicating higher recombination rates for excess charge carriers. Light illumination of
the In-rich surface leads to an additional shift towards lower binding energies of about 0.15¢V. In this
case however, the In-Cl-related component is shifted by the same amount.

a) In-rich InP (100) b) In-rich InP + ALD-TiO4 ¢) P-rich InP + ALD-TiO,
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Figure 7.8: AFM images of a) In-rich InP after deposition, b) In-rich InP after 150 full ALD-TiO, cycles,
and c) P-rich InP after 50 full ALD-TiO; cycles with amplitude image (top), topography image (middle),
and Z-profiles along depicted paths (bottom).

In addition to spectroscopic analysis, the InP (100) surfaces were also investigated by ex-situ atomic
force microscopy (AFM) (Figure 7.8). The untreated In-rich InP surface reveals a very flat surface, close to
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the resolution limits of AFM. The topography image reveals the flat terraces with step edges in the sub-nm
scale, confirming the epitaxial growth during the MOVPE process.??° After 150 cycles of ALD-TiOs, the
In-rich InP is fully covered with TiO,. However, the topography image reveals a very undulated surface
with height differences of up to 30 nm indicating island growth. Especially along path 1 and 4, deep
crevices are observed that result from fusing islands. However, there are also very flat and homogeneous
regions (along path 3) showing no height differences, while on other regions smaller nucleating islands
are observed (along path 2) in the amplitude images. The P-rich surface confirms the etching process
described above leading to a roughened surface with about 10 nm deep pinholes of about 50 nm in diameter.

As conclusion, the ALD process using TiCl; and H20 as precursor leads on both surfaces, the P-rich and
the partially oxidized In-rich surface to an etching process destroying the initial surface reconstructions.
An In-Cl surface phase appears on both surfaces, leading to a Fermi level pinning about 0.7 + 0.1 eV
above the VBM, while the exact determination is difficult due to the reduction of effective density of
states (DOS) at the VBM and due to source-induced SPV. However, even after etching both VB spectra
look slightly different and also the recombination rates might differ on both surfaces. Apparently, the
In-Cl surface phase limits TiO, nucleation, which finally only takes place on the partially oxidized In-rich
surface. However, the ALD-TiO, process leads to an undulating surface with crevices along contact points
of nucleation island, which might lead to pinhole corrosion during the photoelectrochemical operation. 283

7.3 Low-temperature water adsorption on the p-InP/TiO, interface

As stated in literature, the p-InP/TiO, interface is an interesting device structure as photocathode for
reasonable water splitting performances. >>2%3 Lin et al. 26 found a gain in photovoltage of AeUpp=0.2 eV
under photoelectrochemical operation by the ALD deposition of an TiO5 protection layer. They argued
that this gain results from a further hole depletion of the p-InP substrate. However, according to the
interface experiments above, the Fermi level remains pinned above midgap after the ALD deposition of
TiO, accumulating residual chlorine at this interface. This raises the question if the electrolyte might
change the analyzed interface energetics. In this Section, it is investigated how low-temperature water
adsorption might change the interfacial band alignment of the p-InP/ALD-TiO interface.

Interestingly, the largest changes of the energetic alignment are observed when storing the p-InP/TiO,
sample for 5 days under ultra-high vacuum (UHV) with base pressures of <1x 10~ mbar. The He Il valence
spectra in Figure 7.9 reveal a broad hydroxy feature arising between 8 to 11 eV binding energy?72-284,282
Furthermore, an in-gap state arises 1 eV below Er. These states are of Ti 3d character and represent Ti®"
states, even though the exact origin is still under debate.?7%273 However, there are different studies on
single crystals describing a deep gap state (DGS) at about 1.2¢eV and a shallow gap state (SGS) which
reaches from 0.6 eV up to the Fermi level. 299285 In addition, TiO, surface states resulting from dangling
bonds might appear closely above the VBM as suggested by Lin et al.2%3. Recent studies verified the
existence of this surface state experimentally.!77-286 The adsorbed OH species seem to reduce the TiO-
layer, which becomes evident on the one hand by Ti®* formation, and on the other hand by the VBM
shifts from 3.21 to 3.43 eV above FEg. This also shifts the Ti 2p XPS core level by about 0.1 eV towards
higher binding energies, while an increasing shoulder towards lower binding energies also indicates Ti®*
states. The original core level spectra are shown in Figure A12 of the Appendix. Furthermore, the WF
decreases from 5.89 eV straight after deposition to 4.33 eV. Even though these effects have been already
observed on TiO,, 266287 the exact nature of the adsorbate-induced reduction process is still not clear
yet. Interestingly, the XP spectra reveal that the energy shifts result from a shift of the InP substrate core
levels, although the about 12 nm TiO, overlayer significantly damps the substrate signals. This confirms
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that a reduction of the TiO5 overlayer might also lead to an electron accumulation in the photoabsorber
substrate.
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Figure 7.9: Ti®*/Ti**-ratio according to Ti 2ps,, fits (top), XPS core level shifts (middle), and He Il spec-
tra (bottom) of the p-InP/TiO, low-temperature water adsorption experiment.

After cooling for low-temperature water adsorption, the TiOy-related core levels shift by about 50 meV
towards flatband condition, indicating less source-induced SPV than observed on the uncovered In-rich
InP surface. However, these shifts cannot be resolved in the substrate core levels due to the lack in
intensity. Interestingly, the VB spectra from He II shift towards higher binding energies after cooling.
However, the raising DGS at about 1.2V indicates a further reduction of the surface, which might be
related to additional adsorbates, while difference spectra might indicate additional OH species. However,
the effect of source-induced photoreduction might also affect these measurements. 2% With adsorbing
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water, XP core levels of TiO, shift towards higher binding energies by about 50 meV and remain constant
in the monolayer regime. The small energy shifts cannot be resolved in the InP-related substrate signals.
However, the He II spectra confirm the trend of binding energy shift in TiO, in the initial adsorption
steps. Even though, the He II spectra are not normalized (Figure 7.9) and the valence features of TiO, get
damped by the adsorbing water molecules, the DGS increases with additional HoO coverage, suggesting
a self-compensation mechanism limiting further Fermi level shifts. When normalizing the VB spectra
at E,=4.8¢eV, the intensity of DGS increases continuously up to 10 L. This trend is also confirmed by
the Ti*/Ti** -ratio derived from Ti 2ps/» fits as shown in Figure A11 in the Appendix. After the H,O
desorption, the VBM shifts slightly back, but remains at a high level of 3.54 eV above Eg. Furthermore, the
DGS slightly decreases after HoO desorption but remains at a high level, too. Interestingly, after further 8
days of storage, the TiO, layer recovers and the Ti>* content decreases again. Nevertheless, this recovery
does not have any impact on the energetic band alignment of the p-InP/TiO interface.

Such a surface reduction upon water adsorption has already been observed on different transition
metal oxides such as BiVOy, 28 CuFeO,,%8° and NiO.2%° According to Hermans et al. 288 water adsorption
leads to a release of O, or HoO5 that reduces the oxide surface chemically. They all observed a raising
Fermi level and, an additional chemical reduction of lattice cations. Interestingly, before and after water
adsorption the oxygen content decreases from 29.5 atm.% to 28.5 atm.%, although additional adsorbates
should increase the oxygen signal. This indicates indeed to a loss of lattice oxygen:

200 — 2V + 09+ 2e™ (7.2)

However, the exact mechanism is not clear yet. If the vacancy formation either results from a chemical
surface reaction upon water adsorption or if the vacancy forms spontaneously due to a self compensation
mechanism counteracting further Fermi level shifts remains unclear.?°! Theoretical simulations suggest
that H,O adsorption may stabilize surface vacancies Vo surf and lead to further migration of Vg towards
the surface. Furthermore, Vg s,;f might be the active site for HyO dissociation.?9?72%4 A considerable
mechanism forming oxygen vacancies could be:

2My + O + HyO — My + My—OH + Og—H —— 2My—OH 4+ Vo** + 26 (7.3)

In any case, this reaction mechanism cannot explain the depletion of oxygen from the surface. Hermans
et al. 288 suggested that the OH groups at the surface might desorb as HyO, or O, leaving M—H species
at the surface. For a defect distribution of Vg close to the conduction band minimum (CBM), the free
electrons could be released to the conduction band (CB) and raise the Fermi level in the TiO,. Another
option is the reduction of lattice cations by the localization of electrons due to polaron formation (Ti** +
e~ —— Ti®"), which would limit further Fermi level shifts.2829> There exists a lot of theoretical data
about the effects of polaron formation in anatase,??%-2°8 but also experimental proofs. 299390 However,
free electrons are partially transferred into the p-InP substrate, while the formation of Ti®* does not affect
the InP Fermi energy. Accordingly, it can be concluded that the Ti"-related defect state is located below
the InP CB, since otherwise further hole depletion in the p-InP substrate would be expected with rising
amounts of Ti>* formation.

As conclusion, electron injection into the photoabsorber SCR is not only observed on native oxide
passivated Si and InP, but also when covered with ALD-TiO,. In this case however, a different injection
mechanism is suggested, as oxygen vacancy formation is assumed while chemisorbed water dissociates. It
is unlikely that molecular water interacts with InP related defect states through the ~12 nm thick TiO5
layer as suggested in Section 5.3. But, the TiO, surface chemistry upon water adsorption affects the
interfacial band alignment at the p-InP/TiO; interface. The final energy band diagrams before and after
contact to water including the suggested surface reactions is depicted in Figure 7.10.
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Figure 7.10: Energy band diagrams of p-InP/ALD-TiO; interface straight after deposition and in contact
with water. Green areas represent double layer potential drops at the very interface. Possible reaction
mechanism shown in which oxygen is leaving the surface and oxygen vacancies Vg act as electron
donor.

7.4 Sputter deposition of TiO,
The results of this section have been derived within the framework of a Bachelor thesis by Justus Carnap.

The results from the previous section show that the initial TiO, growth by an ALD process strongly
depends on the surface chemistry of the substrate. As this lead to unwanted chemical reactions at the
interface, TiO, deposition by reactive magnetron-sputtering has been investigated alternatively. The
method allows modifying the electronic properties of TiO5 thin films by varying the process parameter.

The physical vapour deposition (PVD) process allows to precisely control the defect concentration by
varying the partial oxygen pressure during the sputter-process. In Figure 7.11, XP core level and He II VB
spectra are shown for DC-sputter deposited TiO, films at room temperature (RT) with different oxygen
contents in the process gas mixed with Ar (20 sccm total flow under 0.5 Pa working pressure) at 50 W
DC-power. Apparently, the binding energy positions are very sensitive to the oxygen content in the process
gas. Consequently, the defect distribution strongly depends on the oxygen content as observed for many
other transition metal oxides.3°! Especially in the region for lower oxygen contents, between 2 and 3 %,
the electronic shifts vary by about 1.0eV. The oxygen deficient sample clearly shows a reduced oxygen to
titanium ratio of 2.2, while for the other samples a ratio of about 2.3 is observed. The deviation from the
expected 2:1-ratio is expected to come from OH adsorbates, which appear in samall amounts at around
10eV in the He II VB. Furthermore, the oxygen deficient sample clearly shows a Ti>*-related subspecies
at lower binding energies of about 13 % relative intensity. In addition, the Ti®* related DGS state appears
in the band gap as already observed in the hydroxilized ALD deposited TiO, films. Since the O 1s signal
does not show a clear spectral change in the line shape, a phase segregation of an oxygen deficient
sub-phase such as Ti»Os is not assumed, but rather a self compensation effect as discussed above. The
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observed binding energy ranges are in good agreement with energies found for single crystal surfaces.26°

This indicates that the Fermi level is limited to the observed range from 2.24 to 3.57 ¢V above the VBM.
According to the WF evaluated from XPS SEE, the values are ranging from 5.08 to 6.13 eV, which is larger
than the c-Si ionization potential (Ip(c-Si)=5.1eV2%). As a result, contact formation of c-Si with sputtered
TiO, is expected to cause electron depletion in the Si substrate, even for the oxygen deficient TiO, film.
As already investigated on the ALD-TiO», the sputter-deposited TiO; films seem to be X-ray amorphous as
only substrate reflexes are observed (see Figure A14 in the Appendix).
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Figure 7.11: XP core level and He Il VB spectra of sputtered TiO, films with different oxygen contents
during deposition at room temperature. Ti®* related bandgap states are depicted as inset in the VB
spectra.

In addition to the oxygen content in the processing gas, the impact of substrate temperature on the
TiO, film properties was investigated, as well. Elevated substrate temperatures during deposition led
to crystalline TiO, films. For a substrate temperature of 7=296 °C, an anatase related X-ray diffraction
(XRD) pattern is observed, while for T=440 °C rutile related reflexes can be assigned (see Figure A14 in
the Appendix). The relative core level to VBM energy differences change for each modification. For the
amorphous phase, an O 1s to Ti 2ps,» difference of about 71.52 + 0.04 eV is observed, which is reduced
for the crystalline phases to 71.36 eV for anatase and to 71.27eV for rutile. Interestingly, the energy
difference AFE(Ti 2p3,2—~VBM) observed for the ALD-TiO; film from Section 7.2.2 is in between these
values at 71.43eV. According to the O-to-Ti signal ratio, which is found to be at about 2.3, the oxygen
signal is not decreased. Furthermore, no Ti*>" related DGS are observed. Nevertheless, the VB onset is
found to be at the same position of 3.14 eV above Er for both the anatase and rutile phase, while the WF
decreases on both samples to about 5.4eV.

The optical properties of the amorphous and crystalline TiO, films are shown in Figure A15 in the Appendix.
The oxygen deficient sample already show optical interband transitions below the expected band gap
of Eg=3.2eV due to optical transitions from Ti3* related defect states located within the TiO, bandgap.
This is typically observed in “black titania” as well. 32 There are 3 distinct transitions observable at about
1.5, 2.4 and 2.9eV. According to direct and indirect Tauc-plots, the amorphous TiO; film, which was
deposited at 2.5 % oxygen content, shows an indirect band gap of 3.28 eV, while a direct transition is
observed at a similar energy and is close to values found in literature. 392393 Similar values are observed
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for the anatase and rutile phase with 3.22 and 3.29 eV, respectively. Even though, for rutile a direct band
transition is expected at about 3.0eV,303:3%4 direct band transitions measured here, are only found at
higher binding energy (3.33 eV for rutile and anatase film). However, the values are in good agreement
as found on polycrystalline anatase and rutile films. 303

Table 7.1: Properties of sputter-deposited TiO, films:

Deposition . .
Sample temperature Ep-VBM WEF Ti 2p3/2 O1s O/Ti-ratio Egt
2% Os RT 3.57¢eV 5.08eV 459.22 eV 530.73 eV 2.20 3.26eV
2.5% O, RT 2.9eV 5.56 eV 458.59 eV 530.07 eV 2.30 3.28¢eV
3% 02 RT 2.49¢eV 5.90 eV 458.25 eV 529.74 eV 2.33 -
4% 0, RT 2.47eV 6.05eV 458.22 eV 529.72 eV 2.34 -
5% Oo RT 2.24eV 6.13eV 457.90eV 530.45 eV 2.29 -
2.5% Oy 296 °C 3.14eV 5.39eV 458.95 eV 530.31eV 2.33 3.22eV
anatase
ffﬁ? Oz 440°C 3.14¢eV 5.36eV 459.01eV 530.28 eV 2.34 3.29¢eV
ALD-TiO,* 160°C 3.24¢eV 5.80eV 459.09 eV 530.52eV 2.17 3.1eV112

* ALD-TiOy from Section 7.2.2. 7 indirect optical band gaps from Tauc-plots (see Figure A15).

All relevant energy values for the prepared TiO; films are summarized in Table 7.1. Even though,
the n-type doping effect strongly depends on the oxygen content in the process gas, almost all sputter-
deposited samples show a constant O-to-Ti ratio of about 2.3. With free charge carrier concentrations
of up to 2 x 10712 cm 3,177 the stoichiometry qunatification by XPS is not evidential with respect to the
doping effect. For the highly oxygen deficient sample deposited at 2% O, in the processing gas, Ti>*
states appear, which might be assigned to trapped free electrons in the vicinity of oxygen vacancies. These
electrons get localized in the lattice and reduce the surrounding lattice cations.30°
Reasonable conductivity and moblity values could only be derived from the 2.5 % O, RT-deposited TiO,
sample, with 0=1.0 + 0.1 S/cm. Hall measurements revealed an electron charge carrier concentration of
ne=1.4 x 10'® cm~3 with a mobility of jiey=4.4 cm? V~! s~!, which is in good agreement to other reactive
magnetron-sputtered TiO; films.3%° Interestingly, neither on the oxygen deficient nor the crystalline
samples the conductivity could exceed values of 3 x 107°S/cm.

Due to the good optical properties with sufficient electrical conductivity, RT sputter-deposited TiO»

films with 2.5 % O3 in the process gas is considered to be a good candidate for electrochemical buffer layer
deposition when considering thick TiO, passivation layers at a sufficient deposition rate of 0.5 nm min ="
under these conditions.
However, the derived bulk conductivities ranging from 10> to 1 S/cm lead to neglectable ohmic overpo-
tentials (<10 mV) when considering a 100 nm thick buffer layer at photocurrents of about 10 mA cm 2.
The overpotential losses due to interfacial barrier formation has accordingly a far higher impact on the
overall performance of the photoelectrochemical device than the bulk conductance of the passivation
layer.
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8 pn*-Si model device structures

pn*-Si junctions used in this chapter have been supplied by Dr. Volker Hdublein, Fraunhofer IISB, Erlangen.

In this chapter, a complete photoelectrochemical water splitting device structure is presented as
demonstrator and the effect of contact formation to functional layers such as catalyst and bufferlayer on
the electrochemical performance is investigated. The photocathode was produced by ion-implantation of
As as n-dopant into the surface of a B-doped (100) wafer (p-type) with a conductivity ¢ of about 0.1 to
1Scm~!. The p-doped wafer therefore offers similar electronic properties to the p-doped wafer specified
in Section 5.1 with charge carrier concentrations of N,.~2 x 10'° cm~3, corresponding to an expected
Fermi level position in the bulk of Fr — Fyp = 0.224+0.03 eV. Before As implantation with a kinetic energy
of 15keV, a scattering oxide of 10 nm has been applied in order to control the As depth profile. After
the implantation, the As dopant has been activated by an annealing process at 900 °C and the scattering
oxide has been removed by wet-chemical etching. As a final step, 1 um of Al was sputtered on the wafer
back side and the wafer were cut into 1 x 1cm? chips before shipping to Darmstadt. Electrochemical
capacitance—voltage profiling (CV profiling) show a thickness of the Si-n™ layer of about 50 nm with
charge carrier concentrations of about 1 x 10?° cm~3 (Figure 8.1).

Deeper inside, an abrupt transition to the wafers p-type region is reached, followed by a homogeneous
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Figure 8.1: CV profiling of As-implanted p-Si wafer as-received from Fraunhofer IISB, Erlangen. As has
been implanted by 15 keV and subsequent annealing at 900 °C. Inset shows ideal energy band diagram
of pn*-junction after thermodynamic equilibrium.

dopant profile. Under thermodynamic electronic equilibrium, a charge transfer from the n* layer into
the p-substrate is expected, forming a hole depletion region inside the p-wafer as depicted in the inset of
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Figure 8.1. With a maximum band bending ¢gp of 0.9eV and ¢=11.7,2° the width of the space charge
region (SCR) Wscr at which excess charge carriers are separated can be calculated with

WSCR = =17.6 pm. (81)

Accordingly, the achieved cell provides the typical properties of an efficient Si photodiode.

8.1 Charge separation of the pn*-Si photoelectrode

To test the performance potential of the presented pn*-Si cell, the open circuit potential (OCP) was
investigated in an electrochemical cell using a white light light emitting diode (LED) illumination of
1000 W m~—2 simulating AM1.5 solar radiation. The OCP is measured versus the reversible hydrogen
electrode (RHE) and shifts while illumination due to the induced photovoltage V¢, which is expected to
result from the buried pn™ junction (Figure 8.2 a)). Even though the OCP tends to slightly shift over the
measurement time of 5 min, the dark-illumination difference of 340 mV remain constant. When grounding
the pn™ wafer from the back side, those shifts can even be observed in XPS (Figure 8.2 b)). Illumination
leads to a band flattening within the depleted p-type substrate shifting the core levels closer to the Fermi
level reference.>>1%1 The amount of shift in XPS depends on source intensity. For 300 W intensity, the
shift is AE,=200meV, while it increases to A E,=325meV for 10 W intensity, almost reaching the total
shift achieved from electrochemical measurements. Accordingly, the X-ray source even induces a certain
amount of surface photovoltage (SPV) as already observed on very clean Si:H terminated surfaces as
presented in Section 5.1. As an interesting fact, the SiO; related Si 2p and O 1s contribution only shift by
100 meV. The same behavior shows the XPS secondary electron edge (SEE), which might indicate that the

a) Photovoltage in elechrochemical cell b) Photovoltage in XPS
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Figure 8.2: a) Chopped light OCP measurements in 0.1 M H,S04 at 1000 W m~2 white light LED illumi-
nation. Shift in OCP while illumination is induced by the buried pn* junction and represents the
photovoltage Voc. b) XP-spectra of backside-grounded pn* wafer with and without illumination. Band
flattening in p-Si substrate leads to reduction in binding energy.
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photovoltage gets reduced at the interface to the native oxide due to surface recombination. Additional
UV-bias light (A=365nm) did not lead to further energy shifts. Measuring at liquid nitrogen temperature
leads to a shift of both, the dark and the illumination spectrum to lower binding energies due to enhanced
source-induced SPV.

The total photovoltage Voc at room temperature (RT) is far lower than expected for good pn*-junctions

reported in literature, that range from 0.5 to 0.65 V.26%307-310 However, in all these studies the native
oxide layer has been removed wet-chemically and a thin metallic Ti interlayer of about 5 nm has been
applied. The role of the native oxide on the Vi is therefore not fully clear in this case. It should be noted
that the oxide thickness is with about 5.3 to 8.0 A in the same range as observed on the bare wafers. An
direct impact of the oxide thickness on the total V¢ could not be observed. Another reason for the low
Voc might be an improper back contact. Bae et al.*° could show an increase of about 100 mV due to
proper selective back and front contacts, while an p*-doped interlayer at the back contact could improve
the Vpc by about 27mV.
The current-voltage curve of the bare pn*-Si/SiO, wafer is shown in comparison to a p-Si/SiO2 wafer in
Figure A13 of the Appendix. The pn™ homojunction reveals a slightly lower onset in the cathodic regime
with twice the current density at —0.8 V vs. RHE in comparison to the pure p-Si wafer, even though the
bare wafer barely reveal hydrogen evolution reaction (HER) activity.

8.2 The Pt covered pn* photocathode

As presented above, XPS provides the opportunity to measure the potential Voc of a buried pn*-junction
by illumination. In this Section, the contact formation of the Si photocell with metallic Pt as HER catalyst is
investigated by performing interface measurements in the dark and under illumination. In this experiment
Pt has been deposited by magnetron sputtering as presented in Section 5.4.1. For this experiment, a
new sputtergun was used at an deposition angle of 30°. This lead to a reduction of the deposition rate to
7.2 Amin~?. The drop in deposition rate might be furthermore related to progressing target consumption.
In addition, the sputter deposited interface is compared to an ex situ thermal evaporation process by
Jennifer Veldzquez Rojas, Helmholtz-Zentrum Berlin.

The results of both interface experiments are shown in Figure 8.3. While the in-situ sputter-deposited
Pt reveals a SEE at about Ey;,=6.0¢V, the ex-situ thermal evaporated Pt shows the SEE at Fy;,=4.7¢eV
which might be due to hydroxyl adsorbates as seen in the O 1s. All core levels show energy shifts under
illumination, while the spectral shape does not seem to be affected by the white light LED. Similar as
observed on the bare Si wafer in Section 5.4.1, all core levels show a shift to lower binding energies during
contact formation, indicating an upwards band bending to the interface due to a high contact potential
for the sputtered as well as the evaporated Pt layer. Due to the expected contact potential of ~1.5¢V,
the O 1s and Pt 4f spectra show continuous shifts of almost 1.0 eV with growing Pt layer. In contrast,
the Si 2p line shows only minor shifts to lower binding energies of about 0.1 eV. The high charge carrier
concentration of the top n™-layer of up to 10?° cm ™3, might lead to an ohmic contact behavior. The energy
shifts induced by sputter deposited and thermal evaporated Pt are similar, even though the initial position
of O 1s and with that also of Pt 4f differs. Since both set of samples are back side grounded as described
above, the origin is not clear.

Due to the bias light induced shifts measured at X-ray intensities of 10 W, the SPV resulting from the
buried pn™-junction can be measured during the interface formation with Pt. Interestingly, the contact
formation to sputtered Pt clearly shows a reduction in photovoltage in all core levels, while the interface
with evaporated Pt barely seems to influence the photovoltage and only decreases for film thicknesses
>10nm where the increasing reflectivity of the Pt film is expected to reduce the optical transmission
into the buried junction. This raises the question if the sputter deposition process might form additional
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a) pn*-Si/Pt interface: sputter deposition b) pn*-Si/Pt interface: thermal evaporation
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Figure 8.3: XP-spectra of a pn*-Si/SiO,/Pt interface under dark and illuminated conditions. Pt was
stepwise deposited by a) direct current (DC)-sputter deposition and b) thermal evaporation. Core level
binding energy positions E, are depicted over Pt thickness with 10 and 300 W X-ray source power.

recombination centers for photoelectrons at the n*/SiO,/Pt interface, though this is on the other hand
prevented by thermal evaporation.

In order to investigate the exact energetic alignment very close to the n*-Si/Pt interface, potential
corrected peak shape analysis has been performed as described in Section 4.1.2, considering the bare
pn*-Si as flat band potential reference (Figure 8.4). The c-Si contribution of a 4.8 A thick sputtered Pt
and a 4.0 A thick evaporated Pt interface has been modeled using quadratic potential drops along the Si
SCR with an information depth of Apvep(Si 2p)c.si=32 A. The SiO, contribution has been modeled using a
linear potential drop considering substrate related shifts according to the c-Si model using an information
depth of Aprp(Si 2p) 5102:3810& and Apvrp (O 15)si0,=29 A. When comparing the background subtracted
Si 2p lines before and after contact formation to Pt, it is noted that with both deposition processes the
native oxide thickness increases. This effect leads to an oxide thickness during sputtering of 9.1 A. This is
even more prominent during thermal evaporation, where the oxide increased to 13.5 A. Furthermore, the
Si 2p gets smeared out to lower binding energies, even though the main line only shows minor changes
in energy position. When the reference fit of the bare pn*-Si is applied to the potential drop model as
presented in Section 4.1.2, the raw data can be fitted very well to the interface related Si 2p core level.
The results of the fitting model for both interfaces are summarized in Table 8.1. According to the fitting
model, the top Si-n™ layer forms a thin depletion layer of about ~5 nm as already observed on the bare Si
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Figure 8.4: Background subtracted O 1s and Si 2p spectra of bare and Pt covered pn*-Si. Potential drop
corrected line shapes has been fitted and compared for a) sputter deposited b) thermal evaporated Pt.
For energy resolution, Si 2p in a) was measured with 5 eV pass energy. All other spectra are measured
with 10 eV pass energy.

Table 8.1: Fitting results of quadratic potential distributions inside the c-Si SCR, with E as lowest Si 2p
contribution at the very interface:

Deposition Pt layer Thickness of . Doping
method thickness SCR Potential drop Eo concentration
sputtering 4.8A 3.9nm —0.61eV 99.13 eV 5.2 x 10" cm™3
evaporation 4.0A 4.9nm —0.77eV 99.05 eV 4.1 x 109 ¢cm™3
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wafers in contact to Pt. However, the band bending of the sputtered interface is with —0.61 eV slightly
lower than —0.77 eV evaluated on the evaporated interface. The Si 2p contribution E}, o represents the
Si 2p emission at the very interface, which is shifted from the bulk component by the total band bending.
In this case, E is found to be at £y, ¢c=99.13 eV, coinciding with the pinning level found on the Si wafers
which was attributed to the interdiffusion of Pt. The higher band bending evaluated on the thermal
evaporated interface might indicate that the Fermi level is not pinned due to interface states, but instead
pins at the valence band maximum (VBM) caused by band gap narrowing in degenerated semiconductors
(Eg(Ngon=2.5 x 10%° cm™3)=0.77 V). 1> Furthermore, the high doping concentrations of 5 x 10'9 cm™3
confirm the CV profiling data, presented in the beginning of this chapter.

However, the fits shown here only consider potential related shifts and neglect any chemical related
spectral changes, which might appear due to Pt,Si formation and reduced SiO, species. Furthermore,
it is known that for highly doped semiconductors the depletion approximation is not valid since not all
donors can be considered as ionized. Consequently, the charge distribution within the narrow SCR will
not be constant but increases to the very interface. As a consequence, the potential distribution will be
narrower as evaluated according to the model used here. However, this will rather overestimate the
evaluated width of the SCR than the total potential drop which is dominated by the lower binding energy
shoulder. Since the exact density of states (DOS)-distribution of the As-dopant is not known, the exact
potential distribution inside the n* SCR could not be provided. Nevertheless, the fitting procedure leads
to reasonable line shapes even with the used depletion approximation leading to reasonable physical fitting
parameter. In this case, F represents the SiO, contribution located at the very interface to the c-Si.

Table 8.2: Fitting results of potential drop within interfacial SiO, layer with £ as position of SiO, contri-
bution at highest binding energies:

Eleeﬁﬁ(s)lc?on Spﬁlclteral th(i)c)lill(li:ss Depth)\cﬂ\cl);ll;ectlon Potential drop Eo IF charge

sputtering Si 2p 9.1A 38A —0.18¢V 102.97eV 1.9 x 102cm™2
sputtering O1s 9.1A 29 A —0.26 eV 531.63eV 2.7 x 102 cm™2
evaporation Si 2p 13.5A 38A —~0.93¢eV 102.65¢V 7.3 x 102 cm™2
evaporation O1s 13.5A 29 A —0.69eV 531.55eV 5.5 x 102 cm™2

Apart from the c-Si line shapes, the linear potential drop within the interfacial SiO, layer has been fitted
as well (Figure 8.4). Here, clear differences in the SiO, related Si 2p line are noted between the sputtered
and evaporated Pt interfaces. With the considered substrate shifts according to Table 8.1, the potential
drop has been evaluated from the Si 2p and O 1s line shapes (Table 8.2). The potential drops of the
sputtered interfaces are only in the range of —0.2 eV, while in the evaporated interface, around —0.9 eV
are dropping inside the SiO; layer. For both samples, the model fits of the O 1s signal lack for lower
binding energies leading to a potential drop overestimation for the sputtered, and an underestimation for
the evaporated surface which might result adsorbate related oxygen contributions ontop of the Pt layer,
which were neglected in this case. Furthermore, the effect of reduced SiO, species remain unclear and
cannot be covered by the presented fitting model.

After the deposition of 4 to 5 A Pt, the total potential drop is about 0.8 eV along the sputtered pn*-Si/Pt
interface, while about 1.7eV are dropping at the evaporated interface. This might indicate, that the
sputtering process leads to a more homogeneous and dense surface, while the thermally evaporated Pt
film tends to form larger agglomerates that do not cover the whole Si surface, but fully evolves the Si/Pt
contact potential.3!!
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Figure 8.5: Band energy diagram of the Pt covered pn*-Si photocathode. Both, sputter deposited
(¢pgg=0.61¢V) and thermal evaporated Pt (¢gg=0.77 V) induces a thin depletion layer of about 4
to 5 nm. Additional potential of §=0.2 eV and §=0.9 eV drops for the sputter and thermal deposited

interface in the dielectric SiO; layer. Sputtered Pt might induce Pt related surface states which may act
as recombination centers for excess charge carriers, reducing the photovoltage of the buried junction.

In any case, it is observed from the line shapes that both sputtered and evaporated Pt form a very
thin depletion layer whitin the n* layer of the buried pn*-Si photocathode as schematically depicted
in the band diagram in Figure 8.5. The sputtered interface shows slightly less depletion, which might
indicate a Fermi level pinning due to Pt-related interface states. On the one hand, this would lead to a
smaller potential barrier in comparison to the evaporated interface, but the Pt induced states might on the
other hand act as recombination centers. Recombination could occur in two steps due to the amphoteric
character of the Pt-related interface states. First, electrons could be captured by the fully unoccupied
acceptor state. Then, the electron could recombine with a hole of the partially occupied donor state,
which would finally lead to a loss of total photovoltage. This could explain why the SPV drops after the
interface formation to sputtered Pt but not to the evaporated Pt, suggesting that Pt evaporation is the
preferential physical vapour deposition (PVD) process to deposit Pt as HER-catalyst on Si photocathodes.

8.2.1 Electrochemical cell tests of pn*-Si/Pt photocathodes

In order to verify the experimental results deduced from the interface experiments, photoelectrochemical
measurements have been performed. For this purpose, chopped light OCP measurements in 0.1 M HySO4
have been conducted on the Pt covered samples using 1000 W cm 2 white light LED illumination. In
Figure 8.6, the mean photovoltage of the evaporated and sputter deposited Pt samples is shown depending
on the Pt thickness. In comparison to the in situ SPV analysis from XPS, chopped light OCP measurements
do not show a clear relation to the Pt thickness and remains rather constant at about Voc=0.34 V. The
OCP data of the pn*-Si sample with about 20 nm evaporated Pt even seems to show an increase in Voc
by about 20 mV as shown in the chopped light measurements (compare right Figure in 8.6). At these
film thicknesses, a reduction in photovoltage would be expected due to the increasing reflectivity of the
metallic Pt film and has been observed in XPS. This suggests that the metallic Pt film delaminates in the
0.1 M H3SO4 solution, which was also observed by eye. In this context, the sputtered Pt films seemed
to be a bit more stable indicating a higher mechanical sticking coefficient. However, XPS analysis after
electrochemistry suggest that there remains a certain amount of Pt on the surface. It is not clear if the
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Figure 8.6: Photovoltage analysis of Pt-covered pn*-Si photocathodes by chopped light OCP measur-
ments in a photoelectrochemical cell with 0.1 M H,S0O4 under 1000 W m~2 white light LED illumination
as shown for are bare and Pt covered pn* cell in comparison to in situ SPV analysis in XPS under
vacuum.

increase in photovoltage is therefore related to an increased oxide thickness resulting from the evaporation
process or from the contact of remaining Pt.

In addition to the chopped light OCP measurements, chopped light voltammetry experiments have been
performed as well on the functionallized pn* Si wafers. In Figure 8.7 chopped light measurements of
sputtered Pt with thicknesses of 1.2 and 4.8 A are shown. Even though delamination makes the evaluation
difficult, reasonable current densities of up to —20mA cm~2 can be achieved and are expected to result
from HER. However, the native oxide impedes the charge transfer over the Si/Pt interface leading to
very bad fill factors F'F, while a clear saturation in current density could not be observed within the
measurement potential window.3% Nevertheless, there are differences in the onset potential for the
sputtered Pt samples. While the 4.8 A thick Pt sample shows an onset at 0.34 V vs. RHE which is equal
to the photovoltage achieved from the chopped light OCP measurements, the 1.2 A thick Pt sample only
shows the onset for HER at 0.16 V vs. RHE, indicating an additional charge transfer barrier, that leads
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Figure 8.7: Chopped light voltammetry measurements in 0.1 M H,S04 under 1000 W m~?2 white light LED
illumination (left), with steady state bright curves for differently deposited Pt on pn* Si (right). Only
sputtered Pt shows a reasonable half cell efficiency of 0.5 % at 0.15V vs. RHE.
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to a loss in usable photovoltage. It might be possible that Pt delamination leads to uncovered areas
raising the overall photovoltage, while the homogeneous distribution before delamination leads to barrier
formation as deduced from the interface experiments presented above. The 4.8 A thick layer additionally
reveals a considerable dark current, which indicates a short circuit current which might result from Pt
covered sample edges. This might be also the reason, why the measured dark-light shifts in XPS or OCP
measurements are dropping for the sputtered samples with increasing film thicknesses. However, the
shifted onset of the HER from the RHE to anodic potentials should be independent from short circuits.

On the right hand side of Figure 8.7, the bright curves of the 4.8A sputter deposited Pt and the 4.0A
thermal evaporated Pt sample are shown. These are the same samples from which the band energy
diagram considerations have been achieved above. Furthermore, those samples were compared with a
galvanostatic deposited Pt sample as described in Section 4.5.3. A half cell solar to hydrogen efficiency
(STH) can be defined by considering the photocurrent density j,, obtained under an applied bias of
EruE, where Epy+ JHs is the equilibrium redox potential of proton reduction (=0.0V vs. RHE) and P,
is the power density of the incident solar energy (=1000 W m~2):

ERHE - EH+/H2
PSU/I’L

half cell STH = |j,n| % x 100 % (8.2)
Accordingly, only the sputter deposited Pt sample can achieve a reasonable half cell STH of about 0.5 %,
which is still considerably lower than achieved on similar Si device structures in literature, 26>3%? while
the evaporated as well as the galvanic deposited Pt sample cannot efficiently transfer the photovoltage
from the buried junction to the Pt catalysts. At least on the galvanostatic deposited sample the Pt particle
distribution did not change after the electrochemical characterization and a stable and homogeneous Pt
particle distribution could be confirmed after the photoelectrochemical cell (PEC) measurements.

At these point it has to be conceded that the differences in electrochemical performance can not be
fully elucidated by the interface model experiment, only considering interface energetics from a thin film
approach. Accordingly, it is suggested that mechanical and electrochemical stability, as well as lateral
homogeneities have to be considered as well to fully understand the differences in performances of the
pn™*-Si/Pt photocathode in dependence on the deposition technique.

8.3 The impact of TiO, on the device performance

It was shown that Pt on top of a single crystalline pn*-Si photocathode will lead to an electron depletion
in the n* layer. In many studies, TiO, as interlayer leads to an improvement in photoelectrochemical
performance. In this section, the energetic alignment of the pn*-Si photocathode with TiOj is investigated
comparing two different deposition techniques. An atomic layer deposition (ALD) process is used to
deposit TiO, according to Section 7.1 and compared to sputter deposited TiO, as optimized in Section 7.4.
For this experiment, ALD-TiO layers have been deposited by Jennifer Veldzquez Rojas, Helmholtz-Zentrum
Berlin with three different TiO, film thicknesses that were confirmed by ellipsometry. Furthermore, two
different Ti precursors TiCl4 and titan(IV)isopropoxid (TTIP) have been compared.
For the sputter deposition process, the conductivity optimized parameter from Section 7.4 were used with
2.5 % oxygen mixed with Ar.
The ALD samples have been tranferred ex situ in air for the analysis, while the sputter deposited samples
could be analyzed straight after deposition in DAISY-FUN without breaking vacuum.

In Figure 8.8, the core level spectra of a) the ALD-deposited and b) the DC-sputter deposited TiO5 films
on top of the pn™-Si photocathode are depicted including the binding energy position under dark and
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a) pn*-Si/TiO, interface: ALD deposition b) pn*-Si/TiO, interface: DC-sputter deposition
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Figure 8.8: XP-spectra of pn*-Si/Si0O,/TiO, interface under dark and illuminated conditions. TiO, step-
wise deposited by a) an ALD process using TiCls (green) and TTIP (purple) as different Ti precursors
and b) a DC-sputter deposition process (blue). Core level binding energy positions E, is depicted over
TiO, layer thickness with 10 and 300 W X-ray source power.

illuminated conditions with 10 and 300 W X-ray intensity. In contrast to the Pt-Schottky interface, the
Si 2ps,/2 binding energy does not show a clear tendency when forming the contact to ALD-TiO2, even
though a shift of the SiO, related Si 2p and O 1s components can be observed, indicating a potential drop
of about —0.8 eV, which is significantly lower than observed with the in-house developed ALD process
from Section 7.1. The two precursors seem to have a little influence on the binding energy of all core levels,
even though the Ti 2p spectra seem to shift to lower binding energies with increasing coverage, while the
Ti 2p binding energy of the TiCl, precursor remains rather constant with increasing film thickness. All in
all the samples treated with TTIP show slightly higher binding energies in all core levels of about 0.2 eV
compared to the TiCls treated samples. However, the grounding of the samples seem to be an crucial
point in this type of experiments when comparing absolute binding energy values on these samples while
the relative shifts during illumination do not seem to be so different. When sample edges get covered
with TiO,, the TiO layer could be shortend directly to the back contact. This might be even more critical
for the ALD process, while the sputter deposition is more recitfied and edges are protected via shadowing.
In this case however, the photovoltages in the Ti 2p should decrease with increasing film thickness, which
is not observed in this case.

In case of both different ALD-covered samples, the potential corrected line shape fitting routines as
presented in Section 8.2 cannot provide unambiguous results for the c-Si, which might indicate flat band
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conditions in the n*-Si layer. Also, the less defined SiO, component reveals a maximum electron depletion
of <0.2eV within the n* layer. Interestingly, the in situ photovoltage analysis provided from dark and
bright measurements at 10 W source-intensity shows a slight decrease on the top TiO5 layer for lower
film thicknesses of 1.5 nm, while the pn* related Si shifts remain constant. For higher film thicknesses
the TiO,-related shifts approach the substrate shifts again.

The contact of the pn*-Si photocathode to a sputter deposited TiO, layer shows a slightly different
picture. Even though the potential drop observed on the SiO,-related Si 2p and O 1s components is in
the similar range of about —0.8 eV as the ALD deposited films, the c-Si line shows a shift to lower binding
energies, indicating an electron depletion layer as observed at the Pt-Schottky interface. Furthermore,
the Ti 2p is located at lower binding energies compared to the ALD process, which might indicate a
more reduced TiO, species than achieved by the ALD process, indicating a lower doped TiO, layer than
achieved with ALD and with that a higher contact potential at the Si/TiO; interface. In contrast to that,
the in situ photovoltage does not change significantly upon the sputtered TiO5 layer and remains constant
with increasing film thickness.

In summary, the interface data suggest that the ALD-TiO,-covered photocathodes do not reveal a
significant electron depletion in contrast to the sputtered TiO» covered sample. This would suggest that
the concentration of defects and the electron transfer properties differ significantly for both deposition
types. However, the difference in interface energetics cannot be confirmed in the dark-bright data, where
the open circuit photovoltage does not seem to be significantly affected by the contact layer.

8.3.1 Electrochemical cell tests of pn*-Si/TiO, photocathodes

To verify the interface energetics deduced above, photoelectrochemical tests have been performed as final
characterization of the device performance of the demonstrator cell.

When analyzing the photovoltage in the photoelectrochemical cell (Figure 8.9), the sputter-deposited
TiO, does not show any impact on the Vpc under white light LED illumination, confirming the SPV
analysis using XPS. For the ALD-deposited TiO5 one notes drastic differences in the photovoltage. For
both precursors, a drop in photovoltage is observed first (left image in Figure 8.9). This drop is also
indicated by in situ XPS analysis (right image in Figure 8.9), where SPV shifts of the n* related Si 2p
are not transferred over the interfacial oxide layer. As a result, SPV shifts are only measured in the
substrate, but not in the TiO related core levels which might indicate interface-induced recombination
centers. There are no significant differences between the different Ti precursors visible. Interestingly, after
100 ALD-cycles (3.0 nm), the photovoltage increases significantly to 0.41 V, which is an improvement of
more than 50 mV compared to the bare pn™-Si photocathode indicating here, a passivation of interfacial
recombination centers. The gain in photovoltage, however, cannot result from the photocatalytic activity
of the TiO,, since the electron depletion of the TiO5 in contact to the electrolyte would counteract the
HER.312
However, to test if this gain in photovoltage can be really converted to the HER onset needs to be tested
using linear sweep voltammetry.

In Figure 8.10a), the photoelectrochemical performance of the TiO, covered photocathodes is shown in
comparison to the bare pn*-Si cell. On all samples Pt has been deposited galvanostatically at 0.5 mA cm 2
for 2min (see Section 4.5.3 for details). The Pt deposition did not lead to significant changes in the OCP
shifts under illumination. The sample with only 50 ALD-cycles (1.5 nm) showed the lowest V¢ in the
OCP measurements. As expected, it also shows the worst photoelectrochemical performance. The best
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Figure 8.9: Photovoltage analysis of TiO,-covered pn*-Si photocathodes in photoelectrochemical cell
with 0.1 M H2S04 under 1000 W m~2 white light LED illumination (left). ALD-TiO, leads to a significant
improvement in V¢ for film thicknesses >3 nm/100 cycles. For 1.5 nm/50 cycles, the potential drop is
confirmed in XPS, where ¢-Si reveals shifts under illumination, which do not occur on the interfacial
oxide layer indicating recombination of excess charge carriers (right).
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performances are shown for thicker ALD-deposited films, while the differences between 3 and 6 nm film
thickness is negligible. The sample deposited with TTIP shows a slightly better performance and with
that a maximum half cell efficiency of 0.22 % in comparison to the sample deposited with TiCl4, whose
half cell efficiency of 0.13 % might be related to a better conductivity. The efficiency waves have been
derived according to Equation 8.2 and show an increase at about 0.6 V vs. RHE, which is not related
to the HER but a reduction wave that might be related to a chemical reduction of the TiO, or proton
adsorption on the Pt particles.®!3 Since the reduction wave is more pronounced on the thicker TiO; films,
it might be also related to a reduction of the TiO, surface. However, the onset for the HER is abserved
at about 0.34V vs. RHE, coinciding with the photovoltage of the bare pn*-Si cell. Consequently, the
gain in photovoltage observed with the shifted OCP does not lead to a gain in the onset of the HER.
Interestingly, the onset of the sputtered TiO5 sample is at about 0.05 V vs. RHE, indicating no usable gain
in photovoltage for the HER. When comparing the Si 2p line shapes of the sputtered and ALD-deposited
sample, one notes that the sputtered Si 2p line is less structured. By applying the potential corrected
line shape fitting routine presented above (Figure 8.10b)), a depleted n* is confirmed at the sputtered
interface, while an electron depletion cannot be proved at the ALD interface. According to the fitting
model which are not that evidential than observed on the Pt, the sputter-deposited TiO, interface leads to
an electron depletion in the n* layer of about —0.28 eV. This is confirmed by the SiO,-related component
and the Ti 2p3/5 signal, which are shifted by AE=—0.25eV in comparison to the ALD deposited interface.
As a result, the charge transfer at the sputtered Si/TiO; interface shows a diode-like behavior leading to
a shifted onset of the HER which leads to a loss in usable photovoltage and finally requires additional
overpotentials. In addition, the increased thickness of interfacial SiO, will also affect the charge transfer
and might be responsible for the reduced slope in current density in comparison to the ALD-TiO5 covered
samples.

8.4 Conclusions on pn*-Si device structure performances

In this chapter, photoelectrochemical model structures have been designed and tested with respect to their
photoelectrochemical cell performance. At first, Pt covered photoelectrodes and their band alignment
under dark and illuminated conditions were investigated. For both deposition methods, an electron
depletion layer was observed to form when forming the interface to Pt. With that, a loss in photovoltage
was observed in XPS. Subsequent photoelectrochemical measurements in the electrolyte could not confirm
the drop in photovoltage. Contradicting to the energetic band alignment, which was similar for evaporated
and sputtered Pt, sputter deposited Pt showed by far the best photoelectrochemical HER performance.
This suggests that apart from the energetic band alignment, also other parameters such as charge transfer
rates, electrochemical stability, and mechanical sticking are essential for a good substrate-catalyst coupling.
On both sample Pt delamination was observed suggesting a lateral inhomogeneous electrode surface. The
interfacial band alingnment models, such as peak shape analysis require homogeneous surfaces. The
impact of lateral potential distributions can therefore not be considered, but may play a decisive role to
understand the differences in the photoelectrochemical performance.

When adding TiO, as buffer layer between the photocell and electrodeposited Pt as HER catalyst, the
total current densities could be increased by at least a factor of 10 indicating a “better” electric contact in
comparison to the non-covered pn*-Si photocathode. One aspect in that sense is related to the better
sticking of the Pt catalyst on top of TiO, in contrast to SiO2, which might also enhance the charge transfer
properties as well as the overall stability. However, reasonable half cell efficiencies can only be derived
when using ALD as deposition method. XPS peak shape analysis suggests that the ALD process prevents the
substrate photoelectrode from forming an electron depletion layer and with that from barrier formation
which is observed when using a sputter method. Barrier formation requires additional overpotentials for
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ical buffer layer. Sputter deposition leads to an electron depletion forming a charge transfer barrier,
while no depletion is observed when using ALD.

the charge transfer processes across the functional layers to run the HER as summarized in Figure 8.11.
However, the presence of SCR at the functional interfaces does not seem to have an influence on the
Voc measured by chopped light OCP or XPS-SPV measurements. In contrast, for thin ALD-TiO» of about
1.5 nm which forms after 50 ALD cycles, the V¢ drops drastically, which is more related to the formation
of recombination centers rather than electronic barriers. In this case, the charge carrier recombination
might be related to a not fully TiO, covered photocathode surface where lateral inhomogeneities form
recombination centers.

In summary, the energetic role of TiO, on Si-based photocathodes could be elucidated. However, the
deposition technique and its processing condition and with that the electronic film properties of the TiO5
layers play a decisive role when trying to prevent electronic barrier formation and to finally improve
photoconversion efficiencies.

There remains still a need of optimizing the treatment and deposition process e.g. controlling SiO, and
TiO4 properties, which could also include post-deposition treatments.
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9 Conclusions and outlook

The main goal of this thesis was to elucidate the electronic structure and energy band diagrams for
photoelectrochemical water splitting devices. This included the systematic investigation of energy band
diagrams in the vicinity of a liquid electrolyte and the coupling of the photoabsorbers to chemical and
electronic passivation layers as well as co-catalysts. To address this goal, model surfaces and device
structures were designed with respect to surface and interface states and their influence on interfacial
charge distribution were monitored.

As a first set of experiments on these questions, the band energy diagrams of differently prepared single
crystalline Si surfaces were investigated by photoemission spectroscopy (PES). With X-ray photoemission
spectroscopy (XPS), it is shown that the Fermi level position at the prepared Si surfaces differs from the
value expected from bulk doping concentrations, indicating surface band bending. Surface band bending
is induced by the charge transfer from surface states into the Si bulk. The impact of the different surface
preparation procedures on surface band bending was analyzed. In addition, ultraviolet photoemission
spectroscopy (UPS) and near edge X-ray absorption fine structure (NEXAFS) were performed in order to
identify occupied and unoccupied defect levels within the Si bandgap. An occupied and an unoccupied
defect level was found at the lower and upper half of the Si bandgap with a charge neutrality level (CNL)
very close to midgap, showing that the simple picture of a gaussian electronic surface state distribution
around the CNL is too much simplified in the case of Si surfaces. These states coincide very well to
unsaturated dangling bond defects on Si surfaces, which were so far only unequivocally established as Py,
centers by spin resonance spectroscopy. With that, Si dangling bonds are the dominating surface defects
on Si surfaces, which can even be found on very well-defined surface reconstructions.

Furthermore, the experiments showed that the energetic position of the dangling bond defect bands
strongly depends on the chemical environment of the defect center. If the =Si- atom, which localizes a
dangling bond, gets oxidized by a backbonding to 1,2 or 3 oxygen atoms (R3=Si- with R = Si or O), all
defect levels shift towards the vacuum level, moving the unoccupied defect band above the conduction
band minimum (CBM). As a result, only occupied donor-like states remain within the Si bandgap and are
electronically active, which characterizes the dominating defect at not completely oxidized surfaces or
Si/Si0, interfaces.

It turned out that the results of such studies, especially with respect to the defect related band bending
depend not only on the electronic distribution of charge at the surface, but also on the non-equilibrium
condition when measuring using illumination sources, which induces a surface photovoltage (SPV). The
SPV in that case can either be induced by the excitation of the probing light, or also by deliberate bias
light illumination.

Repeating those studies at cryogenic temperatures could even more pronounce source-induced SPV due to
the thermally inhibited recombination. These measurements indicated that the recombination of excess
charge carriers depend on the minority charge carriers due to the difference in capture cross-sections of
holes and electrons as well as the oxidation state of the defect center.

It is crucial to emphasize that even with the most effective surface termination treatments, there will still
be residual concentrations of the active R3=Si- dangling bond states due to entropy reasons of defect
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formation.

Subsequently, the reactivity of the Si dangling bonds was explored and the electronic interaction of the
Si surfaces with H,O was deduced by applying a “frozen electrolyte” adsorption method. The dissociation
of H,O is only observed on unreconstructed surfaces, forming Si—OH,gs and Si—H,gs states after flashing.
For all other passivated surfaces, a direct dissociative reaction with the remaining Si dangling bonds is
not observed. However, the adsorption of molecular H,O on adsorbate modified surfaces leads to a slight
change of band bending. It is suggested that the change in band bending is related to an electron transfer
from the dangling bond state into the bulk due to the interaction of the unsaturated Si bond with the
H,0 oxygen lone pair, lifting the dangling bond electron above CBM.

Dangling bond defects at the Si/SiO, surface also play a crucial role in the electronic coupling to the Pt
catalyst. The contact formation to Pt led to an electron depletion layer at the Si/SiO, interface due to the
high work function (WF) of Pt. The contact potential is expected to partially deplete Si dangling bond
states. However, there are spectral indications that the sputter deposition of Pt on top of the native SiO,
substrate partially reduces the oxide, which further increases the number of unsaturated Si states. In
addition, Fermi level pinning occurs at the lower half of the Si bandgap due to the deep level impurity
traps resulting from a SiPt, interface phase.

In any case, the electronic contact formation of Si/Pt is not beneficial for photoelectrochemical cells
(PECs), since either additional defect formation or electron depletion will limit cathodic charge transfers
at this specific interface, which leads to a photovoltage loss when using it as photocathode.

In comparison to Si as elemental semiconductor, similar investigations were performed on the binary
III-V model system InP, which is known to show even better photovoltaic properties than Si. Here, the
InP was prepared with highly pure and controlled surface reconstructions, which were characterized by
UPS and low-energy electron diffraction. Unsaturated phosphorous dangling bonds have been proven to
cause midgap Fermi level pinning at P-rich surfaces when loosing their bond saturation to H, which was
confirmed by DFT calculations. These unsaturated defects did not interact with molecular water, even
though they seem to bind to the dissociation products Hags and OH,gs if available.

In-rich surfaces are much more reactive, since they could not be transferred contaminant-free to Darmstadt.
The partially oxidized surface reacted chemically to molecular water, leading to further surface oxidization,
which shifted the Fermi level to the upper half of the band gap. Evidently, this surface oxidation process
leads to a newly formed surface layer, which is able to inject electrons into the semiconductor. The origin
of this charge transfer process remains unclear and has to be calculated computationally.

On a native oxide passivated InP layer, an electronic interaction of the surface with molecular water was
observed, leading to an electron injection as seen in oxide passivated Si surfaces. This fact suggests a
similar reaction mechanism in which a dangling bond interacts with the H,O oxygen lone pair.

The ability of TiO to electronically passivate the semiconductor surfaces was tested using an in-house
developed ALD process. With this process, a large contact potential drop is observed between a p-Si/SiO5
wafer and the TiO,, leading to electron depletion in the semiconductor. Furthermore, when investigating
the atomic layer deposition (ALD) growth on InP, the TiCls precursor did not absorb sufficiently on
oxygen-free unpolar InP surfaces, which prevented the efficient TiO, layer growth. HCI, assumed as
by-product in the process, led to surface etching instead, destroying the surface structure. The nucleation
of TiO, required the oxidized surface species of the water exposed In-rich InP surface, at which the TiO5
grows in an island mode.

Once TiO, is covering the InP, the Fermi level remains pinned at the interface. When adsorbing additional
water, a chemical reduction of lattice Ti** to Ti®" is observed, indicating again an electron injection upon
water adsorption, even though the reaction mechanisms on transition metal oxides with water may be
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different compared to Si and InP. These electrons might even be injected into the InP substrate, changing
the energetics of the entire InP/TiO5 interface.

In the last phase of interface experiments, Si pn* model-junctions were studied to elucidate the band

alignment at the functional device interfaces and the samples were transferred to an electrolyte solution
to test its photoelectrochemical device performance. Modeling potential corrected XPS line shapes could
identify a strong inversion layer at the topmost Si-n* layer in contact to Pt, which is independent of the
applied deposition technique. This inversion layer is expected to act as a barrier when using the device
as photocathode and remains during illumination under operation. In contrast to that, the photoelec-
trochemical device tests showed a strong impact of the deposition technique on the measured device
performance, where sputter-coated photocathodes revealed much higher photocurrents than thermal
evaporated or galvanically deposited Pt samples. These effects cannot solely be described with band
energy diagrams derived from the model interfaces, suggesting that stability-related effects and lateral
inhomogenities play a decisive role when designing efficient devices.
A clear relation between the energetic band alignment and the device performance could be observed
when using TiO; as interlayer. It was shown experimentally that the sputter deposition of TiO, leads also
to an electron depletion in the Si-n™ layer, which is not that prominently observed in ALD-deposited TiO5.
Here, only the ALD-TiO, covered photocathodes show a reasonable photoconversion efficiency, while for
sputtered TiO, the inner photovoltage is consumed completely to overcome the electron transfer barrier
at the n™-Si/TiO, interface.

In summary, this work shows that even highly defined and reconstructed elemental or binary semi-
conductor surfaces reveal Fermi level pinning due to a significant amount of still existing surface states.
Those surface states typically remain due to entropy reasons. In literature, band structure calculations are
mostly discussed for the most stable surface reconstructions. But less probable surface reconstructions
have to be considered as well, since they coexist depending on their energy in different concentrations
with the majority configuration. Even in the sub-percent regime, these sub-phases might dominate the
electronic properties of the overall surface or interface. To reduce the entropy-driven amount of sub-phases,
optimizing the cooling procedures after growing Si and III-V tandem structures at high temperatures is
extremely important. Nevertheless, the presented studies here suggest that it seems almost impossible
to completely passivate these surface states electronically, neither by surface preparation nor by contact
formation to adsorbates or passivation layers. In an additional study with project partners from TU
Ilmenau, we could show that even an epitaxial contact formation of ternary III-V systems does not lead to
a complete depinning of the Fermi level at the interface.14
In addition, at pinned surfaces the total amount of surface defects acting as recombination sites will still
limit the maximum photocurrents.

According to the experiments, it is possible to deplete and occupy defect states without fully passivating
them. Apart from defect passivation, also a flooding or complete depletion of surface states could become
an efficient engineering strategy when designing complex interface structures for energy conversion.
Following that strategy in photocathodes, photoelectrons excited in a buried junction will accumulate at
an n*t emitter layer. If all surface states are occupied (flooded) with electrons localized at these states,
the photoelectron cannot be captured by a hole state, which will impede recombination. The electronic
flooding of surface states might be either implemented by additional doping or by the contact formation
to an appropiate, e.g. an extremely thin low-WF contact layer. According to the shown results, optimized
TiO, layers can prevent the electron depletion of the emitter layer in contact to the catalyst. Better results
can even be achieved, by adding thin metallic interlayers of Ti or Al on top of the emitter layer as shown
in literature. 26309
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According to the results presented in this thesis, the contact potential of two materials is given by the
thermodynamic difference in electrochemical potential and is independent from surface and interface
preparation. However, the potential distribution over the whole interface can be strongly influenced by
surface treatments, interfacial layers and chemistry. For instance, the contact of the noble-metal catalyst
directly to the photoabsorber always leads to an electron depletion of the emitter layer due to the high
contact potential with those materials, enhancing charge carrier recombination and barrier formation. This
has to be prevented for highly efficient PEC devices, suggesting that electronic and chemical passivation
has to be achieved in different layer arrangement i.e. metallic and oxidic layers, introducing an additional
interface and with that increase device complexity. This will finally require much more research efforts in
interface engineering.

This work could show in addition that surface defects play a decisive role when interacting with liquid
electrolytes, modeled here with water as adsorbed molecule. However, since these defects are in the
minority when analyzing well-prepared surfaces, it becomes almost impossible to resolve the chemistry at
these defects. The Fermi level seems to be the only measure to follow electron transfer reactions, even
though the involved electronic states and their origin remain unknown.

To further increase the understanding of interface energetics in PEC devices, a detailed analysis before

and after sample preparation is not sufficient. In a future study a detailed analysis before and after
operation in the liquid electrolyte is required, focusing on the electronic states involved in degradation
and corrosion mechanisms. In fact, interface energetics may strongly differ when facing operation
conditions since electronic potentials are redistributed and charge carriers will cross the interfaces under
non-equilibrium conditions. With classical surface science approaches, we come to a limit since the
ultra-high vacuum gap in the experimental setup can not cover the whole complexity of the investigated
device structure. Fortunately, there are new developments in the field of surface science techniques
such as operando near-ambient pressure XPS (NAP-XPS), which enable more realistic device-related
experimental set-ups.>!® In addition, the combination of electron and vibrational spectroscopies such as
infrared spectroscopy might be helpful in order to couple electron transfer reactions with surface bound
intermediates. Furthermore, the use of hard X-rays from synchrotron radiation can additionally help to
analyze buried multi-layer junctions or even electrochemical interfaces, when controlling the information
depth by modifying inelastic mean free path of electrons.
As a conclusion, there remains a lot to do in the fascinating world of PEC device interfaces. Even though
this thesis cannot fully cover the complex interface energetics at such buried multi-junction devices, the
surface science approach presented here seems a promising way to close the knowledge gap in the future
to bring these devices closer to their physical limits and making them competitive for the mass market.
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Appendix

1 Prepared Si surfaces

Table A1: Sample list of prepared Si surfaces.

Idx Name Wafer/orientation Treatment LEED pattern Si 2p3/a
ia flash p-(100) flashed / deoxidized None 99.33eV
iy, flash n-(100) flashed / deoxidized None 99.56 eV
iia flash-2 x 1 p-(100) Annealed after flushing 2x1 99.46 eV
iiia nat. Ox p-(100) native oxide / no treatment None 99.48 eV
iiip, nat. Ox n-(100) native oxide / no treatment None 99.74 eV
vy therm. Ox p-(100) sputter-annealed oxide None 99.25eV
iii, therm. Ox n-(100) sputter-annealed oxide None 99.59eV
Va dry-H p-(100)* H,-annealed H-terminated 2% 2 99.23 eV
Vi, dry-H n-(100)* Hy-annealed H-terminated 2% 2 99.68 eV
Vig 111-H p-(111) Wet-chemical H-terminated - 99.35eV
Vi, 111-H n-(111) Wet-chemical H-terminated 1x1 99.88 eV
Vie 111-H def, p-(111) H'terminﬁ‘ii;ﬁa&;ﬁ;‘)red for 4 - 99.40 6V
Viiy 100-H p-(100) Wet-chemical H-terminated - 99.34eV
viip, 100-H n-(100) Wet-chemical H-terminated 1x1 99.81eV
* Wafer with different doping concentration.

Table A2: Oxide stoichiometry cx of native SiO, layer with Shirley subtracted raw areas I'x.
Sample Ig; Io csi co
p-Si (therm. Ox) 2155.72kepseV 4391.02 kepseV 33.9% 66.1 %
n-Si (therm. Ox) 1433.29 keps eV 2743.03 keps eV 34.3% 65.7 %
p-Si (nat. Ox) 1519.53 keps eV 2980.78 keps eV 33.8% 66.2 %
n-Si (nat. Ox) 2885.85 keps eV 5483.23 keps eV 34.5% 65.5 %
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Figure A1: reflection anisotropy spectroscopy (RAS)-signal (left) and low-energy electron diffraction
(LEED) pattern at different electron energies (right) indicate formation of mixed A- and B-type
dimer orientation domains according to Briickner et al.'®. RAS spectra have been measured by

M.A. Zare Pour, TU limenau

n-Si(111)-H n-Si (100)-H

Figure A2: LEED pattern of hydrogen terminated Si (111) (left) and (100) (right) surfaces.
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2 Water adsorption on Si(100)-H

+ H5O

after water adsorption

Normalized intensity /a.u.

—— before water adsorption

—— after water adsorption

I T —T I |
20 15 10 5 0

Binding energy /eV

Figure A3: LEED pattern of dry-H terminated Si (100) surface before and after water adsorption. The
clear initial 2 x 2 pattern transforms to a 2 x 1 surface after low-temperature water adsorption (top).
Hell UP spectra reveal a broad feature from 9.4 to 11.2 eV showing no energy dispersion along the
I" — J direction, which might be related to adsorbed OH species.

After the desorption of molecular water on the monohydride Si(100)-H surface, transforms from a
2 x 2 LEED pattern into a 2 x 1 LEED pattern, indicating a loss in surface order in some of the 2 x 1
monohydride domain. At the same time surface features appear in the Hell UP valence spectra, which
might be assigned to adsorbed OH species (Figure A3). These features showing no angular dispersion,
confirming the adsorbate-related loss in surface order. However, the H-resonance at 6.0eV does not
loose in intensity, which suggests that the monohydride Si surface remains intact in contact to the H,O
adsorbates, while reactions and H,O dissociation might occur at surface defects along step edges at the
surface, which do not significantly change the electronic structure of the overall surface.
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3 Impact of bias light on low-temperature adsorption experiment

—— Si 2p3/2
Si 2p3/2 + white light
—e— Si2p3/p + Hell

/Q/

Binding energy /eV

98.9 -
T | I I I I I I I I
asisRT asisLT 0.1L 0.2L 0.5L 1L 2L 5L 10L desorbRT +1d

—— SiO7 2p
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Figure A4: Low-temperature water adsorption on p-Si/SiO, surface: Binding energy of metallic Si 2p3,,
(top) and of SiO, component (bottom) depending on water dossage. Additional bias light excitation
only affects the dielectric SiO; layer (charging effect). The semiconducting Si 2p component does not
reveal a charging effect.

To analyze the impact of additional bias light intensity, different light sources like white light LED and
Hell UV light have been used on p-Si/SiO2 surfaces. In the semiconducting c-Si substrate, the additional
Hell illumination does not seem to have a significant impact on the binding energy. The white light LED
shifts by about 30 meV, which is related to additional surface photovoltage (SPV). In the SiO5 component,
the Hell light shifts the binding energy to higher values, which is therefore related to a charging effect
in the dielectric oxide, due to the high intensity and photoionization cross section of the Hell source.
Furthermore, it is observed, that the charging effect increases with an increasing ice layer on top.

166



4 n-Si/Si0,/Pt interface

O 1s Pt 4f
+3600 s Pt
asis potential drop
, +40 s Pt 0=1.2eV _

= =
[3+] <
N N
iy iy
& =
et L
= s

I I I I I I I I I

536 534 532 530 78 76 74 792 70
Binding energy /eV Binding energy /eV
0.0 A
-0.4 0.66 eV
%
G v
&
% -08
] c-Si 2p
Pt 4f
-1.2 —O01s
Si0, 2p
I I I IIIIIII I I IIIIIII I I IIIIIII I I
1 10 100 1000

Pt deposition time /s

Figure A5: n-Si/SiO,/Pt interface experiment: DC-sputtered Pt is step-wise deposited. O 1s fits represent
interfacial potential drop with and without Pt as presented in Section 5.4.1. Comparison of initial Pt
layer show Pt - Si and Pt — O species. Ej, shifts represent potential drop in each interface layer.
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5 Water adsorption on Pt and Pd foil
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Figure A6: Hell spectra (hv=40.81eV) of low temperature water adsorption experiment on sputter
cleaned Pt foil (a). Difference spectra before and after adsorption experiment on Pt and Pd-foil
are shown in (b) and (c). Clear indication for OH adsorption is observed on both metal foils. How-
ever, the 17 and 30 states appear not only at slightly different binding energy positions at 9.05 and
11.6eV (Pt) and 7.56 and 12.08 eV (Pd), but also with slightly different relative distances (2.55 vs.
2.90eV). The OH features overlapp with the 3a; and 1b, states of molecular water, which impedes the
evaluation of water dissociation during multi-layer adsorption.
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6 Hell spectra of p-Si/SiO,/Pt interfaces upon water adsorption

a) galvanic deposited Pt b) sputter deposited Pt
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Figure A7: Hell spectra (hv=40.81¢V) of Si/Si0,/Pt interfaces upon low-temperature water adsorption.
Pt was deposited by a) electrochemical deposition and b) a sputter deposition technique. Most of
the features are related to SiO, states in comparison to Figure A6 as well as H,0 adsorbate states. A
Fermi edge is only observed for a) due to metallic particel formation, while in case of b) a Pt monolayer
approach is assumed. Mostly molecular H,0 adsorption is observed while OH cannot be detected.
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7 Chopped light current voltage scans of p-Si/SiO,/Pt
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Figure A8: Linear chopped light sweeps in 0.1 M H,SO4 for bare (red) and Pt covered p-Si/SiO; surfaces
(5mV s~!). Pt was deposited by DC-sputtering with thicknesses as given in the graph. Yellow and light
bars, represent dark and white light illumination (1000 W m~2), respectively. Energy band diagram for
bare and covered p-Si/SiO, are shown on the right as deduced from the interface experiment.

In Figure A8, chopped light sweeps were performed on sputter-deposited p-Si/SiO5/Pt interfaces. The
bare p-Si/SiO;, surface without the Pt catalyst barely shows any hydrogen evolution reaction (HER)
activity 143 with a cathodic photoresponse only visible below —0.4V vs. RHE. With Pt, the cathodic
currents are rising in the HER region. For a thickness of 1.9A (about 50 % of a monolayer), a photo
response is observed, showing slightly higher currents under illumination. For the charge-transfer, the
holes as mojority charge carriers have to overcome the measured Schottky barrier ®p y, of 0.4 eV. For higher
Pt coverages however, the dependency on illumination diminishes, which might indicate a short-circuit
between the Pt-layer and the back contact plate of the photoelectrochemical cell.
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8 Photoreduction of p-Si/SiO,/TiO, interfaces

In order to further understand the impact of post-annealing treatments on the p-Si/SiO»/TiO> interface
as well as additional contact formation to Pt, synchrotron based XPS measurements have been conducted.
However, a possible disfunction of the spectrometer as well as beam damage occuring on the samples during
measurement impede a decisive interpretation, and the presented data has to be treated with caution.

By modifying the electronic properties of the TiO, layer, the interface to Si might be affected as well.

Differently prepared p-Si/SiO,/TiO; interfaces were investigated (Figure A9). In a first step, the impact of
a reduced atomic layer deposition (ALD)-TiO, passivation layer straight after deposition on the energetic
band alignment is compared to an oxidized one after 5h of annealing at 270 °C in 0.5 Pa Oy atmosphere.
On a third sample, a monolayer of Pt is deposited (~10'® atoms/cm?) using DC-magnetron sputtering
at 10 W on top of the oxidized TiO, passivation layer. The top row of spectra in Figure A9 illustrates
the O 1s, Ti 2p, and Si 2p spectra obtained immediately after preparation using the lab-based X-ray
photoemission spectroscopy (XPS) system in DAISY-FUN. The oxidation of the ALD-TiO, layer by a thermal
post-treatment results in an increase in contact potential, as the TiO5 work function (WF) rises due to
the chemical reduction of oxygen vacancies.?¢7-2%8 Consequently, the Si 2p peak shifts downward by
approximately 0.15¢eV to a binding energy of F;,=98.95¢V. When Pt is deposited on top of the oxidized
surface, the Si 2p peak shifts back, indicating a Fermi level of approximately 0.51 eV above the valence
band maximum (VBM). The exact reason for this effect is not entirely clear and could be related to the
slightly varying oxide thicknesses. It should be noted that all spectra were acquired from different samples
and not consecutively after each treatment step. However, for all samples, the Fermi level falls within the
range of 0.51 to 0.22 eV above the VBM within the p-Si space charge region (SCR).
In addition, significant spectral differences are observed when the samples are transported via a dedicated
ultra-high vacuum (UHV) transfer to the BESSY II synchrotron. The exposure to highly intense synchrotron
radiation results in the reduction of the ALD-TiO; layer as previously reported by Reckers et al. 2%, This
X-ray-induced reduction is clearly evident in the Ti 2p core level lines as well as in resonant VB spectra
forming Ti* gap states,27%27! even though their exact origin is still under debate.?7%273 Interestingly,
the reduction of TiO, leads to a depletion of the p-Si substrate, as all Si 2p core levels are observed
at the same binding energy of 99.65 + 0.10eV. Nevertheless, it should be noted that the total energy
calibration might be less reliable than that of the lab-based XPS machine, and the high X-ray intensity
could also result in local charging effects. Nevertheless, it is observed that all Ti 2p spectra shift to the
same binding energy. In contrast, the amount of Ti®* strongly varies. The highest amounts are found in
the as deposited sample, while almost no Ti>* forms in contact to metallic Pt. Here, the high-WF of Pt
prevents the reduction of lattice Ti by transferring free electrons into the metal instead of trapping them
at Ti>* lattice sites. This is an interesting observation, as it suggests that instead of the photoabsorber, the
buffer layer experiences electron depletion without a significant shift in Er. Additionally, the prevention
of Ti* formation could potentially limit charge transfer, optical or stability properties of the TiO, buffer
layer.27927% The about 4 nm thick TiO; layer is capable to screen the contact potential of Pt which might
prevent electron depletion in the photoabsorber.
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a) Lab-based XPS
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Figure A9: a) XPS spectra of p-Si/SiO2/ALD-TiO, surfaces in different modifications: as deposited (red),
oxidized by annealing for 5h at 270 °C in 0.5 Pa O, atmosphere (blue), oxidized plus one monolayer
sputtered Pt. Synchrotron beam readucs TiO, phase b). Resonant valence band (VB) measurements
reveal Ti®* gap state in comparison to native oxide Ti foil c). Pt inhibits reduction of lattice site.
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9 InP (100) after ALD treatment
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Figure A10: XPS (left) and UPS (right) secondary electron edge (SEE) of P-rich InP (100) before and after
50 full cycles of ALD-TiO,. Pre-edge features might indicate lateral imhongeneities with still intact
P-rich InP domains.

After chlorination within the ALD process, the InP phase shows a little pre-edge feature, which might
be related to intact surface domains with a lower WF. However, these domains might only remain in very
small quantity after the process, since SEE in photoemission spectroscopy are mainly dominated by the
surface domain with the lowest WF.
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10 Low-temperature water adsorption on p-InP/ALD-TiO, interface
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Figure A11: Ti 2p spectra of InP/TiO; interface with Ti** and Ti** components fitted with Voigt-
lines and after Shirley background subtraction. Fitting parameter: FWHM(Lorentzian)=0.214 ¢V,
FWHM(Gaussian)=0.93 eV, and Shirley parameter=0.046eV ..

The contact of the ALD-TiO, covered p-InP surface with water, leads to a chemical reduction of Ti** to
Ti3* cations as shown in Ti 2p3/o XPS-fits (Figure A11). After the desorption of 10 L. H,0, an additional
feature shifted by —1.00eV of 2.5 atm.% is detected by confining line shapes, which is attributed to the

Ti3*-species.

All core level spectra of the low-temperature water adsorption experiment are shown in Figure A12.
Even though the In 3d and P 2p substrate signals are very low, the substrate core levels show a clear shift
to higher binding energy after the desorption, which indicates an electron injection due to the contact of

remaining adsorbates.
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Figure A12: XP survey and core level spectra of p-InP/ALD-TiO, interface under low-temperature water
adsorption.
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11 Current-voltage curves of p-Si and pn*-Si
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Figure A13: Chopped light current-voltage curves of a) a p-Si/SiO; b) a pn*-Si/SiO, wafer und 1000 W m—2
white light illumination. The steady-state curves under dark and illuminated condition are depicted in
black.

Chopped light current-voltage curves of native oxide covered p-Si and a pn*-Si homo-junction in
contact to 0.1 mol H,SO4. Both wafer do not show signficant HER activity, since the show very low current
densities in the cathodic regime. Cathodic currents are expected to result from SiO, reduction to silanes
(SinHap). The currents are blocked under dark conditions, due to the reversed biasing of the rectifying
junctions. No significant shift in the reaction onset is observed for the pn™ buried junction in comparison
to the pure p-Si wafer.
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12 Sputter-deposited TiO,
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Figure A14: X-ray diffraction (XRD) patterns measured at a fixed incident angle of 5° of direct current
(DC)-magnetron sputtered TiO; films. Room temperature (RT) deposition does not lead to TiO; related
reflexes. Only reflexes of the indium tin oxide (ITO) substrate are observed (top). Deposition at 296 °C
lead to anatase-related reflexes (middle, quartz glass substrate). For substrate temperatures of 440 °C
during deposition, rutile related reflexes are observed (bottom, quartz glass substrate). Reference
reflexes up to a relative intensity of 10 % are depicted according to PDF-2 card 01-088-0773 (ITO),
04-011-0664 (anatase), and 00-021-1276 (rutile).
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Figure A15: Ultraviolet-visible-near-infrared (UV-Vis-NIR) absorption spectra with resulting absorption
coefficient o (top) and Tauc-plots for direct and indirect band transitions (bottom). ITO has been used
as substrate for the RT deposited TiO,, whereas quartz glass has been used for the annealed samples.
Absorption intensity below the bandgap are related to different transition into TiO, -, related defect

states within the bandgap. 302
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