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Abstract

The adiabatic approximation is widely applied to describe interactions of atoms and
molecules with solid surfaces. It assumes that the electronic system stays in the lowest-
energy ground state during the interaction and energy is exclusively distributed via
lattice vibrations in the solid. However, in case of light hydrogen atoms, it predicts
inefficient energy transfer to the atoms of heavier solids, contradicting experimental
findings of inelastic H atom scattering from germanium surfaces. Germanium is an ele-
mental semiconductor and, unlike frequently studied metals, does not have partly-filled
electronic states around the Fermi level, but filled and empty states separated by a fun-
damental energy gap, the band gap. Using H atom beams with incidence translational
energies ranging from around 0.4 eV to more than 6 eV, a non-adiabatic scattering chan-
nel is observed at high energy-losses, provided that the incidence energy exceeds the
value of the surface band gap. This scattering channel is studied at a variety of exper-
imental conditions, including H/D isotope substitution, varying surface temperatures
and different surface structures, leading to the conclusion that it involves electronic
interband excitations of the semiconductor surface. An electronically adiabatic low

energy-loss channel is consistently observed at all scattering conditions.
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1 Introduction

Adsorption is the process by which a particle — an atom, ion or molecule — sticks to a
surface. Prior to adsorption, that particle has been in gaseous or liquid phase, possess-
ing a certain amount of translational energy. To adsorb on the surface, it needs to get
rid of this energy and — lacking other possibilities — usually transfers the energy to the
surface. This energy transfer is essential for the process of adsorption. However, on an
atomic scale, it is not always fundamentally understood. How do the atoms move and
which forces are acting upon them? What are the possibilities for energy dissipation
within the surface? How important are the specific properties of the surface?

These questions are of central interest in the field of chemical dynamics at surfaces.
Inelastic hydrogen (H) atom scattering experiments carried out under well-defined con-
ditions represent one approach to provide answers, while reducing the complexity of the
system as much as possible using the simplest atom as a probing particle.

Adsorption of atomic hydrogen is not only the simplest reaction in surface chemistry but
its initial study by Irving Langmuir in 1912 also marked the advent of the era of modern
surface science in general. Langmuir observed that molecular hydrogen gets dissociated
on a hot tungsten wire, producing atomic hydrogen, which then adsorbs on the glass
walls of the vessel used to carry out the experiment [1]. Of course, alongside adsorption,
reactivity on surfaces can involve more steps, the so-called elementary steps of a surface
reaction. These include dissociation, diffusion, bond formation and desorption, making
surface reactions increasingly complex when compared to reactions proceeding in the
gas phase only. Again, it was Langmuir who suggested to use well-defined plane surfaces
in scientific studies in order to simplify the complex systems as much as possible and
gain insight on the fundamental principles underlying surface reactions [2]. However,
even for the simplest surface reaction one could think of, there are two major differences
when compared to a gas phase reaction. Firstly, the solid is a possible source or drain of
energy that cannot be ignored in the study of surface reactions. Secondly, the number
of particles is huge due to the presence of a surface, which increases the dimensionality
of the system and complicates its description by theoretical models.

Nonetheless, a close collaboration between experimental and theoretical chemistry has

been essential for our current understanding of dynamics at surfaces. From experimen-



1 Introduction

tally validated theoretical simulations, we can draw a detailed picture of the mechanisms
proceeding on an atomic level. Furthermore, a model that has shown to provide accu-
rate results for a particular system can potentially be used to make predictions on a
related system, too, expanding our knowledge of gas-surface interactions.

Since the discovery of quantum mechanics more than a century ago, the physical laws
governing chemical reactions have been understood in great detail. However, as soon as
more than two nuclei are involved in a system, or, very commonly, more than one elec-
tron is involved, an analytical solution of the quantum mechanical equations is unknown.
In addition, for large-size systems, numerical solutions are intractable, too, despite the
huge advances in computational capability that have been made over the last decades.
For practical applications, theoretical chemistry therefore relies on simplifications and
approximations.

The Born-Oppenheimer approximation (BOA), formulated by Max Born and Robert
Oppenheimer in 1927, is one of the most fundamental approximations and widely ap-
plied in theoretical chemistry [3, 4]. Based on the different timescales of nuclear and
electronic motion, it assumes that the electronic configuration of a system readjusts in-
stantaneously to a change of the nuclear configuration. Following this, the Schrédinger
equation can be separated into an electronic and a nuclear part, which allows the calcu-
lation of electronic energies as a parametric function of the nuclear coordinates. From
this, a so-called potential energy surface (PES) for the respective system can be con-
structed.

To theoretically predict the dynamics of a chemical system, a threefold approach is
commonly applied. Firstly, the potential energy of the system is calculated for various
geometric arrangements using electronic structure methods. Secondly, an appropriate
analytical function is fitted to the data, providing a direct functional relation between
the atomic configuration and its energy, essentially forming an analytic expression of
the PES. In the final step, the PES is used as a basis for calculating the dynamics of
the system, i.e., the forces acting upon the particles affecting their motion as well as the
energy exchange between them. Here, another approximation is widely applied, prop-
agating the nuclear degrees of freedom classically by applying Newton’s equations of
motion instead of treating them quantum mechanically. Nuclear quantum effects, such
as tunneling or zero point energies, are neglected in molecular dynamics simulations
based on the classical approximation. However, particularly for small particles, such as
hydrogen atoms or molecules, nuclear quantum-mechanical effects can be important [5].
To deal with the large number of nuclear degrees of freedom typically involved in surface
chemistry, approximations of reduced dimensionality may also be required, neglecting

for example surface atom motion [6], restricting the dynamics of reacting particles to



specific surface sites [7], or treating only a subset of molecular degrees of freedom [8].
Last but not least, calculations of the potential energies are mostly restricted to methods
based on density functional theory (DFT) as higher-level quantum chemistry methods,
commonly used in simpler gas phase problems, are not feasible for the typical system
sizes required to model surface reactions.

To test the applicability of approximations employed in theoretical simulations, the out-
come of these simulations is compared to the results of experiments performed under
well-defined conditions to mimic those applied theoretically. In this regard, numerous
studies have focused on the validity of the BOA for particle-surface interactions studying
energy dissipation at surfaces. Within the BOA, dynamics on a so-called electronically
adiabatic PES cannot capture any electronic excitations induced by nuclear motion and
energy is solely distributed via lattice vibrations (phonons) within the solid. In con-
trast, for electronically non-adiabatic processes, the nuclear motion is not restricted to
the electronic ground state of the system and can lead to electronic excitation of the
surface. While there are many systems that perfectly comply with the BOA, mean-
ing that electronic excitations can be fully ignored or play at most a very minor role
[9-13], there is also striking experimental evidence that, in other systems, they cannot
be ignored, leading to a so-called BOA breakdown [14-20]. In general, the probability
for adiabatic behavior of a system increases with increasing energetic separation of its
electronic states. Moreover, the nuclei of the system must move sufficiently slowly, so
that the electrons can adjust completely to their motion [21]. Due to their continuum
of electronic states, metal surfaces have been frequently used in research studies aimed
at testing the validity of the BOA, typically combined with small atoms and molecules
colliding with these surfaces at high incidence translational energies. In this regard,
inelastic H atom scattering turned out to be perfectly suited to unmask electronically
non-adiabatic effects [16, 22-25]. Due to its low mass, an electronically adiabatic pic-
ture predicts inefficient energy transfer between H atoms and the atoms of most solids,
so that energy-losses due to non-adiabatic effects can be easily identified. In addition,
H atoms only possess translational degrees of freedom. Compared to molecules that
can also rotate and vibrate, H atoms as probing particles reduce the complexity of the
scattering process. Furthermore, being one of the simplest model systems for energy
conversion at surfaces, H atom scattering is particularly attractive for comparison of
high-level experiments and theories.

As early as 1979, Ngrskov and Lundqvist predicted that electronic excitations must be
considered to explain high adsorption probabilities of light adsorbates, such as hydro-
gen atoms, on heavy substrates, such as metal surfaces, where the phonon contribution

to energy dissipation is rather small due to the large mass difference of adsorbate and
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substrate [26]. According to a simple collinear binary collision model based on momen-
tum and translational energy conservation, an H atom colliding with an atom of a gold
surface is expected to transfer only 2 % of its translational energy per collision, too little
to explain its high adsorption probability [16]. Experimentally, however, energy-losses
of about 30 % were found. In contrast, H atom scattering from an insulating surface re-
sulted in considerably less energy-loss, that matched the predictions of both the simple
binary collision model and an electronically adiabatic molecular dynamics simulation.
The energy-loss to the metallic gold surface, on the other hand, can be theoretically
modeled by applying molecular dynamics with electronic friction [27, 28]. Electronic
friction (EF) is a weak coupling approximation and accounts for non-adiabatic effects
by means of frictional and fluctuating forces acting on the nuclei, which are moving on
a single, effective PES. Alternatively, independent-electron surface hopping (IESH) [29—
32], time-dependent density functional theory (TDDFT) [33] or the Newns-Anderson
model [34] are used to account for electronically non-adiabatic effects in theoretical sim-
ulations.

As a metal, gold has no band gap between filled and empty electronic states but exhibits
partly-filled states around the Fermi level. Resonant electronic intraband excitations are
available to couple with translational degrees of freedom associated with the H atom’s
nuclear motion. On insulating surfaces, on the other hand, no evidence of electronic
excitation induced by H atom scattering has been observed so far [16, 35]. Insulators
possess large band gaps between filled and empty states, precluding electronic intraband
excitations. In contrast, interband excitations promoting electrons across the band gap
may be possible but require impinging particles with incidence energies that exceed the
band gap. Still, the question remains whether an energy transfer of several hundred
meV or even more from an impinging H atom to a single electron is possible at all.
However, in Schottky-diode devices, H atom adsorption on metal surfaces effectively
leads to the formation of excited electrons that possess enough energy to surmount the
potential barrier of the metal-semiconductor-diode and result in a measurable macro-
scopic current [36, 37]. Consequently, H atoms can be expected to induce electronic
interband excitations in band gap materials, too, given that sufficient incident transla-
tional energy is available. Increasing the translational energy of the incident H atoms
is technically possible, but challenging experimentally. Alternatively, the width of the
band gap can be decreased, introducing another class of solids: semiconductors.
Rather loose definitions of semiconductors comprise their electrical resistivity lying in
the range of 1072 to 10° Qcm or, alternatively, their band gap being larger than zero
and typically smaller than 4 eV [38]. Materials with zero band gap are metals or semi-

metals, whereas insulators possess even larger band gaps than semiconductors. In a



simple picture, semiconductors can therefore be considered as an intermediate between
metals and insulators. Semiconductors occur in many different chemical compositions
with a large variety of crystal structures. Perhaps the best-known semiconductor is
silicon (Si), an elemental semiconductor. Germanium (Ge) is another elemental semi-
conductor and silicon’s higher homolog. Furthermore, compound semiconductors (e.g.
gallium arsenide), layered semiconductors (e.g. molybdenum disulfide), organic semi-
conductors (e.g. polyacetylene) and magnetic semiconductors (e.g. europium sulfide)
can be distinguished [38].

For our everyday life, the importance of semiconductors can hardly be overestimated, as
they are essential components of integrated circuits, solar cells and laser diodes. How-
ever, semiconductor surface samples were only rarely investigated by atomic or molecu-
lar beam surface scattering in the past. Previous experimental studies include rare-gas
atom scattering from indium phosphide (InP) surfaces [39, 40], xenon (Xe) atom scatter-
ing from Ge(100) [41], nitric oxide (NO) molecular beam scattering from clean [42-44]
and oxidized [43-45] Ge(111) as well as NO scattering from oxygen-covered Si(100) [46].
Electronically non-adiabatic effects have been observed in rare-gas atom scattering from
semiconductor surfaces [39-41]. Here, hyperthermal rare-gas atoms transfer a substan-
tial amount of their translational energy to the surface atoms and create a local thermal
hot spot by phonon excitation. Subsequently, this energy is transferred to electron-hole
pair (EHP) excitation within the semiconductor, which leads to the occurrence of a
measurable transient current. While this energy dissipation process provides clear ev-
idence of BOA failure within semiconductor samples, the scattering dynamics suggest
that the atom-surface collision itself proceeds adiabatically.

In this thesis, energy transfer between H atoms and Ge surfaces is experimentally inves-
tigated using inelastic hydrogen atom scattering. Ge is chosen because it is an elemental
semiconductor and heavier than Si, which reduces the phonon contribution to energy
dissipation and should simplify the separation of purely adiabatic and possibly present
non-adiabatic contributions to the observed energy-loss of scattered H atoms. Specifi-
cally, Ge(111) and Ge(100) surfaces are investigated in this work. Although the (111)
and (100) surface facets of both Si and Ge reconstruct, the (7 x 7) reconstruction of
Si(111) [47, 48] includes more atoms and is more complicated than the ¢(2 x 8) adatom
structure on Ge(111) [49], which makes the latter a better candidate for theoretical
simulations.

To perform high-resolution scattering experiments, H atom beams with narrow velocity
distribution are generated by photodissociation of hydrogen halide molecules [50-53]
and scattered H atoms are detected using Rydberg atom tagging time-of-flight, a sensi-

tive and accurate method to measure translational energies of H atoms [54, 55].
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Two well-resolved scattering channels are observed for H atoms scattering from Ge
surfaces, indeed indicative of electronically adiabatic and non-adiabatic scattering, re-
spectively. This work shows that the electronic structures of germanium surfaces allow
a direct discrimination of adiabatic and non-adiabatic scattering channels in one exper-
iment, contrasting H atom scattering from metallic surfaces where both channels are
inextricably linked to each other and only one scattering channel is observed. Moreover,
it highlights the existence of intraband and interband electronic excitations induced by
neutral atom scattering and illustrates the potential of inelastic H atom scattering as a
technique to study surface electronic structures.

In view of the long-lasting search for non-Born-Oppenheimer dynamics, H atom scat-
tering from germanium surfaces represents a promising new system, opens new horizons
for research into non-adiabatic effects and provides valuable insights to a deeper under-

standing of surface electronic excitations in atom-surface interactions.

The present work is structured as follows. Chapter 2 gives an introduction to the
structural and electronic properties of germanium surfaces with the aim of summarizing
— at least partially — the extensive literature on this subject. Chapter 3 describes the
experimental setup of the H atom scattering apparatus, focusing on a newly-installed
transfer system and the technique of vacuum-ultraviolet photolysis of hydrogen iodide
(HI). In Chapter 4, the results of H atom scattering from germanium surfaces are pre-
sented. It is comprised of a published article comparing experimental and theoretical
results on H atom scattering from Ge(111)¢(2 x 8), another published article focusing
on the investigation of the isotope effect, a draft manuscript addressing the influence of
surface temperature, as well as two further sections dealing with the influence of surface
structure and surface hydrogenation on H atom scattering from germanium surfaces,
respectively. Concluding remarks and prospects of future investigations are given in
Chapter 5.



2 Surface properties of germanium

Every solid material is bounded by surfaces. Nevertheless, most of its physical proper-
ties can be well described within the model of an infinite solid neglecting the presence
of surfaces. This is reasonable for solids of macroscopic size since the number of bulk
atoms usually exceeds the number of surface atoms by several orders of magnitude.
Furthermore, it is widely assumed that all atoms of the solid contribute equally to
commonly studied bulk properties such as transport, mechanical, thermal, magnetic or
optical properties. Surface specific properties, on the other hand, are determined by
surface atoms only and probed by experimental techniques that are surface sensitive.
This includes for example phenomena like crystal growth, adsorption or heterogeneous
catalysis that cannot be described by the infinite solid model [56].

For the discussion of surface specific phenomena, a definition of surfaces or, more gener-
ally, interfaces is required. The most inclusive definition states that an interface exists
in a system if one or several properties of the system abruptly change with distance.
Thus, interfaces separate spatial regions of either different matter or matter in different
physical states. The particularly simple type of an interface between a solid material
and its surrounding atmosphere is called a surface. For a solid crystal sample in ultra-
high-vacuum only a few outermost atom layers of the solid belong to the surface. For
such a system, typical properties that show sudden changes at the crystal’s surface are
structure, density and chemical composition [57].

For surface atoms, the number of nearest atoms is reduced compared to the bulk. Con-
sequently, the arrangement of surface atoms frequently differs from the atomic positions
within the bulk to stabilize the surface structure and therefore reduce its total energy.
Surface relaxation refers to a change in the position of the surface atoms relative to the
bulk position, commonly resulting in smaller interlayer spacings between the surface
and outermost bulk layers. The bulk unit cell, however, is preserved at the surface. In
contrast, surface reconstruction refers to a change in the two-dimensional structure of
the surface layer, forming a new surface unit cell that differs from the bulk unit cell.
The origin and characteristics of surface reconstructions on elemental semiconductors
are one of the most intensively discussed topics in surface physics. The presumably most

famous surface reconstruction is that of the Si (111) surface facet showing a large (7 x 7)
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unit cell. Its discovery more or less marks the beginning of surface crystallography on

semiconductors [58].

”Semiconductor surfaces were the launching platform for the

solid state electronic revolution” [59].

This statement by Harry C. Gatos, founder of the journal Surface Science, illustrates the
tremendous technological relevance of semiconductor surfaces that started in the 1940s
with the invention and construction of the first transistor made from Ge [60], which was
the key semiconductor at that time. In the 1960s and 1970s, Ge was gradually replaced
by Si, which was easier to produce and handle. Most importantly, Si forms a thin, stable,
and passivating silicon dioxide layer that assures chemical stability of the surface. Ger-
manium dioxide on the other hand is soluble in water, which complicates both cleaning
and handling processes. Reliable and permanent stabilization of Ge surfaces could not
be ensured and consequently the solid state research focused on Si to produce durable
and reproducible devices. Nowadays, Si clearly dominates the microelectronic industry
[59]. However, Ge made a comeback with the invention of silicon-germanium (SiGe)
alloy structures grown on Si substrates that form the basis of exceptionally high-speed
transistors, while remaining compatible with existing manufacturing methods [61].

Si and Ge are both group IV elemental semiconductors and exhibit indirect bulk band
gaps of 1.13 €V [62] and 0.664 eV [63], respectively, at 290 K. Both elements crystallize in
the diamond cubic lattice structure that can be described as two interpenetrating face-
centered cubic (fcc) crystals which are displaced relative to each other along the body
diagonal. The electronic configuration of the Ge atom is 1s% 252 2p® 352 3p6 3d!Y 452 4p2.
The two 4s and two 4p electrons behave as valence electrons. For adjacent atoms, max-
imum overlap of wavefunctions is achieved when four new wavefunctions are formed
by a linear combination of the original 4s, 4p,, 4p, and 4p,-orbitals forming four new
sp3-hybrid orbitals. Accordingly, each atom is tetrahedrally coordinated in the bulk
and forms covalent bonds with its four nearest neighbors. The lattice constant of Ge
is ag = 5.658 A at 298 K [64]. If the diamond lattice is cut, covalent bonds break and
some of the surface atoms are left unsaturated. Their broken bonds are called dangling
bonds. Additional adatoms and the formation of surface dimers reduce the density of
dangling bonds and, accordingly, the total energy of the surface. This is the major
driving force for the formation of reconstructions on elemental semiconductor surfaces.
The existence of dangling bonds introduces surface states and surface resonances in
the electronic band structure of the semiconductor. Surface states are located in the

fundamental bulk band gap. Surface resonances, on the other hand, are surface associ-



ated features lying within the surface projected bulk bands. On the ideally terminated
bulk-like semiconductor surface, dangling bonds are initially occupied by one quarter of
the respective valence electrons. Upon surface reconstruction, further lowering of the
total energy of the surface is achieved by forming filled and empty dangling bond states
through charge transfer instead of keeping partly-filled surface states. Charge transfer
and the saturation of dangling bonds is often associated with changes of bond angles,
introducing strain energy that increases the total energy of the surface. For stable sur-
face structures, this strain energy is overcompensated by the energy gain resulting from

the reduction of the number of dangling bonds and charge transfer processes [65].

A variety of surface analysis methods are available to study semiconductor surfaces.
In the following paragraph, methods that are mentioned in the subsequent chapters
and sections are briefly described. However, many more experimental techniques exist,
which are omitted here.

Diffraction methods such as low-energy electron diffraction (LEED) utilize elastic scat-
tering of electrons to characterize the atomic structure of surfaces, visualizing for exam-
ple surface reconstructions. For LEED, the de Broglie wavelength of the used electrons
fulfills the atomic diffraction condition and lies in the order of interatomic distances.
Surface sensitivity is ensured by a very short mean free path of the low-energy electrons
of only a few atomic layers [66].

Electron spectroscopy methods such as photoelectron spectroscopy (PES), Auger elec-
tron spectroscopy (AES) and electron energy loss spectroscopy (EELS) are used to
probe the electronic structure of a surface sample. In PES and AES, energy spectra
of secondary electrons emitted by surface atoms are analyzed. Bombarding the surface
with photons (PES) or electrons (typically used in AES) creates secondary electrons
with energies in the range of 5 — 2000 ¢eV. The relatively short mean free path of these
electrons in the solid establishes the surface sensitivity of the methods; however, bulk
contributions cannot usually be avoided.

PES is the most commonly used technique to study the electronic structure of occupied
states at the surface. Based on the photoelectric effect, an electron that is initially
in a certain electronic state absorbs a photon and leaves the solid material with a ki-
netic energy that depends on the photon energy, the work function of the solid and the
binding energy of the electronic state which shall be determined. Thus, the obtained
photoemission spectrum contains information on the energy and density of occupied
states in the probed material. In angle-resolved photoelectron spectroscopy (ARPES),
photoemission spectra are recorded as a function of the polar angle with respect to the

surface normal. This provides additional information on the momentum dependency
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and therefore dispersion of the occupied electronic states [66].

AES is mainly used to analyze the chemical composition of a sample by measuring the
energies of electrons generated through the Auger process. Here, a primary electron
removes a core electron, creating a hole, and both electrons leave the atom. The hole is
filled by an electron from a higher lying level, leaving the atom in a highly excited state.
From this it relaxes to a lower energy state by either non-radiative transition, leading
to Auger electron emission, or radiative transition, resulting in X-ray fluorescence. The
kinetic energy of the ejected Auger electrons depends on the binding energies of the en-
ergy levels involved and is therefore element-specific. Hence, AES is suitable to identify
contaminants on surfaces [66].

EELS analyzes the energy losses of inelastically scattered electrons after interaction
with a solid sample. An electron passing through a material can lose some of its kinetic
energy to induce an electron transition from an occupied to an empty state. Conven-
tional EELS typically deals with energy losses ranging from a few eV to about 100eV
originating from electronic interband transitions as well as excitation of plasmons. EEL
spectra usually contain both bulk and surface components. For a semiconductor sample,
an electronic interband transition involves the excitation of an electron from an occu-
pied bulk valence band or surface state to an empty state above the band gap. This
allows the identification of unoccupied states, which is not possible using conventional
PES. In core level EELS, excitation sources with higher primary energies are used to
study core level excitation in particular. In contrast, EELS performed at low primary
energies of less than 20 eV and high energy resolution is called high-resolution EELS and
additionally provides the possibility to study surface phonons and vibrational modes of
atoms and molecules adsorbed on the surface [66].

Microscopy methods are used to produce real space images of surfaces that contain
information on the surface crystallography, morphology and composition. Various mi-
croscopy techniques are available, however, only scanning tunneling microscopy (STM)
is described here. STM allows the acquisition of surface images with atomic resolution.
Therefore, an atomically sharp metal tip is placed closely above the probed surface. The
gap between the tip and the surface is about 5 — 10 A. Applying a bias voltage between
the tip and the sample establishes a tunneling current through the gap that greatly
depends on the gap width. Since the tunneling current is determined by summing over
electronic states of the probe material in the energy interval defined by the bias volt-
age, scanning the tip along the surface probes the local density of states (LDOS) on
the surface. A positive tip bias voltage with respect to the sample probes the filled
electronic states, i.e., the STM image corresponds to a surface map of occupied states.

On the other hand, with a negative tip bias voltage, an image of the empty states is

10



2.1 Structural and electronic properties

obtained. Thus, STM is sensitive to both changes in the LDOS and changes in the
surface topography. Maxima can correspond to either topographical protrusions on the
surface or an increased LDOS [66]. In scanning tunneling spectroscopy (STS), STM
images are recorded with changing tip bias voltage to measure the LDOS as a function
of electron energy. Overall, STM is a very powerful tool for the study of both structural

and electronic properties of surfaces.

The following sections give an overview of the structural and electronic properties of the
Ge(111) and Ge(100) surfaces obtained using different surface analysis methods (Section
2.1). The effects of surface temperature (Section 2.2) and adsorption of hydrogen atoms

(Section 2.3) on the structural and electronic surface properties are also discussed.

2.1 Structural and electronic properties

Ge(111)

Cleaving a germanium single crystal along the (111) surface facet at room temperature
leads to the formation of a metastable (2 x 1) surface reconstruction that displays a
tilted chain-like structure [58, 67]. Upon heating to about 370 — 470K, the (2 x 1)
structure irreversibly converts into the Ge(111)¢(2 x 8) surface reconstruction [66, 68].
The presence of three domains rotated by 120° to each other and oriented along three
different, but equivalent, directions at the surface leads to the commonly observed char-
acteristic LEED pattern of the Ge(111)¢(2x 8) surface [49], which is shown in Fig. 2.6 (a)
in Section 2.3.

The ¢(2 x 8) structure was first proposed by Chadi and Chiang in 1981 and can be
described by an adatom model in which a quarter of a monolayer of Ge adatoms oc-
cupy one of the two types of three-fold surface sites on the ideal bulk-like terminated
Ge(111)(1 x 1) surface, namely the T sites [49]. The atop Ty site is located above
a second layer Ge atom, whereas the Hj3 hollow site resides above a Ge atom of the
fourth layer [65, 66]. As pure adatom surface with underlying bulk-like layers, the for-
mation of Ge(111)¢(2 x 8) requires additional Ge atoms. The ¢(2 x 8) structure has a
12.5% larger surface atom density than the ideal (1 x 1) structure or the tilted chain-
like (2 x 1) structure. This need for more atoms leads to the formation of bilayer-deep
holes on large and flat terraces of the surface [68]. Fig. 2.1 shows a model of the atomic
structure of the ¢(2 x 8) reconstructed surface. Each adatom (large solid circles) binds
to three formerly unsaturated atoms (unfilled circles) of the first layer and saturates

their dangling bonds while the adatom itself possesses only one. In total, the number of
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L

[otT1]

st ats
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Figure 2.1: Model of the reconstructed Ge(111)c¢(2 x 8) surface. Large solid circles
depict adatoms, medium-sized solid circles are rest atoms. Unfilled circles represent surface
atoms saturated by adatoms, and the smallest solid circles depict saturated backbond atoms.
There are two different kinds of adatoms (rest atoms). One kind is symmetrically surrounded
by three rest atoms (adatoms), At (Rr), and the other one is asymmetrically surrounded by
four rest atoms (adatoms), Ag (Rg). A ¢(2 x 8) surface unit cell is marked by a gray shaded

rhomboidal shape. Each unit cell contains four adatoms and rest atoms, respectively.

dangling bonds per surface unit area is reduced by a factor of 2 for the Ge(111)¢(2 x 8)
surface compared to the ideal (1 x 1) structure, thereby lowering the total energy and
stabilizing the surface. Surface atoms that preserve their dangling bonds are referred
to as rest atoms (medium-sized solid circles).

The ¢(2 x 8) structure is constructed of alternating stacking of hexagonal (2 x 2) and
rectangular ¢(2 x 4) subunit cells [69] leading to two types of rest atoms and adatoms,
respectively, with different local environments. One type of adatoms (Ar) or rest atoms
(Rr) is symmetrically surrounded by three rest atoms or adatoms, respectively, ar-
ranged in a triangle. The other type (Agr or Rg) is asymmetrically surrounded by four
atoms forming a rectangle as shown in Fig.2.1. The inequivalency of the rest atoms

was experimentally observed by STM [70, 71]. Ab-initio molecular dynamics (AIMD)
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2.1 Structural and electronic properties

[72] and DFT [73] calculations were used to determine the atomic arrangement and
charge density distribution within the ¢(2 x 8) unit cell, confirming the inequivalency
of the rest atoms, whereas the adatoms were found to be nearly equivalent. Moreover,
bond angles that deviate from the ideal tetrahedral angle and lateral displacements
were found leading to a strain-induced increase of the total energy of the surface [72].
Adatom backbonds on (111) surfaces of diamond cubic structure are heavily bent and
these distortions can propagate into layers beneath the surface [65]. However, for sta-
ble surfaces like the ¢(2 x 8)-reconstructed Ge(111) surface, this increase in energy is
overcompensated by the lowering of the band structure energy due to the reduction of

the number of dangling bonds [65].

The electronic band structure of the Ge(111)¢(2 x 8) surface has been investigated
in several theoretical and experimental studies. Experimentally, surface states can be
determined using techniques such as ARPES and STM.

Several ARPES studies from the 1980s focused on determining the electronic band
structure of occupied surface states on Ge(111)c(2 x 8) [74-78]. One of these studies
[78] identified four bands of occupied surface states that were partially found to split
up in a more recent study from 2009, which combines ARPES and STM measurements
with theoretical band structure calculations. A total of seven occupied surface states
were identified, as shown in Fig.2.2 [71].

The uppermost surface band A1, close to the Fermi energy Eg, has backbond character
and originates from layers below the adatoms and rest atoms. It is found to be very
delocalized in both planar and vertical directions [71, 72]. A2 and the slightly lower
lying state A2’ are localized in the vicinity of the Rg and R rest atoms, respectively,
and exhibit dangling bond character [71]. A3 is assigned to rest atom dangling bonds
as well, as it lies close to the Ry state A2’ However, A3 is only observed within the
projected bulk band region and may therefore be influenced by bulk emission, too. More
recent results of DFT calculations assign A3 to composite Rt dangling bond and back-
bond states as well as states corresponding to a mixture of both adatom and rest atom
backbonds [73]. In contrast to A3, A4 and A4’ are only observed in the (1 x 1) pro-
jected bulk band gap which supports an interpretation of pure surface-state character.
A4 and A4’ are associated with the Ar and Ag backbonds. Similar to the split of the
rest atom dangling bond bands A2 and A2’, A4 and A4’ may result from a difference
in the backbond states of the two types of adatoms. However, A4 and A4’ could not be
definitively assigned to one of the two types of adatoms, respectively [71]. Finally, A5
is found to be primarily comprised of A1 and Ar backbonds, too [73].

While the majority of STM studies focuses on the topography and atomic arrangement
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Figure 2.2: Energy dispersions, E (k)), of the Ge(111)c(2 x 8) surface states. Seven
surface states (A1, A2, A2’, A3, A4, A4’, and A5) are observed on the surface along the [1OT]
azimuth. The solid line shows the upper edge of the bulk band structure projected onto a (1 x 1)
surface brillouin zone. Reprinted figure with permission from Ref. [71]. Copyright 2009 by the

American Physical Society.

of the surface, it is also possible to draw conclusions concerning the electronic band
structure from STM images recorded at different bias voltages. Filled state STM im-
ages are recorded at positive tip bias voltage, whereas empty state images are obtained
at negative voltages.

In an early STM study, the obtained images showed protrusions matching either ex-
clusively rest atoms, when probing the filled surface states, or solely adatoms, when
probing empty states [79]. This leads to the conclusion that the surface is further sta-
bilized by a complete charge transfer from the adatom dangling bonds to the rest atom
dangling bonds, which are both present in equal numbers per unit area. This results in
a semiconducting surface with filled and empty surface states localized at the rest atoms
and adatoms, respectively. Subsequent STM studies, however, found adatom contribu-
tions in filled state images, indicating that either the electron transfer from the adatom
dangling bonds to the rest atom dangling bonds is not complete or other occupied states
exist that contribute to the adatom surface charge density. [70, 71, 80]. This becomes
apparent in Fig. 2.3 (b) showing a filled state STM image of Ge(111)¢(2 x 8). The pri-
mary occupied surface state is predominantly localized at the rest atom sites. However,
adatoms are visible, too, resulting in the appearance of a hexagonal structure that is

marked in Fig.2.3 (b). As previously mentioned, surface state Al is described to be

14



2.1 Structural and electronic properties

Figure 2.3: Empty (a) and filled (b) state STM images of the Ge(111)¢(2 x 8) sur-
face. The images were recorded at room temperature at a tip bias voltages of —1.2V (a) and
+1.2V (b) and a tunneling current of 0.1nA. The size of the images is 61 x 67 A2 respectively.
Reprinted figure with permission from Ref. [71]. Copyright 2009 by the American Physical So-
ciety.

very delocalized. This is in good agreement with the results of voltage-dependent STM
measurements that found an occupied surface state without dangling bond character
to be situated between the Fermi level and the occupied rest atom bands. Its associ-
ated charge is found to be distributed over both adatoms and rest atoms. Accordingly,
adatoms and rest atoms simultaneously appear in filled state images although the filled
dangling bonds are localized at the rest atom positions only. Due to the topographically
higher position of the adatoms compared to the rest atoms, adatoms are even found
to be the dominant feature in filled state STM images at relatively low bias voltages
[80]. In empty state images on the other hand, as shown in Fig.2.3 (a), only adatoms
are consistently visible. The primary unoccupied surface states are therefore strongly
localized on the adatom sites. This is confirmed by theoretical calculations that find
two surface bands above the Fermi energy, derived from the adatoms of the ¢(2 x 8)
structure [71, 72].

The surface band gap is bounded by the bulk valence band maximum (VBM) at its
lower edge and the minimum of the unoccupied adatom-induced surface band at its
upper edge. Using STS, the surface band gap was determined to be 0.49 4+ 0.03eV at
a surface temperature of about 30K [81]. A similar or only slightly smaller value is ex-
pected at room temperature since the reconstruction of the surface remains unchanged.
However, in principle, the surface band gap decreases with increasing temperature, just

as semiconductor bulk band gaps, too.
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2 Surface properties of germanium

To conclude, Ge(111) shows a stable ¢(2 x 8) surface reconstruction at room tempera-
ture and is semiconducting with filled and empty surface states localized at rest atoms
and adatoms, respectively. The surface band gap has a width of 0.49 +0.03 eV and lies
between the bulk VBM and the minimum of the unoccupied adatom-induced surface
band.

Ge(100)

The reconstructed Ge(100) surface exhibits a surface unit cell much smaller than the
¢(2 x 8) one of the (111) facet, which nevertheless displays plenty of fascinating phe-
nomena.

On the ideally-terminated Ge(100) surface, each surface atom of the first layer binds to
two second layer atoms, as shown in Fig. 2.4 a, and therefore also exhibits two dangling
bonds. To reduce the number of dangling bonds present on the surface, nearest-neighbor
surface atoms pair to form a (2 x 1)-type surface reconstruction consisting of dimer rows
(see Fig.2.4b-d) [58]. This reduces the number of dangling bonds by a factor of 2 and
lowers the electronic energy of the surface. Two equally populated (2 x 1) domains,
which are rotated by 90° and separated by single layer step edges from each other, are
generally observed [82].

The surface dimers are not symmetrically arranged but show an asymmetric, tilted
configuration with respect to the surface plane. One of the dimer atoms is depressed
inward and the other one is moved outward. The tilt angle of the asymmetric dimers
with respect to the surface plane is 16° £+ 3° [65, 82]. Such structural rearrangements
are accompanied by a rehybridization of the surface bonds and, as a consequence, a
rearrangement of surface charge. A threefold coordinated surface atom, which is spa-
tially lowered with respect to the surface plane, changes its backbonds towards more
sp?-character while its dangling bond becomes more p-like. In contrast, a surface atom
that is moved outward exhibits backbonds that are more p-like so that its dangling
bond becomes more s-character [65]. Following this rehybridization, electron charge is
transferred from the depressed to the raised dimer atoms, which leads to filled dan-
gling bonds on the raised atoms and empty dangling bonds at the electron donating
depressed atoms. The energy of the occupied states is lowered whereas the energy of
the unoccupied states is increased. As the dimers are tilted from the symmetric to the
asymmetric configuration, the total energy of the dimers is therefore reduced and the
surface is further stabilized [82]. Symmetric dimerization on the other hand with two
equivalent dimer atoms possessing one unpaired electron each would result in a partly-
filled surface band. However, STM studies clearly observe tilted dimers [83-86].
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Figure 2.4: Model of the Ge(100) surface illustrating the unreconstructed surface
as well as different arrangements belonging to the (2 x 1) family of reconstructions.
Panel a shows the ideal unreconstructed p(1 x 1) surface in top and side view. Upon surface
reconstruction, neighboring top atoms (large solid circles) move together to form asymmetric
dimers, thereby saturating dangling bonds. Different arrangements are formed depending on
the long-range dimer orientation to each other: panel b shows the p(2 x 1) surface reconstruction
with asymmetric dimers, panel ¢ depicts the ¢(4 x 2) surface reconstruction and panel d shows
the p(2 x 2) surface reconstruction. A p(2 x 1) structure can also be formed out of symmetrical

dimers. The surface units cells are marked by gray shaded areas, respectively.

The Ge(100) surface represents a system possessing both a strong short-range interac-
tion leading to dimerization of surface atoms and an energetically weaker long-range
interaction that is related to an ordering of the dimers. This gives rise to higher order
surface reconstructions belonging to the (2 x 1) family, such as ¢(4 x 2) and p(2 x 2),
in which neighboring dimers are tilted in opposite directions. Since the dimers are
spatially separated, the interactions driving the long-range ordering of dimers are en-
ergetically weaker (= 0.1eV) than the short-range interactions leading to dimer bond
formation (= 1eV) [83]. Out-of-phase adjacent dimer rows lead to a ¢(4 x 2) recon-
struction (Fig. 2.4 c) whereas adjacent rows with dimers that are tilted in-phase form a
p(2 x 2) structure (Fig.2.4d). Ab-initio calculations show that the ¢(4 x 2) and p(2 x 2)

structures are energetically nearly degenerate and lower in energy than the asymmetric
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p(2 x 1) configuration which itself is more stable than the symmetric p(2 x 1) structure
[87, 88].

Nevertheless, dimers with a symmetric p(2 x 1) configuration are still observed in
room temperature topographic STM images of Ge(100) [83, 89-93|. This is due to the
timescale of the experimental technique, differing from that of atomic motion. Symmet-
ric appearing dimers are actually asymmetric dimers rapidly switching between their
two tilted configurations that are symmetrically imaged as a result of time average [89].
This flip-flop motion is suppressed in the vicinity of defects and at step edges so that
static asymmetric dimers are also observed at room temperature [83, 90]. Molecular dy-
namics simulations of the closely related Si(100) surface revealed that the asymmetric
and symmetric dimers rapidly interconvert on a subpicosecond timescale. Diffraction,
scattering and photoemission events occur on a subfemtosecond timescale and can there-
fore probe the frozen surface structure. STM on the other hand typically averages the
different dimer atom positions within a time period of approximately 0.1s [94].
Extremely clean and nearly defect-free Ge(100) surfaces typically consist of almost
equally populated striped ¢(4 x 2) and p(2 x 1) domains that are several dimer rows
wide and occupy the same surface terrace [82, 84]. Fig.2.5 shows an STM image of
such a well-ordered ¢(4 x 2)/(2 x 1) domain pattern with enlarged images of areas of
the p(2 x 1) and ¢(4 x 2) reconstructions, respectively [86]. Surfaces on which the con-
centration of surface defects is higher than = 0.05% with respect to the total number
of surface atoms exhibit a more disordered surface structure with coexisting areas of
c(4x2), p(2 x2), and p(2 x 1) domains [84].

The electronic band structure of Ge(100) has been extensively studied over the last
decades from both an experimental and a theoretical point of view. Nevertheless, sev-
eral key features of the electronic structure have remained controversial, in particular
the question whether the surface is conducting or semiconducting at room temperature
as well as the nature of the electronic states at the VBM.

As the surface reconstructs, surface states are expected to appear due to the formation
of dimers as well as their asymmetric configuration. In a simple picture, the creation of
dimer bonds reduces the surface energy and leads to the formation of two surface states,
the bonding ¢ and the antibonding ¢* states. Furthermore, bonding 7 and antibonding
m* states are formed by the orbital overlapping of the two dangling bonds at each dimer.
Tilting the dimers and the resulting charge transfer from the depressed (Dgown) to the
raised (D) dimer atoms further lowers the surface energy and leads to filled 7 bonding
states and unoccupied 7* anti-bonding states. 7 states of the Dy, lie below the Fermi

level Ep, while 7* states of the Dgown are located above Ep [85, 86]. Moreover, three
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Figure 2.5: STM image of the clean Ge(100) surface showing a highly-ordered
c(4 x2)/(2 x 1) domain pattern. The images were recorded at a tip bias voltages of —1V
at room temperature. White arrows indicate the orientation of the dimer rows on each terrace
with a rotation of 90° between adjacent terraces. Within one terrace, areas of coexisting c(4 x 2)
and p(2 x 1) patterns are indicated by blue and black frames, respectively. Enlarged images of
¢(4 x 2) and p(2 x 1) reconstructions are shown on the right side. The size of the original image
on the left side is 50 x 50nm?. Reprinted from Ref. [86], Copyright 2021, with permission from
Elsevier.

occupied backbond surface states were observed at energies well below the Fermi level,
namely 1.15eV, 1.6€eV, and 3 eV below Er [95].

Several ARPES studies focused on the nature of the 7* state and its occupation at room
temperature in particular, which could entail metallic characteristics of the Ge(100) sur-
face. Early on, the state was observed at an energy below Eg at room temperature.
Consequently, it was assigned as a metallic state, which is formed by partially filled
bands in the (2 x 1) domains due to the switching oscillation of the asymmetric dimers
[96-98]. Subsequent studies, however, found the same state above Ep at elevated tem-
peratures only, indicating that the n* state is actually the lowest unoccupied surface
state at room temperature. This led to the assignment of a semiconducting nature of
the Ge(100) surface. Band gaps of 0.3eV [99] and 0.44eV [100] were determined at
room temperature. At elevated temperatures, the state becomes thermally occupied
and therefore visible in standard ARPES measurements.

Similarly, the nature of the electronic states at the top of the valence band is still un-
der discussion with diverse results leading to interpretations in terms of bulk states
[99, 101, 102], backbond surface states [103], or dangling bond surface states [100].

A very recent study re-proved the metallic nature of Ge(100) at room temperature [86].

By means of ARPES measurements, the 7* surface state was observed at 0.2eV above

19



2 Surface properties of germanium

the VBM and 0.08¢eV above Fg. This excludes the flip-flop motion of the asymmetric
dimers within the (2 x 1) domains as possible origin of the occupied states at room
temperature since, in that case, the partially filled bands would have to be located at or
slightly below Er. The surface state disappears at lower measurement temperature and
monotonically increases in intensity with rising temperature indicating its occupation
by thermally excited electrons [86]. Combining ARPES and STM measurements with
first-principle calculations, fundamentally different surface electronic properties were
found for the p(2 x 1) and ¢(4 x 2) reconstructions, respectively, potentially explaining
previous controversial ARPES results. The electronic properties of the p(2 x 2) surface
were found to be nearly identical to the ¢(4 x 2) surface which is due to the fact that
the coupling within a dimer row is stronger than that between adjacent rows [86].
Theoretical analysis of the electronic properties of the asymmetric p(2x 1) reconstruction
revealed an energy gap of 0.5eV between bulk and surface states, large enough to en-
gender semiconducting behavior of the surface. The -like states of the Dy, atoms were
found to merge with bulk states at the VBM to become a surface resonance, whereas
the 7* surface states of the Dyown atoms strongly contribute to the surface conduction
band edge [86]. For the ¢(4 x 2) reconstruction, on the other hand, two surface states of
the Dgown atoms were found within the bulk band gap. One of them is located 0.15eV
above the bulk-like VBM, nearly crossing Er and closing the surface energy gap. This
feature is attributed to the surface state observed in ARPES experiments and might
lead to the metallic nature of the surface at room temperature due to the occupation
by thermally excited electrons [86].

Theoretically, the valence band structure of Ge(100) was found to be derived from bulk
states. This could be proven experimentally as the valence band structure remains
clearly resolved after keeping the surface sample 24 h in ultra-high vacuum. The surface
state feature located 0.2 eV above the VBM, however, vanishes due to the adsorption of

contaminants as expected for a true surface state [86].

To conclude, the Ge(100) surface reconstructs to reduce the number of dangling bonds
present on the surface and thereby lowers its electronic energy. Nearest-neighbor sur-
face atoms pair to form rows of asymmetric dimers with one dimer atom raised and
the other one lowered with respect to the surface plane. Depending on the long-range
order of the dimers, p(2 x 1), ¢(4 x 2), and p(2 x 2) surface reconstructions exhibiting
different electronic properties, are formed. The interactions forcing this longer-range
ordering are energetically weaker than those which led to the formation of dimers in the
first place. The observed superstructure with its distinctive electronic properties can

depend sensitively on minor differences in surface preparation or surface temperature.
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This potentially explains why a variety of controversial results concerning the electronic
band structure of Ge(100) has been published.

2.2 Temperature dependence

The low-index surfaces of Ge exhibit various reversable structural transitions as a func-
tion of surface temperature. Occasionally, atomic rearrangements are accompanied by
changing electronic properties. With increasing surface temperature, more thermal en-
ergy for short-range surface atom movement is available. With decreasing temperature,
weaker long-range forces might become increasingly important driving the transition

into new surface structures.

Ge(111)

At room temperature, Ge(111) reconstructs to form a stable ¢(2 x 8) structure due to
the ordering of a quarter monolayer of Ge adatoms that occupy the T} sites of the bulk-
like terminated Ge(111) surface. With increasing surface temperature, two reversible
structural transitions are observed at 573 K and 1050 K, respectively.

The first transition occurs at 573 K when the ¢(2 x 8) structure disorders, forming a
structure characterized by an apparent ”(1x 1)” diffraction pattern with weak half-order
spots [104, 105], the so-called moderate-temperature (MT) phase [106]. The symmetry
of the ¢(2 x 8) reconstruction allows three different orientations of the surface unit cell
on the (111)-type bulk substrate leading to the formation of differently oriented domains
on the surface. Disordered regions of adatoms start to form at the domain boundaries
[107] at about 510K [108] and grow continuosly with increasing temperature until the
entire surface exhibits a disordered adatom arrangement at 573 K. The disordering was
found to occur by diffusion of adatoms along any of the three equivalent (011) surface
directions [107]. At the transition temperature, half-order and eighth-order reflection
intensities of the ¢(2 x 8) superlattice abruptly disappear in the LEED image leading
to an apparent "(1 x 1)” pattern that nevertheless shows some low-intensity, diffuse
half-ordered spots. These are attributed to the formation of an incommensurate (2 x 2)
surface reconstruction that possibly arises from a disordering of the adatoms which then
show repulsive interactions [65, 105].

A core-level study of the Ge(111)c(2 x 8) surface revealed no changes of the energy
distribution of electrons photoemitted from Ge 3d core levels in the temperature range

from 293 to 673 K, i.e., across the characteristic temperature of the structural transition.
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This implies that the number of completely occupied dangling bonds at rest atoms is
preserved. Adatoms supplying the charge necessary for filling the dangling bonds at the
rest atoms are still present above the transition temperature but in a highly disordered
arrangement with local short-range (2 x 2) order [109].

Ge(111) surfaces exhibit a second reversible structural transition at 1050 K, where the
MT phase changes into another ”(1 x 1)” structure [110], the so-called high-temperature
(HT) phase which is observed to be of metallic nature [111-113]. The surface conduc-
tivity was found to gradually increase with rising temperature in the range of 600 to
1040 K and exhibits a steplike increase at the characteristic temperature of the second
transition. At temperatures above 1050 K, it stays constant up to the bulk melting
temperature of 1210 K [111]. Simultaneously, the (2 x 2) short-range ordering decays
with increasing temperature above 573 K, however the adatom diffusion was found to
be rather slow and adatoms are still mostly located on stable T} sites.

The HT phase of Ge(111) at T' > 1050 K has been extensively studied by both exper-
imental and theoretical approaches, yet two controversial descriptions exist. The first
model assumes a laterally diffusive, quasi-liquid-like and metallic Ge surface bilayer due
to incomplete surface-melting, supported by experimental results from photoemission
and photoabsorption spectroscopy [114] as well as medium-energy ion scattering exper-
iments [115]. In contrast, the second model assumes a structurally well-defined surface
that exhibits reduced surface corrugation. It is consistent with an ordered metallic solid
state and supported by experimental results from X-ray diffraction [116] and helium
atom scattering [117-119]. Furthermore, using quasi-elastic helium atom scattering,
the concentration of mobile adatoms on the surface was found to increase significantly
at the high-temperature transition modifying the electronic structure of the surface to-
wards metallic behavior. Additionally, the surface is found to be less corrugated, which
reduces the diffusion barrier and leads to an extremely high adatom mobility [119].

In summary, the first structural transition leading to the formation of the MT phase
is of order-disorder type and occurs at 573 K. The originally ordered adatom struc-
ture becomes disordered, yet the number of adatoms present on the surface remains
the same while their long-range order is lost. The second transition at 1050 K leads to
the formation of the HT phase and results in full surface metallization. The surface
structure of the HT phase is still controversial. Experimental results indicate either an
order-disorder type behavior at the transition leading to a liquid-like surface layer or an
order-order type behavior that results in a structurally well-defined surface above the

transition temperature.
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Ge(100)

The Ge(100) surface shows an apparently simple (2 x 1)-type surface reconstruction
at room temperature. However, it was found to be highly complex and challenging
to interpret in terms of its electronic structure. Nearest-neighbor surface atoms pair to
form dimers to reduce the number of dangling bonds present on the surface. Long-range
ordering of the dimers gives rise to higher order surface reconstructions belonging to
the (2 x 1) family. As a function of surface temperature, Ge(100) twice changes its
character as it possesses a low-temperature transition at 220 K and a high-temperature
transition at about 950 K.

The low temperature transition on Ge(100) was first observed by means of ARPES mea-
surements as the metallic surface state close to the Fermi level Er gradually disappears
with decreasing temperature [96] leading to a semiconducting surface at low tempera-
tures. An onset of the metallic peak was found at 220 K. This metal-to-semiconductor
transition was found to be coincident with a structural transition of the Ge(100) sur-
face, changing from a (2 x 1) reconstruction to an ordered c(4 x 2) structure [96, 97].
However, as described in Section 2.1, surface domains showing a ¢(4 x 2) reconstruction
are also observed at room temperature [84-86] and the metallic surface state was found
to be occupied by thermally excited electrons [86]. Naturally, this occupation declines
with decreasing temperature.

Nevertheless, the ¢(4 x 2) reconstruction clearly predominates at low surface tempera-
tures, which implies the existence of a driving force that promotes the formation of this
structure. It is assumed that the remaining dangling bonds on the dimer atoms interact
weakly with those on nearest-neighbor dimers leading to a short-range coupling that
drives the ¢(4 x 2) ordering. Moreover, it was found that the ordering occurs in two
stages, initially along one dimer row and then perpendicular to it [97].

A high-temperature reversible structural transition of the Ge(100) surface was first
observed by surface X-ray diffraction measurements to occur at 955 K + 7K. Upon
transition, the surface reconstruction changes from the (2 x 1) configuration to a (1 x 1)
structure, which was explained by the creation of adatoms and vacancies on the surface
inducing a breakup of the surface dimer bonds [120]. Subsequent studies confirmed
the reversible nature of the transition occurring within a temperature range of 900 to
1100 K [121-124]. However, controversial interpretations concerning its physical prop-
erties exist. Apart from dimer breakup, a model based on domain wall proliferation was
proposed [121, 122]. This model is in agreement with the results of both valence band
and core-level photoemission spectroscopy arguing that the number of surface dimers is

conserved upon transition [125]. Later on, this was disproved as the dimer concentra-
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tion on the surface was found to vary from 100% to less than 1% during the transition
[124]. In fact, the physical origin of the (2 x 1) — (1 x 1) transition was explained by
a thermally excited breakup of dimer bonds. This reduces the dimer concentration and
consequently the lateral interactions on the surface, which leads to a decrease in step
tension and thereby promotes step proliferation, reconciling both descriptions of the
transition [123]. Thus, the (2 x 1) long-range order is lost upon transition and simul-
taneously the surface roughness is found to increase with rising temperature [122, 126].
This is followed by an irreversible surface roughening at temperatures above 1130 K
[123, 126]. Once heated above that temperature, it becomes impossible to restore the
original (2 x 1) configuration upon cooling.

The electronic structure of the Ge(100) surface was investigated by valence band photoe-
mission spectroscopy within a temperature range spanning from room temperature up
to almost bulk melting temperature [127]. As expected for a semiconductor, the surface
becomes increasingly metallic with rising temperature as the emission at the Fermi level
continuously increases in intensity up to the transition temperature of about 960 K. At
higher temperatures, it stays nearly constant implying no further change of the surface
electronic structure.

In summary, an ordered c¢(4 x 2) structure is the most stable reconstruction on semicon-
ducting low-temperature Ge(100) surfaces. At room temperature, c¢(4x2), p(2x2), and
(2 x 1) structures are found and the surface is metallic due to a surface state near the
Fermi level Ex that is occupied by thermally excited electrons. With rising temperature,
the surface becomes increasingly metallic until at about 950 K the (2 x 1)-type surface
structure changes into a (1 x 1) configuration due to dimer breakup. Both transitions

are found to be reversible.

To conclude, both Ge surface facets exhibit surface transitions as a function of surface
temperature. These transitions are defined by structural rearrangements and partially
accompanied by changing electronic properties. Increasing the temperature from above
room temperature up to nearly bulk melting temperature leads to an increase in surface
conductivity and results in the formation of a high-temperature (1 x 1) structure for
both Ge(111) and Ge(100).

2.3 Hydrogenated surfaces

Hydrogen modifies the structural and electronic properties of surfaces on which it is
adsorbed. The presence of hydrogen can lift the surface reconstruction, change the elec-

trical conductivity, passivate the surface reducing its reactivity or remove and introduce
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surface states by terminating surface dangling bonds. Moreover, hydrogenation can be
used to probe the structure of semiconductor surfaces that commonly possess bonds
with varying degrees of bond strain. Depending on the reaction conditions, hydrogen
atoms selectively react with these bonds facilitating the study of different bonding types
at the surface [128].

To prepare hydrogenated Ge(111) and Ge(100) surfaces, the clean semiconductor sur-
faces are exposed to atomic hydrogen. Hydrogen atoms are commonly produced using
a hot tungsten filament which is placed in front of the surface sample, while the vac-
uum chamber is filled with pure Hs. The hot filament cracks the molecular hydrogen
forming atomic H which then reacts with the clean surfaces [129]. However, expo-
sures are generally reported in terms of molecular hydrogen although it is the flux of
atomic hydrogen that is relevant for surface hydrogenation. The atomic hydrogen flux
is determined by the cracking efficiency of Hs and the arrival rate of H on the surface.
Therefore, the H atom flux is strongly influenced by the temperature and position of
the filament within a particular experimental setup. Thus, the comparison of exposures

from different experiments can be complicated [130].

Ge(111)

To prepare a well-ordered hydrogenated Ge(111) surface, a freshly cleaved Ge(111)(2x1)
surface is exposed to atomic hydrogen [131]. Compared to the cleaved Ge(111)(2 x 1)
surface, uniform hydrogenation of the ground state Ge(111)c¢(2 x 8) configuration is
more complicated as it can lead to the formation of hydrogenated adatom islands that
are distributed randomly on terraces of Ge(111) [128]. However, continuous atomic
hydrogen treatment at elevated temperatures was found to smoothen the hydrogen-
terminated surface. Specifically, the surface was heated to 500 K and dosed with 3000 L
(1L = 1Langmuir = 107% Torrs) of Hy. However, the cracking efficiency of Hy and the
arrival rate of H on the surface was unknown [132]. Hydrogenation at lower temperatures
cannot remove the adatom islands, whereas at higher temperatures or larger exposures,
holes are created at the surface due to the reaction of H atoms with backbonds of
the surface rest atom layer [132]. At 600K, H desorbs from Ge(111). Temperature
programmed desorption (TPD) measurements show a single desorption peak [133].

Depending on the sample temperature during hydrogenation, different types of hydrides
are formed on the Ge(111) surface. Below 150K, adsorption of atomic H leads to
the formation of monohydride (GeH), dihydride (GeHz) and trihydride (GeHs). For
temperatures above 400 K, only monohydride is produced. At room temperature, the

monohydride formation dominates with minor production of dihydrides [134].
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Figure 2.6: LEED patterns of the clean Ge(111)¢(2 x 8) surface (a) and the hydro-
genated Ge(111)(1 x 1):H surface (b). Both LEED patterns are obtained at a temperature
of 100K with an electron energy of 98eV. Reprinted figure with permission from Ref. [136].
Copyright 2009 by the American Physical Society.

The surface structure of Ge(111) changes drastically upon hydrogenation as the addition
of H atoms removes the reconstruction [74, 132, 135, 136] leading to a bulk-like structure
of the surface layer with a perpendicular relaxation of the Ge layer spacings. Compared
to bulk values, a contraction of the first interlayer spacing by 0.10A + 0.05 A was
observed. A potential expansion of the second interlayer spacing was proposed [131].
Complete hydrogen-termination removes all superstructure spots visible in the LEED
pattern [136]. Fig.2.6 (a) shows a LEED pattern of the reconstructed Ge(111)¢(2 x 8)
surface with characteristic sharp 1/2- and 1/8-order diffraction spots as well as weak 1/4-
order spots confirming the well-ordered periodicity of the surface. As shown in Fig. 2.6
(b), the superstructure spots disappear after hydrogen exposure and the diffraction
pattern exhibits sharp (1 x 1) spots, given that a smooth well-ordered hydrogenated
surface was formed [136].

The process of hydrogenation of Ge(111)¢(2 x 8) was followed using STM [128]. Initially,
hydrogen atoms react with dangling bonds present on the surface. Then they proceed
to attack the strained backbonds that bind the adatoms to the rest atom layer, which
leads to bond scission and generation of novel dangling bonds. H atoms react with these
dangling bonds, which stabilizes the (1 x 1) rest layer and hydrogenates the adatoms.
Ultimately, GeHy is formed and the adatoms are thereby removed from the surface.
However, hydrogen also facilitates the formation of hydrogenated adatom islands on
the surface. These islands exhibt relaxed Ge-Ge bonds and thus also relieves strained
backbonds. Overall, the bulk-like rest atom layer gets mainly exposed at the surface
through hydrogenation and the ¢(2 x 8) reconstruction is removed. In contrast, at very
low initial coverages of less than 0.01 monolayer (ML), the ¢(2 x 8) reconstruction is

retained. Under these conditions, the rest atom site was found to be the preferential
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binding site [137, 138]. However, other experiments using different exposure techniques
or larger coverages showed no preferential reaction at adatom or rest atom dangling
bonds [128].

Modification of the surface structure upon hydrogenation is accompanied by a change of
the surface electronic properties. A comparative ARPES study of Ge(111)¢(2 x 8) and
Ge(111)(1 x 1):H found that two occupied surface states at 0.8V and 1.4 eV below the
Fermi level Er disappear upon hydrogenation. These two states correspond to rest atom
dangling bonds and adatom backbonds, respectively. Furthermore, a new feature at 5eV
below Ex emerges [74]. A more recent ARPES study even observed two new states at
—4.93eV and —4.15eV with respect to Fg corresponding to newly formed Ge-H bonds
and Ge-Ge backbonds between the first and second layer atoms. Another feature lying
between these states could not be assigned [136]. EEL spectra, measured as a function
of relative hydrogen coverage on the Ge(111) surface, revealed a peak that gradually
decreases with increasing hydrogen coverage and completely vanishes at a coverage of
0.4 — 0.5 ML. This peak was assigned to the transition from the Ge 3d core level to the
empty dangling bond surface state originally located at the adatoms [133]. Accordingly,
both rest atom and adatom dangling bond states vanish with surface hydrogenation.
Moreover, hydrogen adsorption is accompanied by the disappearance of another peak
within the EEL spectra that is associated with the transition from backbond states. A
new hydrogen related feature is observed at an energy loss of 8.5¢eV [133] that could be
related to the o — o* Ge-H transition, with the o-state lying 5eV below Er and ¢* lying
3.5eV above Er [129].

Ge(100)

As the Ge(100)(2 x 1) surface is exposed to atomic hydrogen, Ge(100)(2 x 1):H mono-
hydride is formed. Surface dimers are preserved and possess one hydrogen atom per
Ge dimer atom [139]. Consequently, the (2 x 1) LEED pattern remains unchanged
upon hydrogenation [133, 139, 140]. The asymmetry of the surface dimers, however,
gets lifted by hydrogen exposure leading to hydrogenated symmetric dimers on the
surface [95, 133]. Several early studies from the 1970s and 1980s concluded that only
monohydride is formed on Ge(100) and that it is not possible to produce the dihydride
Ge(100)(1 x 1):2H surface by additional hydrogen adsorption [133, 139, 140]. Later
studies also observed a stable dihydride configuration at room temperature [130, 141].
However, prolonged hydrogen exposures are needed to break the Ge surface dimer bonds
and form dihydride Ge atoms with two H atoms each. Moreover, it was shown that the

hydrogen uptake curve for monohydride formation has a well-defined plateau. This

27



2 Surface properties of germanium

leads to the conclusion that previous reports observing the monohydride phase only
might not have used high enough hydrogen exposures to create the dihydride [130].

To study the effect of hydrogenation on the surface electronic structure of Ge(100),
photoelectron spectra were recorded for both the clean (2 x 1) and the hydrogenated
(2 x 1):H surface reconstructions. Upon hydrogenation, surface states corresponding to
surface dangling bonds and backbonds vanish. However, similar to the hydrogenated
Ge(111) surface, two new hydrogen-related surface states emerge at 4.5eV and 5.5eV
below Er [95]. Moreover, as for Ge(111), EELS measurements recorded as a function
of relative hydrogen coverage on the Ge(100) surface revealed a gradually decreasing
peak with increasing hydrogen coverage, which is assigned to transitions from the Ge
3d core level to the empty dangling bond surface state. A new hydrogen-related feature
was found at an energy loss of 8.2eV leading to the assumption of an hydrogen-induced
empty state at about 3eV above Ep [133].

In conclusion, hydrogenation impacts the atomic arrangement on the Ge (111) and
(100) surfaces. Moreover, the surface electronic structures and consequently possible
electronic transitions between surface and/or bulk states get strongly altered by hydro-

gen atom adsorption.
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The H atom scattering experiments presented and discussed in this thesis have been
performed using an apparatus particularly designed for this purpose and previously
described in Ref. [142]. However, during the course of the experimental work for this
thesis, the setup has been modified in two ways. A transfer system for sample storage
and fast sample exchange was installed and vacuum-ultraviolet photolysis of hydrogen
iodide was used for the first time. In this chapter, I will therefore describe the general
setup of the apparatus very briefly and the made modifications in more detail. The scat-
tering apparatus is mainly presented in Section 3.1, while Section 3.2 gives an additional
overview of the transfer system and Section 3.3 describes the method of ultraviolet and

vacuum-ultraviolet photolysis.

3.1 The H atom scattering apparatus

The H atom scattering apparatus combines techniques known from gas phase experi-
ments with surface science methods. Photolysis of a hydrogen halide supersonic molec-
ular beam is used to generate an H atom beam with narrow energy distribution [50-53].
H atom detection employs the Rydberg atom tagging time-of-flight technique provid-
ing high sensitivity and translational energy resolution [54, 55]. Scattering experiments
from well-defined crystal surfaces further require ultra-high vacuum (UHV) conditions

as well as tools for surface preparation and characterization.

The vacuum system of the apparatus consists of a surface preparation chamber, where
the crystal samples are cleaned, prepared and characterized, an adjacent transfer cham-
ber for sample storage and exchange, a source chamber for H atom beam generation,
two additional chambers serving as differential pumping stages, and the main scatter-
ing chamber, where the H atoms get scattered from surface samples and subsequently
detected. The crystal is held by a sample mount at the end of a five-axis manipula-
tor that is mounted on top of the apparatus. By translating the manipulator along
the z-direction, the sample mount can be moved from the preparation chamber to the

subjacent scattering chamber and vice versa. Furthermore, the manipulator provides
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Figure 3.1: Experimental setup. In the source chamber, a hydrogen iodide supersonic
molecular beam (green) is generated by a pulsed nozzle, passes a skimmer (red), gets inter-
sected by the photolysis laser beam (blue) and hits a liquid-nitrogen cooled beam catcher plate
(copper). Generated H atoms travelling towards the scattering chamber (yellow) pass a second
skimmer and two differential pumping stages (DS 1 and DS 2) before they enter the scattering
chamber and collide with the sample surface. The sample is mounted on a five-axis manipulator
that allows translation in x-, y-, and z-direction as well as rotation about the y- and z-direction
(see coordinate system for the definition of the axes). The surface can be heated using either
electron bombardment heating or resistive heating and cooled using a flow cryostat with liquid
nitrogen or liquid helium. The scattered H atoms get excited to a high Rydberg state using two
tagging laser pulses (blue), pass an aperture that defines the angular resolution of the detector
(red), get field ionized and subsequently detected by a MCP detector (olive). The detector can
be rotated in the plane perpendicular to the tagging lasers allowing to record angular-resolved
measurements. The preparation chamber and the transfer system are situated on top of the
scattering chamber and not shown.
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3.1 The H atom scattering apparatus

translation in the z- and y-directions as well as rotation about the y- and z-axes. This
allows precise alignment of the sample previous to the scattering experiment and posi-
tioning in front of the surface preparation and characterization tools, which are mounted
on the preparation chamber. For surface cleaning, an argon ion sputter gun is installed.
The preparation chamber is further equipped with an Auger electron spectrometer and
a low-energy electron diffractometer for surface sample characterization as well as with
a hydrogen atom cannon and an ultrahigh vacuum leak valve for surface dosing. The
sample is heated using either electron bombardment heating or resistive heating. For
cooling, a liquid nitrogen or liquid helium flow cryostat can be used. Ge surface sam-
ples were purchased from Crystal. According to the manufacturer, undoped Ge single
crystals are grown using the Czochralski method [143] and have a purity of 99.999 %.
The crystals are cut along a certain lattice plane to produce a surface sample with the
desired low-index surface facet and polished on one side.

Another chamber, which is part of the newly installed transfer system, is mounted next
to the preparation chamber. Both chambers can be separated from each other by an
all-metal gate valve. The new chamber is used as a load lock and allows — together with
a magnetically coupled transfer arm — a fast and easy sample exchange. The complete
transfer system is described in more detail in Section 3.2.

The remaining parts of the vacuum system are shown in Fig.3.1. The source chamber
contains a pulsed nozzle to produce an internally cooled supersonic molecular beam of
HI. The HI molecules pass a skimmer before getting photodissociated by an (vacuum-)
ultraviolet laser pulse to generate hydrogen and iodine atoms. A liquid nitrogen cooled
beam catcher is installed below the photolysis region to ensure that no HI molecules
enter the scattering chamber and contaminate the surface sample during the time frame
of the experiment. H atoms travelling towards the scattering chamber pass a second
skimmer and both differential pumping stages before they enter the UHV scattering
chamber, where they collide with the sample surface. After scattering, the H atoms are
detected using the Rydberg atom tagging time-of-flight (RAT-TOF) technique. The
H atoms are excited to a high Rydberg state by a two-step process. First, the 1s—2p
transition is excited at 121.57 nm. A second photon with a wavelength of about 365 nm
subsequently excites the H atom to Rydberg states with high principal quantum num-
bers (n = 30 — 70). After tagging, the neutral Rydberg atoms fly a total distance of
about 250 mm. After 90 mm, they pass an aperture defining the angular resolution and
shortly before reaching the multichannel plate (MCP) detector, they are field-ionized
by a moderate electric field. The generated ions are accelerated towards the MCP de-
tector, which is mounted 4 mm away from the point of ionization. A multichannel scaler

records their time-of-flight. The detector is rotatable over an angular range of 0° — 150°
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with respect to the atomic beam in the plane perpendicular to the tagging laser beams,
allowing to perform scattering-angle resolved measurements.

The overall energy resolution of the instrument is influenced by both incident H atom
beam properties and the resolution of the detection system. The incident H atom beam
has a certain translational energy width that is determined by the bandwidth and focal
size of the photolysis laser as well as by the rotational temperature of the hydrogen
iodide molecular beam. The relative energy resolution of the detector is determined
by three factors: the uncertainty in flight distance, which is given by the size of the
tagging point, the pulse duration of the tagging laser, which is 10ns, and the angular
acceptance, which is 3° and determined by the aperture in front of the detector. The
overall resolution therefore depends on the settings of the respective experiment, such
as the choice of neat or seeded molecular beams as well as the properties of photolysis
and tagging lasers. A maximum energy resolution of E/AFE ~ 1000 can be achieved.
However, a high energy resolution is usually attended by low signal flux, making high
resolution experiments complicated and longsome. In contrast, for experimental settings

optimized to maximize signal, an energy resolution of E/AFE = 100 is typically achieved.

3.2 The transfer system

During the course of the experimental work for this thesis, a transfer system for sample
storage and fast sample exchange was installed to the H atom scattering apparatus. The
tremendous advantage of the new transfer system is given by the ability to exchange
samples while preserving UHV conditions in the preparation and scattering chamber.
Thereby, samples can be switched in between experiments within a few hours rather
than several days since venting and subsequent bake-out of the whole apparatus are no
longer inevitable for sample exchange.

The transfer system consists of a cubic stainless steel chamber that was machined at
the institute’s fine mechanics workshop. The chamber is equipped with a sample park-
ing stage, a magnetically coupled transfer arm (VAb MDS 40-800), an O-ring sealed
rectangular chamber door as well as a Pfeiffer Vacuum HiPace® 300M turbomolecular

pump, an Fdwards Active lon Gauge and a DN 100 CF flange viewport.

The transfer chamber is mounted next to the preparation chamber. Both chambers can
be separated from each other by an all-metal gate valve that is able to seal UHV from
atmospheric pressure. The chamber is used as a load lock and contains a three-level rack

at the inside of the chamber door as well as a magnetically coupled transfer arm. Apart
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q]

shuttle

sample mount

Figure 3.2: Transfer system sample mount (left) and shuttle (middle) hold by a
spring-loaded claw (right) at the end of a magnetically coupled transfer arm. The
crystal sample (turquoise) is mounted on a shuttle setup. The shuttle is based upon a flag style
sample ground plate and contains electrical contacts for grounding or resistive heating (green)
as well as thermocouple contacts (red and blue). A claw (dark gray, partially shown on the
right side) at the end of the transfer arm (not shown) can hold the shuttle as it slides over the
ground plate’s handle, which is locked in place by a spring-loaded piston (ocher). The ground
plate of the shuttle accurately fits into two slits at the reception on the sample mount. Once
the shuttle is properly attached to the sample mount, measurement of the sample temperature
via thermocouple junction is possible and electric contacts for grounding or resistive heating are
established. Alternatively, a filament mounted behind the reception can be used for electron
bombardment heating.

from the sample mounted on the main sample holder, the rack can store two additional
crystal samples. The transfer arm can be moved along the z-direction from the transfer
chamber to the preparation chamber and vice versa if the gate valve is open. This allows
a fast sample exchange under vacuum conditions. The transfer chamber can be vented
separately from the remaining vacuum system to insert new samples. After pumping
down, a new sample can directly be transferred into the UHV preparation chamber
profoundly improving the process of sample exchange that was previously associated
with venting the whole apparatus and subsequent bake-out for several days.

The transfer system sample mount is positioned at the end of the five-axis manipulator,

as shown in Fig. 3.1. Fig. 3.2 shows the sample mount and shuttle carrying the crystal
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sample in more detail. The design of the shuttle is based on a commercially available
flag style ground plate possessing a handle on one side. Two cover plates that are screw-
fastened to the ground plate hold the crystal as well as several insulating spacers and
electric contacts in place. The rectangular-shaped crystal sample (shown in turquoise
in Fig. 3.2) has dimensions of 15 mm x 5mm x 0.5 mm. Contacts for grounding or resis-
tive heating (green) are centrally arranged on both sides of the shuttle, thermocouple
contacts (red and blue) for temperature measurements are additionally mounted on one
side of the shuttle. The respective counterpart contacts are precisely positioned at the
reception of the sample mount. The shuttle can be manipulated along the z-direction
from the transfer chamber to the preparation chamber by a magnetically coupled trans-
fer arm. A claw at the end of the transfer arm, which is partially shown in Fig. 3.2, has
a slit at the top end that accurately slides over the ground plate’s handle (see cutout).
After rotating the transfer arm about 90° either way, the handle locks in place and is
fixed by a spring-loaded piston (ocher). Back rotation releases the shuttle as the ground
plate’s handle is again in the right position to slide out of the claw’s slit. Using the
magnetically coupled transfer arm, the shuttle is pushed into two slits at the reception
on the sample mount that precisely fit to the dimensions of the flag style ground plate.
Once the shuttle is properly attached to the sample mount, measurement of the sample
temperature via thermocouple junction is possible and electric contacts for grounding
or resistive heating are established. Alternatively, electron bombardment can be used
for heating. As electron source, a thoriated tungsten filament (1% ThO3) is mounted
between two electrically isolated but spatially interlocked molybdenum half cylinders
on the back side of the reception. High voltage (U ~ 0.4kV) is applied to the half
cylinders with a small electric potential difference between both to generate a current
(I =~ 3 A) through the filament. Emitted electrons get repelled from the half cylinders
and are focused onto the backside of the grounded crystal sample.

Another shuttle design for circular-shaped crystals and exclusively electron bombard-
ment heating is available but has not been used for the experiments discussed in this
thesis. Currently, there is also an additional sample mount that can replace the one
optimized for the transfer system. This sample mount cannot be used together with
the transfer system, however, it additionally allows azimuthal rotation about the crystal

normal. A third version, optimized for cold temperature experiments, is planned.

3.3 Ultraviolet and vacuum-ultraviolet photolysis

Atomic hydrogen beams with tunable translational energy and narrow velocity spread

are essential to perform well-defined H atom-surface scattering experiments. Within the
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used experimental setup, H atom beams are generated by either 1-photon ultraviolet
(UV) or 1-photon vacuum-ultraviolet (VUV) photolysis of HI molecules. Therefor, two
photolysis laser systems are available; an excimer laser operated with ArF or KrF as
well as a Nd:YAG pumped dye laser system.

This section starts with a discussion of the principles of UV and VUV photodissociation,
overviews the properties of the experimentally generated H atom beams and describes
the techniques applied for VUV photolysis of HI in detail.

The first UV absorption band of HI at 33000 — 53000 cm ™! is broad and featureless
and peaks at about 45000 cm ™ (AUV photon =~ 220nm), as shown in Fig.3.3 [144, 145].
The continuous absorption band involves four transitions from the X'3% ground state
to the AL, aIl;, a®Ily,, and t3L+ repulsive states. Transitions to the AT, a3Ily,
and a3lly, states dominate and arise from m — o* excitations. The fourth repulsive
state, t3%F, arising from ¢ — ¢o* excitation, has a minor contribution. The repulsive
states promptly dissociate to form ground state H atoms as well as iodine atoms either
in the electronic ground state (a) or in the first excited state (b) [50, 146, 147].

HI (X12+) + hv ()\UVphoton>
H (%8) +1 (?P5),) (a)
—H (QS) +1 (2 T/z) (b)

HI is excited to the A'II; and a®II; repulsive states via a perpendicular transition
(AQ) = +1, for a Hund’s case (c) coupled molecule such as HI) and subsequently disso-
ciates to form ground state H and I atoms, following channel (a). In contrast, excitation
to the a3l state via parallel transition (AQ = 0) corresponds to dissociation channel
(b) forming ground state H atoms and spin-orbit excited I atoms. A minor contri-
bution of a perpendicular transition to channel (b) is attributed to the fourth excited
state, t3X1. The branching ratio determining the fraction to which iodine is formed
in the ground or first excited state during photolysis is a fundamental characteristic of
the photofragmentation reaction and depends on the particular excitation wavelength
[50]. To employ UV photodissociation of HI within our experiment, an excimer laser
operated with ArF or KrF is used. It emits unpolarized laser light at wavelengths of
193.3nm or 248.35 nm, respectively. Using a photolysis wavelength of 248.35 nm, both
reaction channels (a) and (b) are accessed with nearly equal propensity. However, using
193.3 nm, the reaction follows nearly exclusively channel (a) [50, 148].

Maximum photon absorption probability is observed when the transition dipole mo-
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Figure 3.3: Photoabsorption spectrum for the discrete and low energy continuum
regions of the valence shell of HI. Vertical arrows mark the photolysis laser wavelengths
employed during the experimental work of this thesis. 248.35nm and 193.3nm UV radiation is
generated using a KrF or ArF excimer laser, respectively. VUV photons with wavelengths of
about 121.6 nm are formed by degenerate four-wave mixing. The figure is adapted from Fig. 3
in Ref. [145].

ment 77 is aligned parallel to the electric field vector of linearly polarized light. The
photofragments of a dissociating diatomic molecule separate along the internuclear axis.
In a parallel transition with a transition dipole moment parallel to the molecular axis,
molecules that are aligned parallel to the electric field vector of light are predominantly
excited and the photodissociation fragments separate along this direction. In contrast,
for a perpendicular transition both fragments fly apart from each other perpendicular to
the transition dipole moment and electric field vector. In both cases a strong anisotropic
angular distribution of the photofragments is observed. However, the excimer radiation
used for UV photolysis within our experimental setup is unpolarized. Consequently,
isotropic H atom angular distributions are obtained since the precursor molecules in the
supersonically expanded beam are neither oriented nor aligned. Only a small fraction
of H atoms travelling along the z-direction reach the surface sample after passing a
skimmer and several apertures. Increasing the laser power leads to a rising number
of H atoms incident on the surface as the fraction of dissociating precursor molecules
increases. However, increasing the laser power is accompanied by a pressure rise in
the source chamber and is therefore only possible to a limited extent. Alternatively, a

polarizer can be installed that only transmit light of a certain polarization, which then
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enters the source camber. This way, HI molecules, which are properly aligned with
respect to the plane of polarization, are selectively dissociated leading to a strong H
atom signal while the overall pressure rise is kept as small as possible. Purely parallel
or perpendicular transitions can be selected by rotating the plane of laser polarization
with respect to the z-axis. Currently, a thin film polarizer suitable for polarization

selection of the excimer laser radiation is available and will be installed soon.

The continuum intensity of the first UV absorption band decreases to a minimum around
53300 cm ™! and then grows monotonically into a second UV continuum that merges with
a discrete spectrum of transitions corresponding to bound molecular states at around
56500 cm ™. A region with discrete transitions to Rydberg states extends up to about
90000 cm~!, as shown in Fig.3.3 [145]. Using VUV photons within this energy range,
indirect photodissociation via resonantly excited rovibrational levels of pre-dissociating
Rydberg states is possible [52]. In contrast to the prompt dissociation from repulsive
states excited within the first UV absorption band, predissociation processes involve for
example coupling of the initially excited state to different repulsive states or gateway
states that are themselves coupled to repulsive states [53]. Complex photoabsorption
spectra reflect these VUV photodissociation dynamics of HI. Using VUV radiation with
energies in the vicinity of Lyman-a radiation (fyyy ~ 82259 cm_l), four dissociation

channels forming ground state hydrogen atoms are accessible:

HI <X12+) + hv ()\VUVphoton)

—H (%8) +1 (*P5),) (a)
—H (%) +1 (*P}),) (b)
—H (%) +1 (*[2)32) (c)
S H (%8) +1 (*[2]s2) (d)

Channel (a) leads to ground state H and I atoms, whereas ground state H atoms and
electronically excited I atoms are formed within channels (b) to (d). Assignments of

the electronic states of the I atom cofragments rely on the known energy levels of iodine.

The translational energy of the H atoms generated by UV or VUV photolysis, Eyi,(H),
is determined by the conservation of energy and momentum during the dissociation
reaction. Conservation of energy requires the initially available energy to be distributed

among the translational and internal degrees of freedom of the atomic product frag-
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ments. Exi,(H) depends on the photolysis photon energy, hv, the initial kinetic energy
of the HI molecules, Ey,(HI), the initial internal energy of the HI molecules, Ej,(HI),
determined by the rotational and vibrational temperatures, the bond dissociation en-
ergy of HI, Do(H —I), the final kinetic energy of the iodine fragment, Fy,(I), as well as
the final internal energies of the H and I fragments, Fi,(H) and Ejy (1):

hv + Eyin(HI) + Eine(HI) = Eiin(H) + Do(H — I) + Eiin(I) + Eine(H) + Eine(I)  (3.1)

The HI molecular beam is generated by a supersonic beam expansion. Collisions during
the supersonic expansion cause strong translational, vibrational, and rotational cooling,
so that the initial internal energy of the HI molecules can be approximated to be zero.
The H atom fragments are generated in their electronic ground state, since the energy
provided by UV photons is smaller than the energy required to excite an H atom from
the ground state to any excited state. For VUV photolysis, the accessible dissociation
channels also produce ground state H atoms. In summary, the translational energy of

the generated H atoms is thus given by:
Exin(H) = hv + Eyin (HI) — Do(H — 1) — Exin (1) — Eing(T) (3.2)

Using 248.35 nm and 193.3 nm excimer radiation, H atom beams with translational ener-
gies of about 1 — 3 eV and energy widths of AF ~ 10 — 20 meV are generated. Changing
the precursor molecule from HI to DI allows isotope experiments with incidence trans-
lational energies in the same energy range. To extend the range of available incidence
energies, VUV photodissociation of HI at wavelengths of about 121.4 nm has addition-
ally been employed. Thereby, H atom beams with translational energies of about 6 and
7eV and energy widths of AE =~ 20meV as well as H atom beams with translational
energies of about 0.2 and 0.4 eV and energy widths of AE =~ 1—2meV can be produced.
Fig. 3.4 shows the translational energy distributions of H atom beams produced by both
UV and VUV photolysis. Exact H atom beam energies, energy widths and used pho-

tolysis wavelengths are given in the associated caption.

VUV photons are produced by non-linear (20yy — 71r) degenerate four-wave mixing
(FWM). The experimental setup used for FWM prior to photolysis corresponds to the
one employed for the generation of Lyman-a radiation used within the Rydberg atom
tagging scheme of H atoms after scattering [142]. A UV laser pulse (Pyy = 47046 cm™1)
and a tunable infrared (IR) laser pulse (71g = 11600 — 12200cm™!) are colinearly fo-
cused into a krypton/argon gas cell to generate VUV radiation in the energy range of
oy = 81900 — 82450 cm™!. The gas cell consists of a 200mm long stainless steel

cylinder with an inner diameter of 10 mm. The cylinder is sealed to atmosphere by a
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Figure 3.4: Translational energy distributions of H atom beams produced by two
different photolysis laser systems. Panel a shows translational energy distributions of H
atoms generated by UV photodissociation of HI with laser wavelengths of 248.35nm, (1) and (2),
or 193.3nm, (3), produced by a KrF or ArF excimer laser, respectively. (1): Eyi,(H) = 0.99eV
and AE = 7TmeV, (2): Exn(H) = 1.92¢V and AE = 11meV, and (3): Eyin(H) = 3.33eV
and AE = 22meV. All three distributions are peak-normalized. Panel b shows the kinetic
energy distributions of H atom beams formed by VUV photolysis of HI with laser wavelengths
of 121.35nm, (4) and (5), 121.41nm, (6), and 121.46nm, (7). (4): Exn(H) = 0.21eV and
AE = 1meV (10%), (5): Exin(H) = 0.38¢V and AE = 2meV (80%), (6): Fyxin(H) = 6.17eV
and AF = 23meV (100%), and (7): Eyn(H) = 7.10eV and AE = 20meV (20 %). The relative
intensities with respect to the signal obtained for H atoms with Ey;,(H) = 6.17€V are given
as percentages in parentheses. All four distributions are normalized to the area and multiplied

with a factor corresponding to their relative intensity.

fused silica window and to UHV by a differentially pumped LiF lens that also colli-
mates the generated VUV radiation. In the employed sum-difference frequency mixing
scheme, a Kr atom is resonantly excited into the 4p°5p state by absorbing two UV pho-
tons of frequency Pyy. Simultaneously, one IR photon with the frequency g induces
relaxation to the 4p% ground state under emission of a VUV photon. Phase matching
(?VUV = QZUV — ?IR) is achieved by adjusting the composition of the Kr/Ar mix-
ture as well as the total pressure in the gas cell [149]. Within the used experimental
setup, a Kr/Ar mixture with a partial pressure ratio of 1 : 3 and a total pressure of
100 — 150 mbar were found to work best. The laser system used for FWM comprises
a single Q-switched nanosecond Nd:YAG laser that pumps two dye lasers operating at
30Hz. UV photons are produced by stepwise tripling the output of a dye laser (DCM
dissolved in ethanol) in two non-linear crystals whereas for the IR laser radiation the
fundamental of a second dye laser (LDS 821 and LDS 867 dissolved in ethanol) is used.
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3 Experimental setup
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Figure 3.5: H atom signal generated by VUV photolysis of HI as a function of
the photolysis photon energy. Several resonant transitions to pre-dissociating rovibrational

levels of Rydberg states are found within the energy range of 7 = 81900 — 82450 cm™*.

Four
dissociation channels are accessible within the used energy range leading to different electronic
states of the iodine fragment, as shown in panel a to d. H atoms are detected using the RAT-
TOF technique. The time delay between the photolysis and tagging laser pulses can be adjusted
to discriminate between H atoms with different velocities and thereby differentiate between the
four dissociation channels. The polarization of the photolysis laser beam is tuned using a half-
waveplate. Signal obtained with a linearly polarized laser beam parallel to the direction of the
H atom beam (blue solid line) is compared to the signal obtained with perpendicular laser beam
polarization (green solid line, multiplied with a factor of —1). For each dissociation channel, the

signal is normalized to the peak maximum obtained at parallel laser beam polarization.
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3.3 Ultraviolet and vacuum-ultraviolet photolysis

Both UV and IR laser beams are linearly polarized. Typical energies for the laser pulses
are 1 mJ for the UV pulse and 8 mJ for the IR pulse.

Fig. 3.5 shows H atom signal generated according to the four dissociation channels (a) to
(d) accessible using VUV photolysis and measured as a function of the photolysis pho-
ton energy. The photon energy is scanned in the range of Dyyy = 81900 — 82450 cm ™!

with a step size of Adyyy = 0.3cm™ .

Several resonances are observed within each
dissociation channel. The wavelength and polarization of the VUV radiation is changed
by tuning the wavelength and polarization of the precursor IR radiation () prior to
FWM. A linearly polarized laser beam was used with the electric field vector aligned
either parallel or perpendicular to the direction of the H atom beam (z-direction). The
time delay between the photolysis and tagging laser pulses was adjusted to discrimi-
nate between H atoms with different translational energies as generated via dissociation
channels (a) to (d). H atoms with a translational energy of about 7€V are formed in

association with ground state I (2P§ /2) atoms (Fig. 3.5a), whereas approximately 6 eV

H atoms are generated together with first excited state I (2 1 /2) atoms (Fig.3.5D).
Dissociation processes forming iodine atoms in the two higher electronically excited
states (2[2] 5/2 and 2[2]5 /2) generate H atoms with translational energies of about 0.4 eV
(Fig.3.5¢) and 0.2eV (Fig.3.5d), respectively. Following equation 3.2, the exact H
atom translational energy depends on the applied photolysis photon energy and there-

fore changes slightly within the investigated energy range. Within the scattering ex-

Table 3.1: Utilized photon energies for VUV photolysis. For each dissociation channel,
the routinely used VUV photon energy is given. VUV photons are produced by degenerate FWM
using a fixed UV laser pulse (ﬂUv = 47046 cm_l) and a tunable IR laser pulse 1g. For each
dissociation channel, corresponding translational energies and energy widths of the generated H
atom beams are given as well as relative intensities of the respective H atom signal with respect
to the strongest signal obtained for H atoms with Ey;, (H) = 6.17 eV, generated via channel (b).

dissociation relative Eyin(H) AFEyin(H) AVUv VUV VIR
channel intensity /eV /meV /nm Jem™1 Jem ™!
(a) 0.2 7.10 20 121.46 82334 11758
(b) 1.0 6.17 23 121.41 82367 11725
(c) 0.8 0.38 2 121.35 82407 11685
(d) 0.1 0.21 1 121.35 82407 11685
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3 Experimental setup

periments, the resonant transition leading to the highest H atom beam intensity within
each dissociation channel was generally utilized. For all four channels, this was found
to be a parallel transition with the VUV laser beam polarization parallel aligned to the
direction of the H atom beam. The exact VUV photon energies used in the experiments
are given in Table3.1. The corresponding translational energy distributions of the H

atom beams are given in Fig.3.4b.
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4 Hydrogen atom scattering from

germanium surfaces

4.1 Evidence of adiabatic and non-adiabatic energy

transfer

Section 4.1 is comprised of Ref.[150], an open access article titled “Hydrogen atom
collisions with a semiconductor efficiently promote electrons to the conduction band”,
published in Nature Chemistry. The article (DOI 10.1038/s41557-022-01085-x) is li-
censed under a Creative Commons Attribution 4.0 International License (CC BY 4.0)

(https://creativecommons.org/licenses /by /4.0/).

Material from: Kerstin Kriger, Yingqi Wang, Sophia Tédter, Felix Debbeler, Anna
Matveenko, Nils Hertl, Xueyao Zhou, Bin Jiang, Hua Guo, Alec M. Wodtke & Oliver
Biinermann, Hydrogen atom collisions with a semiconductor efficiently promote elec-

trons to the conduction band, Nature Chemistry, published 2022, Springer Nature.

In this article, translational energy-loss distributions of H atoms scattered from Ge(111)
¢(2 x 8) are presented, obtained from both experimental and theoretical investigations.
Results of electronically adiabatic molecular dynamics simulations are provided by the
group of Prof. Dr. Hua Guo, University of New Mexico, NM, USA. Through a com-
parison of experimental and theoretical results, a fundamental interpretation of the
scattering dynamics is derived. Experiments show bimodal energy-loss distributions
reflecting two scattering channels, while adiabatic MD simulations reproduce only one.
The second channel transfers much more energy and is absent in the simulations. Fur-
thermore, it exhibits an energy-loss onset equal to the Ge surface band gap. This leads
to the conclusion that two types of interactions are possible for H atoms scattering from
Ge(111)¢(2 x 8). They may either experience electronically adiabatic, mechanical inter-
actions well described within the BOA or strongly non-adiabatic interactions capable

of promoting electrons to energies above the band gap.
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The article is Ref. [150] in this thesis:

[150] K. Kriiger, Y. Wang, S. Tédter, F. Debbeler, A. Matveenko, N. Hertl, X. Zhou,
B. Jiang, H. Guo, A. M. Wodtke, O. Biinermann, Hydrogen atom collisions with a
semiconductor efficiently promote electrons to the conduction band, Nat. Chem.
2023, 15, 326-331, https://doi.org/10.1038 /s41557-022-01085-x.
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The Born-Oppenheimer approximation is the keystone of modern

computational chemistry and there is wide interest in understanding
under what conditions it remains valid. Hydrogen atom scattering
frominsulator, semi-metal and metal surfaces has helped provide such
information. The approximation is adequate for insulators and for metals
it fails, but not severely. Here we present hydrogen atom scattering from
asemiconductor surface: Ge(111)c(2 x 8). Experiments show bimodal
energy-loss distributions revealing two channels. Molecular dynamics
trajectories within the Born-Oppenheimer approximation reproduce one
channel quantitatively. The second channel transfers much more energy
and is absentin simulations. It grows with hydrogen atomincidence energy
and exhibits an energy-loss onset equal to the Ge surface bandgap. This
leads us to conclude that hydrogen atom collisions at the surface of a
semiconductor are capable of promoting electrons from the valence to the
conduction band with high efficiency. Our current understanding fails to
explain these observations.

Atoms and molecules colliding at solid surfaces create time-varying
electricfields that, due to their finite masses and associated low speeds,
represent frequencies typically <10° Hz, whereas muchlighter electrons
insolids oscillate at frequencies one to two orders of magnitude higher
than this. This separation of timescales is used to justify the Born-
Oppenheimer approximation (BOA)', the bedrock of computational
surface chemistry? where electronic quantum states rapidly adjust
to the motion of nuclei. Inelastic H atom surface scattering experi-
ments have provided excellent benchmarks against which theoretical
methods can and have been tested and proved®. Using this approach,
the BOA has been shown t