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Abstract

The miniaturisation trend in the construction of electronic devices has recently sparked an
interest in the bottom-up construction of 2-dimensional nanostructures from single organic
molecular building blocks on surfaces. Covalently bonded networks are the most desirable
due to their high thermal, mechanical and chemical stability. Several different reaction
mechanisms have been successfully demonstrated on coinage metal substrates over the
past decade. This work explores the possibility of reproducing some of these results on a
more technologically relevant semiconductor surface, in particular germanium(001), using
both scanning tunnelling microscopy (STM) and photoemission spectroscopy (PES) in an
ultra-high vacuum environment.

An initial investigation of the adsorption mechanism of 5,10,15,20-tetrakis(4-bromo-
phenyl)porphyrin, a molecular precursor previously shown to form networks via a dehalo-
genation reaction on noble metal surfaces, revealed strong interactions between both the
bromine-subsitutents and the conjugated m-system of the molecular macrocyle and the
clean Ge(001) surface. These interactions prevent the organic molecules from diffusing on
the surface, which is essential for the formation of covalent organic frameworks (COFs).

A solution is to passivate the surface with atomic hydrogen. However, when initiat-
ing thermally activated dehalogenation of the bromine-substituted porphyrin precursors
on this surface, the hydrogen-passivation desorbed prematurely due to a pairing mecha-
nism with the created bromine radicals. Therefore, a more stable passivation method is
required. The adsorption and desorption characteristics of several halogens on Ge(001)
are investigated in order to find a more suitable passivation agent for the desired COF
formation.

Finally, a study of several reaction mechanisms and precursors for COF formation
yielded best results using porphyrin molecules reacting via dehalogenation on the chlorine-
passivated Ge(001) surface, which shows that the dehalogenation reaction does not require
a catalysing metal surface as suggested in the literature. However, the intrinsic defects
of the surface passivation and/or insufficient non-covalent molecule-substrate interactions
leading to premature desorption of small precursor molecules have been found to signifi-

cantly limit all of the investigated reaction mechanisms.






“The dashboard melted but we still have the radio.”

Isaac Brock (Modest Mouse), 2007
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1 Introduction

The construction of electronic devices from semiconductors has seen a remarkable minia-
turisation trend over the last few years. To be able to continue this trend, the size of
such devices will soon have to reach the size of molecules or a few atoms. This goal
requires a new concept for the device structures [1], and one of the great hopes is that
carefully chosen organic molecules can be connected into predesigned nanostructures with
the desired functions such as switching or rectifying. Porous networks are of particular
interest, since they can be used to capture and confine secondary molecules in a host-guest
relationship [2-4].

The application of traditional lithographic or so-called top-down techniques for device
fabrication becomes increasingly demanding with feature sizes smaller than 100 nm [5]. An
alternative strategy in the construction of 2-dimensional (2D) nanostructures on surfaces
is the bottom-up technique, which exploits non-covalent intermolecular interactions lead-
ing to self-assembly of carefully chosen functional organic molecular building blocks [6].
The geometry of the molecules and the type of interactions lead to a variety of differ-
ent architectures [5,7]. The interest in this field has increased rapidly over the past
decade, and organic molecular structures held together by hydrogen bonding [2,7-10], 7-m
stacking [11], dipolar [12], van der Waals [13], metal-ligand [14,15] or substrate-mediated
interactions [16] have been demonstrated.

The main disadvantage of self-assembled organic nanostructures is their low stability,
which disqualifies them for use in devices and outside the ultra-high vacuum (UHV) or
liquid environment in which they are created. Covalent bonds between the molecular
building blocks are more desirable, giving the structures high stability and more efficient
charge transport [17] or semiconducting characteristics through their 2D conjugated 7-
systems [18]. The first covalently bonded nanoporous network on a gold surface was
demonstrated by Grill et al. via a dehalogenation reaction of specifically functionalised
porphyrin molecules in 2007 [19]. Since then, a variety of other reaction mechanisms
leading to 2D covalent organic frameworks (COFs) of different architectures has been
developed [20,21].

The progess in the field of on-surface chemistry has been fueled by the development
of the scanning tunnelling microscope (STM), which provides structural and electronic
information with sub-nm resolution and can operate in different environments and tem-

peratures. Yet it does not always provide chemical information and additional techniques
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are necessary to investigate whether a reaction has taken place. Photoemission spectroscoy
(PES) is a powerful tool for this purpose and has been employed for the experiments in
this work, in addition to STM in a UHV environment. Some theoretical calculations using
density functional theory (DFT) methods to support both STM and PES data will be
presented as well. Chapter 2 presents background information on all experimental tech-
niques that have been used in this work, while Chapter 4 discusses relevant experimental
details.

Almost all of the research on COFs is done on noble metal surfaces, mostly due to
their low reactivity which ensures the mobility of the organic adsorbates that is necessary
for the formation of both self-assembled and covalently bonded molecular networks. The
work presented in this thesis extends this idea to a technologically relevant semiconductor
surface. Silicon, the most common inorganic semiconductor used in devices today, may
be the most obvious choice as a substrate. However, for this study, germanium has been
chosen for several reasons. Firstly, it has many properties that are very similar to those
of silicon but has proven to be more tolerant experimentally due to problems with water
contamination of silicon. Additionally, it is of growing interest on its own merits because of
its small bandgap and high carrier mobility, which make it a potential material to be used
in high performance devices [22]. Chapter 3 of this thesis discusses relevant characteristics
of the substrates and organic molecules used in the experiments presented in this work.

The (001) faces of both silicon and germanium are known to exhibit a unique reactivity
which facilitates selective covalent attachment of organic compounds and makes them at-
tractive substrates for organic functionalisation [23]. Chapter 5 discusses some aspects of
the adsorption mechanisms of a few selected organic molecules on clean Ge(001). However,
the reactivity of these surfaces also limits the mobility of organic adsorbates, which makes
the desired COF formation impossible. Surface passivation is a well-established technique
to suppress reactivity and create inert substrates for further functionalisation [24]. Chap-
ter 6 presents a study of the halogen-passivation of Ge(001) as a basis for subsequent
COF formation, as well as an investigation of the underlying adsorption and desorption
mechanisms of the halogen atoms on this surface. The investigation of COF formation
on passivated Ge(001) surfaces will then be discussed in Chapter 7 and 8, utilising the
dehalogenation reaction and two other reaction mechanisms as intermolecular connection

mechanisms.



2 Background

This thesis deals almost exclusively with effects on the surfaces of solids, in particular the
interactions of organic molecules with semiconductor and noble metal surfaces and with
each other. To investigate these interactions, the “traditional” surface science techniques
of photoemission spectroscopy (PES) and scanning tunneling microscopy (STM) have been
employed for chemical and structural information about the surfaces, respectively. This
chapter gives the relevant background on the theory behind these techniques as well as
on surface reconstructions of crystalline solids and synchrotron radiation, which has been

used for most of the PES experiments.

2.1 Crystal Structure

A crystal is a solid material whose atoms or groups of atoms are arranged in a periodic
three dimensional pattern. A single atom or atom group forms the basis of a crystal
lattice. Every point of the lattice can then be described as a linear combination of the

unit vectors a;:

T = uyd} + uodp + ugds with u; € Z (2.1)

The unit vectors form the simplest structural unit of the crystal lattice, referred to as
the unit cell. The length of the unit cell edges and the angles between them are the lattice
parameters of the structure.

The defining property of crystal lattices is that after operations like lattice translation,
rotation around an axis, point inversion or plane mirroring, the lattice can remain un-
changed. There are 14 possible symmetries of different crystal lattice systems in three
dimensions, referred to as the Bravais lattices. They can be divided into seven lattice sys-
tems (from least to most symmetric): triclinic, monoclinic, orthorhombic, rhombohedral,

tetragonal, hexagonal and cubic.

2.1.1 Miller Indices

A plane through the crystal that goes through several lattice points is referred to as a
lattice plane. A family of parallel lattice planes, i.e. a direction in the crystal, is described

by three integers commonly denoted as (h, k,l). These Miller indices are determined by
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the inverses of the interceptions of the lattice plane in the basis of the lattice vectors, as
shown in Fig. 2.1. They are usually written in the smallest terms, i.e. the smallest set
of integers with the same ratio. When a lattice plane does not intercept a crystal axis,
the Miller index is zero. Negative integers are conventionally written with a bar (2 for
—2). The notation of the Miller indices in curved instead of round brackets refers to all

equivalent planes in the crystal lattice.

(111) plane 4 (221) plane

Figure 2.1 Examples of determining indices for a plane using intercepts with axes; left
(111), right (221).

2.1.2 Surface Reconstructions

In the most simple case the atoms on the surface form a well-defined lattice plane in posi-
tions that corrspond to the periodicity of the bulk crystal. In reality, the bulk-terminated
surface is almost never observed. In most cases the surface atoms change positions and the
phenomena of relazation or reconstruction can be observed. For semiconductor surfaces,
reconstruction is the most prevalent process, which occurs as a consequence of unsatisfied
valences on the surface, so called dangling bonds (DB). By reconstructing the surface the
number of DBs and therefore the surface energy are minimised.

The most common way to describe surface reconstructions is Wood’s notation. It de-
scribes a reconstruction or an ordered overlayer in terms of the ratio of the lengths of the

superlattice and bulk crystal lattice vectors, represented here as 51,2 and @ 2, respectively:

61| = pldil, [b2] = qla- (2.2)

In addition, the angle ¢ through which the superlattice is rotated with respect to the

substrate lattice may be indicated. The structure is then referred to as

X(hkl) px q R -Y, (2:3)

where X is the substrate material, (hkl) are the Miller indices of the surface plane in
question and Y the material of an adsorbed overlayer, if present. If the superlattice is not

rotated with respect to the substrate unit cell, the R¢ is omitted.
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In some instances it is possible to use a centred unit cell description for a structure for
which the primitive unit cell cannot be described using Wood’s notation. To distinguish
between the two representations, the letter ¢ or p is noted in front of (p x q).

A more general method of describing surface reconstuctions, a matrix notation proposed
by Park and Madden [25], will not be discussed here.

2.2 Synchrotron Radiation

When charged particles are in relativistic motion on a curved trajectory, they emit light,
or synchrotron radiation. The total power spectrum of radiation produced in this case is
proportional to %, where
= v2 moc?

'yl: l—c—2=T. (2.4)
v is the velocity of the particle, mg its rest mass, ¢ the speed of light and E its energy. To
achieve high spectral power, the particle must therefore have a high energy and a low rest
mass, which is why electrons are a typical choice. At relativistic velocities the radiation is
directed along the tangent of the curved motion, with an angular distribution proportional

1

to y~*. It is also strongly polarised in the plane of the particle motion. A more detailed

theoretical description can be found in [26].

Bending magnet

Monochromator

Undulator and X-ray optics

Endstation

Figure 2.2 Schematic of a basic synchrotron storage ring. [27]

To generate synchrotron radiation, electrons are accelerated to relativistic speeds in a
linear accelerator or ring and then injected into a storage ring under high vacuum. A
typical storage ring consists of straight sections joined by curved sections equipped with
bending magnets, as shown in Fig. 2.2. Various other magnet arrangements like wigglers,

shifters or undulators are also used on the straight segments in order to achieve specific
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photon distributions. However, none of the latter have been utilised for the experiments
presented in this work.

The light beam is then focused by X-ray optics such as slits, attenuators and mirrors
and monochromated with a movable diffraction grating, before arriving at the endstations
with various experimental setups. Synchrotron radiation is of high intensity, well focused,
polarised and with tunable energy, making it increasingly popular and important for use

in many different surface science techniques.

2.3 Photoemission Spectroscopy

Photoelectron or photoemission spectroscopy (PES) is an established and widely used
technique which yields chemical information about the elements present at the surface
or in the near surface bulk. It is based on the Photoelectric Effect, which describes the
emission of electrons from atomic orbitals after the adsorption of electromagnetic radiation.
If the incident radiation is monochromatic and of a known energy, analysis of the kinetic
energy of the emitted electrons reveals information about their initial binding energy in the
material. PES is sometimes historically referred to as electron spectroscopy for chemical
analysis (ESCA).

Depending on the spectral range of the incident radiation, PES is commonly divided into
two main categories. When electrons are excited by radiation of energies in the 16 to 41
eV range 28] it is typically referred to as ultraviolet photoemission spectrocopy (UPS) and
used to probe the loosely bound valence states. At higher excitation energies it is called X-
ray photoelectron spectroscopy (XPS) or sometimes soft X-ray photoelectron spectroscopy
(SXPS) when conducted with synchrotron radiation (see 2.2) at the lower end of the X-ray
energy range. The high energy radiation allows for excitation of the element specific core
level electrons and therefore chemical analysis of the sample material.

This section details the important aspects of the theory behind photoelectron spec-
troscopy as well as the analysis of the resulting spectra. The experimental apparatus as

used for the experiments in this work will be described in more detail in section 4.4.

2.3.1 Basic theory

The theory behind photoemission is very complex since it requires the description of both
the equilibrium and the excited state of the material and its interaction with the driv-
ing electromagnetic fields, which are modified by this interaction. Furthermore, there is
almost always (except for the hydrogen atom) more than one electron involved in the exci-
tation/emission process, making photoemission theory a complicated many-body theory.
These problems must also be solved in the vicinity of the surface, which changes all system

properties dramatically.
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It is not the object of this thesis to describe the theory in detail. This section only con-
tains the basic and simplified theory of electron excitation and emission which is required
for an appropriate understanding of some of the results discussed in this work. For more

detailed discussions of the photoemission theory see references [28-30].

The probability w of the excitation of an electron from its initial state ¢ with wave
function ¥; to the final state f with wave function ¥ by an assumed small perturbation
A is given by Fermi’s Golden Rule [30]

2
w o S [(U5|A|T)PS(Ef — Ei - huw) (2:5)

in which the delta function describes the energy conservation due to absorption of a single
photon of energy hw.

The most general form of A (for an electron in an electric field) is

e S g =l

A=—(A-F+7 - A)—ep+

. 2.6
2mc? (2:6)

with A as the vector potential of the incident radiation, p'= ¢AV the momentum operator,
¢ the scalar potential, e the elemental charge, m the rest mass and ¢ the speed of light.
Applying the commutation relation results in A -5+ p- A =24 -5+ ih(V - ff) Equation
2.6 can be further simplified by neglecting the term A - A which represents two photon
processes, and by assuming that the potential at the site of the core hole creation is
translationally invariant throughout the solid and therefore V - A=0. Using the gauge

¢ = 0, the perturbation A is finally reduced to

A=4.5 (2.7)

mc

Additionally, for a wide range of experiments it can be assumed that the wavelength of
the incident light is very large when compared to the electron wavefunction, so A can be
considered as a constant Ap. This is commonly referred to as the dipole approrimation.

This changes Eqn. 2.5 to

w o< |(Ws|pI8)[*6(Ef — B — hw) (2.8)

with p'as the operator. This finally leads to the heart of all theories about PES, the sudden
approzimation. It means that the escape of the photoelectron and the creation of the core-
hole is assumed to be instantaneous and without giving the rest of the electrons in the
system time to relax. Under that assumption, the transition matrix can be separated into
one component for the photoexcited electron with initial and final state wave functions 1;
and vy and another one of overlap integrals of the inital and final state wave functions

V; r and ¥y p of the remaining N — 1 electrons after photoionisation:
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(Wy|p1¥s) = (ylplvi) (Pg.r YiR)- (2.9)

These simplifications will be referred to again in the following discussions about energies

and line intensities in the photoemission spectra.

2.3.2 Energy spectrum

The energy spectrum of photoelectrons observed in PES reflects the complexity of the
underlying theory briefly discussed in 2.3.1. Many different processes contribute to the
overall spectra, the most prominent ones of which are shown in Fig. 2.3 and will be
discussed in this section.

The spectra can generally be divided into two parts, the element specific core-levels
and the valence band. The latter gives information about the electrons directly involved
in bonding but is diffcult to interpret since the observed peaks result from combinations
of valence electrons. Additionally, the low-energy background of inelastically scattered
electrons is significant when compared to the line intensities in this region.

The core-level spectrum consists of the core-level photoemission lines and their satellites,
Auger lines resulting from hole deexcitation via the Auger process, and a background of

inelastically scattered electrons, as mentioned for the valence band region.

N(E)

valence
KLL band

0 \ / hV -9 ~Ekin
SECONDARIES CORE LINES AUGER VALENCE BAND E
+ LOSSES
by Eiin
iz v e — oo o e o —--L-—EVQCID s g |
- &
E
X b
(a) (o) lc) (d)

Figure 2.3 Basic processes contributing to a photoemission spectrum, including (b) core
lines due to direct photoexcitation of core-level electrons or (d) valence band electrons,
(c) emission of electrons due to the Auger effect, and (a) inelastic losses giving rise to
secondary electrons and plasmon satellites. [28]
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Photoexcitation Spectra

The most basic transition probability as it is discussed above results from assuming that
U;r = ¥sp in Eqn. 2.9. This leaves a single electron transition matrix element and
simplifies the theory into the most commonly found equation for the kinetic energy Egin

of the photoelectron, sometimes referred to as Einstein’s photoelectric equation:

Ekin = hw — EB — ¢) (2.10)

where Fiw is the photon energy of the incoming radiation, Ep is the binding energy of
the electron in the sample (relative to the Fermi level Er), and ¢ is the minimum energy
needed for the electron to escape into the vacuum (see Fig. 2.4). Despite the multiple
simplifications and approximations leading to this formula, it serves as a good description

of the major photoemission lines in most cases.

However, the effects of the relaxation of the remaining electrons after photoionisation
often result in a distinct difference between the initial and final state wavefunctions, whose
overlap integral therefore leads to several possible excited states with a spectral output.
One example is the asymmetric lineshape with an elongated tail on the low kinetic energy
side commonly seen in metals [32,33], another one are the so-called shake-up peaks in the

spectra of many organic molecules or some transition metal complexes [34].

electron energy photoelectron spectrum
E| Ein
— TE;WW
free
electrons hy
Vi

AN

e .Er..w%__

£,0]

“
binding energy
of electrons ol Eb)

core level valence band

Figure 2.4 Principle of Photoelectron Spectroscopy. Ep: Binding energy of the electron
in the sample, D(Fp): density of states in the sample, Er: Fermi energy, ¢: work function,
hv: photon energy of the incident light, E;: initial energy of the electron, Ey: final energy
of the electron, Ej;,: kinetic energy of the free electron, N (FEkiy): kinetic energy spectrum
of the free electrons. [31]
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Auger Spectra

Another prominent feature in photoemission spectra are the lines caused by Auger elec-
trons, emitted due to the Auger effect. When the hole left by a photoexcited electron is
filled by an electron from a higher energy level, the released energy can be transferred to
another electron which is then emitted from the material (see Fig. 2.3c). It is important
to note that the kinetic energy of the emitted electron is therefore only dependent on the
difference between the core-levels of the specific material, and independent of the energy
of the incident radiation. In practice, this means that the photon energy for a particular

experiment has to be carefully chosen to avoid overlap of photoemission and Auger peaks.

Background

As mentioned before, the background spectrum is due to the inelastic scattering of pho-
toexcited electrons by either other electrons or ions in the solid. The most general theo-

retical description of the background is given by

B(E) = /E,>E \(E)S(E, E')P(E')dE' (2.11)

where A\(E) is the mean free path of the electron at energy E, S(E, E’) is the scattering
function and P(E") is the spectrum. A(E)S(E, E') is referred to as the energy loss function
and its accurate determination is difficult, both experimentally and theoretically. However,
there are two commonly used methods to approximate the electron energy loss. The first
one was proposed by Shirley in 1972 [35] and is based on the assumption that the scattering

is constant. This gives the formulation of Eqn. 2.11 as

Bs=A [ (P(E)~ Ro)dE’ (2.12)

with E; > Es, A as a constant fitted to the experimental data and Py as the background
intensity at Ep, a point on the high kinetic side of the peak at which the intensity of
the tails of the peak is approximately zero. The Shirley background is only a rough
approximation, but works sufficiently well when applied to short energy ranges like for
the fitting of a single peak. It is however known to often yield inaccurate results in the
case of metals [30]. For these cases Tougaard suggested a “universal” energy loss function

derived from empirical results [36], generally referred to as the Tougaard background:

A(E - E)

/\(E)S(EvE,) = (B+ (E—E')2)2

(2.13)

with A and B being empirically determined constants. Their values are originally A = 1643
(eV)? and B = 2866 (eV)?, although A is often left as a variable to be fitted to the data.
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2.3.3 Line intensity

The intensity of the core-level lines in the PES spectra is measured as the area of a peak
and depends on a number of factors, the most important of which will be discussed in
this section. As will be shown, the calculation or measurement of most of these factors is
complicated and the combination of errors in the determination of each of them results in

a total error in the range of +25 — 30%.

Equipment related effects

The intensity of the spectra will vary greatly with the incident photon flux, the geometry
of the experimental setup and the operating conditions and type of the energy analyser.
However, these variations are uniform over the entire spectrum and can therefore be ig-
nored when comparing relative intensities. While the type of analyser is a fixed parameter
for any given chamber, its operating conditions can be selected to match the requirements
of any particular experiment, generally with the choice between intensity and resolution.
This will be discussed in more detail in section 2.3.6.

The intensity variation due to the geometry of the experimental setup is mostly deter-
mined by the angle of emission. On increasing the angle of emission, the electrons must
travel EE%(O_) times further through the solid to escape. The intensity of emitted elec-
trons decays exponentially with thickness (see the following section about escape depth)
and therefore an increased angle of emission gives a higher proportion of signal from the

surface, increasing surface sensitivity.

Escape depth

Electrons in solids have a finite mean free

path A which is the average distance an  *| ~ 7 » _H'“

electron travels before it loses energy due to " ® -E ‘ ?

inelastic scattering through effects such as < = c:. {E.. Z;

plasmon or conduction electron excitation. § I mm ..
These depend on the energy of the electron E : ] A o ‘_',—!’ :
and are generally material independent, as : 2 ° ‘f B g ]
seen in Fig. 2.5. The broad minimum of g ! % s

S e = 50 100 200 500 1000 2000

the mean free path (< 10 A) occurs in the

energy range of 50 - 100 eV, which means

that photoelectrons emitted at those ener- Figure 2.5 Escape depth A of electrons in

gies yield the greatest surface sensitivity. various solids. [37]

The probability of an electron escaping

without undergoing inelastic scattering is proportional to e X with z as the distance
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travelled through the solid. This dependence can be used to calculate the thickness of a

film or overlayer by comparing the core-level intensities with and without the overlayer:

I=Iyex (2.14)

where I is the intensity of the photoelectrons emitted through the overlayer, I the intensity

without it (after considering all other factors influencing the intensity).

Core-level occupancy

Since XPS is a core-level spectroscopy, all probed core-levels are fully occupied, i.e. 2,6, 10
and 14 for s, p,d and f orbitals, respectively. The intensity of the respective lines is directly
proportional to the number of electrons occupying the orbital. However, for orbitals with
a quantum number [ # 0 spin-orbit coupling influences the spectral lines and the peaks

split into doublets. The quantum number of the angular momentum is

j=|l+s| (2.15)

where [ is the quantum number of the orbital momentum and s the quantum number of
the spin momentum. The total angular momentum for a given electron has the magnitude
h/j(j + 1) and components in any specified direction of fim;, where m; = j,j—1,...—j.
This gives a total of 25 + 1 degenerate states. The ratio of occupation and therefore of the

intensities of the spin orbit peaks can consequently be determined with

20+ 12) +1

. 2.16
2(l+12) -1 (2.16)

The core-levels are typically denoted with
nX; (2.17)

where n is the principal quantum number, X is the subshell s,p,d or f for [ = 0,1,2 or
3, respectively, and j is given by Eqn. 2.15 (s is always 1/2 for a single electron). So for

example 3d3/2 refers to an electron with the quantum numbers n = 3,1 = 2,j = 3/2.

Cross section

The probability for an electron to be excited by a photon varies strongly with the photon
energy and the specific core-level. This is referred to as the cross section. In general the
cross section decays towards higher photon energies. For photon energies just above the
threshold the cross section changes significantly, depending on the type of orbital.

In order to get manageable signal to noise ratios in experiments, it is critical to select

photon energies with optimised cross sections. A set of calculated cross sections for all



2.3 Photoemission Spectroscopy 15

elements has been published by Yeh and Lindau [38]. The choice of the incident photon
energy is generally a compromise between the cross section resulting in the maximum
intensity, the escape depth yielding the highest surface sensitivity and the attempt to

avoid interference with Auger electron peaks.

2.3.4 Chemical shift

The core-level energies are characteristic of the particular element. However, small shifts
in the energy levels can occur as a result of a changed chemical environment. A change
of the element’s bonding configuration primarily affects the arrangement of the valence
electrons, which then alters the electrostatic fields in the vicinity of the core and therefore
also the core energy levels. These shifts are small but observable, and much easier to
interpret than the complex rearrangement of valence electron levels [28].

The effect of the valence charge of the atom on the core-level energies can be described
by the potential created by that charge. It is the sum of two components, the Coulomb po-
tential of the atom and the Madelung potential describing the influence of the surrounding
lattice [30]:

R 4:?6?;1, — 4Ti0Q]J?1“ (2.18)
J#i i
where AQ); is the change in charge in atom i, ry, is
the average valence shell radius, AQ); is the change
in charge in the surrounding lattice atoms j and FF—\C— 3—0—2—Z-H
R;; are the distances between the atoms j and . e L |

The Coulomb potential is in the order of 12 eV per
electron trasferred and the Madelung potential is

in the order of 10 eV per electron transferred. The

INTENSITY (arb. units)

two energies are of opposite sign, which results in a
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|

total energy shift in the order of 2 €V per electron [ }
0 8 6 & 2
CHEMICAL SHIFT (eV)

transferred.

An example of the chemical shifts in the C 1s
level of ethyl fluoroacetate is shown in Figure 2.6. Figure 2.6 Chemical shift of the C
The carbon atoms in this molecule are bound in 1s core-level in Co HsCO2CF [28].
four different chemical environments resulting in
four different C 1s peaks. Assigning each peak to a specific bonding configuration can
often be done by considering the electronegativity x of the bonding partners (in this case
XH < Xc < Xo < XF) or by consulting reference energy values available in the literature
(e.g. [39)).

The chemical shifts have so far only been discussed as a result of initial state effects,

but they are also partly due to final state effects arising from the charge redistribution as
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a reaction to the creation of a local hole. The discussion of the latter is more challenging
(see references [40,41]) and is of no major significance for the results presented in this

work.

2.3.5 Core-level analysis

Extracting and assigning all components of a core-level spectrum is the goal of the analysis
process. This is not an easy task in practice, as the peaks are often not clearly separated
and lie on a non-zero background. The relative intensity and position of the components
have to have physical meaning and result in a reasonably good fit of the experimental
data.

Background Subtraction

To analyse a core-level correctly, the background spectrum generated by inelastic scat-
tering of excited electrons must first be subtracted from the data. This is usually done
by fitting it numerically, following one of the two methods descibed in section 2.3.2. The
Shirley background is commonly used for semiconductor samples, whereas the Tougaard
background yields better fit results for metals. Sometimes an additional polynomial of
first or second order can be necessary to account for inelastic scattering from core levels
of lower binding energy in the spectrum.

In the case where the background contains features that are related to the substrate
and the area of interest is an adsorbate film, a difference spectrum between post- and

pre-deposition can be sufficient.

Line Shape

The line shape of every core-level peak is usually assumed to be a Voigt profile, which is a
convolution of a component with a Lorentzian and a component with a Gaussian linewidth.
The Lorentzian linewidth f;, = 2+ is associated with the element specific lifetime broaden-
ing whereas the Gaussian linewidth fg = 20 In(2) is a result of all experimental broadening
(i.e. the monochromator and analyser resolution) and possible broadening due to sample

inhomogeneity. Mathematically, the Voigt profile is defined as

V(E;0,q) = /_ o:o G(E',0)L(E — E',7)dE’ (2.19)

with the Gaussian component

(2.20)

and the Lorentzian component
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For metallic core levels with an asymmetric tail due to the final state relaxation (as

mentioned in section 2.3.2), the Doniach and Sunjic lineshape is commonly used:

cos {% +(1-a) tan’l(%)]

DS(E;,7) = (B2 1 42)(1-0)/2

(2.22)

To obtain fits with physical meaning, it is usually a reasonable assumption for all com-
ponents of the same core-level to have the same Lorentzian and Gaussian linewidth as
well as the same spin-orbit splitting and branching ratio. However, distinctly different
chemical environments of the components may result in differences in broadening and the

branching ratio can vary slightly due to diffraction effects.

2.3.6 Experimental apparatus

Figure 2.7 shows the basic configuration of a typical XPS experiment.

The photon source is either synchrotron radiation (see 2.2) or an X-ray source, the latter
typically equipped with both an Al and a Mg anode. The sample and the analyser are
usually grounded, but in some cases a known voltage can be applied to the sample to shift
its energy levels, e.g. to determine its ionisation potential.

Before the emitted photoelectrons enter the
analyser, they are focused and retarded in an
array of lens elements. This allows the choice
between collecting as many electrons as possi-
ble from a large sample area (for example for
lab experiments with low incident photon in-
tensity) or focusing electrons from a small spot
size, as in synchrotron experiments for for an- s

gular resolved experiments.

The analyser shown in Fig. 2.7 is a concentric

hemispherical analyser (CHA), the most com- Figuve 2.7 Schemsatic of the basic ex-

monly used type of analyser for high resolution petimental setup for PES, [27]
PES. The outer hemisphere is at a negative po-

tential with respect to the inner one, thereby only allowing electrons of a very specific
energy to follow the semi-circular path between the entrance and exit slits of the analyser.

This energy is referred to as the pass energy Ep, given by

eV

Ep= ¢ (2.23)
Ry

EE
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with V being the voltage between the two hemispheres and R; and Ry the radii of the outer
and inner hemispheres, respectively. The exit and entrance slits as well as the acceptance
angle result in a finite range of electron energies that pass the analyser. The full width
at half maximum (FWHM) of that energy distribution is defined as the energy resolution

AE of the analyser, which can be determined from

S
= - — . 2.24
AFE = Ep °Rq + « ( )

S is the slit width, Ry the mean radius of the two hemispheres and « is a term to take
angular effects into account. In most experiments, the pass energy of the analyser is held
constant and the retarding field at the entrance slit is varied to provide energy selectivity,
which is usually referred to as constant analyser energy (CAE) mode. Another option is
the constant retard ratio (CRR) mode, in which the pass energy is varied. However, this
mode will give a poor energy resolution AFE at high energies as can be seen from equation
2.24.

There are several types of electron detectors that are employed for PES, all relying on
electron multipliers which utilise the secondary emission of electrons. A series of single
electron mulitpliers or channeltrons along the length of the exit slit is most commonly
used for detection in smaller analysers, whereas some of the larger ones feature channel
plates. The output from a channel plate array of multipliers is typically detected with
a CCD camera on a phosphorescent screen, which can give both energy and momentum
information in a single snapshot.

A more specific description of the equipment used for the experiments presented in this

work is given in section 4.4.

2.4 Scanning Tunnelling Microscopy

The Scanning Tunnelling Microscope (STM) was developed by Binning and Rohrer in the
1980s [42,43] and since then has become one of the most widely used techniques in surface
science. It facilitates the real space imaging of surface structures like reconstructions,
adsorbates or defects down to the atomic scale by scanning a metal tip over a surface and
thereby probing the local density of states (LDOS). This is possible due to the quantum
mechanical phenomenon of the tunnelling current, which will be detailed in the following

sections.

2.4.1 Quantum tunnelling

In classical mechanics, a particle with the energy E in a potential U(z) can only surmount
a potential barrier Uy if E > Uy or it will be reflected elastically. However, in quantum

mechanics a particle is described with a wavefunction v (z) which satifies Schrédinger’s
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equation:

" 2mdz?

2
( At + U(z)) ¥(z) = Ey(2). (2.25)

Solving the equation for E > U, meaning in the classically allowed region, gives wavefunc-

tions of the form

P(z) = o=, (2.26)

with the wave vector

= ST 220

Inside the potential barrier, 2.25 has the solution

P(z) = Poe ", (2.28)
with the decay constant
K = ﬂ(_g___El (2.29)

This means there is a nonzero probability for a particle to penetrate the potential barrier,
which is generally referred to as the tunnel effect.

Starting from this simple model, some basic features of metal-vacuum-metal tunnelling
can be explained. As mentioned in 2.3.2, the minimum energy to remove an electron from
a solid to the vacuum level is referred to as the work function ¢. The value of ¢ generally
depends on the specific material and the crystallographic orientation of the surface. In
metals, the highest occupied state is the Fermi level Ep and with the vacuum as the
reference point of the energy Ep = —¢ [44].

By applying a bias voltage V, a sample state 1, at the energy level E, lying between
Er — eV and Ef has the chance of tunnelling into the empty states of the tip and a net
tunnelling current occurs, which is the basic principle allowing STM to probe the LDOS
on a sample surface (illustrated in Fig.2.8a). A theoretical description of the tunnelling

current will be given in the following section.

2.4.2 Tunnelling current

The most extensively used formalism for the theoretical treatment of the tunnelling current
in STM was developed by Bardeen in 1961 [45]. His theory is based on the tunnelling
process in a metal/insulator system and the assumption that the metal electrodes are a
weakly interacting system, in which the tunnelling process is facilitated by the overlap

of the wavefunctions inside the insulating layer, as shown in Fig. 2.8b and c. Using
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Figure 2.8 (a) Metal-vacuum-metal tunnelling junction. (b) and (c) Illustration of the
Bardeen approach to tunnelling theory. [44]

time-dependent perturbation theory and Fermi’s golden rule (see Eqn. 2.5) he found
an expression for the tunnelling current in that system. Tersoff and Hamann [46] later
extended that approach to a metal-vacuum-metal tunnelling junction, as present in the
STM. For the case of absolute zero 1" = 0 K and for small biases V' they found the following
expression for the tunnelling current:

_27r

I —geQV; |M,,|*6(E,, — Er)d(E, — EF). (2.30)

E, and E, are the energies for the states 1), and x,, relative to the Fermi level of the
respective electrodes. M, is the matrix element between the two states, which Bardeen
showed to be a surface integral on the separation surface between the two electrodes,

2 = 20

h 8¢ 8Xu*
M, =— R ds. 2.31
B 2m /z:z(, (X * 0z Vi 0z ) ( )

To solve equation 2.30, the exact energy values, wave functions and the atomic structures
of both tip and sample surface are needed. However, the tip geometry is usually unknown,
which prompted Tersoff and Hamann to introduce a simplified model. By assuming an
ideal sensor tip with a point charge at 7;, with the radius R, only s-wavefunctions have
to be considered for the electrons in the tip (s-wave-tip model [47]). This means the angle
dependence of the charge distribution can be neglected and the tunnelling matrix element

is proportional to the sample state 1),,. The tunnelling current therefore becomes

I(Fup, V) < 3 [1hu(Fip) P8 (Ey — Er) = ps(Fuip, EF). (2.32)
I

Equation 2.32 shows that the tunnelling current depends on the LDOS pg(7%;,, EF) of
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the sample surface at the Fermi level Ep and the centre of the curvature of the tip 7.
Furthermore, the wavefunction ¢, decays exponentially along the surface normal z:

Py ox e "2, (2.33)
At 7, z = R+ s with s as the distance between tip and sample. Equation 2.32 therefore
yields the following fundamental dependency for the tunnelling current:

I o e 20, (2.34)

In conclusion, the tunnelling current in STM strongly depends on the distance between

tip and sample and additionally on the LDOS of the sample surface.

2.4.3 Basic operational principle

Figure 2.9 shows the basic operational principle of an
STM. A metallic tip scans a conducting surface at a dis-
tance of a few Angstroms. As explained in the previous

section 2.4.2, applying a bias V between the tip and 2

the sample results in a measurable tunnelling current Y

between the two. The tip is attached to three piezo-

drives in the x, y and z directions, which allows the

nanometer-precise movements of the tip. A more de-
tailed description of the instrumentation used for the . .
. — . . Figure 2.9 Basic operational
experiments contributing to this work can be found in o
principle of the STM.

section 4.5.

Modes of operation

There are two scanning modes that can be employed with the STM. Either the tunnelling
current or the height of the tip above the surface can be held constant and the respective
other parameter is then measured, yielding topological data. The advantage of the constant
height mode is that scanning is much faster than in constant current mode since the z-
piezo does not have to be constantly adjusted to maintain the set current. The fast
scanning speed additionally makes it less susceptible to low frequency noise. However,
in most experiments the constant current mode is used because the height differences in
the surface are usually quite significant and are likely to cause the tip to crash into the
surface.

In addition, there are two modes of current measurement, depending on the polarity of
the applied bias V. Fig. 2.8a shows electrons being able to tunnel from the filled states of
the sample (below Er) into the empty states of the tip (above Er) by applying a negative
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bias V' to the sample. This is referred to as filled state imaging since it probes the filled
states of the sample surface. If a positive bias V is applied, the Fermi level Er of the tip is
shifted above the Fermi level of the sample, resulting in electrons tunelling in the opposite

direction and thereby probing the empty states of the sample (empty state imaging).

Resolution

The resolution of an STM generally depends on the geometry of the tip and the sample and
on their respective electronic structure. When imaging large (um) objects, the geometry
of the tip on the pum length scale plays an important role on how the image is modified
by the tip shape. However, on those length scales it is usually possible to determine the
tip shape and to partially correct the resulting image.

On an atomic scale, there are no general resolution criteria in STM like the diffraction
limit in optical microscopy, but various resolution criteria have been published in the lit-
erature [47-51]. The semiclassical model by Simmons [50] and a more complex calculation
for metals by Tersoff [47] yield the same functional behaviour for the effective diameter
L.s of the tip as a measure for the resolution on an atomic scale. Tersoff’s calculation

results in a Gaussian distribution with a root mean square (RMS) width of

1/2
e (ﬂ> , (2.35)
2/‘60

where zp = d + R is the distance between the sample and the centre of the curvature of
the tip and kg is the decay constant of the wavefunction of electrons tunnelling normal to
the surface. This shows that the resolution of the STM depends critically on the radius
R of the curvature at the apex of the tip, suggesting that ideally, very narrow tips with
single atom apexes should be used. However, these tips are not stable while scanning and
the forces between tip and sample tear them apart. Hence a high resolution tip has to be
a compromise between stability and high curvature. It has been found that tip radii of a
few nm to a few 10 nm give best results.

Finally, Tersoff notes that for semiconductors or semimetals like graphite the resolution

of an STM is higher than for metals imaged with the same tip [47].

2.4.4 Spectroscopy

The tunnelling current measured by STM at a finite bias in imaging mode consists of
contributions of all states within eV of the Fermi level EFr. This integrated current reflects
the topology of the surface. But another great strength of the STM is that it can also be
used to get spatially resolved spectroscopic data. At its simplest, this data is obtained by
placing the tip at a fixed height over a specific site on the surface and by then varying
the applied voltage over a specified range and measuring the current. Assuming a free

electron metal tip, equation 2.32 implies that
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Figure 2.10 STS of the Ge(111)-2x 1 surface. The thin dashed line shows an example of
the linear background used for determining peak positions (indicated by vertical lines). [52]
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—_— —eV 2.36
v & ps(Er — eV), (2.36)

meaning that the derivative of the measured I-V data is proportional to the DOS of
the sample. Figure 2.10 shows an example tunnelling spectrum of the Ge(111) surface.
Reproducible tunnelling spectra like in this example require a relatively blunt metal tip
[53], since the DOS of the tip is more likely to deviate from the ideal unstructured free
electron metal DOS the sharper it is. This compromises atomic resolution, but STS still
provides more localised valence and conduction band spectra than any other spectroscopic
method.

2.5 Density Functional Theory

Density functional theory (DFT) is a powerful and well established quantum mechanical
modelling method to computationally determine the electronic properties of materials. It
is widely used in physics and chemistry and has proven to be a useful tool to provide a
better understanding of experimental results.

The theory is based on two principles stated in the Hohenberg-Kohn theorems [54].
Firstly, they state that all ground state properties of any material are determined by its
electron density p(7). Secondly, the ground state is always the lowest energy configuration.

Minimising the energy functional E[p(7)] is therefore the main goal of DFT.

Kohn and Sham proposed the most commonly used approach to minimise the energy

functional [55], in which the latter is broken down into four separate parts:
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Elp()] = Tslp] + Jp] + Exc[o] + Exclp], (2.37)

where Ts is the kinetic energy of a non-interacting system of electrons, J is the classical
Coulomb energy, Ey. is the potential energy due to nuclei-electron interactions and Ex is
the exchange-correlation energy. All of these components have an exact form, except for
Exc. In the majority of practical calculations it is assumed that the exchange-correlation
energy is a universal function of the charge density at any given point in space 7, using
what is known as the local density approximation (LDA). While this approximation pro-
duces reasonable results for simple problems like molecular geometries, more complicated
calculations such as for the electronic properties of molecules require a more refined ap-
proach. The generalised gradient approximation (GGA) which includes a component of
the density gradient is commonly used for molecular systems and results in more accurate
results.

Although there have been many improvements to the theory over the past decades, there
are still difficulties when applying DFT to properly describe intermolecular interactions
like van der Waals forces, charge transfer excitations, transition states, strongly correlated
systems and in calculations of the band gap in semiconductors. Developing new DFT
methods to overcome these problems, either by altering the functional or by including

additonal terms, is a current research topic.



3 Materials

The work presented in this thesis investigates the possibility of creating 2-dimensional
nanostructures from single molecular building blocks on a germanium surface. It mainly
concentrates on the (001) surface of germanium and its passivation, with some additional
results on Ge(111) and Ge(011) as well as some noble metal surfaces for comparison. The
relevant properties of these surfaces are described in this chapter, as well as the various

organic molecules that have been studied as candidates for on-surface network creation.

3.1 Germanium

Germanium is a chemical element in the carbon group (IV) of the periodic table, chemically
similar to its group neighbour silicon. It is a semiconductor with an indirect bandgap of
0.66 eV at room temperature. Germanium was the main component in the first available
transistors and various other electronic devices, until it was mostly replaced by silicon
due to its higher cost and poor native oxide. Today its main applications are in infrared
optics, thermistor devices and once again in electronics when alloyed with silicon [56].
Germanium has the diamond bulk crystal struc-
ture as shown in Fig. 3.1, consisting of two inter-
penetrating face centred cubic (fcc) Bravais lattices,
displaced along the body diagonal of the cubic cell
by one quarter of the length of the diagonal. Its
lattice constant is ag = 5.65 A [57] and the bulk %
bond length 2.45 A [58]. The electron mobility in
germanium is approximately 3.6 x 103cm?/(Vs) and
the hole mobility 1.7 x 103cm?/(Vs), roughly three =
and six times the respective mobilities in silicon [59].
The germanium wafers used for the experiments in Figure 3.1 Diagram of the bulk
this work are n-doped with antimony, meaning some crystal structure of germanium.

Ge atoms have been replaced with Sb, introducing

excess electrons.
The choice of gemanium as a substrate for this work is based on three reasons. First
of all it is a semiconductor with a small band gap and high carrier mobility, which makes

it ideal for application in high performance devices [60]. Secondly, germanium is very
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similar to the industrial standard semiconductor material silicon. Finally, germanium is
easier to work with in experiments than silicon. It does not easily react with the ambient
water which is unavoidable in vacuum chambers, and can be repeatedly cleaned, requiring
much lower annealing temperatures. Especially when time is essential, as with synchrotron
measurements, or in case the exact quality of the vacuum conditions is uncertain, these

practical considerations become important.

3.1.1 Germanium(001)

The germanium surface mainly investigated in this report is of the (001) crystal orientation,
which is the most widely used germanium face in technological applications. Like the (001)
face of silicon, Ge(001) reconstructs with adjacent surface atoms that pair into buckled
dimers [61,62]. Each Ge atom has four valence electrons, two of which are used to bond
to the second layer and another one to form the dimer, leaving one valence electron in a
DB on each surface atom. The dimers are tilted by 10° to 20° with respect to the surface
plane, which results in a charge transfer from the “down” dimer atom to the “up” dimer
atom [23]. Consequently, the down dimer atom is electrophilic whereas the up dimer atom

is nucleophilic [63].

. Upper dimer atom @ 3rd layer

. Lower Dimer atom @ 4th layer

. 2nd Layer o 5Sth layer

c(4x2)

Figure 3.2 Schematic of the different reconstructions of the Ge(001) surface at room
temperature. Reproduced from [27].

At RT some of the dimers flip rapidly, thereby effectively losing their tilt and yielding
the (2 x 1) reconstruction. However, near defects and step edges the dimers tend to
get locked in one configuration [64] and form the almost degenerate c(4 x 2) and the
P(2 x 2) reconstructions, only differing in the up/down configuration of the dimers [65,66]
as shown schematically in Fig. 3.2. At low temperatures only the c(4 x 2) and p(2 x 2)
reconstructions are observable, with the c(4 x 2) regarded as the ground state [65,67].

The filled state STM image in Fig. 3.3a shows the three different surface reconstructions
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as imaged with the STM. In buckled dimers, only the up dimer atom is visible in the filled
state STM, reflecting the uneven charge distribution among the dimers. Additionally, there
are two different domain orientations on the typical Ge(001) surface, separated by one-
atomic step edges and rotated 90° with respect to each other. Other commonly observed
features of clean Ge(001) surfaces are missing dimer defects (marked with the dashed circle
in Fig. 3.3a), single hydrogen atoms adsorbed on one dimer atom [68] (dotted circle) and

other contaminants (full circle), most likely carbon.

Ge 3d

A \
\ / \

B Ge~B"-.\

Intensity (a.u.)

\
e )
Ge-S X

T T T v
31 30 29 28 27

Binding Energy (eV)

(a) STM image of the clean and (b) Ge 3d core level for the clean Ge(001)-2x1
reconstructed Ge(001) surface at surface (spectrum taken at ASTRID with an in-
room temperature (taken on the cident photon energy of 60 eV).

UHV system in CRANN at imag-

ing conditions -1.4 V and 0.11 nA).

Figure 3.3 STM and PES of clean Ge(001). See text for explanation of markings.

The 3d core level photoemission spectrum of a clean germanium surface is shown in
Figure 3.3b. The fit consists of four spin-orbit split doublets, in agreement with the
literature [69,70]. One of these is from the bulk material (B) and the other three are
surface components: the up dimer atoms (U), the down dimer atoms (D) and the second
layer (S). Typical fitting parameter values are listed in Table 5.1.

The Ge(001) surface is cleaned in UHV by bombardment with 500 eV argon ions and
a resulting sample current of 2-10 uA. The duration of the bombardment varies with the
degree of surface contamination and the sample current. To obtain a high quality, flat
surface with the reconstructions discussed above, the sample is subsequently annealed for
40 min at 550-600 °C and then cooled down slowly at a rate of approximately 10 °C/sec
until 400 °C, at which point the sample can be cooled down rapidly. If necessary, this

cleaning cycle can be repeated.

3.1.2 Passivation

Although the number of dangling bonds on the Ge(001) surface is reduced through the

reconstruction, it is still highly reactive to selected adsorbates and the sticking coefficients
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(a) Schematic of the hydrogen (b) STM image of a hydrogen pas-
passivation of Ge(001)-2x1 (re- sivated Ge(001):H surface, taken (in
produced from [78]). CRANN) at -1.8 V and 0.8 nA.

Figure 3.4 Hydrogen passivation of Ge(001).

of many organic molecules are near unity at room temperature (RT) [71]. To minimise
molecule-substrate interactions and thereby enable adsorbed molecules to be mobile on the
surface, as it is required for on-surface reactions between molecules, the dangling bonds
can be saturated with either hydrogen or halogens. Both hydrogens and halogens are
missing one electron to fill their outer shell, so by bonding to the valence electrons in
the Ge(001) dangling bonds (see Fig. 3.4a) the surface becomes chemically inert. This is
referred to as surface passivation. Numerous other passivation agents like sulphur [24,72],
hydrogen peroxide [73] or several organic compounds [24,74] (and references therein) have

also been explored.

The saturated monohydride Ge(001)-2x1:H surface is prepared by dosing with 500 to
1000 L of molecular hydrogen, cracked by a tungsten filament held at around 1500°C,
at a distance of 5 to 10 cm from the sample. Subsequent annealing to 150 °C results in
a more uniform monohydride phase. Exposing the surface to significantly more atomic
hydrogen leads to the dihydride phase in which the dimer bonds are broken, resulting in

a 1x1 reconstruction and a roughening of the surface [75, 76].

Figure 3.4b shows an STM image of a passivated Ge(001):H surface, where the bright
spots originate from unsaturated dangling bonds, as described in reference [77]. These in-
trinsic defects in the passivation are inevitable. The desorption of the hydrogen passivation
is expected to start at temperatures of around 220°C [78]. The intentional introduction
of defects with voltage pulses from an STM tip has also attracted recent attention as a

lithographic technique [79].

The preparation and characteristics of several halogen-passivated Ge(001) surfaces are
described in Chapter 6.
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Figure 3.5 Schematic and PES of clean Germanium(111), reproduced from [27].

3.1.3 Germanium(111)

Although germanium is similar to silicon in many ways, the (111) surfaces of the two
materials reconstruct very differently. While Si(111) has the famous 7x7 reconstruction
[80], Ge(111) reconstructs in a c(2x8) pattern as shown in Fig. 3.5a [81,82].

As for Ge(001), high resolution PES of the Ge 3d core level for the Ge(111) surface
reflects the surface reconstrucution and can be fitted with four components [83,84] as
shown in Fig. 3.5b. The components can be assigned to bulk atoms (B), adatoms (A),
rest atoms (R) and second layer atoms (S), with an intensity ratio A:R:S of 1:1:3 as
expected due to the number of each species present.

The cleaning procedure for Ge(111) is the same as described for Ge(001) in 3.1.1, al-

though a shorter anneal without a slow cool down is sufficient to get a well-ordered surface.

3.1.4 Germanium(110)

The (110) face of germanium has been the subject of very little research and there are
still no generally accepted structural models which consistently explain the energetics,
the geometry and the electronic structure observed in STM images. However, the most
commonly assumed reconstruction at RT is a 16x2 structure. Fig. 3.6 shows a model
proposed by Ichikawa [85], a slightly different one has been published by Stekolnikov et
al. [86]. Both models feature an up-and-down sequence of terraces and pentagon structures
of adatoms, the most prominent building elements of this surface as observed in the STM.

According to Ichikawa [85], the 16x2 surface undergoes an order-disorder phase transi-
tion at 430°C, with an unstable interstitial ¢(8x10) structure above 380°C.
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Figure 3.6 Top view of 16x2 model. Closed, open, light gray and dark gray circles
represent adatoms, topmost-layer atoms, second-layer atoms and third-layer atoms, re-
spectively. Arrows show movement of pairs of pentagons by relaxation. Reproduced
from [85].

Like Ge(111), the Ge(110) surface can be cleaned in UHV by sputtering and annealing
as described for Ge(001) in 3.1.1.

3.2 Gold

Gold is a transition metal in group XI of the periodic table. It is one of the least reactive
chemical elements and is therefore typically referred to as a noble metal. Its bulk structure
is of the fcc type and it has been found to be the only fcc metal whose (111) surface
reconstructs [87]. The Au(111) surface exhibits large (>100 nm) atomically flat terraces,

which, combined with being generally chemically inert, makes it a good substrate for STM

3 E ;
Tl 135 79 M35 7 10nm
[170] (x)

(a) Model of the reconstructed Au(111) sur- (b) Filled state STM image of a clean
face. Crosses denote positions of second layer Au(111) surface (with step edge),
atoms, open circles atoms in the reconstructed taken (in CRANN) at -0.9 V and
top layer. C and A mark the regions of fcc and 0.12 nA. Dashed lines mark domain
hcp stacking, respectively. Reproduced from boundaries.

[87).

Figure 3.7 The (22 x v/3) reconstruction of Au(111).
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investigations.

Au(111) reconstructs in a (22 x 1/3) structure characterised by alternating domains of fcc
and hep (hexagonal close packed) stacking of Au atoms [88], with two parallel corrugation
lines per unit cell in the [112] direction as shown in Fig. 3.7a [87]. Additionally, three
different rotational domains have been observed [88]. In most cases the transition from
one domain into another one occurs by a correlated bending of the corrugation lines by
120°, resulting in zig-zag features that are easily recognisable in STM images as shown
in Fig. 3.7b. Defects in the surface reconstruction can lead to additional features like
U-shaped connections between neighbouring corrugation lines [89].

The Au(111) surface can be cleaned in UHV with (repeated) cycles of Ar" ion sputtering
and subsequent annealing at 400-600°C. Once cleaned, the surface typically does not

contaminate in good vacuum conditions for weeks.

3.3 Organic Molecules

A variety of organic molecules has been used for the work presented in this thesis, mostly
out of interest for their capabilities in covalently interconnecting into 2D networks on a
surface. Some general properties of the molecules employed are detailed in this section,
whereas the different reaction pathways, both actual and potential, are described in the

respective results Chapters 7 and 8.

3.3.1 5,10,15,20-Tetrakis(4-bromophenyl)porphyrin

Porphyrins are a group of organic compounds frequently found in nature. There are many
different types of porphyrins, all of which share the characteristic heterocyclic macrocycle.
It is composed of four pyrrole subunits which are interconnected at their a-carbons via
methine (=CH-) bridges. The porphyrin macrocycle is aromatic and therefore a highly
conjugated system with 26 delocalised m-electrons. This results in intense absorption
bands in the visible region, typically making them appear deeply coloured.

The free base 5,10,15,20 - tetrakis(4-bromophenyl)porphyrin (HoTBryPP) molecule is
utilised in most of the experiments in this thesis. It consists of the porphyrin core and four
meso-phenyl! groups with bromine atoms as substituents (Fig. 3.8a). That is 44 carbon
atoms, 26 hydrogen atoms (24 attached to carbon, two to nitrogen), four nitrogen atoms
and four bromine atoms. The two hydrogen atoms in the centre of the core can be replaced
by a metal ion, i.e. nickel (NiTBryPP) or the magnetic cobalt (CoTBrsPP). This is usually
done during the initial synthesis, but the in situ metallation of porphyrin films adsorbed

on a surface by evaporation deposition of metal atoms has also been demonstrated [90].

"Phenyls (CsHs) are closely related to benzene (CgHs), but with one hydrogen atom replaced by a
connection to a substituent



32 3 Materials
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(a) Chemical structure. (b) Calculated 3D models for the ground state
(phenyl leg rotation of 63°) and the saddle shape con-
formation (phenyl leg rotation of 20°) of H,TPP [91].

Figure 3.8 The HyTBrsPP molecule.

DFT calculations show that the macrocycle of the free tetraphenylporphyrin (TPP) is
planar. However, the phenyl legs have a rotational degree of freedom around the axis of
their o-bonds and are rotated by about 60° with respect to the core (Fig. 3.8b) [91,92].
If the phenyl legs are forced to be rotated at angles below 60° and are bent down towards
an underlying surface, steric interactions with the macrocycle lead to a non-planar saddle
shaped conformation of the core, as it is shown in Fig. 3.8b [91]. Such conformational
changes determine the physical, chemical and magnetic properties of porphyrins [92, 93]
and can be induced by interactions with a substrate upon adsorption, which will be dis-
cussed in Chapter 5.

The dimensions of the molecules are 18 A between two opposite bromine substituents
and 13 A between two adjacent ones. The C-C bond length is generally around 1.4 A,
which can be used as a measure of the dimensions of all molecules discussed in the following
sections.

The HoTBrsPP molecules used for the experiments described in this thesis have been
synthesised by Y. N. Sergeeva, N. N. Sergeeva and M. O. Senge of the SFI Tetrapyrrole
Laboratory in Trinity College Dublin.

3.3.2 2,3,6,7,10,11-Hexabromotriphenylene

Triphenylene is an organic compound of four fused benzene rings. The aromatic polycycle
has 18 delocalised m-electrons which keep the molecular structure planar. Triphenylene
derivatives have been of interest for possible applications in discotic liquid crystals, utiliz-
ing the semiconducting behaviour of the charge transfer through m-conjugated systems in

close proximity along the stacking direction [94].
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2,3,6,7,10,11-Hexabromotriphenylene is a six-fold bromine-substituted triphenylene as
shown in Fig. 3.9a. The three-fold rotational symmetry of the triphenylene molecule is
thereby preserved.

The HBTP molecules used for this work were purchased from Tokyo Chemicals Industry
Europe (TCI) and have a specified purity of >98%.

3.3.3 1,3,5-Tris(4-bromophenyl)benzene

Benzene is an aromatic six-membered hydrocarbon ring and a basic constituent or build-
ing block of many organic compounds. 1,3,5-tris(4-bromophenyl)benzene has three bro-
mophenyl subsituents like those in HoTBrsPP (3.3.1) and the same three-fold symmetry
as HBTP (3.3.2). The rotation angle of the phenyl legs with respect to the benzene core
has been determined to be 20-30° in solution [95]. The molecular structure of TBB is
shown in Fig. 3.9b.

The TBB molecules were purchased from Tokyo Chemicals Industry Europe (TCI), with
a specified purity of >98%.

3.3.4 4,4”-Diiocdo-p-terphenyl

Terphenyls are a group of closely related aromatic hydrocarbons. They consist of a central

benzene ring substituted with two phenyl groups and are therefore sometimes referred to
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Figure 3.9 Molecular structures of (a) HBTP, (b) TBB, (c) TCNB, (d) DITP, (e) BDBA,
(f) TCN-DBTTF.
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as diphenylbenzenes. Isolated para-terphenyl molecules achieve their lowest energy con-
formations when adopting intramolecular torsion angles of approximately 50° [96] around
the o-bonds. 4,4”-Diiodo-p-terphenyl (DITP) has two iodine substituents on each end of
the molecule, as shown in Fig. 3.9d.

Repeating units of p-phenylene are known as poly(p-phenylene) (PPP), a precursor to a
conducting polymer. Oxidation or the use of dopants is used to convert the non-conductive
form to a semiconductor [97].

DITP was purchased from Tokyo Chemicals Industry Europe (TCI) and has a purity
of >98%.

3.3.5 1,4-Benzene-diboronic acid

Like TBB (3.3.3), 1,4-benzene-diboronic acid (BDBA) is an organic compound with a
benzene ring as its central building block. It is substituted with two opposite boric acid
groups as shown in Fig. 3.9e. An aryl (or alkyl) substituted with boric acid in this way is
referred to as boronic acid.

Boronic acids act as Lewis acids, meaning they can accept a lone electron pair to com-
plete their stable form. A unique feature of boronic acid is its ability to form reversible
covalent complexes with sugars, amino acids, hydroxamic acids, etc. and they are used
extensively as building blocks and intermediates in organic chemistry.

The BDBA molecules were purchased from Sigma-Aldrich and have a purity of >99%.

3.3.6 1,2,4,5-Tetracyanobenzene

1,2,4,5-Tetracyanobenzene (TCNB) consists of a benzene

core substituted with four cyano groups. A cyano group is

a carbon atom triple bonded to a nitrogen atom. Its molec- sl
ular structure is shown in Fig. 3.9c. TCNB is commonly / sl N \
used in organic chemistry for the synthesis of derivatives E A
of the phthalocyanine molecule (shown in Fig. 3.10). Ph- =\ TN
A

thalocyanines consist of a macrocycle similar to the por-
phyrin’s, with four additional meso nitrogen atoms.

The TCNB molecules were purchased from Sigma- Figure 3.10 Molecular
Aldrich and have a purity of >99%. structure of phthalocyanine.

3.3.7 Tetrathiafulvalene

Tetrathiafulvalene (TTF) is an organosulfur compound, closely related to pentafulvalene
by replacement of four CH groups with sulfur atoms. Pentafulvalene consists of two five-
membered carbon rings, cross-conjugated by an exocyclic double bond. TTF became of
high scientific interest when the discovery of its salt [TTF|C]1~ being a semiconductor [98]
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contributed to the development of the field of molecular electronics. Since then, many
derivatives of TTF have been investigated [99].

The TTF derivative used in this work is 1,3-benzodithiole-5,6-dicarbonitrile, 2-(5,6-
dicyano-1,3-benzodithiol-2-ylidene)-tetracyanodibenzotetrathiafulvalene, in the following
abbreviated with TCN-DBTTF. As shown in Fig. 3.91, it has two benzene rings fused to a
TTF core, which are then substituted with four cyano groups, giving it the same “outer”
functionality as TCNB.

The TCN-DBTTF molecules were synthesised by L. Chen in the group of X. Feng at

the Max Planck Institute for Polymers in Mainz, Germany.






4 Experimental Details

In this chapter, the experimental setups and the equipment used for the experiments

presented in this thesis will be detailed.

4.1 Ultra High Vacuum

Ultra-high vacuum is characterised by pressures lower than 1072 mbar. The mean free
path of gas molecules at this pressure is of the order of a km, which means that they are
much more likely to hit the wall of a vacuum chamber than each other. The rate F' of

impinging molecules on a surface is defined by the Hertz-Knudsen formula

P
= 4.1
V2mmkT )

where P is the pressure, m the molecular mass, k the Boltzmann constant! and 7" the tem-
perature. This shows that at a very low pressure only very few molecules will contaminate
surfaces, which is why the majority of surface science experiments requiring atomically
clean surfaces are conducted under ultra-high vacuum conditions.

A common way to numerically quantify the amount of gas a surface is exposed to is the
unit Langmuir (L). It is defined by the product of the pressure of the gas above the surface
and the time of exposure: 1 L = 10 5torr s. If a gas has a sticking coefficient of unity, a
dosage of 1 L leads to a coverage of roughly one monolayer of gas molecules or atoms on
the surface. The sticking coefficient depends on the reactivity of both the surface and the
gas.

Several different UHV systems have been used for the experiments in this thesis. Apart
from the UHV chambers at the SXPS endstations SGM1 and SX700 at the Aarhus Stor-
age Ring in Denmark (ASTRID), almost all other experiments have been carried out on
commercial UHV systems manufactured by Omicron Nanotechnology GmbH (Germany).
This section outlines the characteristics of the Omicron Multiprobe System and several
vaccum puming techniques which form the basis for the STM system in the Centre for
Research on Adaptive Nanostructures and Nanodevices (CRANN), Trinity College Dublin
as well as for the STM/XPS systems in Dublin City University (DCU) and at the Institute

Matériaux Microélectronique Nanosciences de Provence (IM2MP) in Marseille. Fig. 4.1

1 =1.38 x 10723 JK!
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shows a picture of the CRANN system with labels of different components which will be
described in this chapter.

4.1.1 The Omicron Multiprobe System

Standard UHV chambers are made out of stainless steel and equipped with multiple flanges
which provide flexibility in where different components can be mounted. Materials used
within a high vacuum must have low vapour pressure. To achieve ultra-high vacuum
pressure within a chamber, the pumps have to be suitable (see section 4.1.2) and the
whole system has to be “baked” i.e. heated up to temperatures above 100°C in order to
accelerate the removal of adsorbed water and other contaminants off the system walls.
All filaments of equipment within the chamber are subsequently “outgassed”, i.e. run
at slightly higher temperatures than usual in order to avoid massive desorption of the
adsorbed gas later.

A common practice is to divide a UHV system into a preparation chamber and an
analysis chamber with a gate valve to protect highly sensitive measurement equipment
from contamination that might occur during sample preparation. To introduce samples
or STM tips into the chamber without breaking the vacuum, a fast entry lock (FEL) is
generally used. The FEL is separated from the chamber by a gate valve and can be quickly
(~1h) pumped down to a sufficiently low pressure to permit sample or tip transfer.

The Omicron Multiprobe System can be set up in different configurations. While both
the system at DCU and at IM2MP have separate analysis and preparation chambers, the
system in CRANN has only a single chamber. Since the evaporation of organic molecules
can be highly contaminating, especially if the evaporation parameters are unknown in the
beginning, this element of the sample preparation process had to be moved into the FEL.

For the argon ion sputtering of samples, the main chamber is equipped with an PSP
ISIS 3000 ion gun with a leak valve connected to an argon gas line. This particular type of
gun can operate with ion energies below 1 keV and down to 0.5 keV, which is important for
the cleaning of germanium (see section 3.1.1). The samples can be heated by a filament on
the sample manipulator. The standard heating stage in the Omicron Multiprobe System
also offers the possibility of heating by running a direct current through the sample.
This requires a specific sample holder and can achieve high temperatures in the order
of 1000°C very quickly, which is important for the cleaning process of silicon. However,
germanium requires lower temperatures and slow gradients, making resistive heating more
suitable. Both the systems at DCU and at IM2MP had similar ion guns and heating stages,
while IM2MP had the additional option of cooling the sample by pumping liquid nitrogen
through tubing in the manipulator. The temperature of the sample was either determined
with a chromel-alumel (K-type) thermocouple attached to the manipulator or measured
with a UV pyrometer through a ZnSe viewport.

Molecules were evaporated from a homebuilt thermal evaporator, consisting of a tanta-
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halogen sdtirces mass spectrometer

Figure 4.1 Omicron Multiprobe System in CRANN, Trinity College Dublin.

lum crucible and a filament for heating. Evaporation temperatures varied widely with the
different molecules and are specified in the respective results chapters. At IM2MP, metals
were evaporated from an e-beam evaporator consisting of a high purity metal rod heated

by a filament and with water-cooling to stabilise the temperature.

Passivation of the germanium samples with hydrogen was either done by leaking hydro-
gen gas into the chamber through the ion gun gas line and then cracking the Ho molecules
on a hot (> 1000°C) filament at a distance of 5-10 cm from the sample, or by using a
specific hydrogen cracker which works on the same principle. The halogen sources are
detailed in section 4.2, the measurement techniques in sections 4.3 to 4.5. Fig. 4.1 addi-
tionally shows a low energy electron diffraction (LEED) unit, which has not been used for

the experiments in this work.

In all cases Bayard-Alpert ion gauges with a range of 10~% — 10~!! mbar were used for
pressure measurement in the UHV chambers, and a cold cathode or Penning gauge with

a range of 1072 — 10~ mbar for the load lock preparation chamber in CRANN.
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4.1.2 Vacuum pumping

The base pressure during the experiments conducted in CRANN and DCU was 2(+1) x
10710 mbar, and 2(%1) x 1079 in IM2MP. The latter was sufficient for inert metal sur-
faces, whereas Ge(001) had to be passivated immediately after cleaning to prevent fast
contamination.

In all three systems the base pressure was maintained by a combination of an ion getter
pump and a titanium sublimation pump in each chamber. A turbomolecular pump backed
by a rotary pump is used for initial pumping to high vacuum (1076 —10~% mbar) in order to
start ion pump operation, and during Ar™ ion sputtering, which requires a gas pressure in
the order of 10~° mbar. The turbo pump is also used for pumping the FEL or preparation
chamber in CRANN.

4.2 Halogen Sources

The reproducible generation and dosing of halo-
gens in UHV systems is challenging due to their ings

high reactivity and the concomitant danger of cor-

rosion damage to vacuum hardware. This dis- o
courages the possibility of dosing halogen gases
through leak valves, as is done for less reactive
gases. Spencer et al. [101] therefore designed an
electrochemical cell which allows the controlled by isedivoygh
dosage of halogens in UHV. This method also fa-

cilitates the depositions of very small coverages,

which makes it possible to study the adsorption
of single halogen atoms on surfaces as discussed
in Chapter 6. Spencer’s cell design is only ap-

plicable to chlorine, bromine and iodine; the ex- Floure 4.3 Sihenistic o Talisn

tremely reactive nature of fluorine requires a dif- [ o
i 4 source design [100], with inset photo-

ferent 102].
euent source [102) graph of AgBr electrochemical pellet.

Fig. 4.2 sh hematic of the cell design.
il A s AU b (1) shows the platinum gauze elec-

All halogen sources used for the experiments pre- d
i . trode, (2) the silver contact.

sented in this work were homebuilt following this

design. The operational basis of the source is an electrochemical cell comprised of an
AgX (X = Cl, Br, I) pellet with a silver electrode at the bottom and a platinum gauze
electrode at the top. The inset photograph in Fig. 4.2 shows a AgBr pellet, which has
been pressed from AgBr powder (99%, Sigma-Aldrich) in a pellet press with a diameter
of 1/2 inch and an applied pressure of ~1 metric ton. The pellet is then placed inside a

Pyrex tube which is surrounded by a tantalum filament for resistive thermal heating. At
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operational temperatures of ~170°C, the Ag™ and Br~ ion mobility within the pellet has
increased enough to release bromine through the positively biased top electrode. Chlorine
and iodine cells work on the same functional principle?. Typical parameters are 1.2 A for
the heating current and between 50 and 10 V for the bias between Ag and Pt electrode,
resulting in halogen pressures in the order of 1071° or 10~ mbar as desired. The tem-
perature of the pellet was measured with a K-type thermocouple sandwiched between the

pellet and Pyrex tube.

4.3 Mass Spectrometry

A mass spectrometer is commonly used to analyse the residual gases in the UHV chambers.
It distinguishes charged molecules and atoms by their mass to charge (m/z) ratio. The
specific medel which has been used for the experiments in this thesis is a Thermo Vacuum
SMART 1Q+. It was utilised frequently to analyse the background gas composition, check
for leaks, cleanliness of argon for sputtering, and to determine the presence and quality of
the halogens deposited from the cells discussed in the previous section 4.2.

In a quadrupole mass spectrometer (QMS), an electron beam ionises gas species at the
intake of the mass spectrometer. The charged molecules or atoms are then accelerated
towards the quadrupole. The quadrupole consists of four cylindrical metal rods with an

applied bias (with opposite sign on diagonally opposed rods)

Vipptiea = £(U + V cos(wt)) (4.2)

where U and V are the constant and oscillating voltages applied to the rods and w their
oscillating frequency. The ion beam passes between the four metal rods and only species
with a resonant (m/z) ratio are not deflected by the quadrupole. The unaffected particles
are then detected by an electron multiplier. By modifying U and V' the quadrupole can
select different m/z ratios, building up a spectrum of different gas species. The mass
spectrometer can only operate reliably in a vacuum where the mean free path of gas
particles is longer than the ion path length within the quadrupole. Therefore, the QMS

must be operated under pressures lower than 10~ mbar.

4.4 Photoemission Spectroscopy

The PES experiments were mainly conducted at the SGM1 and SX700 beamlines at
ASTRID, and also at DCU and IM2MP as an addition to STM imaging available on
the same UHV systems.

2AgCl, 99.999%, Sigma-Aldrich; Agl, 99.999%, Sigma-Aldrich
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Figure 4.3 Monochromator resolutions at ASTRID.

4.4.1 Beamlines

The SGM1 beamline at ASTRID is named after its spherical grating monochromator,
which has an energy range of 30 eV to 400 eV and yields a photon flux of > 10!%sec™!
at 130 eV for the 50 pm slits and > 10%ec™! at 350 eV for the 100 pm slits. The
energy resolution for the 50 pm slits is shown in Fig. 4.3a. The beamline is furthermore
equipped with a 200 mm mean radius spherical electron analyser (Scienta) with a video
based multi-channel detector system. A typical working resolution for this analyser is
around 40 meV [103].

The SX700 monochromator at ASTRID has an energy range of 20 eV to 700 eV. The
100 pm slits yield typical flux values of > 10'%ec™! at 125 eV and > 10%ec! at 600
eV. Its resolution for different slit widths is shown in Fig. 4.3b. The energy analyser for
non-angle resolved PES is a 100 mm mean radius analyser (VG-CLAM2) [104].

4.4.2 Omicron systems

The DCU and IM2MP systems are both equipped with an Omicron EA 125 electron
energy analyser (Fig. 4.4) and an Omicron DAR 400 twin anode (Al, Mg) X-ray source.
The Al K, line has an energy of hv = 1486.6 eV and has a broadening of 0.85 eV when it
is not monochromated. Mg K, lies at hv = 1253.6 eV with a broadening of 0.7 eV. At a
typical pass energy Ep of 50 eV and a mean slit width of 3 mm the EA 125 analyser has
a resolution of 0.6 eV, as determined by equation 2.24. Together with the line broadening

of the non-monochromated Al [Mg] anode, this results in a total resolution of

AE = 1/(0.6eV)? + (0.85eV[0.7eV])2 = 1.04eV[0.92eV].

Entry and exit slits of the EA125 could be varied in shape (circular, rectangular) and
size (1-6 mm). Unless otherwise specified, the entry aperture was set to a spot of 2 mm

diameter and the exit slit was wide open for maximum intensity.
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4.4.3 Fitting software

The analysis of all spectra presented in
this work, including normalisation of the
recorded data, background subtraction and
line shape fitting, has been done with the
software Unifit 2004 [106]. Details of the

analysis process varied widely with each ex-

periment and are discussed in the respec-
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tive results chapters. J
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4.4.4 DFT Calculations e o

The electronic structure of HyTBryPP
(see section 3.3.1) was calculated by ab-
initio DFT methods within the Stockholm-
Berlin (StoBe) implementation of the de-

Figure 4.4 Schematic of the Omicron
EA125 analyser. [105]

Mon package [107]. The approach is based

on self-consistent solutions of the Kohn-Sham Density Functional Theory equations (see
section 2.5) using a Linear Combinations of Gaussian Type Orbitals (LCGTO) approach.
All StoBe calculations are by nature spin-polarized calculations, but with even electron
occupations of HoTBrsPP no complications arise due to this. The HyTBryPP calculations
are single (free) molecule calculations which are made subject to point group symmetry
constraints with the geometry optimised to minimize the energy. In each case the ge-
ometry has been optimized using a triple-( valence plus polarisation (TZVP) basis set
for all C, and N (7111/411/1) and a double-¢ valence plus polarisation (DZVP) basis
(63321/5321/41) for Br and H (41/1). Auxiliary basis sets were applied to fit the electron
density and the exchange-correlation potential. All the computations included the gen-
eralized gradient approximation correction of Perdew and Wang [108] and the exchange
correlational of Becke [109] throughout the spin-polarized calculations.

The calculated DOS of the valence band may be broken down into the partial density
of states (PDOS) of each elemental and angular momentum component on a site-specific
basis. A comparison with photoemission data obtained at a specific photon energy may
then be made by weighting each site-specific PDOS with the value of the subshell pho-
toionisation cross section that is found for that element and orbital [38]. This mainly
serves to increase the prominence of the N 2p states that participate in the valence band
DOS which are located as part of the HOMO or HOMO-1 levels.

A proper calculation of the core-level binding energies is through a AKS approach,
where the total energy of the molecule with a specific core-hole is subtracted from that

of a molecule with fully occupied core-orbitals, which allows the final state effect and the



44 4 Experimental Details

relaxation of the molecule in the presence of a core-hole to be taken into account. These
calculated C 1s core-level binding energies can then be used to generate a profile of the

XPS spectrum which can be matched to the experimental data.

4.5 Scanning Tunnelling Microscopy

The STM experiments for this work were carried out in CRANN, DCU and IM2MP.
All three UHV systems have an Omicron Variable Temperature (VT)-STM, a popular
commercial STM [110] which is detailed in this section.

4.5.1 Experimental apparatus

The Omicron VI-STM has a reported ideal z,y and z resolution of 0.01 nm, a current
sensitivity of 1 pA, coarse motion range of 10 mm in each direction and a scan range of 12
pm in the x and y, and 1.5 gum in the z direction. Additionally, it has the ability to operate
with sample temperatures from 25 K to 1500 K. For some of the experiments performed
at IM2NP the sample was cooled down to temperatures of 80-100 K via contact with a
copper “cold finger” in the cryostat stage of the STM (as shown in Fig. 4.5), which itself

is thermally connected to an external liquid nitrogen reservoir.

Scanner tube

The motion of the STM tip is controlled by two different piezoelectric mechanisms. One
controls the coarse position of the tip on initial approach and a second, more accurate set
of piezo actuators is used for imaging motion.

The coarse positioning piezo motor brings the tip to a distance of around 1 pm from
the surface. It uses a stick-slip motion mechanism where slow extension of a piezo “leg”
moves the entire STM stage and a quick retraction slips the leg back to begin another
step.

The fine motion scanner tube is mounted on the coarse motion drive. It is a tube
of piezoelectric material with four outer quadrants defined by metallic contacts. These
contacts control motion in z and y, and an internal contact is used to control the z
extension. The control electronics scan the z and y axis of freedom while using feedback
from the tunnel current signal to modify z. The STM tip is mounted on the scanner tube
magnetically. Three metal feet on the STM tip fit into three slots made from permanent

magnets which hold the tip in place.

Vibrational isolation

To achieve atomic resolution with the extremely vibration sensitive STM, the vibrational

noise level must be significantly less than the atomic corrugation of the surface. In the
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Figure 4.5 The Omicron VT-STM. [110]

VT-STM, vibrational isolation is achieved by suspending the entire scanning and coarse
approach mechanism on four soft springs which are protected by surrounding columns,
as shown in Fig. 4.5. The resonance frequency of the spring suspension is about 2 Hz.
Vibrations are reduced by a magnetic dampening system which consists of a ring of copper
fins on the STM stage suspended within a ring of permanent magnets (eddy current

system).

4.5.2 Tip preparation

The tip is an important element of the STM and must be
prepared carefully so that it is atomically sharp and clean.
This prevents tip induced imaging effects like multiple tips
or reverse imaging which can be confusing when interpret-

ing the images [111]. Additionally, a cleaner tip does not

contaminate the surface.

The most common tip materials are crystalline W or a Figure 4.6 Si(100)/Au,Pt
Pt/Ir alloy. A large variety of tip preparation methods like sample used for STM tip con-
electrochemical etching [111,112], ion milling or electron ditioning.
beam deposition [113] have been proposed in the literature.

There is no generally accepted method for tip preparation and it is a challenge for every

STM user to find their own way of preparing tips.
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For the STM experiments in CRANN, tips were prepared by electrochemical etching,
similar to the method described in detail by Yu et al. [112]. Tungsten wire of 0.15 mm
diamater was immersed approximately 1 mm deep in 2 M KOH solution, serving as the
anode. The cathode was a ring of platinum wire around the tungsten anode, fixed close to
the surface of the solution. The Omicron tip etching kit provided a controller to set the
voltage and cutoff current parameters. The best parameters were found to be 9 V and 2
mA, respectively. The tungsten tip was subsequently attached to a three-legged Omicron
tip holder and rinsed with deionised water. No further ex situ treatment of the tips were
necessary to achieve atomic resolution. However, to remove contaminants picked up by the
tip during scanning operation or to recover a crashed tip in situ, a specifically prepared tip
conditioning sample was used, consisting of thin films of gold and platinum deposited on a
Si(100) substrate®. Fig. 4.6 shows one such sample on a standard Omicron stainless steel
sample plate. The films were cleaned by cycles of ion sputtering and annealing and then
utilised for STM tip cleaning. The tip was crashed into either the gold or the platinum
film and then pulled out slowly while applying a high bias. This results in the deposition

of film material on the tungsten tip and ideally in the formation of a monoatomic tip.

4.5.3 Image processing software

The STM imaging (and spectroscopy) data was further processed with the free software
WSxM, developed by Horcas et al. [114].

Some of the main features of WSxM’s image processing function that were used in
this thesis are the definition of subtraction planes to compensate for slight angles of the
sample with respect to the scanning plane of the tip, the “Gaussian smooth” to even
out high frequency noise levels and color and contrast adjustment to emphasise certain
image features. WSxM also offers functions to determine coverages and calculate surface
roughness, as well as Fourier transformation of the images to identify noise frequencies or

other periodicities in the original image.

3Samples were grown by Peter Gleeson, Intel Researcher-in-Residence in CRANN, TCD.



5 Adsorption of selected organic molecules
on germanium(001)

As indicated in the Introduction, it is important to understand the adsorption mechanisms
of organic molecules on surfaces since their chemical bonding determines the mobility of the
molecular building blocks and therefore directly influences their controlled self-assembly.
Additionally, the interactions of the molecule with the substrate can induce changes in
the molecule’s conformation, chemical composition or electronic structure, making them a
crucial factor when trying to create devices from either single or interconnected molecules.

The combination of organic molecules with semiconductor surfaces like the highly tech-
nologically relevant silicon(001) or the very similar germanium(001) promises new func-
tional possibilities. Organic molecules have many tunable properties like size, shape,
chemical composition, conductivity, flexibility and adsorption spectrum. This makes them
suitable for light emission or detection devices as well as chemical sensors, applications
which silicon or germanium alone are not very well suited for.

This chapter concentrates on a comparative study of 5,10,15,20-tetrakis(4-bromophenyl)
porphyrin (HoTBrsPP) and 5,10,15,20-tetraphenylporphyrin (Ho TPP) molecules adsorbed
on the clean Ge(001) surface, using STM and PES. The influence of the bromine sub-
stituents on the adsorption mechanism and the nature of the molecule-substrate inter-
actions, as well as substrate-induced conformational changes in the molecules are inves-
tigated. Additionally, studies of the interactions of HoTBryPP with the Ge(111) and
(110) surfaces as well as the adsorption sites of 1,3,5-tris(4-bromophenyl)benzene (TBB),

a smaller organic molecule without a macrocycle, on Ge(001) are presented.

5.1 Literature Review

There are no adsorption studies of porphyrins on the Ge(001) or the Si(001) surface
reported in the literature. However, a few groups have investigated the reaction pathways
of small organic molecules on these surfaces, providing valuable basic knowledge of the
bonding mechanisms which could prove relevant in the adsorption of larger molecules since
these can be structurally divided into smaller functional groups.

Interestingly, the surface chemistry of the (001) faces of silicon and germanium has been
shown to be very similar to carbon bonds, which are the basis of all organic chemistry
[23,71,115]. This similarity is based on the full o- and the partial 7-bond between the
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- SROe’

(a) (b)

Figure 5.1 Schematic of the (a) [242] reaction between two ethylene molecules and (b)
the [4+2] or Diels-Alder reaction between ethylene and butadiene. Reproduced from [27].

surface dimer atoms of the 2x 1 reconstruction exhibited by Ge(001) as well as Si(001) [116]
and C(001) (diamond), which can be viewed as analogous to the carbon-carbon double
bond frequently found within organic molecules. This makes group IV semiconductor

surfaces distinctively different from metals, where bonding is not strongly site-specific [71].

Basic reaction mechanisms

There are a number of reaction mechanisms known which form bonds with an alkene group,
which resembles the Ge/Si/C(100)-2x1 surface dimers. Firstly, there are cycloaddition
reactions which are very common in organic synthesis [117,118]. Cycloaddition refers to
two 7 (double)-bonded molecules coming together to form a new cyclic molecule by making
two o(single)-bonds. They are distinguished by the number of m-electrons involved. The
simplest [2+2] and [4+2] reactions are shown in Fig. 5.1. The [4+42] cycloaddition reaction
is often referred to as Diels-Alder reaction [119]. Both of these reaction pathways are
subject to the Woodward-Hoffman selection rules, which follow from their frontier orbital
theory [120] and predict how readily an organic reaction will occur.

According to these symmetry considerations, the [2+2] reaction is “forbidden”, and not
expected to happen without sigificant energy activation. However, the sticking coeflicient
of alkenes on Si(001)-2x 1 has been shown to be near unity at room temperature [115]. This
has been proposed to be due to the asymmetry of the surface dimer, allowing the alkene
to approach and bond to the surface through an alternative pathway on the down-dimer
atom side, with a considerably lower activation energy [121-123]. The sticking probability
of molecules bonding through the [2+42] reaction on Ge(001) is ~0.1 and in the order of
103 on C(001) since the diamond dimers do not tilt [121,124].

The Diels-Alder reaction for more complex alkenes is symmetrically allowed and has also
been theorectically predicted and observed to happen on Si(001)-2x1 [125,126]. However,
20% of the complex alkenes expected to undergo a Diels-Alder reactions still reacted
via the [2+2] pathway [121], demonstrating the limits of the analogies between traditional
organic chemistry and the Si(001) surface. While Ge(001) shows Diels-Alder reactions with
conjugated dienes, the presence of [2+2] side products has not been evaluated [124,127].



5.1 Literature Review 49

Some of the differences between Si(001) and

Ge(001) in reactions with organic molecules be-
come clear when looking at the adsorption of
benzene. Models of different possible adsorp-
tion sites for benzene on these surfaces are
shown in Fig. 5.2. On Si(001), benzene has
been shown to bond only through the Diels-
Alder reaction, resulting in the three different
geometries in Fig. 5.2c, d and e, as extensively
reviewed by Wolkow [115]. However, the con-

figuration in Fig. 5.2e only appears on surface

R

sites with two parallel buckled dimers, known
as type C defects. The lack of [2+2] products
in contrast to other systems like 1,3-butadiene Figure 5.2 Schematic diagrams of ben-
[128] or 1,3-cyclohexadiene [129,130] can be ex- 2zene adsorbed on Si(001) or Ge(001)-
plained with the aromaticity of benzene, mak- 2x1. Adapted from [115].

ing it necessary to break the delocalised nature

of the m-electrons upon bonding. This results in the loss of resonance stabilisation energy
which is enough to destabilise the more weakly bound [2+42] products [23]. While the
adsorption of benzene on Ge(001) has been shown to happen exclusively via the [4+2]
reaction as on Si(001), the only confirmed adsorption site is the “butterfly” configuration
in Fig. 5.2c [131]. Most importantly, benzene desorbs from Ge(001) at room temperature
while remaining stable on Si(001) until over 500 K [131]. This is in agreement with the
relative bond strengths for group IV elements, with a trend of C-C>C-Si>C-Ge.

Another common reaction mechanism are electrophilic/nucleophilic reactions, which can
occur as a result of the uneven charge distribution among the Si/Ge(001)-2x 1 dimer atoms
as described in section 3.1.1 [23]. For organic functional groups containing non-carbon
atoms like the pyrroles in the porphyrin core, three different electrophilic/nucleophilic re-
actions are possible. Firstly, the lone pair of the pyrrolic nitrogen could form a so-called
dative bond by donating both of its electrons to the electrophilic down dimer atom. Sec-
ondly, one of the hydrogens attached to the aromatic carbon system could be substituted
by a bond to the down-dimer atom, with the resulting hydrogen radical bonding to the
nucleophilic up-dimer atom. This is referred to as an electrophilic aromatic substitution
(EAS). Lastly, the hydrogen bonded to the pyrrolic nitrogen could be substituted in a
similar manner to the EAS in a N-H dissociation reaction. All possible reaction pathways
for a pyrrole group are shown in Fig. 5.3. Infrared (IR) spectroscopy data and theoretical
calculations by Wang et al. [132] indicate that pyrrole adsorbs and bonds to Ge(001) (and
Si(001)) mostly by N-H dissociation via an alternative pathway involving dative bonding

through one of the carbon atoms rather than the nitrogen, which is only possible due to
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Figure 5.3 Possible reaction pathways between pyrrole and the Si(001) or Ge(001)-2x1
surface. Reproduced from [132].

the delocalised electrons in the pyrrole ring. A minor side product has been found to result

from EAS reactions. Both N-H cleavage and EAS products retain their aromaticity.

Large organic molecules

There is no literature on the specific bonding sites of larger, macrocyclic organic molecules
like porphyrins or the very similar phthalocyanines (Pc) on either Ge(001) or Si(001).
However, STM images of metal phthalocyanines (MPc) on Ge(001) suggest three different
adsorption sites as shown in Fig. 5.4a [27,133]. The majority of MPc molecules adsorb
with their metal centre between two dimer rows as displayed in the model in Fig. 5.4b,
while low bias STM images suggest interactions between molecule and surface dimers
beyond the dimensions of the molecule. The interpretation of the other two adsorption
sites is less obvious and has to remain speculative without supporting DFT calculations.
Possible geometries are upstanding Pc molecules and an adsorption site with the metal
centre of the molecule on top of a dimer row.

CoPc and CuPc on Si(001)-2x1 have been shown to adsorb on three different sites, two

in between two dimer rows and the other one centred on a row [134, 135].

Porphyrin conformations

Although there is no literature of porphyrins adsorbed on group IV semiconductor sur-

faces, much work has been done on porphyrins on metal surfaces or HOPG (highly ordered
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(a) (b)

Figure 5.4 (a) STM image of a sub-monolayer coverage of MgPc on Ge(001) with three
adsorption sites, taken at -1.5 V and 0.16 nA. (b) Model of the adsorption geometry of
species 1 of MPc on Ge(001). Reproduced from [27].

pyrolytic graphite). On very weakly interacting surfaces like HOPG, molecule-molecule in-
teractions govern the adsorption behaviour whereas the influence of the molecule-substrate
interactions becomes more apparent on more reactive metal surfaces [136]. The reactivity
or level of interactions of the frequently studied (111) faces of the “coinage” metal sub-
strates generally follows the trend Cu>Ag>Au [137]. However, different surface planes
and different reconstructions can change the reactivity of a surface.

Interactions with a surface, confinement within a crystal structure or other external
influences are known to induce conformational changes in almost all porphyrin derivatives.
The molecular conformation was furthermore found to often have a significant influence
on the physicochemical properties of the porphyrin [92,93].

The nature of the conformational flexibility of the tetraphenylporphyrin derivatives
used for this work is quite well known, as briefly discussed in section 3.3.1. The most
significant conformational degree of freedom is the rotation angle § around the o-bond
to the phenyl substituents. Jung et al. investigated a TPP derivative with two bulky
tert-butyl subsitutents per phenyl leg, which appear as bright protusions in the STM.
This enabled them to identify different rotational angles of the phenyl legs, depending on
the type of substrate and the annealing temperature. They concluded that the degree of
conformational change reflects the interaction strength of the molecule with the substrate
[138].

The “saddle-shape” of TPP as shown in Fig. 3.8b has been theoretically predicted by
Yokoyama et al. [91] and Weber-Bargioni et al. [140] as a consequence of a rotational or
dihedral angle # < 60°. An average distortion of the macrocycle, measured by the out-

of-plane tilt of the pyrrole units p, for # < 10° and a tilt angle of the phenyl substituents
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Figure 5.5 (a) DFT simulated STM image of TPyP with 8 = 0°, ¢ = 30°, p = 35°, 45°.
(b) STM image (V = —0.5 V, I = 0.15 nA, width 10 A) of TPyP on Cu(111). (c) Top
and side view of adsorption geometry model for TPyP on Cu(111), Az = 2.5 A. Adapted
from [139].

¢ ~ 20° is 35° [139]. Auwarter et al. used similar angles to calculate a charge density
image for tetrapyridilporphyrin (TPyP)!, which matches the experimentally determined
STM image of TPyP adsorbed on Cu(111) very well as shown in Fig. 5.5. The two
upward bent pyrrole units produce bright features in the STM images, breaking the planar
molecule’s four-fold symmetry and thereby indicating the non-planar distortion of the
macrocycle. This study is one of the very few examples where the full adsorption geometry,
i.e. conformation and adsorption site, of a large functional organic molecule could be
determined [139].

The same group also found a saddle-shaped conformation for Co-TPP on Cu(111) by
comparing NEXAFS and STM/STS results. The STM images show the molecules in a
two-fold symmetric appearance with a cigar-shaped lobe along the main axis similar to
the appearance of TPyP as shown in Fig. 5.5b. The dihedral angle was determined to be
0 = 30° with a resultant macrocycle distortion p = 420°, which is much less than for TPyP
on Cu(111). Additionally, Co-TPP showed higher surface mobility than TPyP, despite the
additional interaction of the Co centre with the copper surface. These differences clearly
show the influence of the substituent on the adsorption geometry, in this case the nitrogen
lone pair of the pyridil groups [140)].

Similar results regarding the conformational changes and the influence of the sub-
stituents on the adsorption geometry have been reported for TPP derivatives on noble
metal surfaces [91,141]. Additionally, there are several examples of controlled switching
between porphyrin conformations using an STM tip and thereby changing properties like
the tunnelling current [142,143] or the Kondo temperature [144].

only differing from TPP by a nitrogen atom instead of a carbon atom in the 4-position of the phenyl
ring
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5.2 Molecule-substrate interactions

Unlike noble metal surfaces, all faces of germanium are expected to interact strongly
with many adsorbates, especially large organic molecules. This is due to their localised
dangling bonds, as discussed in section 3.1. PES is a powerful tool to investigate the
nature of these interactions by probing the shifts in the core-level binding energies of both
substrate and adsorbate. This section discusses core-level and valence band spectra of
HyTBryPP adsorbed on Ge(001) and to a lesser extent Ge(111) and Ge(110), which have
been recorded at the SGM1 beamline at ASTRID unless otherwise specified.

The Ge(001) surface was cleaned as described in section 3.1 and cleanliness was con-
firmed by analysing the Ge 3d core-level spectrum as described in section 3.1.1. Addition-
ally, the absence of the main contaminants carbon and oxygen was confirmed by recording
the background of the C 1s and O 1s core-level, respectively. HoTBryPP was then de-
posited on the clean surface out of a Knudsen cell at a temperature of 350°C with a flux
rate of ~1 ML/min. The film thickness was estimated using the beam-current normalised

Ge 3d core-level intensities and equation 2.14.

5.2.1 Substrate and macrocycle core-levels

The Ge 3d core-level after the deposition of ~2 ML of HoTBr4PP is shown in Fig. 5.6a.
All Ge 3d core-levels were taken in normal emission and with a photon energy of 60 eV,
close to the maximum cross section for this orbital and the resulting kinetic energy yields
a small escape depth for high surface sensitivity. Additionally, the photon energy yields
the best monochromator resolution (see Fig. 4.3).

After deposition of molecules, the intensity of the up dimer component as seen in the fit
for the clean surface Ge 3d core-level (Fig. 3.3b) reduces and a new component on the high
binding energy side of the spectrum appears (red component in Fig. 5.6a). The intensity

values, energy positions and other peak fitting parameters of the different components

s | g ] s |
I i i
T . A N M
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(a) after deposition (b) after annealing at 170°C (c) after annealing at 350°C

Figure 5.6 Core-level spectra of the Ge 3d orbital after deposition of 2 ML of HoTBryPP
on the clean Ge(001)-2x1 surface. B: bulk, S: second layer, U: up dimer, D: down dimer,
I: interface component.
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IB Is Iy Ip I Ep Es Ey Ep Ep BR

clean 0.56 0.23 0.11 0.10 0 2894 -026 -0.6 0.16 - 0.65
asdep. 055 0.22 0.06 0.11 0.06 2894 -0.25 -0.64 0.12 041 0.67

Table 5.1 Fitting parameters of the Ge 3d core-levels for the clean Ge(001)-2x1 surface
and after the deposition of 2 ML of HoTBrsPP. I: Intensities relative to the total peak,
E: Binding energy values in eV (relative to Fg), BR: Spin-orbit branching ratio. All
components have been fitted with a spin-orbit splitting of 0.59 eV, a Gaussian width of
0.30 eV and a Lorentzian width of 0.15 eV.

Il 12 13 14 15 16 El Ez E3 E4 Es Ee GW LW
045 0.18 0.09 0.09 0.09 0.09 28.92 -0.68 037 -0.22 -095 098 0.64 0.11

Table 5.2 Fitting parameters of the C 1s core-level of 4 ML of HoTBryPP on Ge(001):H
as shown in Fig. 5.7, numbering of components from 1 (red) to 6 (magenta). I: Intensities
relative to the total peak, F: Binding energy values in eV (reative to E;), GW: Gaussian
width in eV, LW: Lorentzian width in eV.

before? and after deposition of molecules are listed in Table 5.1. This shows that while
approximately half of the up dimers of the clean surface are still in their original state
after the adsorption of molecules, the other half is interacting with the adsorbate. The
down dimer intensity does not seem to be affected by the adsorbed molecules, although
this component is the most difficult to fit accurately because of its central position.

The exact nature of these interactions is difficult to deduce from the PES data alone
since the shift of the additional component is small and the adsorbate molecule quite
complex. A similar component with the same energy shift and relative intensity has
been observed for the adsorption of MPc on clean Ge(001)-2x1 and has been interpreted
as a general interface component [27,133]. Since both MPc and porphyrin molecules
give rise to this component, it cannot be assigned to an interaction of the surface atoms
with the bromine substituents of HoTBryPP because they are not present in the MPc.
Additionally, there are only four bromine atoms in the molecule, as opposed to 44 carbon
atoms in macrocycle and phenyl legs. It is therefore unlikely for a bromine-germanium
interaction to be distiguishable in the Ge 3d core-level spectrum. The same applies to the
four nitrogen atoms of the macrocyle.

The N 1s core-level has not been recorded in this experiment due to its low intensity and
time restrictions. The literature reports that it splits into two components for free base
porphyrins [145]. They are 2 eV apart, with one originating from hydrogenated nitrogen
atoms and the other one from the unsaturated pyrrolic nitrogens. For low coverages of
free base phthalocyanines in experiments by Holland [27], the N 1s spectrum suggests an
interaction between the pyrrolic nitrogens and the germanium surface. A similar interac-

tion is therefore to be considered for the porphyrin macrocyle. It is important to note that

2spectrum not shown, compare Fig. 3.3b
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the nitrogen atoms in the macrocycle are part of a conjugated electron system, making
it difficult to distinguish between the contributions of nitrogen and carbon atoms to the

overall interactions.

The C 1s core-level signal is comparatively

weak due to intensity losses in the SGMI1 — Smcune . e

L. {—— CCH + CCC (phenyl) ams
monochromator at the incident photon energy s, Sl

b + meso @
of 350 eV, which makes it difficult to inter- 1 gg::z:;%:')" 3
pret. However, some conclusions can be drawn &1 — - e R
. . IR S

when comparing its general shape to a C 1Is  § {7wnd s -whe=®
core-level spectrum of a higher coverage of |
HyTBryPP deposited on the non-interacting y
hydrogen-passivated Ge(001) surface as shown b
in Fig. 5.7. This core-level has been fitted Binding Energy (eV)

by applying relative binding energy values calu- Figure 5.7 C 1s core-level spectrum of

clated by Cormac McGuinness and Anna Law- 4 v ip, of HyTBryPP on Ge(001):H (solid

less [146] using the StoBe code as described in circles) and 2 ML of HyTBrsPP on clean
detail in section 4.4.4. The six different compo- Ge(001) (open circles).

nents are contributions from carbon atoms in

different bonding configurations in the HoTBryPP molecule, with the relative intensities
reflecting their multiplicity. There are 28 carbon atoms in the phenyl legs, all of which
have very similar binding energies (red component in Fig. 5.7), except the four carbons
bonded to the bromine substituents (magenta). Eight of the carbon atoms in the macro-
cycle are bonded to the central nitrogen atoms, and another eight form the rest of the
pyrrole units. Unlike in a similar fit of the C 1s core-level of ZnTPP performed by Cudia
et al. [147], the calculations show that the binding energies of these pyrrolic carbons differ
depending on whether they are part of a pyrrole unit with or without a central hydrogen
(see legend in Fig. 5.7). The relative shifts in binding energy and other fitting parameters
are displayed in Table 5.2. This fit is obviously not unique and may appear relatively poor,
but it successfully accounts for all possible components in a non-interacting HoTBryPP
molecule and explains the overall line shape in agreement with the calculations and within
the 1o error range. Differences between the fit and the data most likely originate from
interactions between the different layers of molecules, e.g. 7-7 stacking, causing small

shifts or broadening of the different components.

The C 1s core-level for 2 ML of HyTBrsPP on the clean, unpassivated Ge(001) surface
has not been fitted due to insufficient statistics at this comparatively low coverage and the
lack of supporting DFT calculations as available for the non-interacting molecule. How-
ever, it clearly shows an energy shift of ~1 eV to lower binding energy and a broadening
of the overall line-shape when compared to the non-interacting molecules, as shown in the

open circles in Fig. 5.7. This indicates significant interactions between the carbon atoms
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and the clean germanium surface and therefore suggests that the substrate-adsorbate in-
teraction observed in the Ge 3d core-level can be attributed to the macrocycle of the
molecule.

Since the motivation of this work is the formation of covalent networks via the reaction
between molecular building blocks on a supporting surface at an increased temperature,
the 2 ML coverage of HyTBryPP was subsequently annealed at 170°C for 40 min®. The
bromine substituents have been reported to dissociate from the molecules at this tem-
perature [19], leaving the reactive ends of the molecule. The Ge 3d core-level after this
first annealing step shows no major change, as shown in Fig. 5.6b. The intensity ratio of
all five components is the same as directly after deposition, with the only exception of a
slight increase in the intensity of the down dimer signal. However, this is considered to be
within the error range since the signal-to noise ratio in 5.6b is worse than in 5.6a and the
stepwidth is larger.

When annealing the sample to 350°C, the interface component clearly reduces and the
up and down dimer intensities are restored to almost their initial values (see Fig. 5.6c¢).
Overall, the core-level resembles its clean surface shape as shown in Fig. 3.3b. This
indicates either a change in the interface chemistry of the molecules and the surface or
the partial desorption of the molecules at this temperature which is supported by a slight

decrease in the C 1s core-level intensity after the last anneal (not shown).

5.2.2 Bromine substituents

As mentioned above, the interactions between the bromine substituents and the germa-
nium surface are not visible in the Ge 3d core-level. However, the Br 3d core-level of the
previously discussed coverage of 2 ML of HoTBryPP on Ge(001)-2x1 was recorded with
an incident photon energy of 110 eV, maximising the cross section and resulting in spectra
with reasonable intensity.

Directly after deposition, the Br 3d core-level spectrum in Fig. 5.8a shows at least
two clearly distinguishable doublet peaks. The fitting parameters are listed in Table 5.3.
Considering electronegativity, the component labelled Br I at higher binding energy can
be assigned to bromine atoms still attached to the molecules. The binding energy is very
close to values found after the deposition of the same molecule on non-interacting surfaces
like Au(111) or Ge(001):H (see Chapter 7). However, its binding energy lies 0.2 eV lower
on Au(111) and 0.3 eV higher on Ge(001):H, which might be an indication for the degree
of interaction or of dielectric screening for the hydrogen-passivated Ge surface.

The Br II doublet most likely originates from bromine interacting with the germanium
surface, which can be confirmed by comparing it to the Br 3d core-level spectrum for

bromine-passivated Ge(001) as discussed in Chapter 6. It is ~2 eV lower in binding energy

3standard annealing duration for all experiments in this chapter
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(a) after deposition (b) after annealing to 170°C (c) after annealing to 350°C

Figure 5.8 Core-level spectra of the Br 3d orbitals after deposition of 2 ML of HyTBrsPP
on the clean Ge(001)-2x1 surface.

than Br I, equivalent to the transfer of one electron from the surface to the bromine atom
and therefore indicating the formation of a strong bond. This energy shift is also observed
after annealing a coverage of the same molecules on Au(111) [148], indicating a similar
reaction. It is reasonable to assume that the bromine atoms are dissociated from the
molecules in the process.

A third component at a binding energy of approximately 73.7 eV can most likely be
identified as excess bromine (Bry) which is either sitting on the surface or is trapped under
the molecules.

After annealing the surface at 170°C, Br I reduces significantly as shown in Fig. 5.8b.
This confirms the assignment of this species to bromine atoms attached to the molecules,
since they are expected to dissociate at this temperature. Br II does not gain or lose
significantly in intensity, which shows that the bromine dissociating from the molecules
does not subsequently bond to the surface at this temperature, but instead seems to leave
into the vacuum.

There is no change in the intensity of the C 1s core-level after annealing to 170°C
(spectrum not shown), which suggests that it is only the bromine atoms that are removed
from the molecules and leave the surface while the main part of the molecules remains
adsorbed.

Further annealing to 350°C results in the complete removal of Br I and the reduction of

Iy I;; E;r Eipr SOS BR GW LW

as dep. 053 047 718 -1.7 10 066 0.65 0.30
170°C  0.17 083 72 -1.8 1.0 0.66 0.65 0.30

Table 5.3 Fitting parameters of the Br 3d core-level after the deposition of 2 ML of
HoTBrsPP on clean Ge(001)-2x1 and annealing at 170°C. I: Intensities relative to the
total peak (without third component), E: Binding energy values in eV (relative to Ef),
SOS: Spin-orbit splitting in eV, BR: Spin-orbit branching ratio, GW: Gaussian width in
eV, LW: Lorentzian width in eV.
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(a) Dark red: H2TBryPP on H-passivated
Ge(001)  (experimental), dark  green:
H2TBr4PP on clean Ge(001) (experimental),
cyan: planar conformation (DFT), blue: N-N
axis saddle shape (DFT), green: NH-HN axis
saddle shape (DFT), red: planar core and
65° phenyl leg rotation (DFT), black: planar
core and 90° phenyl leg rotation (DFT).

Binding Energy (eV)

(b) Bottom: calculated VB spectrum for
H2TBrsyPP in NH-HN axis saddle conforma-
tion with contributions from different elemen-
tal orbitals (see legend), grey: experimental
VB spectrum of H2TBr4PP on clean Ge(001),
dark grey: HTBrsPP on clean Ge(001) af-
ter annealing at 170°C, top: calculated VB
spectrum (with elemental orbital contribu-

tions) for the minimum energy configuration
of HoTBrPP with 69° phenyl leg rotation.

Figure 5.9 Experimental valence band spectra of HyTBrsPP adsorbed on Ge(001) com-
pared to DFT-calculated VB spectra of HoTBrsPP without specific molecule-substrate
interactions.

Br II to half of its initial intensity as shown in Fig. 5.8c. The C 1s spectrum shows only a
slight decrease in intensity, indicating that most of the molecules do not desorb at 350°C
and remain on the surface with nearly all their bromine atoms dissociated. The decrease
of the Br II signal signifies the dissociation of Br-Ge bonds at this temperature, which is
in agreement with the results of the desorption study of bromine on Ge(001) discussed in
Chapter 6.

5.2.3 Valence band

The top of the valence band spectrum of 2 ML of HoTBryPP on clean Ge(001) is shown
in dark green in Fig. 5.9a. It was taken with an incident photon energy of 55 eV. The

beam-current normalised reference spectrum of the clean surface without the adsorbate
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has been subtracted, making small features like the HOMO level at ~0.5 eV discernible.
The spectrum is plotted in comparison to the valence band of 4 ML of HyTBryPP on
hydrogen-passivated Ge(001) (dark red) and to DFT-calculated PES spectra for different
conformations of the non-interacting molecule: a planar core with the phenyl legs rotated
at an angle of 90° (black), a planar core with the phenyl legs rotated at an angle of 65°
which has been determined to be the minimum energy configuration (red), two saddle
shaped conformations as shown in Fig. 3.8b with the coplanar phenyl legs being bent
down by 20° from the N-N (blue) or the NH-HN axis (green) across the porphyrin core,
and a completely planar molecule (cyan). As for the C 1s core-level, the calculations
have been performed by Cormac McGuinness and Anna Lawless [146]*. The calculated
energy values with respect to the planar core/perpendicular phenyl legs conformation are
listed in Table 5.4. The comparison shows that the conformation of the molecule has
a significant impact on the features in this area of the valence band. The HOMO is
shifted from 1.2 eV in the minimum energy configuration to 0.8 eV for the NH-HN saddle
conformation. A similar shift of the HOMO is also observed in the experimental data
for HyTBrsPP on clean Ge(001) as indicated by the dashed lines in Fig. 5.9a, which
suggests that the molecules adsorb in a saddle-shape conformation. The direction of the
axis (NH-HN or N-N) is difficult to determine since the calculated valence band spectra as
well as their total energy values are very similar and resolution of the experimental data
is insufficient. In contrast, the VB spectrum of HoTBryPP on passivated Ge(001) agrees
best with the minimum energy configuration of the molecule, which shows very clearly
that strong interactions with the surface induce a conformational change in the adsorbed
molecules.

Fig. 5.9b shows the comparison between the ex-

perimental VB spectrum of HyTBrsyPP on clean sotformstion AE (eV)
Ge(001) and the calculated VB spectrum for the

NH-HN saddle conformation again (bottom half), Plasstir/90° "
but including higher binding energies and the par- planai/6a° -D:104
tial contributions of the different elemental orbitals meiley WECALN o5 HibEE
to the overall spectrum. The top half of Fig. 5.9b S0 ey RIS s L

planar +7.32

shows the experimental VB spectrum after anneal-
ing the HoTBryPP molecules at 170°C (dark grey)

and the calculated spectrum for the minimum en-

Table 5.4 Calculated energy val-
ues for different conformations of
HsTBryPP, with respect to the
planar/90° conformation [146].

ergy configuration of the same molecule without the
bromine substituent, HoTPP. The spectra match

very well, with the major changes being the reduc-

4The energy axis has been stretched by a factor of 1.085 for the best match with the experimental
data, a method which is commonly employed for comparing experimental and calculated VB spectra (e.g.
in [149]).
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tion of the shoulder at ~2.5 eV and of the peak feature at ~6 eV as indicated by the
arrows. The apparent loss of the bromine substituents after annealing at 170°C results in
a charge redistribution throughout the entire molecule, which is reflected in the valence
band spectrum.

While the major features of the valence band have been shown to indicate both the
conformation of the adsorbed molecules and the loss of the substituents, further interpre-
tation of the VB spectra, e.g. regarding interactions with the surface leading to a band
offset or interface dipole, is difficult due to the insufficient resolution and statistics of the

experimental VB spectra.

5.2.4 Ge(111) and Ge(110)

To determine whether either Ge(111) or Ge(110) or both are more suitable candidates
for on-surface reactions between molecules than Ge(001) without previous passivation,
coverages of NiTBrsPP have been probed for molecule-substrate interactions on both of
these surfaces. PES experiments have been carried out at the SX700 beamline at ASTRID,
yielding a lower energy resolution than the previously discussed experiments from the
SGM1 beamline (see section 4.4). Since the bromine-germanium interaction with a large
shift of ~2 eV in the Br 3d core-level is the most distinct indicator for molecule-substrate

interactions, the respective spectra have been recorded with an incident photon energy of
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Figure 5.10 Br 3d core-levels of 2 ML of NiTBryPP on Ge(111) (a and b) and Ge(110)
(c and d). a and c are directly after deposition of the molecules, b and d after an anneal
at 170°C.



5.2 Molecule-substrate interactions 61

Iy I;y Er Er BR GW LW

(111) as dep. 0.77 0.23 703 -1.7 0.66 0.75 0.30
(111) 170°C 0.17 0.83 703 -1.8 0.66 0.65 0.30
(110) as dep. 0.74 0.26 70.3 -1.8 0.66 0.80 0.30
(110) 170°C  0.20 0.80 70.3 -1.9 0.66 0.65 0.30

Table 5.5 Fitting parameters of the Br 3d core-level after the deposition of 2 ML of
NiTBr4PP on clean Ge(111) and Ge(110), and subsequent annealing at 170°C. I: Inten-
sities relative to the total peak (without third component), E: Binding energy values in
eV (relative to Fy), BR: Spin orbit branching ratio, GW: Gaussian width in eV, LW:
Lorentzian width in eV.

170 eV for both Ge(111) and Ge(110) surfaces and are displayed in Fig. 5.10. The nickel
centre in this molecule is not expected to make any difference in this part of the overall
molecule-substrate interactions.

The spectra clearly show that the bromine bonds to both germanium surfaces directly
after deposition, exactly like on Ge(001). The fitting parameters for all Br 3d peaks in
Fig. 5.10 are displayed in Table 5.5 and show that for Ge(111) and Ge(110) the bromine
species at lower binding energy, previously assigned to the Br-Ge bonds, is shifted by 1.7
eV and 1.8 eV, respectively. This matches the values found for Ge(001).

After annealing at 170°C, the bromine species assigned to bromine attached to the
molecules goes down as expected in both cases, but unlike in the previously discussed
experiments on Ge(001) all bromine detaching from the molecules is found attached to
the surface after the anneal on both Ge(111) and Ge(110), which can be deduced from the
absolute intensities. Furthermore, the Gaussian width of both core lines after annealing
is significantly smaller than before, which suggests the presence of more than just two
bromine species directly after deposition.

The Ge 3d core-levels have been recorded for both surfaces for coverage determination,
but due to the low resolution show no major shifts or changes in shape that could be

interpreted.

5.2.5 Conclusions

PES results show that the adsorption of HoTBrsPP on clean Ge(001) is governed by two
different interaction mechanisms.

The first one is through the macrocycle of the molecule and can be identified in an
additional interface component in the Ge 3d core-level spectrum as it has also been ob-
served for MPc, and in a shift of the C 1s core-level when compared to a non-interacting
substrate. This interaction is strong, but not strong enough to indicate a full chemical
bond, for example through cycloaddition reactions like described in section 5.1. This is

most likely due to the aromaticity of the macrocycle, which stabilises the molecules sig-
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nificantly. It is possible that the metallic nature of the Ge(001) surface dimers facilitates
a charge transfer into the LUMO level, which has been reported for the adsorption of
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) on Ag(111) [150]. This mecha-
nism is similar to the Blyholder model [151], in which carbon-derived frontier orbitals
exchange charge with a metal and as a consequence certain intramolecular bonds are
weakened, often resulting in conformational changes. Other measurement techniques like
X-ray adsorption spectroscopy (XAS) or inverse photoemission spectroscopy (IPES) could
probe the unoccupied states, but no such measurements have been carried out since the
adsorption mechanism of this molecule is not the main focus of this work. However, the
comparison of the valence band spectra of the adsorbed molecules to calculated spectra
for different conformations of the molecule show that the interactions with the Ge(001)
surface induce a conformational change towards the saddle shape.

The second interaction has been observed between the bromine substituents and the
germanium surface. A 2 eV shift between components of the Br 3d core-level spectrum
indicate that a large fraction of the bromine atoms are chemisorbed on the dimers by
dissociation from the molecules upon adsorption. The same shift has been observed on
both Ge(111) and Ge(110). Experiments with sub- or near-monolayer coverages on a
home XPS system unfortunately did not yield enough intensity to clarify if the different
components originate from different layers of molecules.

Both of these mechanisms are expected to significantly limit the mobility of HoTBryPP
on all three surfaces. This aspect and the conformational change indicated by the valence
band of the molecule will be further discussed for Ge(001) in section 5.3.1.

5.3 Adsorption geometry

While PES has been used to obtain information about the chemical processes involved
in the adsorption of HoTBryPP on germanium surfaces, the structural information like
conformational changes in the adsorbed molecules or changes in the surface reconstruction
of the substrate can only be indicated but not accurately attained from the spectroscopy
data alone. STM data contains information about both the electronic and topographic
structure of surfaces as discussed in section 2.4, and is therefore a very suitable method
to determine the specific adsorption geometry of organic molecules on surfaces.

This section presents results on the adsorption geometries of HoTBry PP and HoTPP on
Ge(001). No STM experiments have been carried out on the Ge(111) and Ge(110) surfaces.
Comparative DFT calculations of the local density of states (LDOS), which are often
essential to interpret the physical meaning of STM topographs, have been attempted but
remained inconclusive due to the comparably large size of the molecule and the necessity of
a large Ge(001)/germanium bulk cluster requiring very high computing power for accurate

results.
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5.3.1 STM of H,TBr,PP

The STM experiments on the adsorption geometry of HyTBrsPP on Ge(001) have been
carried out in Dublin City University and CRANN, Trinity College Dublin. On both
systems, the molecules have been evaporated on the clean Ge(001) surface at cell tem-
peratures of 280°C to 320°C, with low flux rates of around 1.25 ML/h for good coverage
control. The temperature had to be increased slightly with every new evaporation, most
likely due to polymerisation of the molecules in the crucible. Due to an unstable tip in the
empty state regime, all STM images in this particular experiment are of the filled states.

Fig. 5.11a shows a typical STM image of a low coverage (~0.1 ML) of HoTBr4PP
on clean Ge(001). The underlying surface is clearly recognisable with all three surface
reconstructions present. It shows more defects than without the adsorbate molecules,
most of which are missing surface dimer atoms in several small etch pits. These are very
likely due to bromine-etching, which will be discussed in Chapter 6. Additionally, a few
features, marked in green in Fig. 5.11b, resemble individually adsorbed bromine atoms
(also discussed in Chapter 6) which confirms the dissociation of bromine atoms from the
molecules as observed with PES and discussed in the previous section.

The most striking characteristic of the adsorbed molecules are the two distinct adsorp-
tion geometries, which are in approximately equal proportion throughout all the STM
images. They are marked S and A in Fig. 5.11a for “symmetric” and “asymmetric”,
respectively. A close-up STM image of both types is shown in Fig. 5.11b. Despite some
streaks in Fig. 5.11a indicating loose material on the surface being dragged along by the
tip, none of the molecules has ever been observed moving position from one image frame
to the next. Additionally, the comparably good resolution down to submolecular features
indicates very strong interactions between molecules and germanium surface, holding the

adsorbates in place at the room temperature imaging conditions.

Symmetric adsorption

The symmetric feature appears to be rectangular with the long side across the dimer rows,
which indicates that it is distorted from its relaxed, square conformation upon adsorption
due to interaction with the germanium surface. A line profile analysis, partly shown in
Fig. 5.11c, suggests molecule dimensions of 1.1 x 1.7 nm?, which is in good agreement
with the repeatedly reported rectangular saddle shape for very similar porphyrins on other
substrates (see section 5.1). Additionally, its shape is different from STM images of the
planar molecule on Ag(111) [152] and on Ag/Si(111) [153], where it consists of two lobes
in seemingly random orientations (rotated by 90°) and, less bright, the four phenyl legs.
The difference from the molecule’s appearance on metal surfaces is a further indication of
the presence of the strong molecule-substrate interactions on Ge(001). The bright lobe in

the centre of the symmetric feature, always pointing along the dimer rows, is either due
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Figure 5.11 Adsorption of HoTBryPP on Ge(001). (a) Filled state STM image of a
coverage of ~0.1 ML, taken at -1.6 V, 0.28 nA; (b) filled state STM image of marked area
in (a) (labels explained in the text), taken at -1.2 V, 0.35 nA; (c) line profile along the
blue line marked in (b), arrows marking features equivalent to the one circled yellow in
(b); (d) simplified model of the symmetric adsorption type (hydrogens have been omitted
for clarity).

to a non-planar distortion of the core caused by the altered position and/or rotation of
the phenyl legs or due to the asymmetry of the central hydrogen atoms. The orientation
of the central hydrogen atoms is difficult to extract from the images alone, but the DFT
calculations performed for the interpretation of the valence band spectra in section 5.2
also show that the unhydrogenated pyrrolic nitrogens contribute much more to the HOMO
than the hydrogenated ones, independent of the specific conformation. However, no LDOS
calculations simulating STM images have been performed, which makes it impossible to
clarify whether the bright contrast in the STM originates from the electronic structure,
i.e. the position of the central hydrogen atoms, or closer proximity of the upward-bent
pyrrole groups to the tip. The DFT/LDOS calculations and STM experiments on TPyP
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by Auwirter et al. [139] as discussed in section 5.1 show a very similar cigar-shaped
lobe as it is observed in this experiment, which they interpreted to be caused by the
non-planar distortion of the core without discussing the position of the central hydrogen
atoms. Assuming that their LDOS calculations are correct, the core distortion is also the

most feasible explanation for the lobe feature observed for H,TBryPP on Ge(001).
A simplified model for the symmetric adsorption type of HoTBrsPP on Ge(001) in its

ground state c(4x2) reconstruction is shown in Fig. 5.11d. Alterations of the surface
reconstructions induced by the adsorbed molecules have not been taken into account for
the model since the underlying reconstruction varies widely over all adsorbed molecules
imaged with the STM. Nonetheless, the model agrees with the dimensions of the molecule
measured in the STM images by explaining the distortion from the relaxed, square di-
mensions with a stretch of the phenyl legs towards a rectangular shape. This stretch is
most likely caused by an attractive force or some kind of bonding mechanism between the
bromine atoms and the germanium dimer atoms. A similar effect has been observed for
HyTBrsPP on Cu(111) by Doyle et al. and has also been assigned to strong interactions
between the molecule and surface atoms [154]. The PES and the aforementioned etch pits
and single adsorbed bromine atoms observed in the STM images suggest a surface-induced
dissociation of the bromine substituents. This would leave the ends of the phenyl legs re-
active and prone to react with the surface. A further indication for this can be found in
the STM images in the form of four brighter features along the neighbouring dimer rows
on each side of the molecules, as marked in yellow on one of the adsorbed S-type molecules
in Fig. 5.11b and indicated with arrows in the line profile in Fig. 5.11c. These brighter
dimer atoms match with the surface dimers closest to the phenyl leg ends in the model in
Fig. 5.11d.

The rotation angle of the phenyl legs cannot be extracted from the STM pictures without
markers like the tert-butyl groups used by Jung et al. [138] and, like the position of the
central hydrogens, could only be clarified by matching LDOS calculations. However, the
central bright lobe caused by the non-planar saddle shape distortion of the macrocycle
indicates that the phenyl groups are rotated at a smaller angle than in their relaxed
conformation and possibly bent down towards the surface, as indicated by the valence
band spectra (see section 5.2). Assuming a bond or at least a very strong attractive
interaction between the bromine-end of the phenyl leg and the surface, the rotation is
most likely caused by steric interactions of the conjugated m-system of the phenyl and
the surface. These interactions could be part of the interface component of the Ge 3d
core-level spectra observed with PES, which in the discussion has so far been associated

with the macrocycle.
In some cases and especially at biases lower than -1.3 V, differences in brightness within

single molecules of the symmetric adsorption type can be observed as shown in Fig. 5.11b.

These are either due to slight differences in the molecule’s height above the germanium
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surface or due to changes in the electronic structure of the molecular orbitals, possibly

induced by bond formations or defects in the underlying surface.

Asymmetric adsorption

The shape of the second, asymmetric type consists of two bright round lobes and one or
two smaller lobes, which are surrounded by a pattern of moderately bright features. This
was found repeatedly in all images (sometimes rotated by 180°). Unlike for the symmetric
type, no comparable STM images for the adsorption of similar molecules could be found
in the literature, suggesting that the origin of this shape is very specific to interactions
with the (001) face of germanium (and possibly silicon). Its overall dimensions agree with
the size of the molecule, which rules out the possibility of an upstanding adsorption of the
molecule, which can sometimes be observed with phthalocyanines [27]. However, within
the error range and the limited resolution of these STM images, a slight tilt of the molecule
cannot be ruled out and even seems like a very likely explanation of the the asymmetry
of the feature.

The centre of the molecule cannot be
identified as clearly as for the symmetric
shape. However, in STM images taken at
higher biases four lobes of medium bright-
ness which are reasonable to assign to the
four phenyl legs become more apparent.
That puts the centre of the molecule on
one side of the dimer row instead of di-
rectly on top like the symmteric adsorp-
tion type. Fig. 5.12b shows a simpli-
fied model of the asymmetric adsorption
based on this assumption. It suggests that
the two small bright lobes in the centre of

the molecule could originate from the cen-

tral nitrogens interacting with the dimers
(a) (b) as it has been shown to happen with ph-

! ~ thalocyanines [27]. However, this does not
Figure 5.12 Asymmetric adsorption type of

HoTBrsPP on Ge(001). (a) Filled state STM

images at different biases; (b) proposed, sim-

agree with the previosuly proposed slight
tilt explaining the two big bright circu-
lar features. It is also difficult to specu-

lif ) .
2 e il ol R G e e s late on whether and where the molecule is

type (hydrogens have been omitted for clar-

ity) attached to the surface through chemical
1ty).

bonds between the phenyl legs and the sur-

face dimers after detachment of bromine,
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similar to what has been proposed for the symmetric adsorption type. The surround-
ing moderatly bright features on the darker side of the molecule could originate from
germanium dimer atoms, whose charge density has been altered from its usual state by
interactions or bond formations with the molecule.

When imaging the adsorbed molecules at different biases of the STM tip as shown in Fig.
5.12a, it becomes apparent that the electronic structure of the asymmetric adsorption type
is different from the symmetric one’s. The latter roughly retains its shape when imaging at
lower biases, whereas the asymmetric type changes appearance significantly below -1.3 V
until it is only visible as a depression in the surrounding surface at -0.55 V. This indicates
that the asymmetric type of the adsorbed molecule has very few filled states between Ep
and -0.84 eV, where it is just barely visible, and therefore almost “disappears” in the
STM images when imaged with a lower bias. It is possible that this can be related to the
observed broadening or shift of the HOMO level in the VB spectra as described in section
5.2.

The underlying structure of the germanium atoms is hard to distinguish from possible
remains of the molecular orbitals and could only be analysed with supporting LDOS
calculations of the adsorbed molecule including the underlying germanium surface. The
same applies to a possible analysis of the origin of the observed difference in electronic

structure between the two adsorption types.

Higher coverage

Fig. 5.13 shows a filled state STM image of a
near-monolayer coverage of HoTBrsPP on clean
Ge(001). A quantitative analysis of the two dif-
ferent adsorption types reveals that, as for very
low coverages, their ratio is roughly equal. Ad-
ditionally, no long range order like the forma-
tion of islands or rows can be found in any of the
STM images. This shows that the interactions
between the molecules and the substrate domi-
nate over molecule-molecule interactions, unlike
on noble metals where the latter lead to the for-

mation of self-assembled islands (e.g. [19,152]).

It seems obvious to try to connect the two pjgyre 5.13 Filled state STM image of
different types of adsorbed molecules with the 4 pear-monolayer coverage of HyTBryPP
two major bromine species observed in PES di- Ge(001), taken at -1.6 V, 0.36 nA.
rectly after deposition as described in the previ-

ous section, given that their ratios are roughly
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equal in both PES and STM experiments. One of the types could represent an intact
molecule with all bromines attached (Br I) with the other type being molecules with some
or all of their bromine atoms lost (Br II), either to a chemical reaction with the surface
or during evaporation. However, the PES data was taken on a coverage of more than
one layer of molecules and it cannot be ruled out that the two different bromine species
originate from different layers of molecules. Unfortunately, XPS experiments on sub- or
near-monolayer coverages did not yield enough intensity to analyse the Br 3d core-level
and clarify this issue. Furthermore, the strong attachment of both adsorption types to the

surface suggests chemisorption as opposed to physisorption in both cases.

5.3.2 STM of H,TPP

Free base tetraphenylporphyrin (HoTPP) is a very commonly available porphyrin deriva-
tive and is identical to HoTBrsPP apart from the missing bromine substituents. This
opens up the possibility of investigating the influence of the bromine substituent in the
adsorption of HoTBrsPP on clean Ge(001) by comparing it to the adsorption characteris-
tics of HyTPP on the same surface.

Filled and empty state STM images of a low coverage of around 2% of a ML show the

l
n
'
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Figure 5.14 (a) Filled state (left) and empty state (right) STM images of different
adsorption species of HoTPP on Ge(001), (6x6) nm, taken at +/-1.3 V, 0.43 nA; (b) filled
state STM image of 0.25 ML of HoTPP on Ge(001), taken at -1.4 V, 0.06 nA.
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HoTPP molecules adsorbed on Ge(001) in at least four different configurations as shown
in Fig. 5.14a. Some other features found in some of the images might represent even more
different adsorption species, but they were not found frequently or repeatedly enough in
the comparatively small STM image dataset with sufficient resolution to be certain.

As with HoTBryPP, it is impossible to assign the different adsorption configurations
observed with the STM to specific conformations and adsorption geometries without sup-
porting DFT calculations. The species I and II are rectangular, with dimensions of 1.8x1.1
nm? and 1.3x1.7 nm?, respectively. Species III is square (1.5x1.5 nm?), whereas IV
appears to be upstanding along a dimer row (~1.5x0.65 nm?), with the core roughly
perpendicular to the substrate surface.

The ratio of these different configurations is strongly coverage dependent. A quantitative
analysis of the different adsorption types shows a large error range of around 20-25%
because of the comparably small STM dataset. Yet even within that error range, species
I1I has been determined to be the most common at a very low coverage while all other types
appear in roughly equal amounts. This impression changes significantly at a coverage of
only 25%, as can be seen in Fig. 5.14b where almost all molecules seem to be upstanding,
i.e. of type IV.

Since only very little PES data has been recorded for HoTPP on Ge(001) and the STM
dataset is much smaller and less resolved than for HyTBrsPP, the basis for a more detailed
discussion about possible bonding sites and adsorption geometries is too small. However,
some differences to the adsorption mechanism of HoTBryPP and therefore the influence
of the bromine substituent can be deducted from the performed experiments and will be

discussed in the following section.

5.3.3 Comparison

The STM experiments on both HoTBry PP and HoTPP described in sections 5.3.1 and
5.3.2 reveal that their respective adsorption mechanisms are very different, which suggests
a significant influence of the bromine substituents. HoTPP’s adsorption type I is similar to
the symmetric adsorption configuration of HoTBryPP in both appearance and dimensions,
except that the four bright germanium dimer atoms surrounding the latter are not found
in HoTPP type I images. This suggests that these features are related to the bromine
substituents. Either the bromine atoms are still attached to the molecule and appear bright
due to their elevated height above the surface or they are detached from the molecule and
bonding occurs between the ends of the phenyl legs and the germanium surface. The latter
could be supported by the fact that a more pronounced contrast of single dimer atoms in
STM images of Ge(001) or Si(001) often indicates a charge transfer from one dimer atom
to the other one, which makes the latter appear brighter. Other experiments on the UHV
system in DCU, evaporating intact HoTBrsPP molecules on noble metal surfaces, show

that the dissociation of bromine from the molecule in that case does not happen during
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evaporation but seems to be facilitated by the germanium surface. Furthermore, HoTPP’s
type II is similar to HoTBryPP’s asymmetric adsorption type, but it does not disappear
at lower filled state biases in STM, indicating that this behaviour may also be due to a

bromine-germanium interaction.

After annealing both systems at 170°C, the
HoTPP molecules appear unchanged whereas
HyTBryPP displays at least three different con-
figurations, as shown in Fig. 5.15. This trans-
formation can reasonably be connected to the
known detachment of the bromine substituents
at this temperature. Two of the three post-
anneal adsorption configurations of HoTBryPP
(top and bottom right) match the species III
and IV of HoTPP at room temperature (see in-
sets labelled “H2TPP RT”). The third con-

figuration (bottom left) can be compared with

Figure 5.15 Filled state STM image
of three different species of HoTBrsPP
on Ge(001), annealed at 170°C, taken at

the predominant configuration of HyTPP after
further annealing of the latter at 350°C (see

inset labelled “H2TPP 650 K”). As with the ~1-3 V, 0.36 nA. Insets: corresponding
filled state images of comparable adsorp-

tion species of HoTPP on Ge(001).

symmetric species of HoTBr4PP, four brighter
dimer atoms can now be observed around the
molecule in both cases. This is another indica-
tion of carbon-germanium bonds being formed between the pheyl legs and the germanium
surface atoms, promoted by the debromination of HyTBrsPP at 170°C and selective de-
hydrogenation i.e. C-H dissociation of HoyTPP at 350°C at the ends of the phenyl legs.
However, apart from the four bright features the overall appearance of HoTBryPP changes
after annealing. The central lobe changes into two bright lobes around the central axis
and the well resolved STM images show another two bright germanium dimer atoms on
each side of the molecule along the central dimer row. This indicates that the molecule’s
conformation has changed, most likely due to a change in the interaction of the macrocycle

with the central germanium dimer row or even a fracture of the molecular core.

The absence of the asymmetric adsorption configuration of HoTBrsPP after annealing
to 170°C suggests that it has transformed into HyTPP species III or IV after the anneal
since there is no evidence for the desorption of a significant amount of molecules. It also
means that the asymmetric adsorption configuration is only present when at least some

bromine substituents are still attached to the molecule.
No anneal of HoTBrsPP on Ge(001) at 350°C has been investigated with the STM,
leaving the question of what causes the decrease in the interface component observed in

PES at that temperature unresolved.
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5.4 Adsorption of smaller organic molecules

As an example of a small or medium sized organic molecule without a macrocycle like
HsTBrsPP and HyTPP, 1,3,5-tris(4-bromophenyl)benzene (TBB) has been deposited on
clean Ge(001) and studied by STM on the UHV system in CRANN. The cell evaporation
temperature for TBB was 170°C with a flux rate of approximately 0.8 ML /h.

Figure 5.16 Adsorption of TBB on Ge(001). (a) Filled state STM image of a coverage
of 0.8 ML, taken at -1.5 V, 0.09 nA; (b) close-up of two adsorbed TBB molecules (and
contaminants), with overlay of chemical structure, taken at -1.3 V, 0.08 nA; (¢) model of
the adsorption of TBB on Ge(001) (hydrogens omitted for clarity); (d) empty state STM
image of close-packed molecules with common packing patterns marked in black and red,
taken at 1.5 V, 0.09 nA.

Fig. 5.16a shows a filled state STM image of 0.8 ML of TBB. The molecule shows only
one adsorption configuration independent of coverage and therefore seems to be determined
by interactions with the germanium surface rather than with neighbouring molecules. A
close-up with chemical structure overlay is shown in Fig. 5.16b. TBB appears as three
lobes, which almost certainly correspond to the three bromophenyl legs. The molecule
adsorbs across two dimer rows, with two phenyls on one row and the third on the neigh-
bouring one. The latter phenyl leg appears much brighter than the other two, in both filled
and empty state images. The reason for this contrast difference is difficult to determine
from the STM images alone. As mentioned in section 3.3.3, the phenyl legs have a rota-
tional degree of freedom around the o-bond to the benzene core, similar to the previously
discussed porphyrin derivatives. Therefore different rotation angles are one possible ex-
planation for the contrast difference, as is a slight tilt of the molecule as suggested for the
asymmetric adsorption type of HoTBryPP. Another explanation could be the formation of

chemical bonds with the surface on either side of the molecule. However, no PES is avail-
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able for this system, making it impossible to know even whether the bromine substituents
are still attached to the molecules or if TBB displays a similar interface component in the
Ge 3d core-level as porphyrins and phthalocyanines. However, when annealing the surface
to the bromine dissociation temperature of 170°C, around half of the original coverage of
TBB molecules desorb from the surface whereas the remaining molecules do not change
their appearance. The partial desorption of molecules suggests that no strong chemical
bond between surface and adsorbed molecules is formed upon deposition. It seems that
the molecules leave the surface before the bromine can dissociate. Unlike the case of
HoTBrgPP, no single adsorbed bromine atoms and almost no etch pits can be found in

the low coverage STM images, additionally supporting this hypothesis.

A model of the adsorption site is shown in Fig. 5.16¢ and shows how the dimensions
of the TBB molecule match with the underlying dimers of the Ge(001) surface. This
enables the molecules to pack quite closely at higher coverages, as shown in areas of
Fig. 5.16a and in Fig. 5.16d. The latter is an empty state image, showing the same
contrast difference between the phenyls as the filled state images, and it also displays
the most commonly found close packing patterns of TBB. The black triangles show close
packing along two dimer rows, and the red ones a head-on configuration with the bright
phenyls right next to each other and thereby spanning three dimer rows. These patterns
appear randomly and usually only include a few molecules before the periodicity is broken.
The absence of long range order and self-assembly of the molecules is further indication
that molecule-substrate interactions dominate over molecule-molecule interactions. It is
therefore unlikely to obtain a perfect close-packed layer of TBB on Ge(001). However,
while still very low, the mobility of TBB on Ge(001) seems to be higher than that of
HyTBryPP, which can be seen in the frequent streaky features in STM images as in Fig.
5.16a as well as in the occasionally observed “appearing” half-molecules as marked by the
white circle in Fig. 5.16a. These features are due to molecules being dragged over the
surface and then dropped by the scanning STM tip and have not been observed for the
porphyrins.

Since the low coverage STM images of TBB on Ge(001) are not very well resolved
(and therefore not shown), it is difficult to determine the underlying structure of the
germanium dimers and whether and in what way the reconstruction is influenced by the
adsorbates. However, almost no 2x 1 reconstruction can be observed in between adsorbed
molecules in any of the images, suggesting that the adsorbed TBB pins the surface dimers
into either the c¢(4x2) or p(2x2) reconstruction (see section 3.1.1). The model of the
adsorption geometry in Fig. 5.16c suggests a possible configuration of the underlying up-
down dimers, which could also explain the contrast difference between the phenyl legs by

the brighter leg adsorbing on top of a charge-rich up-dimer atom.

As for HyTBrsPP and HoTPP, the full adsorption geometry of TBB can only be deter-

mined by utilising additional measurement techniques and supporting DFT calculations.
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5.5 Summary

Although PES and STM measurements on the adsorption of HyTBrsPP on Ge(001) pro-
vide both chemical and structural information, the full adsorption geometry could still
not be determined without additional measurement techniques or DFT calculations. Yet
the comparison between the rough adsorption geometries of HoTBrsPP and HoTPP shows
the importance of a relatively small substituent on the adsorption mechanism of a large
organic molecule, as previously indicated in studies by Auwarter et al. on TPyP and
Co-TPP [139,140] as described in section 5.1. For HoTBrsPP, some of the bromine sub-
stituents dissociate from the molecules upon adsorption and some remain attached. It has
been proposed by comparison with the behaviour of HyTPP and after annealing, that one
of the two observed adsorption types of HyTBryPP results from bonds between the de-
brominated ends of the phenyl legs and the germanium surface dimers, whereas the other
appears to have some intact substituents, possibly slightly tilted away from the substrate
plane. Although the STM and the Br 3d core-level spectrum indicate the dissociation of
bromine from some of the molecules upon adsorption, the valence band spectra before and
after annealing at the bromine-dissociation temperature show some significant changes.
While these changes match up nicely with the calculated VB spectrum for HoTPP, they
could also originate from the conformational changes observed in the STM after anneal-
ing. Additionally, the PES data has been taken on a coverage of more than a monolayer
and some of the molecules contributing to the spectrum do not interact with the surface.
These considerations show the complexity of the data analysis and that PES data, even
with supporting DFT calculations, can be misleading. However, a more systematic syn-
chrotron study of a single monolayer and better statistics could possibly clarify some of
the issues.

A second type of interaction has been shown to occur between the conjugated m-system
of the macrocyle and possibly also the rotated phenyl legs. The exact nature of this
interaction remains unknown, although the conformational change observed in both the
valence band spectrum of HoTBryPP on clean Ge(001) and the STM images is most likely
related to it. The experimental VB spectrum agrees best with the calculated spectrum
for the saddle shape conformation of the molecule, which matches the appearance of the
symmetric adsorption type observed with the STM. However, this does not account for
the asymmetric adsorption type, whose configuration, bonding state and contribution to

the valence band spectrum remain unclear.

Another unresolved question is the orientation of the central hydrogens of the porphyrin
core and their influence on the adsorption mechanism. As mentioned in section 5.3.1, DFT
calculations show that the unhydrogenated nitrogens and their pyrrole groups make up
most of the HOMO and could therefore be expected to be distinguishable in the STM

images. This means that the bright central lobe observed for the symmetric adsorption
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type could originate from the N-N axis rather than upward-bent pyrrole rings and the two
possible orientations of the central hydrogens could thus be the origin of the two differ-
ent, equally proportioned adsorption types observed in the STM. However, the relative
influence of the local density of states and the proximity to the tip is impossible to gauge
without supporting LDOS calculations.

Finally, the expected strong interactions between the clean Ge(001) surface and por-
phyrin derivatives as well as smaller organic molecules like TBB have been confirmed. In
particular, the macrocyclic porphyrin molecules show almost no surface mobility. The
bromine-substituted HoTBryPP and TBB additionally show no long-range order, which
signifies that molecule-substrate interactions are stronger than molecule-molecule interac-
tions. The larger molecules appear to be more prone to bromine-dissociation, although
additional PES measurements on the adsorption of TBB would be necessary to confirm
this. In any case, the passivation of all three investigated germanium surfaces is necessary
in order to minimise molecule-surface interactions, increase surface-mobility and thereby

facilitate self-assembly of the adsorbed molecules into the desired ordered nanostructures.



6 Halogen adsorption and passivation on
germanium(001)

As shown in the previous Chapter 5, the Ge(001) surface interacts strongly with organic
adsorbates. Therefore, to facilitate molecular self-assembly, the surface has to be passi-
vated to minimise interactions with the adsorbates. There are several ways to passivate
Ge(001) either with wet-chemical methods or “dry” methods in UHV. The most common
passivation method in UHV uses atomic hydrogen, as outlined in section 3.1.2. However,
the passivation of Ge(001) with halogens has become more and more popular, mostly due
to their higher etching efficiency of the native oxide when using acids like HBr and HCI,
but also due to their increased stability and the possibility of using them as precursors for
further organic functionalisation of the surface [24].

This chapter explores methods to halogen-passivate Ge(001) in a UHV environment,
as opposed to the well-explored wet-chemical procedures, and characterises the differently
functionalised surfaces with both PES and STM. Furthermore, the adsorption of single
halogen atoms on the dimers of the Ge(001)-c(4x2) reconstructed surface is investigated
with STM and supporting DFT calculations, in an effort to better understand the bonding

and etching mechanisms.

6.1 Literature Review

One of the main disadvantages of germanium when compared

to silicon is the difficulty in growing a stable insulating oxide kJ /mol
with dielectric properties that are comparable to SiOy. The

i ; . Ge-F 470
passivation of germanium surfaces with halogens has there- e 15
fore attracted attention in research as a precursor to growing Ge‘B o
dielectric materials on top [24,156]. Acid or wet-chemical Ge_I g 18
treatment of the surfaces has proven to be one of the sim- <
plest and most promising approaches in the pursuit of that Ge-H 288

goal, since it also removes germanium’s native oxide. HF

treatment of both Ge(001) and Ge(111) has been found to Table 6.1 ~ Germanium-
halogen (and -hydrogen)
bond strengths [155].

lead to hydrogen-terminated surfaces [157], which seems sur-
prising considering the bond strengths as listed in Table 6.1

and fluorine’s well-known highly reactive nature. The etching
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Figure 6.1 Adsorption and etching mechanism of chlorine on Si(001). (a) Monohalide-
dihalide isomerisation process for low coverages, adapted from [164]. Upper panels: ad-
sorption site of chlorine on Si(001), lower panels: formation of SiCly. (b) Upper panels:
possible SiCly formation mechanisms at higher (overages lower panels: after desorption
of the respective SiCly complexes, adapted from [164]. (c) Filled state STM image after
annealing Si(001):Cl at 850 K, with one-atom-layer deep etch pits (P), Si regrowth islands
(I), linear pits (L) one row wide, linear pits with one vacancy on the adjacent row (L +
B), and pits that are two rows wide (L + L), taken from [165].

mechanism must therefore be kinetically rather than thermodynamically controlled [158].
In contact with the ambient atmosphere, the hydrogen-terminated Ge surfaces begin to
reoxidise after only 10 min [159]. Wet-chemical cleaning and passivation using HCI] and
HBr has been found to be more effective, yielding oxide-free Ge substrates and with ambi-
ent stabilities against reoxidation of 10 min and 6 h, respectively [160-162]. Similar to the
HF etching of germanium, reoxidisation is governed by kinetics and cannot be predicted
from the relative bond strengths. Additionally, Ardalan et al. found that the brominated
germanium surfaces are less hydrophilic than the chlorinated surfaces, and therefore more
prone to the adsorption of organics [74]. There is no literature on the wet-chemical iodine-
passivation of germanium surfaces with HI. However, Gothelid et al. investigated both
Ge(001):I [163] and Ge(111):I [70] after iodine deposition from an electrochemical cell
after the priciple described in section 4.2. No value for the ambient stability has been

determined.

While the ambient stability of a passivated surface is governed by kinetics, the desorption
process is both thermodynamically and kinetically controlled. The temperature at which
desorption of the passivation agent begins, increases with bond strength as expected, but
the overall desorption rate can vary widely due to mechanisms like pairing of the desorbing
atoms, as suggested for hydrogen on Ge(001) [78]. Cohen et al. also proposed that pairing
is the underlying process for the desorption of HCI and HBr from Ge(001), following near-
first-order kinetics in the range 570-590 K [166]. In that same temperature programmed
desorption study, the group found the additional desorption products GeCly, and GeBro,
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(A)

Q (B)

Figure 6.2 Adsorption of halogens on group IV semiconductors. (A) Model of Ge/Si
dimer with off-normal, asymetrically adsorbed halogen atoms. (B) Model of dissociative
adsorption mechanism by Okada et al. [167]. (C) DFT calculation and simulated STM
image of the c(4x2) structure of 0.5 ML of bromine on Ge(001) by Mikolajczyk et al. [168].
(D) Model of the two adsorption types of bromine on Si(001) and (E) empty state STM
image (+1 V) of a sub-ML coverage by Herrmann et al. [169].

following second-order kinetics near 675 K and 710 K, respectively [166]. Gothelid et al.
found the equivalent Gely forming on the Ge(001) surface at temperatures of around 470
K with PES, before almost all the iodine had desorbed at 620 K [163].

The dihalide species was first suggested to be a crucial part in the etching process of
group IV semiconductor surfaces by Jackman et al. for chlorine on Si(001) [170]. Wijs et al.
performed a first-principles theoretical study on the etching mechanism in this system, i.e.
the formation and desorption of SiCls, and found two different regimes for low and higher
coverages of chlorine on Si(001) [164]. Initially, the chlorine atoms saturate the surface
dimer dangling bonds, analogous to hydrogen on Ge(001) as shown in Fig. 3.4. For low

coverages, they found the monochlorine-dichloride isomerisation process depicted in Fig.
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6.1a to be most energetically favourable. For high coverages, two possible mechanisms
for the formation of SiCl, were identified, both involving the adsorption of additional Cly
as can be seen in Fig. 6.1b. The results of this study are in agreement with previous
experiments on Cl/Si(001) by Chander et al., who used STM to identify several etching
pathways like linear and branched growth along the surface dimer rows [165]. Fig. 6.1c
shows one of their STM images with all common etching features marked. The thus
identified etching mechanism via dihalides can be generalised to halogens on group IV
semiconductors, since the same or very similar etching behaviour has also been observed
for bromine [171] and iodine [172] on Si(001), as well as for chlorine [173] and iodine [163]
on Ge(001).

Not only does the etching mechanism show very similar characteristics for halogens on
group IV semiconductors, but also their adsorption sites and behaviour at sub-monolayer
coverages. The most widely studied system is the already mentioned chlorine on Si(001).
There are a number of experimental studies confirming the main adsorption site shown
in Fig. 6.1a and emphasising its off-normal character, the determined bond angles a as
depicted in Fig. 6.2a ranging from 19.3° [174] to ~25° [175,176]. Okada et al. performed
STM experiments and first principle molecular dynamics calculations on both Cly and Fy
on Si(001), which show that the adsorption process is dissociative as shown in Fig. 6.2b,
and, remarkably, with no energy barrier [167]. The dissociative nature of the adsorption
of molecular halogen results in two different types of adsorption site, schematically shown
and labelled I and II in Fig. 6.2d. The empty state STM image in Fig. 6.2e shows that the
different types appear as either a dark dimer for type I or as a bright oblong protrusion
for type II, caused by the unpaired dangling bonds left by the adsorption of only one
bromine atom on the dimer. While both types can be observed for chlorine [77] as well as
bromine [169] and iodine [172] on Si(001), type I with both halogen atoms adsorbed on
the same dimer has been found to be energetically most favourable [167], despite higher
repulsive interactions between the larger halogen atoms bromine [169] and iodine in that
configuration. The presence of a steric hindrance between adsorbates becomes clearer
at medium coverages, where both bromine [169] and iodine [172] adsorb in a c(4x2)
configuration as shown in Fig. 6.2c, while this behaviour is not observed for the smaller

chlorine atoms.

There is only one experimental study on the adsorption of halogens on the Ge(001)
surface by Gothelid et al., who, as previously mentioned, studied high coverages of iodine
with STM and PES using synchrotron radiation [163]. The general adsorption behaviour
was found to be analogous to halogens on Si(001) as described in the previous paragraph.
PES revealed Gel as the dominant species, with small amounts of Gels. However, unlike
the other halogens, iodine seems to preserve the asymmetric character of the germanium
dimers, meaning the angle 8 in Fig. 6.2 is not zero. Gothelid et al. attribute this

to the “size-argument” rather than charge transfer which causes the dimer tilt on the
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Figure 6.3 Br 3d core-level spectra (left) and valence band spectra (right) of several
coverages of bromine on clean Ge(001), taken with incident photon energies of 110 eV and
60 eV, respectively.

clean Ge(001) surface, and therefore assume that the same applies to the adsorption of
iodine on Si(001), although not discussed by Rioux et al. in [172]. The asymmetric
character of the Gel-Gel dimer bond is confirmed in a later DFT study of the same
system by Stankiewicz [177], although still with a much smaller dimer buckling angle
than for the clean surface. Mikolajczyk and Stankiewicz also performed a DFT study
on several coverages of bromine on Ge(001) [168], once again confirming the previously

discussed general adsorption behaviour of halogens on group IV semiconductors.

6.2 Bromine on Ge(001)

The adsorption of bromine on Ge(001) has been investigated using both the STM in
CRANN and PES at the SGM1 beamline at ASTRID. On both systems, the bromine was
deposited on clean Ge(001) in UHV from a homebuilt electrochemical cell as described in
section 4.2 and further discussed in 6.5. This method facilitated the deposition of very
low coverages as well as a full passivating layer. However, the low coverages do not yield
enough photoelectron intensity to investigate with PES and have only been investigated
with the STM.

6.2.1 Passivation

Firstly, clean Ge(001) was exposed to a sequence of dosages of bromine and analysed
with PES to find the saturation coverage for full passivation. The most commonly used
parameter to gauge exposures from an electrochemical cell is the ion current between the
electrodes. However, these currents can vary widely depending on the geometry of the
cell and the exposure of the surface additionally depends on the geometry of the chamber.

In this study, exposures are given in units of Langmuir, defined in section 4.1. In lieu of
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the technically correct partial bromine pressure, the chamber pressure has been used to
determine the exposure; the bromine pressure during deposition was in the order of 10~

mbar whereas the chamber base pressure was 107'9 mbar and therefore negligible.

Fig. 6.3a shows the Br 3d core-level region before and after several subsequent bromine
dosages, all recorded with a photon energy of 110 eV. At a low exposure of only 0.2 L,
almost no bromine can be detected. At 1.5 L the Br 3d core-level is clearly distinguishable,
yet it gains another 10% in intensity after exposure to another 0.5 L. Additional exposure
does not change the core-level any further, which suggests that the surface is fully passi-
vated after being exposed to a total of 2 L of bromine. This also means that the sticking
coefficient of bromine on clean Ge(001) lies in the order of 0.5. The Br 3d core-level has a
binding energy of 69.8 eV. Ardalan et al. report a binding energy of 68.8 eV for the Br 3d
core-level of bromine-passivated Ge(001), using HBr [74]. The discrepancy of ~1 eV with
respect to the value found in this experiment could be explained with either the different
preparation methods resulting in different surface reconstructions of the adsorbate or with

instrumental effects like calibration inaccuracies.

The valence band spectra for the same subse-

quent bromine dosages are shown in Fig. 6.3b, e
taken with an incident photon energy of 60
eV. The germanium surface state close to the

valence band maximum reduces with increas-

ing coverage of the passivation agent, as also
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coverages, and can be assigned Br 3d core-level

electrons excited by second order light from the Figure 6.4 Ge 3d core-level spectrum

monochromator with a photon energy of 120 after deposition of 2 L of bromine. B:

eV.
The Ge 3d core-level spectrum of the

bromine-passivated surface was taken at a pho-
ton energy of 60 eV and is shown in Fig 6.4. The
main components of the fit are the bulk at 29.15
eV and a shoulder shifted by 0.47 eV to higher
binding energy. This component has been pre-
viously reported for bromine-passivated germa-
nium by Schnell et al. [178] and Ardalan et

al. [74] and has been attributed to a monobro-

bulk component (29.15 eV), Br I: mono-
bromide component (40.47 eV, 0.32 of
bulk intensity), Br II: dibromide com-
ponent (+0.73 eV, 0.10 of bulk inten-
sity), S: surface component (-0.49 eV,
0.08 of bulk intensity). All components
fitted with a GW of 0.32 eV, LW of 0.15
eV, spin-orbit splitting of 0.59 eV and a
branching ratio of 0.67.

mide species (GeBr). Two additional smaller components arose on both the high and low
binding energy side of the peak. The first one is shifted by +0.73 eV with respect to the
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Figure 6.5 Br 3d (left) and Ge 3d core-level spectra (right) of several annealing stages
(values in °C) of bromine on clean Ge(001).

bulk peak and is comparable to similar additional high binding energy components found
by Ardalan et al. [74] for bromine and by Géthelid et al. [163] for iodine on Ge(001). They
have been interpreted to originate from a dihalide species, in this case GeBry. The relative
intensities of the monobromide and dibromide components are 0.32 and 0.10 of the bulk
component, similar to the values found for monoiodide and diiodide by Gothelid et al. but
very different from the much smaller values reported by Ardalan et al.. However, the latter
study has been conducted using a home XPS system with with much lower resolution and
surface sensitivity and additionally, as mentioned before, on a wet-chemically prepared
surface. The component shifted -0.49 eV from the bulk most likely results from unsatu-
rated dangling bonds on the surface, disputing the previously found saturation coverage
of 2 L of bromine. It is possible that a certain number of defects in the passivation is
unavoidable, but the relatively large contribution of the surface component to the overall
spectrum is still surprising. However, the insufficient statistics for the Ge 3d core-level
spectrum made a perfect fit difficult and the error range for both binding energy and rela-
tive intensity values of the smaller components is estimated to be much larger than usual.
Yet the observed shift of the bulk component of 0.2 eV to higher binding energy when
compared to the clean surface value (as listed in Table 5.1) is in very good agreement with
the shift reported by Gothelid et al. for Ge(001):I and has been attributed to downward

bandbending due to the adsorbate-induced change of the surface structure.

Fig. 6.5 shows both the Ge 3d and Br 3d core level spectra after several different
annealing stages of the bromine-passivated Ge(001) surface, with a duration of 40 min
each. After annealing at 170°C, no change can be observed in either core-level spectrum.
A slight decrease of the Br 3d line after annealing at 250°C is accompanied with a decrease
of the high energy shoulder of the Ge 3d spectrum, identified with the Ge-Br bonds in

the previous paragraph, and with an increase of the low binding energy shoulder of the
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Figure 6.6 Filled state STM images of the bromine-passivated Ge(001) surface before
(a) and after annealing at 270°C (b) and 350°C (c). Imaging parameters: (a) -2.1 V, 0.27
nA; (b) -1.9 V, 0.24 nA; (¢) -1.6 V, 0.17 nA. Labels are explained in the text.

peak, indicative of the return of surface states of the clean surface. An increase in the
dihalide species as found for iodine by Gothelid et al. after annealing at 200°C [163] could
be neither confirmed nor disputed due to the aforementioned insufficient statistics of the
Ge 3d core-level spectra taken in this experiment. After annealing at 350°C, almost no
bromine is detectable on the surface, in agreement with a Ge 3d peak which has returned

to its “clean” configuration.

STM

A filled state STM image of a bromine-passivated Ge(001) surface can be seen in Fig. 6.6a.
It shows that the 2x1 reconstruction of the surface is preserved and both of the germanium
dimer’s dangling bonds are saturated with one bromine atom and thereby lose their tilt, as
predicted in the DFT calculations by Mikolajezyk and Stankiewicz [168] and observed in
an STM study of bromine on Si(001) by Herrmann and Boland [169]. Micolajczyk’s DET
calculations and STM simulations predict that the bromine atoms appear brighter in the
STM than the surrounding germanium surface atoms, which leads to the interpretation
of the quite frequently found dark features marked “MB” in Fig. 6.6a as missing bromine
atoms, i.e. unsaturated dangling bonds. This is notably different from Herrmann’s results
for bromine on Si(001) and STM images of the hydrogen-passivated Ge(001) surface, where
defects appear very bright as discussed and shown in section 3.1.2. Following the latter
examples rather than the DFT calculations with the interpretation of bright and dark
features, the dark holes would have to be assigned to missing i.e. etched germanium dimer
atoms, which seems unlikely to occur as frequent as it is observed with the surface held at
room temperature. The average defect density for the bromine-passivated surfaces in this
experiment has been found to be 12 + 3%, which is slightly better than the best reported
value for the defect density of hydrogen-passivated Ge(001) of 15% [79]. Considering their
size and frequency, the less defined bright features marked “D” are possibly related to
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Figure 6.7 Filled (a) and empty state (b) STM images of the same area of a Ge(001)
surfdace after deposition of a low coverage of bromine. Taken at +2 V, 0.12 nA, labels
explained in text.

the GeBry species observed in the Ge 3d core-level with PES. Empty state images of the
bromine-passivation show the same features as the filled state images but are not as well

resolved and therefore not shown.

After annealing the surface at 270°C for 40 min, the surface etching as described for
halogens on Si(001) and Ge(001) in the literature (see section 6.1) becomes clearly visible
in the STM images, as shown in Fig. 6.6b. The etching seems to occur mainly in linear
rows (labelled “L”), similar to what has been observed for iodine on Ge(001) [163]. As
discussed in section 6.1, the etching mechanism is believed to be based on the breaking
of dimer bonds and the facilitation of GeBry formation, which then desorbs from the
surface. This leaves the neighbouring dimers in the row more open for GeBrs formation,
resulting in the observed linear growth of the etch pits. Some islands of germanium
regrowth, marked “I” as the silicon regrowth in Fig. 6.1c, are also observed. The literature
does not offer an explanation for the growth mechanism of these islands and none of the
measurements presented here offer sufficient information to speculate on their origin. After
further annealing at 350°C, Fig. 6.6c shows that the etching branches out from the linear
rows to form pits (labelled “P”) at higher temperatures. This suggests that branched
growth of the etch pits requires more energy than linear growth for bromine on Ge(001),
which is in implicit agreement with DFT calculations of the etching mechanism of chlorine
on Si(001) by Wijs et al. [164], who state that the formation of the dihalide etch product
occurs preferentially at sites where more space is available, i.e. along a dimer row once
etching has started with a missing dimer. The energy difference is expected to be higher
for larger halogens, meaning that branched growth and etch pits can be expected at lower

temperatures for smaller halogens.
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6.2.2 Lower coverages

Low coverages of bromine deposited in clean
Ge(001) were investigated with the STM. Exact cov-
erages were difficult to determine since a consider-
able amount of other contaminants are visible in the
STM as well and the deposition times were in the
order of a few seconds, resulting in very small Lang-
muir values with large error ranges. Fig. 6.7 shows
both filled and empty state STM images of the same
area of a Ge(001) surface after bromine deposition.
Two features are found repeatedly throughout the
entire STM dataset and are therefore likely to be

associated with bromine.
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The most frequent feature is a small bright spot
roughly the size of the germanium dimer atoms,

which always pins the two adjacent dimer atoms

in the “up”-position. The bright spot also ap-
pears bright in the empty state images, whereas Figure 6.8 Comparison between
the adjacent dimer orientation is only discernible experimental (a and b) and simu-
from the filled state images. One such feature is lated (c and d) STM data of a single
marked “SB” in Fig. 6.7a and b. As previously adsorbed bromine on the Ge(001)-
mentioned, Mikolajczyk and Stankiewicz [168] pre- c(4x2) surface in the configuration
dicted the bromine adsorbates on Ge(001) to appear depicted in the model in (e). (a) and
brighter than the surrounding germanium surface (c) are for a bias of -1V, (b) and (d)
atoms, which suggests that the bright spots are sin- for +1 V.
gle adsorbed bromine atoms. Since halogens have
previously been found to always adsorb in pairs after the dissociation of the molecule
[167,169], this raises the question whether the electrochemical cell produces molecular
bromine as claimed by the original paper by Spencer et al. [101] and others after that, or
single bromine atoms or ions or both. This issue will be further discussed in section 6.5.
The single bromine (SB) features become less discernible from the surrounding germa-
nium atoms when imaged at lower filled state biases than in Fig. 6.7a. The contrast
changes more clearly in the empty state images, where the SB features almost disappear
at lower biases, as can be seen in the close-up images of one such single bromine atom
adsorbed on the Ge(001)-c(4x2) surface, imaged at a bias of +1 V in Fig. 6.8b. Prelim-
inary DFT calculations of the system, performed by Radny et al. [179] ! |, result in the

!Spin-polarized DFT calculations have been performed using projector augmented wave (PAW) po-
tentials and the generalized gradient approximation (GGA) for exchange and correlation with a calculated
lattice constant of 5.77 A. A single halogen atom was adsorbed on a dimer of the Ge(001)-c(4x2) surface
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STM image simulations in Fig. 6.8c and d when assuming that the bromine atom bonds
to a down germanium dimer atom in the ¢(4x2) reconstruction as indicated by the model
in Fig. 6.8e. This configuration has been found to be the most energetically favourable
if a sufficiently large germanium slab is used for the calculation. When compared to the
experimental data in Fig. 6.8a and b, it appears that the position of the adsorbed bromine
atom between two up-dimer atoms is correct. However, the experimental images show no
STM contrast for the other side of the dimer with the adsorbed bromine atom, which
contradicts the calculated configuration in that respect.

The second feature which can be found consis-
tently throughout the STM images is marked with
“DB” in Fig. 6.7a and b. It is characterised by
a comparably large bright spot situated between
dimer rows in the filled state images and by two
spots orientated diagonally across two dimer rows
in the empty state images. Compared to the SB

feature it appears fuzzy and not as well resolved. 1.5nm

Additionally, the DB features are often found in
close proximity to SB features, changing the overall
appearance and making it more difficult to identify
them. Lower bias images of two isolated DB features
are shown in Fig. 6.9, resolving them a little better

and revealing a more oval or even two-spot shape

;-

of the bright contrast in the filled state image. The
two-spot shape of the feature and the PES results 1.5nm

discussed in the previous section suggest GeBrs as a

possible origin of this feature. This can also be sup- Figure 6.9 Filled (s) and empty

state (b) STM images of two DB fea-
tures, taken at +1.5 V and 0.13 nA.

ported by its position between dimer rows or off to
the side of one of them. All previous studies on halo-
gen adsorption on group IV semiconductors, most
significantly Herrmann et al. on bromine on Si(001) [169], suggest that the adsorption on
neighbouring dimers or one halogen atom on each dimer atom are the preferred config-
urations for more than one halogen atom in close proximity, and none of them report a
feature which is similar to DB. As mentioned before, PES does not yield enough intensity
for low coverages to clarify this issue and STS could not be performed with sufficient ac-

curacy. In the end, it cannot be completely ruled out that the DB feature originates from

represented by an asymmetric slab containing 10 Ge layers within a 4 x4 surface unit cell, and terminated
on the bottom surface by hydrogens. The notation nLvm is used to indicate an n layer slab in which
the top m layers are allowed to move. The default energy cut-offs for the PAW potentials defined in the
VASP code were used for all atoms. Simulated STM images of the surface have been obtained within the
Tersoff-Hamann approximation.
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an unidentified but common contaminant or by-product of the electrochemical cell.
Except for a TPP molecule in the lower left corner (see section 5.3.2), all other features

shown in Fig. 6.7 do not occur repeatedly and can therefore most likely be assigned to

contaminants, which is supported by a slight increase in the carbon 1s line in PES after

bromine deposition from the electrochemical cell.

6.3 Chlorine on Ge(001)

The chlorine-passivation of Ge(001) has been investigated with STM in CRANN, DCU and
IM2NP, and with the Omicron XPS system in DCU. No systematic synchrotron PES study
of adsorption and desorption of the chlorine layer as presented for bromine in section 6.2
has been performed. However, as for bromine, the adsorption behaviour of low coverages
of chlorine has been studied with the STM in CRANN. On all systems, chlorine has been
deposited onto the clean Ge(001) surface at room temperature from an electrochemical

halogen cell.

6.3.1 Passivation

The saturation coverage of chlorine on Ge(001) is reached after the exposure to 1 L of
chlorine, as has been determined with STM. This means its sticking coefficient is roughly
unity and therefore higher than that of bromine (see section 6.2.1). A filled state STM
image of a chlorine-passivated Ge(001) surface, taken at IM2NP, is shown in Fig. 6.10a.

It is very similar to the bromine-passivation in that each dangling bond is saturated with

Intensity (a. u.)
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(a) Filled state STM image, taken at -1.4 V and (b) Cl 2p core-level spectrum, taken with Al

0.25 nA. Explanation of labels in text. Ko X-rays. Fitting parameters: Binding en-
ergy 198.4 eV, spin-orbit splitting 1.6 eV [180],
branching ratio 0.5 (see equation 2.16), Gaus-
sian width 1.85 eV, Lorentzian width 0.15 eV.
Inset: Raw data before (light grey) and after
(dark grey) chlorine-passivation.

Figure 6.10 STM and PES of the chlorine-passivated Ge(001) surface.
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a single chlorine atom, resulting in symmetric dimers. Analogous to bromine, the dark
features marked “MC” are interpreted as missing chlorine atoms. However, the average
defect density of the chlorine passivation has been determined to be 5+2%, which is
much better than for both bromine and hydrogen as passivation agents. Empty state
STM images have been difficult to acquire in good quality since the chlorine features
lose contrast with respect to the surrounding surface as will be discussed in the following
paragraph and in section 6.3.2. The image in Fig. 6.10 also shows features similar to “DB”
in Fig. 6.6a, marked “DC” in this case. They appear slightly brighter than the chlorine
atoms, are of somewhat irregular shape and sit between two dimer rows. All other features
in Fig. 6.10a can most likely be assigned to contaminants since the chamber pressure at
IM2NP was comparatively high (> 10~? mbar). Despite the difficulties in getting an
“undisturbed” image of a large surface area at this pressure, the resolution of the single
chlorine atoms is still the best of all three STM systems used for the experiments presented

in this thesis.

It was possible to obtain reproducible STS

data on both the clean and the chlorine- TT

passivated surface since these surfaces are uni- 54 ‘\ — Crpessiveed |
form over a large area and the exact tip position s .\“

thus does not need to be known. The dI/dV %., 54

spectra in the voltage range from -2 to 2 V are % 1

shown in Fig. 6.11 (recorded with the STM
in DCU). They were taken on three separate

T

(50x50) nm frames of each surface, and aver- < il
aged over a total of 165 curves for the clean sur-

face and 98 curves for the chlorine-passivated Figure 6.11 STS of clean and chlorine-
surface. The most significant difference be- passivated Ge(001).

tween the two surfaces is a significant reduction

of the empty states for the chlorine-passivated surface, which is in agreement with the dif-
ficulty in obtaining empty state STM images with sufficient contrast. The surface gap of
clean Ge(001) has been determined to be 0.8040.14 eV, which is in good agreement with
the 0.75 eV measured by Jordan and Shvets [181]. When chlorine-passivated, the surface

gap increases to 1.36+£0.14 eV.

Due to its similar appearance it is reasonable to assume that the “DC” feature has
the same origin as for bromine, where it has been speculated to be a germanum-dihalide
species. However, the PES for the chlorine-passivated surface has only been performed on
a home XPS system and therefore lacks the resolution to identify a similar dihalide peak
component in the Ge 3d core-level spectrum as for bromine. Additionally, both the CI
2s and CI 2p core-levels are difficult to measure with both the Al and Mg anode of the

Omicron XPS system since they have the same kinetic energy as either germanium Auger



88 6 Halogen adsorption and passivation on germanium(001)

lines or plasmons, a problem which has already been identified by Ardalan et al. [74]. The
Cl 2p doublet, sitting on a Ge 3s plasmon loss peak [39], has been recorded with Al K,
X-rays (1486.6 eV) and is shown in Fig. 6.10b. The inset shows the raw spectra of the
clean surface (light grey) and after chlorine passivation (dark grey), whereas the main
graph displays the difference spectrum between the two. After removal of the increased
scattering background on the high binding energy shoulder of the difference spectrum,
the peak could be fitted reasonably well. The parameters are given in the caption of Fig.
6.10b. The binding energy of 198.4 eV is in good agreement with the 198.7 eV found by
Ardalan et al. for a wet-chemically chlorine-passivated Ge(001) surface [74].

As mentioned before, no systematic desorp-
tion study has been conducted on the chlorine-
passivation. It is however expected to be
slightly more stable than bromine because of its
stronger bond to germanium as listed in Table
6.1 and STM images taken after annealing the
sample to 220°C show only very little etching,
i.e. chlorine loss. After annealing the surface to
350°C, etching similar to the other halogens can
be observed as shown in the filled state STM
image in Fig. 6.12. However, the etching path-

ways are notably different and chlorine shows

a stronger tendency towards branched growth
Figure 6.12 Filled state STM image

of a chlorine-passivated Ge(001) surface
after annealing at 350°C, taken at -1.6 V

d 0.12 nA.
the previously discussed argument that smaller an .

into large etch pits than bromine. Only very few
linear etching pathways and regrowth islands

can be observed. This is in agreement with

halogens are less spatially restricted and dihalide formation is therefore more likely to

branch out across dimer rows (see section 6.2.1).

6.3.2 Lower coverages

Like for bromine, a low coverage of chlorine was deposited on the clean Ge(001) surface
to investigate the adsorption mechanism more closely. However, a coverage as low as for
bromine could not be achieved in any of the experiments, most likely due to chlorine’s
higher sticking coefficient (as mentioned in section 6.3.1). Fig. 6.13a and b show empty
and filled state STM images of the same area of a Ge(001) surface with the lowest achieved
chlorine coverage, displaying three different features that can be found repeatedly enough
to assign them to chlorine. The large contaminant on the right side of the images can be
used for orientation when comparing the two images.

The most frequently found feature is labelled “PC”. It has also been found for chlorine
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Figure 6.13 Empty (a and c) and filled state (b and d) images of a low coverage of
chlorine adsorbed on the clean Ge(001) surface. Images (a) and (b) were taken at £1.2
V and 0.12 nA, (c) and (d) at £1.4 V and 0.12 nA. An explanation of the labels can be
found in the text.

adsorbed on Si(001) by Boland [77] and has been assigned to two chlorine atoms each
adsorbed on one of the dangling bonds of a single surface dimer. The feature is easy
to identify in the empty state images, which is all Boland published, but very similar
in contrast to the surrounding germanium surface dimers in the filled state images. A
comparable feature could not be found for bromine in this study, which is most likely
only due to the difference in coverage since bromine as well as chlorine adsorb almost

exclusively in this configuration at saturation coverage.

The second most frequently found feature is labelled “SC” in Fig. 6.13a and b. It is very
similar to the single adsorbed bromine feature labelled “SB” in Fig. 6.7 and is therefore
interpreted as a single adsorbed chlorine atom. However, Boland does not observe this
feature on Si(001). His study only reports two single adsorbed chlorine atoms on dimers
next to each other, which is attributed to the dissociative nature of the adsorption for
chlorine molecules. As mentioned before, the issue of molecular or atomic/ionic halogen
deposition from the electrochemical halogen cells will be discussed in section 6.5. Addi-
tionally, Boland’s study shows that when a chlorine atom is adsorbed on only one dimer

atom, the dangling bond of the other appears very bright in the empty state STM images
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of a similar bias as shown here. As for bromine (see section 6.2.2 and [169]), this is very
different from what can be observed in the images in this experiment and could therefore
indicate a major difference between the Si(001) and Ge(001) surfaces.

The third feature in Fig. 6.13a and b is labelled “BC” and consists of two lobes which
appear brighter than the surrounding germanium atoms in the filled state image. In the
empty state images, it is characterised by a centred large spot of the same contrast as
the surrounding surface but separated by dark surroundings. Although the empty state
appearance is different, this feature can possibly be compared to the feature on Si(001)
which Boland assigned to a bridge-bonded configuration. In this case the chlorine atom
breaks the bond between the dimer atoms and adsorbs between them, leaving one dangling
bond on each side. The latter could account for the bright doublet observed in the filled
state images, whereas the empty state image could originate from the centrally adsorbed
chlorine atom. However, Boland reports that this species is unstable and changes into one
of the other two configurations due to interactions with the STM tip, whereas no fuzzy
appearance of the feature or changing configurations from one image frame to the next
have been observed in this study. A different interpretation of this feature is difficult to
find without supporting DFT calculations or STS measurements, which as for bromine
were not possible to perform with sufficient accuracy at room temperature.

Fig. 6.13c and d show an additional pair of empty and filled state STM images from
a different area on the same surface, which shows another commonly found feature after
the deposition of chlorine, labelled “DC”. It is very similar to the DB feature found for
bromine (see Fig. 6.7 and 6.9) in that it consists of two bright spots which are oriented
diagonally across a dimer row and appear especially bright in the empty state images. It is
therefore most likely to be interpreted as a sign of GeCly, although no definite statement
can be made. An additional observation in Fig. 6.13d is that the PC feature appears
much darker than in Fig. 6.13b. This difference can possibly explained by different tip
configurations, as suggested for several discrepancies in the appearance of the chlorine
adsorbates in Boland’s STM study on Si(001) [77]. Since Boland only discusses empty
state images, it is unknown whether this particular difference in the appearance of the PC

feature is a commonly observed effect.

6.4 lodine on Ge(001)

The adsorption mechanism of iodine on Ge(001) has been investigated on the UHV system
in DCU, using both STM and XPS. Although the satura<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>