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Grenzflächenbildung zwischen ringförmigen Kohlenwasserstoff-Molekülen und III-V
Halbleiteroberflächen

Regina Paßmann

In dieser Arbeit wurde eine systematische Untersuchung der Adsorptionsstruktur von
kleinen organischen Ringmolekülen auf III-V Halbleitern mittels Photoelektronen-Spek-
troskopie (PES), Reflexions-Anisotropie-Spektroskopie (RAS), Rastertunnelmikroskopie
(STM), sowie niederenergetische Elektronenbeugung (LEED) durchgeführt. Durch diese
Untersuchungen wurde die Grenzflächenbildung zwischen den organischen Molekülen und
den III-V Halbleitern aufgeklärt. Vor dieser Arbeit existierten zwar zahlreiche Untersuchun-
gen zur Adsorptionskonfiguration, sowie den zugrundeliegenden Bindungsmechanismen
von organischen Molekülen auf Si(001) Oberflächen, systematische Untersuchungen der Ad-
sorption auf III-V Halbleitern gab es aber keine. Auf Si(001) Oberflächen erfolgt die Adsorp-
tion oft mittels einer Cycloadditionsreaktion. Allerdings sind nicht nur Systeme basierend
auf Silizium für Anwendungen interessant, sondern auch jene basierend auf
III-V Halbleitern. Kohlenwasserstoff-Moleküle und III-V Halbleiter bieten insbesondere die
Möglichkeit systematisch zwei wesentliche Einflüsse zu analysieren:
zum Einen den Einfluss der atomaren Oberflächenstruktur der Halbleitermaterialien und zum
Anderen den Einfluss der intra-molekularen Strukturelemente.
Um den Einfluss der Oberflächenstruktur, insbesondere des Dimers, auf den Adsorption-
sprozess von organischen Molekülen zu untersuchen, wurden in dieser Arbeit, vergleichend
zu Silizium, die ersten Bindungsplätze auf den GaAs(001) Oberflächen, der c(4×4), (2×4)
und (4× 2), untersucht, sowie die Adsorption von Cyclopenten auf der InP(001)(2× 4)
Oberfläche. Im Vergleich zeigte sich, dass Cyclopenten auf InP(001)(2× 4) in einer der
Cycloadditionsreaktion ähnlichen Adsorptionsstruktur bindet. Dies ist mit dem Aufspalten
der Doppelbindung einhergehend, im Gegensatz zu der Adsorption auf GaAs(001). Somit
zeigt sich hier, dass die Oberflächengeometrie einen Einfluss auf die resultierende Adsorp-
tionsstruktur hat.
Zum Zweiten wurde der Einfluss der intra-molekularen Bindungen in dieser Arbeit mit-
tels Cyclopenten (eine Doppelbindung), 1,4-Cyclohexadien (zwei Doppelbindungen), sowie
Benzol (drei Doppelbindungen) charakterisiert. Anhand der Untersuchungen auf rekonstru-
ierten GaAs(001) Oberflächen hat sich gezeigt, dass es eine Abhängigkeit der Bindungskon-
figuration von der Anzahl der intra-molekularen Doppelbindung gibt. Bei der Adsorption
von Cyclopenten wurde nur eine Einfachbindung zur Oberfläche ausgebildet, während für
1,4-Cyclohexadien und Benzol pro Molekül eine Bindung zu vier Atomen der Oberfläche
festgestellt werden konnte. Bei der Adsorption von Cyclopenten gab es keinen eindeutigen
Nachweis dafür, dass die Doppelbindung in die Bindung zur Oberfläche involviert sein muss,
wohingegen die Adsorption von 1,4-Cyclohexadien und Benzol über die Doppelbindungen
stattfindet. Weiterhin zeigte sich eine häufigere Ausbildung von Bindungen zu As-Atomen
als zu Ga-Atomen der Oberfläche.
Diese systematischen Untersuchungen belegen, dass sowohl die Oberflächengeometrie, als
auch die Molekülstruktur einen Einfluss auf die resultierende Adsorptionsstruktur haben und
sich daraus eine Systematik bezüglich der Ausbildung der Molekül-Halbleiter-Grenzflächen
ergibt.
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Chapter 1: Introduction

Hybrid systems consisting of thin organic layers and inorganic semiconductor surfaces are
considered a key issue for future developments in the field of advanced electronic devices
and sensors with a possible impact in many different research areas such as biotechnology,
nanoelectronics, high density data storage and medical diagnostics. Applications like light
emitting diodes, field effect transistors, small flexible monitors or biosensors already exist.
But to improve for example the biocompatibility, the life time or the performance of the
electronic devices more investigations and characterizations of the interfaces between the
organic molecules and the semiconductor surfaces are necessary [1].
During the formation of the interface it is not only important to know the semiconductor
surface structure, the structure of the organic molecules and their functionality is also a
crucial parameter [1–4]. Therefore the final bonding sites and bonding configurations of the
organic molecules will influence the functionality of such a modified surface for example
the translation of a surface reaction into a measurable signal and the stability [5].
A detailed knowledge of the atomic structure and the bonding sites of the organic molecules
on the semiconductor surface is required to improve their applicability. So far, most of the
results on hybrid interfaces are reported for the adsorption of organic molecules on Si(001)
surfaces (for example [2,3,6–10]). A well understood surface in this case is the Si(001)(2×
1) reconstruction, which is described by asymmetric buckled Si−Si surface dimers [11–13].
It was shown that the asymmetry of the dimer results in an adsorption of small organic
ring molecules via a cycloaddition reaction where the asymmetric dimer configuration is a
basic prerequisite for [3]. Concerning the adsorption of organic molecules on surfaces of
the technologically important III-V semiconductor surfaces, on the other hand, only little is
known [14–18]. However, the combination of organic molecules and III-V semiconductor
materials offers an ideal platform for applications in the field of electronic and optoelectronic
devices.
In order to improve the understanding of the interface formation between organic molecules
and III-V surfaces it is important to know the first bonding sites of the organic molecules
in specific for example if the molecules are flat lying on the surface or upright standing.
This knowledge will give the possibility to understand for example in which direction a
charge injection or a charge transport through the molecular layer would be possible. This
is only one crucial parameter for the improvement of the performance of electronic devices.
Hence a systematical study of the adsorption of organic molecules is necessary to find out
the parameters which have an influence on the final adsorption structure. For such a study
it would be not useful to chose complex molecules because such molecules would provide a
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2 Introduction

huge number of possible adsorption structures. Hence, in this work a first systematical study
of the adsorption of small hydrocarbons ring shaped molecules is performed.

Molecules like hydrocarbons consists only of hydrogen and carbon atoms, but exhibits
the possibility to investigate the influence of the different amount of intra-molecular double
bonds to the adsorption process. A double bond within an organic molecule is the simplest
form of a so called ‘functional group’. Thus cyclopentene, 1,4-cyclohexadiene and benzene
were chosen for the first investigations. These molecules have in common, that they are hy-
drocarbons which have a ring shaped structure, but they consist of one, two and three double
bonds, respectively. If the intra-molecular double bonds play a role during the adsorption
process, or for the choice of the first adsorption sites of the molecules, the adsorption struc-
tures of all three molecules should be different. Another possibility is that the influence of
this functional group is not strong enough or even can be neglected. Thus the adsorption
structures of these molecules could be similar.
The influence of the intra-molecular double bonds is not the only important parameter for
the formation of a hybrid system. The dependency of the resulting adsorption structure on
the surface dimer configuration and surface stoichiometry is not yet clarified. The III-V sur-
faces exhibit the possibility to investigate systematically the adsorption of the small organic
molecules on different surface stoichiometries and thus different dimer configurations. In
this work the three ‘main’ GaAs(001), the c(4× 4), the (2× 4) and the (4× 2) as well as
the InP(001)(2×4) surface reconstruction exhibit such different surface stoichiometries and
dimer configurations. Therefore they are predestinated to investigate the influence of the sur-
face properties to the adsorption process of cyclopentene, 1,4-cyclohexadiene and benzene
in a first systematical study. The resulting adsorption structures can be compared and the
differences and similarities can be identified.
With the investigation of the influence of both parameters, the amount of intra-molecular
double bonds as well as the dimer configuration, it can be ruled out if an influence of these
parameters on the adsorption structure exists. This would be important for the development
of novel electronic devices because if a surface exhibits no ordered adsorption structure no
improvement of the performance can be expected. As it was mentioned before the orien-
tation of the molecules can have an important influence on the increase or decrease of the
electron mobilities through the molecular layer or through a charge injection at the interface.

So the main focus of this work is to characterize and understand systematically the inter-
face formation between the three ‘main’ surface reconstructions of GaAs(001) as well as the
InP(001)(2× 4) reconstructed surface with hydrocarbon ring shaped molecules: cyclopen-
tene, 1,4-cyclohexadiene and benzene. Additionally the adsorption structures which results
after the adsorption of cyclopentene, 1,4-cyclohexadiene and benzene on the Si(001)(2×1)
reconstructed surface, respectively, will be discussed briefly for a comparison of the result-
ing adsorption structures of these molecules on the III-V surface reconstructions used in this
work.

In detail in the first part of this work the basics, the (001) surface reconstructions, the
molecule properties and the experimental methods will be discussed briefly. In chapter 2 the
formation rules and surface properties of (001) surfaces in general will be introduced. The
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properties and characteristics of the three molecules, cyclopentene, 1,4-cyclohexadiene and
benzene will be discussed in chapter 3 and in chapter 4 some details about the experimental
methods used in this work will be given. In the last chapter of the first part the clean surface
reconstructions of the GaAs(001) and InP(001)(2×4) will be introduced.

In the second part the interaction of cyclopentene on the InP(001)(2× 4) reconstructed
surface is investigated with RAS and SXPS. Additionally a comparison to results derived
from DFT calculations is done in chapter 6.1. A final adsorption structure of cyclopentene
on the InP(001)(2×4) reconstructed surface is given.

In the third part the results of the adsorption structure formation of the three ‘main’
GaAs(001) surfaces, the c(4× 4), the (2× 4) and the (4× 2) surfaces and cyclopentene
will be discussed in detail in chapter 7. In chapter 8 and chapter 9 the suggestion of the first
adsorption sites and changes in the optical and electronical properties of 1,4-cyclohexadiene
and benzene adsorbed on these surface reconstructions will be shown, respectively.





Part I.

Basics
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Chapter 2: Reactions between Organic
Molecules and Semiconductor
Surfaces

The general properties of the (001) surfaces will be introduced in this chapter in order to
discuss the resulting adsorption structures of organic molecules depending on the surface
stoichiometry and atomic structure. The common characteristics and structural as well as
electronic properties will be shown. In the last section of this chapter the results found in
literature so far for the adsorption of cyclopentene, 1,4-cyclohexadiene and benzene will be
summarized.

2.1. The (001) surface reconstructions

The most important compound group-III and group-V element semiconductors crystallize in
the zincblende(ZnS)-type structure, for example GaAs, InP, GaP, InSb and InAs. In this struc-
ture the (001) planes in the bulk are variantly occupied by cations and anions see Fig. 2.1.

Figure 2.1: The (001) plane of a zincblende-type III-V semiconductor. On the left the bulk like
surface is shown and on the right the formation of a reconstruction because of missing bonding
partners. At the surface the alternating occupied cations (gray) and anions (black) of the (001) plane
form bonds to the neighboring atoms. This reduces the amount of dangling bonds (black lines) and
thus the surface energy.

In the case that the crystal is cut, the resulting surface differs from the bulk structure in
such a way that dangling bonds (black lines in Fig. 2.1) are created. In order to minimize the

7



8 Reactions between Organic Molecules and Semiconductor Surfaces

surface energy the surface tends to form new bonds to reduce the amount of dangling bonds.
Accordingly dimerization of the surface occurs where neighboring atoms create new bonds
to each other. Another point which occurs along with the dimerization is the strain energy
which changes during the bond formation on the surface. This strain depends on the bond
length of the dimer and the nearest neighbor distance in the bulk.

As a result of this, the electronic energies of the surface will be lowest, if the remaining
dangling bonds are filled at the surface anions and empty at the surface cations, which is the
so-called ‘electron-counting-rule’ (proposed by Pashley in 1989 [19]). This rule is important
for the stability and the geometry for the surface and also for the adsorption structure of
molecules.

A fundamental condition for the use of the electron counting rule is the existence of cova-
lent bonds between atoms which are occupied with two electrons, respectively. Additionally
the rule is based on the fact that binding energies for surface cations are smaller than for
surface anions. Here the electronegativity value is important because it is different for the re-
spective elements. The values for the electronegativities of the elements which are important
for this work are given in table 2.1.

ELEMENT ELECTRONEGATIVITY

C 2.6
P 2.2

Ga 1.8
As 2.2
In 1.8

Table 2.1: Values for the electronegativities (Pauling) for the elements which are relevant for the
investigations in this work taken from [20].

Another point which plays a role for the adsorption of organic molecules later on is the
arrangement of the dimer atoms. The dimer configuration and thus the strain on a surface
induced by the dimer bond length is not equal for each semiconductor surface. For exam-
ple the GaAs(001)(2×4) reconstructed surface consists of a symmetric dimer configuration
while the topmost layer of the InP(001)(2×4) surface is dominated by an asymmetric dimer
as shown in Fig. 2.2. The reason for this different dimer configuration on these two surfaces
are the rearrangement of the charge at the surface during the dimer bond formation to mini-
mize the surface energy and the rehybridization of the topmost atoms. Thus the buckled up
atom on the InP(001)(2×4) surface is more sp3 hybridized while the buckled down atoms is
more sp2 hybridized. In the contrast to this on the GaAs(001)(2×4) reconstructed surface
both topmost As atoms are sp3 hybridized whereas the Ga atoms of the second layer display
a sp2 hybridization.

The differences in the surface reconstructions are crucial parameters for the interface reac-
tions. It can be varied by changing the stoichiometry for example on a III-V semiconductor
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Figure 2.2: The schematic difference in the dimer configuration for a symmetric (left) and an asym-
metric (right) dimer arrangement. The rearrangement of the atoms in the second layer because of the
buckled dimer has been neglected in this picture.

from a group V-rich to a group III-rich surface. This is, for example on GaAs, also accom-
panied by a change in the surface symmetry which can introduce different compressive or
tensile strains on the surface which has to be taken into account for the resulting adsorption
structures of the organic molecules. The surface dimer itself can also have different stoi-
chiometries since it can consist either of atoms of the same type (‘homo’-dimer) or different
atomic species (‘hetero’-dimer).

2.2. Electronic Levels and Bonding Configurations

For the adsorption of organic molecules on such surfaces different bonding configurations
can result. In general two main adsorption processes can appear, chemisorption and ph-
ysisorption. During chemisorption a chemical bond to the surface occurs while in the case
of physisorption no covalent bond between the surface and the adsorbate is formed. This
interaction is weak and dominated by forces which are similar to the ‘van der Waals’ force
in molecules. Thus they can be attributed to dipole- or multipole-interaction.

In relatively high surface distances (d > 0.3 nm) for the physisorption a weak minimum
can be observed before the strong repulsive forces, the overlap of the electron densities, lead
to a strong increase of the interaction energy. The bonding of physisorbed molecules is very
weak and not comparable to the one in chemisorption. Typically the bonding energy for a
physisorbed molecule is in the range of a few meV. No significant charge rearrangement for
the molecule or the surface occur during the physisorption and it is possible to get multilayers
of molecules on the surface kept by the van der Waals force [21].

Chemisorption

Chemisorption appears if a chemical bond between the organic molecule and the surface is
formed. In this case a significant charge transfer occurs for the molecule and the surface.
Accordingly the adsorption energy in the range of a few eV is higher than for physisorption.
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Chemisorption only takes place in the first monolayer and has often to be activated. Different
chemical bond formations are possible: e. g. ionic-, covalent-, dissociative- or dative- bonds.
In the case of a covalent bond formation for example, both the surface and the molecule
contribute electrons to build the new bonds.
During a dissociative molecule adsorption, parts of the molecule split and the molecule is
not bound as a whole to the surface whereas in a dative bond formation, the electrons are
provided either by the molecule or by the surface. In contrast to physisorption, chemisorption
is not always reversible.

In the case of chemical bond formation of a monolayer, charge is arranged in such a way
that new bonds can be formed. This results in a saturation of empty surface or molecule
states. Thus the electronic structures of both, the surface and the molecule, is modified.
Three charge transfers are possible:

• The ionization energy of the molecules is smaller than the work function of the sub-
strate.

• The electron affinity of the molecules is larger than the work function. Thus the
molecules takes the charge from the surface

• The ionization energy of the molecules is larger than the work function of the substrate
and the work function is larger than the electron affinity.

With the overlap of the wave functions of the adsorbate and the substrate new orbitals can
be formed. This results during a weak bonding, in a broadening of the adsorbate orbitals
compared to the width of the conduction band. With the formation of a strong bond new
bonding-antibonding states appear.

2.3. Adsorption Structures of Organic Molecules

The formation of the first bondings appear most likely during a chemisorption. Different
adsorption sites are possible for each surface depending on the dimer configuration and
surface stoichiometry. The dimer configuration is an important parameter for the resulting
adsorption structure of the organic molecules on the surface. Thus if the dimer is asymmetric
or symmetric can be a supporting factor for the adsorption of the molecules or not. Due
to the resulting strain after the adsorption of the organic molecules on a dimer different
adsorption structures of organic molecules can result. The surface dimer bond can not be
arbitrarily stretched during the adsorption. It can be possible either that the dimer remains
intact in a so called ‘dimerized’ adsorption configuration or the dimer is cleaved in a ‘dimer-
cleaved’ configuration. Both will be explained in detail in this section. Additional to this
consideration the molecules can form one, two or even more bonds to the topmost atoms of
the surface.
The change in the strain at the bonds of the surface atoms is not the only important parameter
which has to be considered for the suggestion of the first bonding sites of organic molecules



Reactions between Organic Molecules and Semiconductor Surfaces 11

on a surface. Important is also the strain which is induced into the bonds of the molecule
during the adsorption. Regarding the strain these bonds can not be arbitrarily stretched, too.

Overall the total surface energy should result in a minimum after the adsorption process
thus remaining dangling bonds at the surface or the molecule are energetically unfavored.
Charge transfer between the topmost atoms of the surface or between the surface and the
molecule can play a role for the resulting adsorption structure.

Concluding from all these considerations it follows that the adsorption process of organic
molecules on a reconstructed surface is a complex process. Nevertheless it is possible to
summarize from these basic considerations general rules which have to be taken into account
when suggesting adsorption structures of organic molecules:

• the strain which is induced onto the surface

• the strain which is induced into the molecule

• the electron-counting-rule should be fulfilled

• a rehybridization can occur

• the surface stoichiometry and dimer configuration has to be taken into account.

All of the general points which have been explained in this chapter are based on experi-
mental and theoretical studies and are sufficient to explain the ideas of the resulting adsorp-
tion structures. In the following a more detailed overview about possible reactions and the
possible adsorption sites will be given.

Figure 2.3: On the left: [2 + 2] cycloaddition reaction of two alkenes, ethylene molecules. On the
right: a [4 + 2] cycloaddition reaction between an alkene and an diene which form a six-members
ring. The number of π bonds involved in the reaction refer to the designations [3].

Cycloaddition Chemistry on Semiconductor Surfaces

Organic reactions like cycloaddition reactions could be applied to explain surface functional-
ization [3]. For the formation of carbon-carbon bonds, during the synthesis of new molecules,
cycloaddition reactions are widely used because of their high stereoselectivity and versatil-
ity [22–24]. During a cycloaddition reaction two π bonded molecules form a new cyclic
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molecule while losing two π bonds and creating two new σ bonds. Designated are the reac-
tions by how many π electrons are involved in the reaction. In Fig. 2.3 an example for the
[2+2] and the [4+2] cycloaddition reactions are depicted. One line represent a single bond
while a double line indicate a double bond between the atoms, respectively. In the [2 + 2]
reaction two π electrons of each ethylene molecule are involved in the reaction. The [4+2]
reaction (Diels-Alder reaction [22] 1) is shown in Fig. 2.3 on the right for a ‘diene’ molecule
with two conjugated π bonds, butadiene, and one alkene, ethylene, to form a six-member
ring.

Figure 2.4: The highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbital for
the frontier orbitals. The dark and light gray lopes represent the mathematical sign of the molecular
orbital. Only the combinations of orbitals with the same color is possible and other combinations are
symmetry forbidden, as it is the case for the [2+2] cycloaddition reaction [3].

Cycloaddition reactions are following the ‘Woodward-Hoffman’ selection rules which
stem from an analysis based on the frontier orbital theory. It deals with the symmetries of
the highest occupied (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the
reactants during the formation of a new reaction product. This theory about the frontier
orbital theory was composed by Woodward and Hoffman and they are widely used for the
prediction how readily an organic reaction will occur, see [25].

Regarding the ‘Woodward-Hoffman’ selection rules the light and dark gray lobes in
Fig. 2.4 represent positive and negative lobes and have to overlap ‘in phase’. This means

1Otto Diels and Kurt Alder received the Nobel Prize in Chemistry in 1950 for their studies of this reaction.
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for a symmetry allowed reaction the lobes must have the same color.
This is not the case for the [2+2] cycloaddition reaction which is ‘symmetry forbidden’ be-
cause of the particular properties of the [2 + 2] reaction (see Fig. 2.4). This reaction do not
occur without a significant activation energy and is in organic chemistry largely limited to
synthesis involving photochemical activation.

The [4 + 2] cycloaddition instead is allowed by the frontier orbital symmetry. For the
formation of new C−C bonds the Diels-Alder reactions are commonly used in organic
synthesis [3].

For the analogy discussion of a cycloaddition reaction occurring between an organic
molecule and the Si(001)(2×1) reconstructed surface see section 2.5 and the next section.

The ‘Dimerized’ and ‘Dimer-cleaved’ Adsorption Structures

Prerequisite for a [2 + 2] cycloaddition reaction between an organic molecule and a semi-
conductor surface is an asymmetric dimer configuration. As mentioned before regarding
the ‘Woodward-Hoffman’ rules this cycloaddition reaction is without a significant activation
energy forbidden. If double bonds between dimer atoms exist analogies can be drawn to a
carbon-carbon double bond. Through the asymmetry of the dimer the [2 + 2] cycloaddition
reactions at room temperature is possible because it has been proposed that the molecule ap-
proaches in an asymmetric pathway. The asymmetric approach results in a lower symmetry
and thus the energy barrier is little or non existent [3]. The resulting adsorption structure
is called ‘dimerized’ adsorption and is shown on the left in Fig. 2.5 for the adsorption of
cyclopentene as a template.

Figure 2.5: The different dimer configurations for the adsorption of organic molecules (an example
shown for cyclopentene) called ‘dimerized’ (left) and ‘dimer-cleaved’ (right) structure. Both struc-
tures have general validity for other organic molecules.

On the right in Fig. 2.5 the ‘dimer-cleaved’ adsorption structure is shown. In this config-
uration the dimer bond between the dimer atoms at the surface does not remain intact after
the adsorption of the molecule.
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Figure 2.6: On the left: the cis-type adsorption configuration of the organic molecule on the surface.
On the right: the trans-type adsorption structure. In the cis-type configuration the two hydrogen
atoms (light gray) at the C−C atoms which are bonded to the surface are on the same side of the
C−C bond and on different sides in the trans-type configuration.

Different sub-configurations for these adsorption structures (‘dimerized’ and ‘dimer-
cleaved’) are possible like the cis-type or the trans-type adsorption configuration. These
two types are depicted in Fig. 2.6 on the left and right, respectively. In the cis-type configu-
ration the two hydrogen atoms at the carbon atoms, which are bonded to the surface, are on
the same side of the C−C bond and on alternating sides in the trans-type configuration.
Beside these adsorption possibilities a single bond formation between the organic molecules
and the surface can alternative occur which is presented in the following.

Single Bond Adsorption Structures

A single bond formation of an organic molecule during the adsorption on a semiconductor
surface can occur. One possibility for this adsorption structure is depicted in Fig. 2.7 (left).
During the bond formation the dimer bond could remain intact or not. This single bond can
occur beside a dissociation of the organic molecules. For example one hydrogen atom is
dissociated and because of the missing bonding partner the molecule can form a bond to the
semiconductor surface. Additional hydrogen atoms which are separated from the molecules
can bond beside the molecule to the surface.

It has to be mentioned that these configurations which were introduced here are just a few
examples and not all of the possible different adsorption structures. To find the energetically
favored adsorption structures several investigations with different complementary methods
are necessary. Therefore the monitoring by measuring the chemical composition of the
surface (SXPS), as well as the electronic (valence band spectroscopy) and optical properties
(RAS) can be applied.
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Figure 2.7: Dissociative adsorption structures are shown. In both cases hydrogen atoms are separated
from the molecules to create empty bonds where the molecule can bind to the surface with. Two (left)
or one bond (right) to the surface are formed while two or one hydrogen atoms are dissociated.

2.4. Desorption

The desorption of the organic molecules is not always a possible process. In the case of
chemisorption two different desorption processes can appear. The first one is called non-
dissociative, and the second one dissociative desorption. In the latter case the molecules
can not be desorbed as a whole but only in parts. By increasing the desorption energy the
remaining parts of the molecule can be further removed.
Physisorption is a completely reversible process which can be realized for example by ther-
mal annealing.
The desorption processes can be monitored by observing the chemical composition (SXPS),
the electronic (valence band spectroscopy) or the optical (RAS) properties of the surface.
Additionally the clean surface reconstruction can be determined with low energy electron
diffraction (LEED).

2.5. Organic Molecules on Semiconductors

Only very few publications exist about investigations of small organic molecules on GaAs
or InP(001) surfaces [18, 26, 27]. In most existing publications, thick layers of organic
molecules or large molecules are discussed but not the systematical interface formation of
the first organic layer on the surface [14–17, 26, 28, 29]. Several investigations of organic
molecules on silicon are available especially on the Si(001)(2× 1) reconstructed surface.
From the structural configuration, the Si(001)(2× 1) is comparable to the (001) surfaces
which were used in this work, but it consists of an asymmetric ‘buckled’ dimer [11–13]
which is prerequisite for a cycloaddition reaction [3]. The dimers are attached by a weak π

bond and strong σ bond with a bond length of ∼2.4 Å [13,30], a dimer buckling of ∼0.56 Å
[13] and half filled dangling bonds at the dimer atoms [31, 32]. Hence the Si(001)(2×1) is
a very reactive surface.
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As it was explained in section 2.3 the [2+2] cycloaddition reaction of an organic molecule
with the Si(001)(2×1) surface is after the ‘Woodward-Hoffman-rule’ without a significant
activation energy forbidden. Thus a true [2+2] cycloaddition reaction would not occur. Be-
cause of the double bonds between the Si dimer atoms and since C and Si are in the same
group (IV) of the periodic table the analogies explained in section 2.3 can be drawn for this
system. Through the asymmetry of the dimer the [2 + 2] cycloaddition reactions at room
temperature is possible because it has been proposed that the molecule approaches in the
asymmetric pathway which enables the [2 + 2] cycloaddition reaction ( [3] and references
therein).
For the discussion of the resulting adsorption structures of molecules on the GaAs and
InP(001) surfaces a small overview about the adsorption of cyclopentene, 1,4-cyclohexadiene
and benzene adsorbed on the Si(001)(2×1) surface is given here, respectively.

Benzene Adsorption on Si(001)(2×1)

Different experimental methods like high resolution electron energy loss spectroscopy
(HREELS) [33], RAS [34], fully polarization-resolved near edge x-ray-absorption fine-
structure (NEXAFS) [35], thermal desorption spectroscopy (TPD) and angle-resolved pho-
toelectron spectroscopy (ARUPS) [36], ultraviolet photoelectron spectroscopy (UPS), scan-
ning tunneling microscopy (STM) [37] as well as calculations [38–40] have been used to
determine the adsorption structure of benzene on the Si(001)(2×1) surface.

Figure 2.8: Favored adsorption ‘butterfly-like’ structure of benzene on the Si(001)(2× 1) recon-
structed surface. On the left is the top- and on the right the side view. Black, gray and light gray balls
represent the hydrogen, silicon and carbon atoms, respectively. A light gray line between the carbon
atoms indicate a double bond, other colors refer to single bonds.

These results lead to different adsorption structures, like the pedestal tetra-σ [38], the
butterfly-like [33–36] or the tilted dimer structure [35, 41], which are possible and in dis-
cussion. All these models have in common that the dimer bond remains intact during the
adsorption of benzene. In [40] the minimum in total energy for dimer-cleaved models were
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calculated too but it was found that all of the total energies for these optimized geometries
were larger than for the dimerized models. In the case of all structure configurations the
delocalized π electron system is destroyed. One or two π bonds remain in the pedestal or
the butterfly-like structure, respectively.
Additionally it was found that the structure changes with the coverage. In [42] the change
from the pedestal tetra-σ at a very initial coverage up to the di-σ structure at the quasisatu-
ration coverage is shown.
In Fig. 2.8 the favored butterfly-like adsorption structure is shown in the top- and side view.
In this structure two di-σ bonds to the surface are formed and the orientation of the remaining
double bonds within the molecule is along (parallel to) the Si dimers with the coordinating
atoms showing sp3 hybridization. This stable geometry was found at room temperature and
no other stable adsorption geometry was found at higher temperatures or after annealing [35].

1,4-Cyclohexadiene Adsorption on Si(001)(2×1)

Several investigations were also performed for the adsorption of 1,4-cyclohexadiene on the
Si(001)(2×1) surface such as HREELS, STM and PES [28,43,44], UPS [45] and also first-
principles density-functional calculations [46]. From this, two main structures are under
discussion, the pedestal model, similar to the case of the adsorption of benzene, and the di-σ
model as shown in Fig. 2.9.

Figure 2.9: Favored adsroption di-σ structure of 1,4-cyclohexadiene adsorbed on the Si(001)(2×1)
reconstructed surface. On the left in the top- and on the right in the side view. Black, gray and light
gray balls represent the hydrogen, silicon and carbon atoms, respectively. A light gray line between
the carbon atoms indicate a double bond other colors refer to single bonds.

In the di-σ model two σ bonds to the silicon surface are formed in a [2+2] cycloaddition-
like reaction [44]. One double bond (π bond) remains intact during the adsorption process
and the molecules are ordered along the Si(001)(2× 1) dimer rows. The molecular plane
during this interface formation is tilted from the surface normal, and thus the unreacted π

bond sticks out into the vacuum side.
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Cyclopentene Adsorption on Si(001)(2×1)

The adsorption structure of cyclopentene on Si(001)(2× 1) was for example investigated
with XPS [47], UPS [48, 49], STM [6] and RAS [7]. Additional first-principles density-
functional calculations were done [7, 50]. Concluding from the experimental and theo-
retical results the most common accepted structure model of cyclopentene adsorbed on
the Si(001)(2× 1) (and Si(001)c(4× 2)) is the cis-type dimerized structure, see Fig. 2.10
[6, 7, 51, 52].

Figure 2.10: Schematic structures of the cis-type adsorption of cyclopentene on the Si(001)(2× 1)
surface. This is the favored structure for the adsorption of cyclopentene on the Si(001)(2× 1). On
the left in the top- and on the right in the side view. Black, gray and light gray balls represent the
hydrogen, silicon and carbon atoms, respectively. Only σ bonds remain after the adsorption (black).

Thus the dimer bond between the two topmost silicon atoms remains intact during the
[2 + 2] cycloaddition-like reaction of cyclopentene on Si(001)(2× 1). The π bond splits
during the adsorption and only the σ bonds within the molecules remains intact.



Chapter 3: Molecule Properties

The molecules which were used in this work consist only of hydrogen and carbon atoms ar-
ranged in ring structures. They contain no special functional group but they have a different
number of double bonds which can be interpreted as functional groups. A functional group
in a molecule determines the molecule properties and the behavior during a reaction.
With the different number of intra-molecular double bonds the influence of the intra-
molecular double bonds to the adsorption process can be investigated. Therefore in this work
only unsaturated hydrocarbons, cyclopentene, 1,4-cyclohexadiene and benzene, were used
to characterize the first adsorption sites of these molecules on different surface reconstruc-
tions. To understand the functionalization of the surface, the molecules and their properties
will be discussed in this chapter. The molecular orbitals and structures which are shown in
this work have been calculated on the basis of geometry optimization by DFT/B3LYP 1 with
a 6-31**G(d,p) basis set [53].

3.1. Hydrocarbon Ring Molecules and their electronic
structure

The development of molecular orbitals can be understood in that way that the discrete energy
levels of the atomic orbitals of the respective atoms in a molecule interact and thus split in
molecular orbitals, see Fig. 3.1.

Figure 3.1: Discrete atomic energy levels (left) compared to the orbitals in a molecule (right).

1In the B3-LYP functional, the exchange term is replaced by an exchange functional retaining a percentage
of the so-called ‘exact’ exchange. This functional contains a mixture of 20% exact exchange with 80% of
a pure exchange functional.
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The interaction of the atomic orbitals of the bonding atoms of a molecule lead to the
formation of two different types of bond symmetries. The first one is the σ bond. Here the
electrons are with a high probability between the two bonding atoms. They are attracted by
both atom cores and at the same time rejected by each other. Thus in a σ -orbital the electrons
are nearly in a stationary position between the atomic cores. According to this the σ bond is
very strong because the kinetic energy of the electrons is very low.
In contrast to that, the π bond is delocalized over the participating atoms. In this kind of
bonding the electrons are not located between the atom cores but around the cores. π bonds
can couple more than two atoms. If a molecule consists of conjugated double and single
bonds a delocalization over the hole molecule can occur. In the case of for example benzene,
the π orbitals couple all of the six carbon atoms so that the electrons are delocalized over the
whole molecule for this conjugated system. For cyclopentene and 1,4-cyclohexadiene there
is no delocalization over the whole molecules.
If two carbon atoms bond to each other both bond configurations, σ and π , are possible.
Each of the carbon atoms in the ground state has four valence electrons, two in the s state,
one in the px and one in the py state. The interaction of these two carbon atoms results in a
hybridization to minimize the bond energy by promoting one electron from the s state into
the pz state. Due to the overlap of the four atomic orbitals this results in a sp3 hybridization.
A sp2 hybridized bond results due to a mixing of the s and the p orbitals and one electron at
each carbon atom remains in the pz orbital. Due to the overlap of the pz orbitals the electrons
are no longer limited to the π orbital of a certain double bond. This results in a delocalization
of the electrons of the pz states over the hole molecule in the π orbital.

Figure 3.2: Schematic structures of benzene (C6H6): The localized σ orbitals are shown on the left
together with the resulting dipole moment of the molecule. In the middle the side view is shown. The
planar shape of benzene can be seen. On the right the π orbitals with the highest density above and
below the plane of the ring are depicted.

The visualization of the sp2 hybridized molecule benzene with a delocalized π orbital
over the whole molecule is shown in Fig. 3.2.
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Benzene

Benzene (C6H6) is an aromatic ring shaped molecule with alternating single and double
bonds. After the ‘Hückel rule’ a molecule is called an aromatic if it consists at least of one
closed cyclic system with a delocalized π electron system with (4n + 2) π electrons. All
atoms of the flat ring have to be sp2 hybridized. This is the case for benzene. Effectively all
C−C bonds are equivalent because of the delocalization. According to the LCAO (linear
combination of the p-atom orbitals) the overlap of the atomic orbitals leads to a formation of
three binding π and three anti-bonding π∗ orbitals [54].
In most cases the highest π state gives rise to the highest occupied molecular orbital (HOMO)
while π∗ is the lowest unoccupied molecular orbital (LUMO). Additionally 12 σ and 12 σ∗

orbitals exist in benzene originating from the carbon-carbon and hydrogen-carbon bonds.
The orientation of the σ bonds lies within the plane of the ring and the pz states are perpen-
dicular to this plane. The bonding angle for all C−C bonds is 120◦ and all bond lengths are
equal with 1.4 Å [53,54]. Because of this all of the twelve atoms of benzene are in one plane
(see Fig. 3.2).

1,4-Cyclohexadiene

The 1,4-cyclohexadiene (C6H8) molecule includes only two double bonds as can be seen in
Fig. 3.3. The electrons of the π orbitals are not delocalized over the whole molecule because
the single and double bonds are not alternating.

Figure 3.3: Schematic structures of 1,4-cyclohexadiene (C6H8): The σ and π bonds are indicated by
single and double bonds on the left along with the dipole moment of the molecule. The side view is
displayed in the middle and on the right the π orbitals of 1,4-cyclohexadiene are shown.

The term ‘1,4’ means that the double bonds are between the first and second as well
as at the fourth and fifth carbon atoms as can be seen in Fig. 3.3. With four π electrons
1,4-cyclohexadiene does not follow the Hückel rule (4n + 2) and it has no flat configura-
tion because the parts where the double bonds are located are moved out of the plane, as
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can be seen in Fig. 3.3. 1,4-cyclohexadiene is no conjugated system and hence no aromatic
molecule. The bond lengths of the C−C and C = C bonds are 1.53 Å and 1.32 Å , respec-
tively [53].

Cyclopentene

Cyclopentene, as shown in Fig. 3.4, is a ring shaped molecule like benzene and 1,4-cyclo-
hexadiene but the ring only consists of five carbon atoms. The π orbital in cyclopentene is
located at two of the five carbon atoms. Thus there is no delocalization of the π electrons
over the whole molecule and cyclopentene is not an aromatic molecule.

Figure 3.4: Schematic structures of cyclopentene (C5H8): The σ and π bonds are indicated by single
and double bonds on the left in combination with the dipole moment of the molecule. The side view
is displayed in the middle and on the right the π orbital of cyclopentene C5H8 is presented.

The carbon atom which is on the opposite of the carbon atoms involved in the double bond
is moved out of the plane. The bonds lengths of the C−C and C = C bond are similar to
the bond lengths for 1,4-cyclohexadiene 1.54 Å (for the C−C−C), 1.52 Å (for the single
bond in C−C = C) and 1.34 Å (for the double bond), respectively. The C−H bond length
is found to be 1.10 Å [53, 55].
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In Fig. 3.5 the comparison between the HOMO-LUMO gap (comparable to the band gap
in an inorganic semiconductor like GaAs) is shown. The gap of each molecule was calculated
on the basis of geometry optimization by DFT/B3LYP with a 6-31**G(d,p) basis set. A gap
of 7.23 eV is found for cyclopentene while for 1,4-cyclohexadiene and benzene 6.83 eV and
6.47 eV were calculated, respectively [53].

Figure 3.5: The HOMO-LUMO gap of cyclopentene, 1,4-cyclohexadiene and benzene are shown.
The molecular orbitals which are presented here have been calculated on the basis of geometry opti-
mization by DFT/B3LYP with a 6-31**G(d,p) basis set [53].





Chapter 4: Experimental Methods and
Sample Preparation

In the previous chapter the formation and characteristics of hybrid structures consisting of or-
ganic molecules and III-V(001) surfaces have been discussed. For each adsorption structure
different methods of investigations can be used to determine the atomic arrangement within
the topmost layer of the surfaces. This chapter will give an overview of these methods and
will introduce the surface preparation methods as well as the deposition parameters.

4.1. Experimental Methods

All experiments were carried out in ultra high vacuum (UHV) to investigate defined surfaces
and adsorption structures without contamination. The electronic properties were investi-
gated with scanning tunneling microscopy (STM), scanning tunneling spectroscopy (STS)
and synchrotron based photoemission spectroscopy (SXPS). Additionally SXPS gives an
overview of the chemical content of the surface topmost layers. The changes in the optical
anisotropy were monitored with Reflectance Anisotropy Spectroscopy (RAS). Low electron
energy diffraction (LEED) measurements were performed since it is sensitive to a change in
the periodicity of the surface atoms arrangement or the surface symmetry.

4.1.1. Scanning Tunneling Microscopy (STM)

Scanning tunneling microscopy was invented in the 1980’s by G. Binnig, H. Rohrer, C. Ger-
ber and E. Weibel and has become an invaluable and powerful method for the investigation of
surfaces and interfaces [56–58]. G. Binning and H. Rohrer received together with E. Ruska
for his contribution to the development of electron microscopy, the Nobel Prize in physics
in 1986. The idea of scanning tunneling microscopy is based on a quantum mechanical tun-
neling current. This means that an electron has a finite probability of entering a classically
forbidden region.
Atomic resolution is achieved by a very sharp metal tip, ideally consisting of only one atom,
which scans the surface in x- and y- direction measuring the current between tip and sample
at each surface position while the voltage applied between the tip and the sample is fixed.
Thus an image for the whole surface can be taken. The reproducible positioning and the
movement of the sample is obtained by piezo drives which can move the tip in sub-atomic
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steps. The atomic resolution in the images can be achieved because of the strong exponential
dependence of the tunnel current on the distance between the two electrodes. It is possible
to run the STM in two ways: the ‘constant current mode’ and the ‘constant height mode’. In
the ‘constant current mode’ the current between tip and sample is kept constant and the dis-
tance is changed by a z-piezo. The change in the voltage for the piezo driving as a function
of the tip position gives then the information for the image. In the ‘constant height mode’
the tip/sample distance is kept constant while scanning the surface. In this mode the current
measured between tip and sample gives the topography information for the image of the sur-
face.
To describe the transmission probability of an electron with energy E by assuming a rect-
angular barrier Vb between tip and sample, the Schrödinger equation has to be solved. The
tunneling current, which is proportional to the probability density |Ψ(z)|2 of finding an elec-
tron at a distance z from the barrier, is then given by:

I ≈ |Ψ(z)|2 = |Ψ(0)|2 e
√

8m(Vb−E)
h̄ ·z (4.1)

This approach works well for a resolution in the nanometer scale but not for atomic reso-
lution because the main fraction of the tunneling current arises from electrons at the Fermi
level. This problem can be solved by taking the first order of perturbation into account.
Therefore low temperatures and only elastic tunneling (energy conservation) are considered
additionally:

I =
4πqe

h̄

∫ qeV

0
dερtip(E

tip
F −qe + ε)ρsample(E

sample
F + ε) |M|2 (4.2)

where ρtip is the density of states of the tip and ρsample of the sample. Etip
F /Esample

F are
the respective Fermi energies. So I depends on the density of states of the tip and the sample
and the matrix M of which Bardeen showed that the matrix elements can be simplified [59].

However it is still necessary to express the wave function of the tip and the sample. This is
a large problem because the atomic structure of the tip is completely unknown. Tersoff and
Hamann recommended a solution in which the tip consists of a mathematical point source
of current [60,61]. From this approximation a tip-independent formulation for the tunneling
current results:

I(rt)≈
∫ EF+qeV

EF

ρ
local
S (rt ,E)dE (4.3)

ρ local
S is the local density of states, which gives the density of states of the sample at a

position r of the tip above the sample.
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By this approximation STM can simply be understood as a portrait of the electron den-
sity of states integrated over a chosen energy range. If a positive voltage is chosen with
respect to the tip, the STM image shows the filled surface states of the electrons. Measur-
ing with a negative voltage, the electrons tunnel into empty states of the sample, showing
the unoccupied orbitals. Even though 4.3 was obtained by a significant simplification, Ter-
soff and Hamann showed that 4.3 remains valid regardless of the tip size. Further details
concerning experimental and theoretical aspects of STM can be found in a textbook, as for
instance [62–64].

In this work STM was used to determine the resulting adsorption structures of the organic
molecules on each surface, the layer thicknesses and the roughness of the surfaces. With the
help of complementary methods, models of the adsorption structures of the molecules on the
surfaces were suggested in the discussion of the results. Depicted in the work are always the
filled state STM images of each investigated surface. Additionally STS was performed on
the clean surface and during the deposition of organic molecules. STS will be explained in
the next section.

Scanning Tunneling Spectroscopy (STS)

Scanning tunneling spectroscopy is a method performed complementary to the results ob-
tained by conventional topographic imaging (STM). By measuring the detailed dependence
of the tunneling current on the applied voltage, it is possible to measure the electronic den-
sity of states of a sample ( 4.3). The spectroscopic data gives information about the local
electronic structure. The Differential conductivity can be described by:

dI(eU)
dV

≈ ρ
local
S (rt ,EF +qeV )dE (4.4)

Equation 4.4 is valid under the assumption that ρtip(E) = const. According to this dI
dU

is directly related to the LDOS of the sample surface. STS provides information about the
electronic band structure of semiconductors or metals [62,65]. In the case of a semiconductor
also the surface band gap can be determined by STS. The fact that the unoccupied and
occupied molecular orbitals can be measured is a very interesting point for this work. After
the molecule deposition additional molecular orbitals could contribute to the surface band
structure and thus the HOMO-LUMO gap could be modified [66]. This modification can be
monitored between the different deposition steps. In fact, it could be possible to determine
whether a surface becomes metallic during the adsorption of organic molecules by lowering
the surface band gap.
One problem exists for the interpretation of the data obtained by STS because in 4.4 the
tip structure is disregarded and the LDOS of the tip is assumed to be constant. Several tip
conditions have to be chosen for a reliable interpretation of STS measurements. In this work
STS is basically used to prove whether a surface is metallic or semiconducting or whether it
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changes its behavior during the modification with organic molecules. Also the surface band
gap was determined. For these interpretations small variations of the tip can be neglected.
More information about experimental and theoretical aspects of STM and STS can be found
in textbooks, e. g. [62–64].

Molecule Influence on the Tip

During a STM/STS measurement in principle always an exchange of material between tip
and surface can appear. This is problematical because in this case the electronic density
of the tip is not constant anymore. Therefore changes during the measurement can occur
because the tip can not be approximated by a mathematical point source of current. This
results in a degradation of the resolution and electronic effects like ‘contrast reverse’ can
occur.
These effects might be amplified due to the molecule adsorption. If additional physisorption
appear molecules can be picked up by the tip because of a weaker bonding of the molecules
to the surface. Due to these effects it can be very difficult to provide an atomic resolution
constantly.

4.1.2. Photo-Emission Spectroscopy (PES)

Photoemission spectroscopy or photo-electron spectroscopy is widely used to investigate the
electronic structure and properties of solids such as semiconductors or metals. In this work
it will be used to identify the clean surface and characterize new surface related components,
which results due to a bond formation of the organic molecules to the surface.

The effect of electron emission after irradiation with light was first discovered by Hertz in
1887 [67, 68]. The first correct explanation was given by A. Einstein in 1905 [69] for which
he was awarded the Nobel Prize in physics in 1921. In this section only a brief description
of the facts which are relevant for photoemission spectroscopy will be given. Further expla-
nations can be found in [70, 71].

Electromagnetic radiation impinges on the solid sample and the electrons excited by the
photoelectric effect are then analyzed with respect to their energy Ekin in an electronic ana-
lyzer (see Fig. 4.1). By knowing the energy of the electromagnetic radiation and the work
function, the binding energy EB of the electrons in the sample can be determined from the
following equation:

Ekin = h̄ω −φ −|EB| (4.5)

where Ekin is the kinetic energy of the emitted electron, φ is the work function of the analyzer,
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Figure 4.1: The experimental geometry for photoemission (SXPS and ARPES) measurements in a
schematic view. Light with energy Ephoton = h̄ω is incident on the sample and excites a photo-electron
with a wave vector k comprising two components: k|| (parallel to the surface) and k⊥ (normal to the
surface). The kinetic energy of the electrons is measured as a function of Ephoton,Φ,ϑ and Θ.

|EB| is the binding energy of the electron and h̄ω is the excitation energy.
However the work function of the analyzed sample does not contribute to Ekin but cancels
out in the total energy balance.
Fig. 4.1 also shows the angular dependence which can be used for Angular Resolved PES
(ARPES). In this work the angle of incidence is always set to ϑ = 45◦ and Φ = 0◦ and
Θ = 0◦ if not mentioned otherwise.

Three Step Model of the Photo Emission Process

The photoemission process can be described in three steps. The so called ‘three-step model’
is schematically shown in Fig. 4.2. In the first step photoionization occurs after the photon
is locally absorbed and an electron is excited from its initial state Ei (initial) into a final state
E f (final). The transition is given by Fermi’s Golden Rule:

ω ∝
2π

h̄

∣∣〈Ψ f
∣∣A ·p |Ψi〉

∣∣2
δ (E f −Ei− h̄ω) (4.6)

if the Hamiltonian of the dipole approximation of the electron-photon interaction (e. g.,
in the solid in the absence of an electromagnetic field) is

H =
e

mc
A ·p (4.7)

For an easy description it can be assumed that the remaining orbitals (passive orbitals)
after the excitation of an electron are the same in the final state as they were in the initial
state. This so called ‘frozen-orbital approximation’ or ‘Koopmans’s approximation’ neglects
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relaxations energies. It states that the binding energy equals the negative energy of the orbital
from which the photo-electron is emitted. It assumes that the photoemission process does
not produce any changes in the remaining N-1 orbitals (N: number of the orbitals). This
reduces the transition matrix element to just one matrix element. With this approximation
the measured binding energy is approximated with the binding energy of the initial state
which leads to 4.5.

Figure 4.2: Photoemission as a three step process: (1) photo excitation of electrons; (2) travel to
the surface with concomitant production of secondary electrons (shaded); (3) penetration through the
surface (barrier) and escape into the vacuum.

The second step describes the propagation of the photo-excited electrons to the surface.
The probability for the electron to reach the surface is proportional to the electron mean
free path which depends on the kinetic energy of the electrons (see Fig. 4.3). Beside this a
background of secondary electrons exists underneath the original photo-electron spectra (see
Fig. 4.2). These secondary electrons are photo-electrons which are scattered by plasmons,
phonos or other inelastic effects thus they do not contribute to a certain feature.

In the third step only electrons, with an energy higher than the work function and a velocity
component normal to the surface can escape through the sample surface into the vacuum.
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Therefore k|| is conserved whereas k⊥ is not conserved due to the translational symmetry
break.

Electron Mean Free Path

The excited electrons have a certain kinetic energy and their probability to reach the sur-
face depends on the electron mean free path. This dependency of the kinetic energy on the
electron mean free path λ is shown in Fig. 4.3 as measured for various materials.

Figure 4.3: Electron mean
free path (escape depth) of
photo-electrons as a function
of their kinetic energy for
various materials [72]. The
stars represent data for GaAs
obtained from oxidation pro-
cesses [73]. The data indicate
a nearly universal curve with a
minimum of 2-5 Å for kinetic
energies around 50 eV.

The dashed curve in Fig. 4.3 is a guide for the eye of the mean free path independent
of the material and the points are measured data from many elemental solids. The curve is
therefore often called the universal curve. The reason for this universality is that the inelastic
scattering of electrons in this energy range mostly involves excitations of conduction elec-
trons, which have more or less the same density in all elements. Note that at lower energies
other scattering mechanisms will be important, like scattering from phonons. The mean free
path between 20 eV and 200 eV amounts to only a few Å. The minimum of the universal
curve is around 50 eV. This results in an information depth of only a few atomic layers.
Therefore a change of the excitation energy can exhibit different information because the
respective kinetic energy of the photo-electrons is different. The dependence of the electron
mean free path on the kinetic energy of the electrons is mainly caused by electron-electron
interactions. This dependence therefore can be used to distinguish between contributions
from the surface and those which originate from bulk atoms.
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Beside the fact that there is a universal curve for the electron mean free path which is more
or less independent of the material, it has to be taken into account that the cross section of
the emitted electrons differs slightly for the elements. This is important for the comparison
of core level emission lines of different elements.
The thickness of the organic molecular layers investigated in this work were estimated this
way:

d ∼−λσ ln(1− I1

I0
) (4.8)

where d is the thickness of the molecule layer, I0 and I1 are the intensities of the core level
bulk components before and after the deposition, σ is the photo ionization cross section of
the element and λ is the mean free path of the electrons of the different atom species.

Core Level Spectroscopy

Core electrons have binding energies of more then EB > 10 eV . Usually they are not taken
into account during the consideration of the bond formation of neighbor atoms in a solid.
However, the binding energies of core electrons do show dependence of the electronic and
chemical environment of the atom they belong to. Those bonding sites can be analyzed
by measuring the core level emission line shape with photoemission spectroscopy. Core
levels are classified by their principal quantum number n(n = 1,2,3, ...) and their secondary
quantum number l(l = 0,1,2,3, ...−→ s, p,d, ...). For l≥ 1 due to the spin-orbital interaction
the total spin quantum number s and the momentum quantum number l couple to a total
angular momentum j = l ± s. The resulting core levels show a splitting into doublets (or
multiplets for higher atomic numbers). The intensity ratio R between two levels (also called
branching ratio) in the core level line shape is given by their respective populations (2 j +1):

R =
2(l + s)+1
2(l− s)+1

=
l +1

l
. (4.9)

Due to the electron diffraction of the photo-electrons at periodically ordered surfaces this
ratio R can deviate in realistic measurements up to 20% [74–77]. This is expecially the case
if the electrons escape with a different angle than normal emission. Also the difference in
the photoionization cross section can lead to deviations from the theoretical value of R [78].
Additional the absolute binding energy (EB) of an element can be determined by the position
of the core level emission line. Therefore the Fermi edge can be measured at a metal surface
and gives the reference point EB = 0. It can be obtained in normal emission if the sample is
in electrical contact with this metal surface.

During the investigation of molecules and solids it is not only interesting to determine
the absolute binding energy of a particular core level. Even more important is a thorough
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understanding of the factors affecting the chemical shifts and the type of physical and chem-
ical information which can be obtained by these shifts. The basic physics underlying the
change in binding energy is simple. The energy of an electron in a tightly bound core state
is determined by the repulsive core Coulomb interaction with all the other electrons and the
attractive potential of the nuclei. A spatial rearrangement of the valence charges of a par-
ticular atom and a different potential created by the core and electronic charges on all the
others atoms in the compound are the reasons for a change in the chemical environment of
an atom. These rearrangements can occur for example on a reconstructed surface or during
the adsorption of organic molecules. The resulting energy difference is called surface core
level shift (SCLS). It is explained by the ionicity of the different atom species, i. e. cations
and anions. In a bond formation the cation loses electrons while the anion attracts those
electrons. That lowers the screening of the core potential of the cations thus increasing the
binding energies of the core levels.

These surface components can be differentiated by changing the excitation energy or vary-
ing the takeoff angle (see Fig. 4.1). If the excitation energy is changed the kinetic energy of
the photo-electron changes which changes the surface sensitivity (Fig. 4.3) and thereby the
ratio between the bulk and surface related components. If the takeoff angle is varied between
30◦ and 60◦, the information depth is obtained by multiplying with cosΘ which leads to an
increase of the surface related components [70, 79].

Numerical Curve Fitting

The analysis of the core level line shape is done by numerical analysis by fitting the line
shape with a theoretical model based on the non-linear least-square curve fitting algorithm
of Marquardt [80]. The background of inelastic scattered electrons is fitted with a 3rd order
polynomial. The program used in this work is ‘BFIT’ and a detailed description can be found
in [81]. The core level itself with the spin-orbital doublets is fitted with a Lorentzian and a
Gaussian broadening (Voigt profile). This Voigt profile corresponds to the limited lifetime of
the core hole state, the broadening caused by the experimental setup as well as to the sample
inhomogeneities. The scope during the fit procedure is to obtain a residuum (the residuum
shows the difference between the measured spectrum and the model function) without any
structures. The residuum is shown in each plot below the core level emission line.
The fit parameters which can be varied are the surface core level shifts (SCLS) with respect
to the bulk component and the corresponding intensities of the components. The values for
the lifetime broadening γ , the experimental broadening σ , the branching ration R and the
spin orbital-splitting SO are the same for all components of a certain core level.

Influence of Radiation on the Molecules

At the synchrotron facility BESSY II in Berlin and DELTA in Dortmund the SXPS measure-
ments were performed. At the (RG-PGM) German-Russian beamline in BESSY the stability
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γ/eV σ/eV R SO/eV
As3d 0.08±0.03 0.46±0.03 1.54±0.05 0.69±0.01
C1s 0.1±0 0.9±0.1 - -

Ga3d 0.08±0.03 0.37±0.03 1.66±0.05 0.44±0.01
In4d 0.1±0 0.46±0.06 1.47±0.08 0.86±0.01
P2p 0.061±0.03 0.41±0.06 2.07±0.07 0.86±0.01

Table 4.1: Fit parameters for the As3d, C1s, Ga3d, In4d and P2p core levels obtained on the different
surfaces. In the table the values for lifetime broadening γ , experimental broadening σ , branching
ratio R and spin orbit-splitting SO are shown.

of the molecule layer on the surface was tested because it is possible that sensitive parts of
organic molecules can be destroyed or desorbed by the irradiation. Thus the initial real sur-
face adsorption structure would not be investigated but only a modified one. The RG-PGM
beamline is a dipole beamline and exhibits a spectral range of nominal 30 to 1500 eV and
keeps a resolution (beamline and analyzator) of about 120 meV at an excitation energy of
75 eV. The analysis chamber (MUSTANG) was equipped with a hemispherical Omicron
phoibos 150 detector.
To determine whether such a degenerative process appears, several transients were taken at
the maximum kinetic energy of the C1s core level.

In Fig. 4.4 an example for a transient with a duration of three minutes is shown for the
cyclopentene saturated InP(001)(2×4) reconstructed surface. It can be seen that within the
signal-to-noise ratio no changes in the intensity can be found. If no instantaneous change
of the molecule structure on the surface appears (in a time << 1 s) it can be concluded that
the molecules stay intact during the irradiation with synchrotron light and the adsorption
structure does not change.

4.1.3. Reflectance Anisotropy Spectroscopy (RAS)

Reflectance Anisotropy Spectroscopy is a non destructive surface sensitive optical tool to
characterize the change in the optical anisotropy of the topmost layers of the surface [82,83].
The origin for anisotropies on the surface could be for instance surface reconstructions or
surface roughness caused by adsorbed layers [83, 84]. Comprehensive reviews of the theo-
retical and experimental aspects of RAS together with its application to the characterization
of semiconductor and metal surfaces can be found in [82, 83, 85–101]. RAS was first used
in 1966 [102] and has developed since then as a commonly used experimental method by
the work of Berkovits [103] and Aspnes [104]. Details of the RAS setup are described
elsewhere [98, 105, 106].

RAS measures the difference between the optical reflectance of light polarized along two
perpendicular axes of the surface at nearly normal incidence as a function of the photon
energy. In Fig. 4.5 a schematic sketch of the RAS setup used in this work is shown. The
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Figure 4.4: On the left: the C1s core level of the cyclopentene saturated InP(001)(2× 4) recon-
structed surface. Indicated are the energy positions at which the transients were taken. On the right:
transients taken at 39.2 eV (top) and 40.5 eV (down) at an excitation energy of hν ≈ 323.4 eV. The
stability of the signal for 3 min irradiation is shown.

main part of RAS is a photoelastic modulator for the analysis of the reflected light of the
sample. The RAS signal is normalized to the total reflectivity and the complex RAS signal
is given by:

∆r
< r >

= 2
rx− ry

rx + ry
(4.10)

where rx and ry are the complex reflectivities for light polarized linearly in the correspond-
ing directions. In the case of the (001) planes these directions lie along [110] and [1̄10].
The RAS signal consists of a real and a imaginary part of the reflectance anisotropy. In this
work the real part of the RAS signal will be discussed which is related to differences in the
amplitude of the reflectivity in each direction.

In the case of a zincblende-type III-V semiconductor, like GaAs or InP, the bulk contribu-
tion is in the first approximation isotropic as discussed in chapter 2 and the different surface
reconstructions can be identified by their characteristic RAS spectra (fingerprint). The main
RAS features in the spectra result from the characteristic dimer configuration of the topmost
layers and thus results in an anisotropic signal. So the RAS signal is dominated by transitions
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Figure 4.5: The experimental RAS setup used for the RAS measurements in the work according to
Aspnes et al. (figure from [85]).

between occupied and unoccupied surface states. These transitions normally can be identi-
fied in the spectra above the band gap E0 and below the E1 critical bulk energy at energies
between 1.45 eV and 3 eV.

With the adsorption of organic molecules on the surface the electronic structure of the
surface is modified. Interactions between the molecular orbitals and the electron bands of
the substrates appear. Therefore transitions within the molecules (see chapter 3) for instance
between the HOMO (highest occupied molecular orbital) and the LUMO (lowest unoccupied
molecular orbital) can appear as well as transitions between the surface and the unoccupied
states of the molecule. To excite an electron from the HOMO to the LUMO the lowest
energy is necessary.
In the spectral range between 1.5 eV and 6 eV, which is investigated here, the HOMO-LUMO
transition estimated from theoretical calculations (this was discussed in chapter 3) as well
as from gas phase measurements is out of the spectral range [7, 53, 107]. Thus no intra-
molecular transitions are observable. Due to the fact the RAS spectra exhibits contributions
which can be assigned to transitions related to the surface atoms the modifications of the
surface transitions during the adsorption of the organic molecules are monitored with the
RAS. Therefrom conclusions can be drawn for the bonding sites of the organic molecules on
the surface.

4.1.4. Density Functional Theory

Based on the experimental methods (SXPS, STM, STS, RAS and LEED) which provide
information about the optical, geometrical and electronic properties, it is possible to suggest
structural models. The totally relaxed adsorption structures cannot be obtained only by the
results of experiments, however, first suggestions for the resulting structures are possible.
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These suggestions can be used to limit the number of possible adsorption structures for the
theoretical calculations. With total energy (TE) calculations based on the density functional
theory (DFT) the models can be verified. The model with the lowest TE is than considered
energetically favorable. Relaxed geometries and the charge transfer are the result of these
calculations. Additional the optical anisotropy of the adsorption structures can be obtained
and compared to the experimental results. Further theoretical background and applications
can be found in [108].

The basis for the DFT is the Hohenberg-Kohn-theorem which indicate that instead of the
wave function for a many electron system the electron density can be chosen. The ground
state of the system can be defined by the electron density distribution. Further, they showed
that if the ground state electron density is known all other ground state properties follow, i. e.
lattice constant, cohesive energy, etc. This minimizes the computational effort. W. Kohn and
L. J. Sham found in 1965 that the time-independent Schrödinger equation took a very simple
form if the potential experienced by the electrons was formally expressed as a function of
the electron density. E[n] which is the energy for a system with N interacting electrons in an
external field as a functional of the electron density n(r) and with a ground-state energy E0
which is also a functional n(r) can be expressed by:

E[n] = Te[n]+
∫

dr vext(r)n(r)+
∫

drdr′
n(r)n(r′)
|r− r′|

+EXC[n] (4.11)

where Te[n] is the kinetic energy of non-interacting electrons [109,110]. The second term
in 4.11 describes the interaction with an external potential and the third term the electrostatic
energy of the electrons. The term EXC[n] includes all exchange-correlation interactions. Due
to the fact that EXC[n] is not known explicitly this theory involves enormous computational
effort. Therefore EXC[n] has to be further approximated. One approximation is the local
density approximation (LDA). Due to the exchange-correlation interaction in the LDA the
energy for an electron at a position r is substituted by the energy of a homogeneous electron
density.

ELDA
XC (n) =

∫
dr n ε

LDA(n) (4.12)

This approximation also gives a qualitatively good description of the ground state proper-
ties of a variety of highly inhomogeneous systems. However LDA does not always provide
accurate results, i. e. it often overestimates the binding energy and underestimates the bond
length of molecules and solids [111]. To improve LDA, a dependence of the exchange-
correlation energy on the derivatives of the electronic density can be introduced:

EGGA
XC (n) =

∫
dr n ε

GGA(n, |∇n|) (4.13)
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This approximation is known as the generalized gradient approximation (GGA) and is
restricted to first order derivatives.
The DFT calculations shown In this work were performed by W. G. Schmidt (Univer-
sity of Paderborn) and P. Favero (Universidade de Brasilía) for the cyclopentene modified
InP(001)(2×4) surface.

4.2. Sample Preparation and Experimental Setup

The different experimental setups which were used in this work will be briefly discussed and
an overview about the sample preparations will be given in this section.

Experimental Setup

All samples investigated in this work were prepared in a standard ultra high vacuum (UHV)
analysis chamber with a base pressure of approximately 1 · 10−10 mbar. Each UHV cham-
ber (TU Berlin, BESSY, DELTA) is equipped with resistive filament heating, a quadrupole
mass spectrometer (QMS) with a mass range of 1 to 100 amu and a LEED setup. For this
work the RAS setup was mounted at the chamber to monitor the sample preparation as a
fingerprint method. The gas inlets for the molecule deposition were similar at each chamber.
The chamber at the TU Berlin was also equipped with a RT-STM setup. With this setup it
was possible to take STM images and STS spectra under UHV conditions of each sample
preparation step.
At BESSY beside the measurements at the (RG-PGM) German-Russian (see section 4.1.2)
additional measurements were performed at the PGM-3 beamlines. The RG-PGM beamline
exhibits a spectral range of nominal 30 to 1500 eV and the PGM-3 a range of nominal 20
to 1900 eV. Both keep a resolution (beamline and analyzer) of about 120 meV at an excita-
tion energy of 75 eV. The analysis chamber (MUSTANG) was additionally equipped with
a hemispherical SPECS phoibos 150 detector. The core level spectra at DELTA were taken
at the PGM beamline 11. Besides the QMS and LEED the chamber was equipped with a
hemispherical CLAM detector. In this case the samples were attached to a silicon sample
with indium which was mounted in a direct heating assembly.

The core level spectra were taken in normal emission using photon energies between 70
eV and 630 eV. The excitation energies were corrected by the Fermi edge of the molybde-
num sample holder in electrical contact with the samples. Binding energies are referred to
the Fermi edge. The line shape of the core level spectra are deconvoluted with a ‘best-fit’
(see chapter 4.1.2). From this a fit including one bulk and more surface related components
results.

To identify the surface reconstruction and to monitor the modification of the surface during
the deposition with the organic molecules different RAS setups were used in this work. One
with a spectral range from 1.45 eV to 5 eV called MBE-RAS at the TU Berlin during the



Experimental Methods and Sample Preparation 39

STM measurements and another one called UV-RAS with a spectral range from 1.45 eV up
to 6 eV for the measurements at the TU Berlin and also for the measurements at BESSY and
DELTA.

Sample Preparation

The preparation process was monitored by quadrupole mass spectroscopy (QMS) and RAS,
in order to obtain reproducible, well ordered surfaces. The surface symmetry of each surface
reconstruction was determined after preparation by LEED.
Reflectance anisotropy spectroscopy (RAS) was then used to monitor the molecular deposi-
tion and to analyze the surface optical properties after the modification.

GaAs(001) surfaces

The GaAs(001) samples used in this work were grown by by molecular-beam epitaxy (MBE)
with different Si-doping levels of nominal n = 3−4 ·1017 cm−3 as well as n = 5 ·1017 cm−3

and n = 1 ·1018 cm−3. To protect the surfaces from contamination during transfer through air
the samples were capped with an amorphous arsenic protection layer directly after growth
[112, 113]. The amorphous protection layer was thermally desorbed at 350◦C inside the
UHV chamber to yield a c(4× 4) As-rich surface [113]. The error for all the temperature
measurements amounts to (±20◦C).
Further annealing to 430◦C and 520◦C leads to the less As-rich (2×4) or the Ga-rich (4×2)
reconstruction, respectively [113].

InP(001) surface

The InP(001) surfaces were Sb-doped grown by metal-organic-vapor-phase-epitaxy
(MOVPE). The samples were capped with an amorphous phosphorus and an amorphous
arsenic protection layer directly after growth [112]. An arsenic layer deposited straight onto
the surface would lead to exchange reactions with the surface phosphorus atoms and thus a
change of the surface stoichiometry.
The amorphous arsenic protection layer was thermally desorbed at 350◦C inside the UHV
chamber. After that the phosphorus layer was desorbed at 420◦C to yield a (2× 4) P-rich
surface.

4.3. Molecule Deposition

Cyclopentene with a purity of at least 97%, 1,4-cyclohexadiene as well as benzene with a
purity of more than 99% were used in this work. The liquid molecules were introduced into
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the chamber through a variable gas-inlet valve. The deposition of the molecules onto each
surface reconstruction if not mentioned otherwise was carried out at room temperature (RT).
In order to avoid decomposition of the molecules all filaments inside the chamber, e.g. ion
gauges, were switched off during the whole deposition procedure. The effective molecule
layer thicknesses for the saturated surfaces estimated from SXPS and STM measurements is
around one monolayer for each molecule deposition and reconstruction.

For the adsorption of the organic molecules on the GaAs(001) and InP(001)(2× 4) sur-
faces higher pressures were necessary compared to the deposition on the Si(001)(2× 1)
reconstructed surface. A typical deposition amount of cyclopentene until saturation on the
Si(001)(2×1) was 30 L (1L = 1,33 ·10−6mbar · s) [47, 114] while on the InP(001)(2×4)
reconstructed surface round 50000 L had to be offered until the surface was saturated. On
the GaAs(001) surface reconstructions this value was even higher with ∼200000 L.
The process of saturation is shown for the deposition of cyclopentene on the GaAs(001)(4×
2) reconstructed surface in Fig. 4.6. It has to be mentioned that the point where the sur-
face related features did not change anymore during the deposition of the organic molecules
is called ‘saturation’ in this work. This point is represented by the thick line spectrum in
Fig. 4.6.
Additional adsorption beyond this point is still possible to occur, for example by physisorp-
tion, but can not be further observed by RAS because in the spectral range investigated here
no intra-molecular transitions can be observed (see section 4.1.3). Therefore at this point the
deposition was stopped.

Figure 4.6: Saturation process
shown for the deposition of cy-
clopentene on the GaAs(001)(4×
2) reconstructed surface measured
with the RAS.



Chapter 5: The reconstructed III-V
Semiconductor Surfaces

In this chapter the optical, electronical and geometric properties of the InP(001)(2×4) recon-
structed surface will be introduced as well as the properties of the three ‘main’ GaAs(001)
surface reconstructions. The relaxed geometries will presented followed by a discussion of
the experimental results concerning the optical and electronical characteristics.

5.1. The InP(001)(2×4) Surface

The InP(001) samples were grown in MOVPE and then transferred into UHV. For the prepa-
ration the samples were annealed up to 420◦C and then cooled down as described in sec-
tion 4.2.
After the preparation the topmost layer of the InP(001)(2×4) reconstructed surface consists
of an asymmetric ‘hetero’-dimer, denoted as ‘mixed-dimer’. This dimer configuration is
similar to the one of Si apart from the facts that the Si(001)(2× 1) surface has half filled
dangling bonds at a ‘homo’-dimer atoms while the InP(2×4) reconstructed surface exhibits
a ‘hetero’-dimer with a filled dangling bond at the P atom and an empty dangling bond at the
In atom [115,116]. Experimental results obtained by STM, RAS, SXPS and ARPES as well
as results from DFT-LDA calculations are discussed in detail in [117, 118]. The resulting
structure configuration is shown in Fig. 5.1. The asymmetric dimer bond length for the In-P
bond is ∼2.6 Å and a vertical buckling of ∼2.59 Å for the In-P bond and ∼2.8 Å for the
second layer In-In bond is found, indicating a tilt angle of ∼91◦ and ∼118◦ respectively,
which is in agreement with previous work [119].

Figure 5.1: The InP(001)(2×4) ‘mixed-dimer’ reconstructed surface in the top-(left) and sideview
(right). Shown are the relaxed geometries as obtained by DFT-LDA from [120].

41
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SXPS measurements of the clean reconstructed surface are shown in Fig. 5.2 and confirm
the commonly accepted ‘mixed-dimer’ structure model for this surface. It was introduced
in chapter 4.1.2 that higher binding energy refer to lower kinetic energies and the other way
around. Therefore kinetic energies will be used to display the core level emission lines
while the binding energies will be discussed. With a best fit the data obtained by the SXPS
measurements are reproduced. The residuum below each spectrum is a measure for the
quality of the fit. The solid line component in the spectra belongs to the emission line of
the bulk coordinated atoms. The dashed small components shifted with respect to the bulk
component are related to atoms located at the surface.

Figure 5.2: In4d (left) and P2p (right) core level for the clean InP(001)(2×4) reconstructed surface
taken at photon energies of 69.8 eV and 168.0 eV, respectively. Depicted are the measured data (fits)
in the dotted (solid) lines. The shaded areas belong to the surface components. In the In4d core level
two surface components are found, shifted by -0.42 eV (+0.45 eV) toward lower (higher) binding
energies with respect to the bulk related component. In the P2p core level one surface component can
be seen shifted by -0.30 eV.

For the In4d core level two surface related components (shaded) can be revealed with the
numerical analysis. With respect to the bulk component these surface related features are
shifted by -0.42 eV (In1) and +0.45 eV (In2) towards lower and higher binding energies,
respectively. In the P2p core level, one surface component (shaded) shifted by -0.30 eV can
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be derived by numerical analysis. These results are in a good agreement with previous work
in [118, 119, 121] and the small energy shifts are within the resolution of 120 meV.
According to the ‘mixed-dimer’ model [119] the surface related component in the P2p core
level can be assigned to the topmost P atom contributing to the ‘mixed-dimer’. The two
surface related components in the In4d core level can be explained by two inequivalent
group-III sites in the surface unit cell which have a threefold and fourfold coordination (high
and low binding energies) [118, 119]. The In1 component is related to In atoms which have
fourfold coordination and this results in a relative charge accumulation, whereas In atoms
which contribute to In2 are located in the second layer of the surface unit cell and have empty
dangling bonds. The topmost In atom of the ‘mixed-dimer’ contributes to In2 because it has
threefold coordination as well.

The RAS signal of the clean reconstructed InP(001)(2× 4) is depicted in Fig. 5.3. Cor-
responding to [116, 122] the RAS spectrum shows surface related transitions denoted with
S1,S2 and S3 and bulk related ones are designated E1 and E

′
0.

Figure 5.3: The RAS spec-
trum for the clean recon-
structed InP(001)(2× 4) sur-
face. Denoted are the surface
related transitions with S1,S2
and S3 as well as the bulk re-
lated contributions E1 and E

′
0.

The origin of S1,S2 and S3 are the topmost four atomic layers [116]. S1 is caused by
transitions between electronic states localized at the bonds between the first- and second-
layer In− In bonds whereas S2 arises from transitions mainly involving electronic states
localized at the second layer In− In bonds. The symmetry break which is caused by the
‘mixed-dimer’ on the In− In bonds of the second atomic layer together with the dimer bond
itself are the origin of S3 [116]. The strongly surface localized P dangling bond, on the other
hand, contributes only weakly.

In the case that organic molecules adsorb on the surface by chemisorption, those surface
related contributions in the RAS spectrum should change during the deposition as well as
the surface related components in the core level spectra.
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5.2. The GaAs(001) Surface Reconstructions

Depending on the surface stoichiometry a variety of surface reconstruction are known for
the GaAs(001) surface [123]. Three so-called ‘main’ reconstructions are the very As-rich
c(4× 4), the As-rich (2× 4) and the Ga-rich (4× 2). They have been investigated by sev-
eral experimental and theoretical methods (see [124–128] and references therein). In this
chapter the results of RAS, STM and XSPS measurements will be shown for these three
reconstructions.

Figure 5.4: The relaxed geometries for the three ‘main’ GaAs surface reconstruction derived from
DFT-LDA calculation performed by W. G. Schmidt et al. [127,129]. On the left: very As-rich c(4×4),
As-rich (2×4) and Ga-rich (4×2).

In Fig. 5.4 the three different structure models are presented which are found to be the
energetically favorite ones for the given chemical environment (displayed are the relaxed
geometries from DFT-LDA calculations by W. G. Schmidt et al. [129, 130]). In the first row
the top views of the structure models are shown while in the second row the side views along
[110] are depicted.

The topmost layer of the GaAs(001)c(4×4) surface consists of three arsenic dimers per
surface unit cell bonded to a complete second arsenic layer (Fig 5.4 left). The As−As dimer
bond is oriented along the [110] direction [131]. The three As dimers are grouped in a row
as triplets which are separated by a missing dimer. The dimer triplet of two adjacent rows
are shifted by half a surface lattice constant with respect to each other resulting in a c(4×4)
surface symmetry. The dimer bond length is ∼ 2.13 Å which is a similar value as for the
Si(001)(2×1) surface [13, 30] and the outer ones have a length of ∼ 3.02 Å [132].
The GaAs(001)(2× 4) reconstruction is less As-rich than the c(4× 4), although two As
dimers are still linked to a incomplete Ga layer underneath with a dimer bond length of
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∼2.5 Å [132] which is comparable to the length of the Si− Si dimer on the Si(001)(2× 1)
surface with ∼2.4 Å [13, 30]. In the middle of Fig 5.4 the β2(2× 4) structure is pre-
sented and was first proposed by Northrup and Froyen [133]. Confirmed by total energy
calculations [134, 135] this structure was found to be the one with the lowest total energy.
With several experimental technics like in situ grazing incidence X-ray diffraction measure-
ments [136], dynamical RHEED analysis [137] and high resolved STM images [126] the
β2(2×4) structure was demonstrated to be the best model for the (2×4) surface.

Figure 5.5: In the first row: the filled state 5.6×5.6 nm2 STM images of the three main GaAs(001)
surface reconstructions. On the left the c(4×4) (measured at U=-2.4 V), in the middle the (2×4) and
on the right the (4×2) [138]. In the second row the corresponding LEED pattern taken at ∼42 eV.

The Ga-rich GaAs(001)(4×2) surface has been a subject of extensive discussion.
Biegelsen et al. [139] discussed their STM images in terms of the β2(4× 2) as well as
Yue et al. [140]. Nevertheless no confirmation of this structure model by an independent
experimental technique has been obtained. The ξ −(4×2) was discussed by Lee et al. [127]
and calculated by DFT calculations. The obtained atomic arrangement for the topmost layers
of this surface is shown in Fig 5.4 on the right [130,141]. This surface consists of subsurface
Ga dimers in the second bilayer and linear chains of atoms on non bulk like sites at the
surface along [110]. In comparison to other models this arrangement is rather unusual but
confirmed by grazing incidence XRD measurements of Kumpf et al. [142]. These Ga dimers
are surrounded by single As atoms with filled dangling bonds.

The filled states STM images of the three GaAs(001) surface reconstructions prepared by
MBE and subsequent annealing at 350◦C, 430◦C and 520◦C are depicted in Fig 5.5. With
these annealing steps the amount of As desorbing from the surface changes and thus the
surface stoichiometry with the sample temperature. The white structures represent the posi-
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Figure 5.6: RAS spectra of the three ‘main’ clean reconstructed GaAs(001) surfaces (n = 5 ·
1017 cm−3 Si-doped), the c(4× 4), the (2× 4) and the (4× 2), respectively. S1 and S2 are surface
related transitions. Bulk related contributions are denoted with E1, E1 +∆1, E

′
0 and E2.

tions where the filled dangling bonds of the As atoms are located. Below the STM images
in Fig 5.5 the LEED pattern of each surface reconstruction is shown which exhibits the peri-
odicity of the surface.

In Fig. 5.6 the RAS spectra for the three stable GaAs(001) surfaces are depicted and dis-
play several transitions which are either surface (S1 and S2) or bulk (E1, E1 +∆1, E

′
0 and E2)

related. The difference in the spectra results from the anisotropic arrangement of the topmost
atoms. They are well understood and in good agreement with the literature. Additionally
these spectra are simulated by DFT-LDA calculations [143,144]. All three RAS spectra have
the bulk related peaks in common which have their origin in the bulk dielectric properties.
They are labeled in the RAS spectra according to the interband transitions, E1, E1 + ∆1, E

′
0

and E2 [145].

Beside the (4× 2) a second surface reconstruction with a (n× 6) periodicity, can occur.
Both can coexist at the same time as it is shown in Fig. 5.7.

The (n× 6) has also a slightly different RAS signature which is shown in Ref. [128].
In comparison to the (4× 2) the minimum around 2.2 eV, S1, shifts towards lower photon
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Figure 5.7: 25×25 nm2 STM images (right) and LEED pattern (left) taken at an energy of ∼42 eV
of the (4×2) and the coexisting (n×6). The STM image was taken at a gap voltage of -3.727 V and
a tunneling current of 0.228 nA.

energies. The relation between the (4× 2) and the (n× 6) coverage depends on the wafer
and the MBE growth. It seems that for higher preparation temperatures the (n×6) becomes
more likely, hence the temperature range between 480◦C and 550◦C is critical. It is still
under discussion if this (n× 6) reconstruction has a (1× 6) or a (2× 6) periodicity [139].
The RAS signal calculated with DFT-LDA of the ξ -(4× 2) surface reproduces well the
features in the measured spectrum [144].

The core level emission lines of Ga3d and As3d for the three surface reconstructions are
presented in Fig 5.9 as a function of the kinetic energy of the detected electrons. Additionally
the relative intensity ratios (Isur f /Ibulk) have been analyzed as a function of the photon energy.
A maximum is found below 75 eV photon energy, shown in Fig. 5.8, which is reasonable
because the escape depth of the electrons is a function of their kinetic energy. In Fig. 5.8 the
reciprocal graph of Fig. 4.3 is plotted and due to this a maximum is found.

The surface components in Fig. 5.9 can be related to atoms which have a different chem-
ical environment compared to the bulk coordinated atoms. For atoms which have a relative
charge accumulation this results in a shift towards lower binding energies and, for atoms
which have a relative charge depletion this results in a shift to higher binding energies. Thus
the surface components shown in Fig. 5.9 can be interpreted as follows:
For the As3d core level of the c(4×4) three surface components are be revealed in the best
fit. One, shifted towards lower binding energies, is assigned to defect structures. That means
atoms which deviate in their position from the perfect arrangement of the surface reconstruc-
tion. The two large components shifted to higher binding energies are related to As atoms
of the first and second layer. In the Ga3d core level line shape only two small components
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Figure 5.8: The relative
SXPS intensities for three dif-
ferent surface components of
the GaAs(001)(4 × 2) recon-
structed surface.

can be revealed, Ga1 and the Gade f ects. Ga1 is not yet clearly assigned and the Gade f ects
component can be related to defect structures on the surface. There is no specific surface
assigned Ga component because the topmost layers of the c(4× 4) reconstructed surface
consists of arsenic atoms. The assignments and the shifts of the components are consistent
with previous work [146, 147].
With the change to the (2× 4) in the Ga3d core level emission line, a new component
emerges Ga2ndlayer which is shifted towards higher binding energies. The two other com-
ponents Ga2 and Ga3 are not yet related to specific atoms of the surface. In the As3d core
level emission line the components at the high binding energy side disappear while a new
component shifted by -0.48 eV show up. This component can be related to the As dimers
of the (2×4) which are bonded to second layer Ga atoms. These Ga atoms have a relative
charge depletion compared to the atoms of the bulk. The component As1 as well as Ga2 and
Ga3 are not yet assigned. This is the case for the Ga4, too, which show up in the Ga3d core
level emission line for the (4×2) in Fig 5.9 on the right.
This surface is characterized by large Ga3d surface components shifted by -0.35 and
+0.39 eV, respectively. These components can be assigned to the Ga dimer (Gadimers) and to
the Ga sp2 (Gasp2) bonded atoms [148]. One pronounced component in the As3d core level
emission line is found and shifted by -0.51 eV. This component is related to the sp2 bonded
As atoms of the topmost layer [148]. The As2 component is very small for the clean surface
but it will be later shown that it is important for the discussion of the As3d core level after
the adsorption of the molecules. It is shifted by +0.46 eV. This component and the small
component As3 in the As3d core level emission line are assigned to the parts of the surface
which are (n×6) reconstructed [146, 149].
The specific fit parameters can be found in the appendix A for each surface reconstruction.
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Figure 5.9: As3d (first row) and Ga3d (second row) core level emission lines for the three clean
reconstructed GaAs(001) surfaces. The filled circles are the background corrected measured data,
the thin solid lines are the resulting fits, while the thick solid lines represent the emission line of the
bulk atoms and the shaded contributions belong to the surface components. Below each spectrum the
corresponding residuum is shown.
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Chapter 6: Adsorption Structure
Determination of Cyclopentene on
the InP(001)(2×4) surface

In this chapter the adsorption structure of cyclopentene on the InP(001)(2×4) reconstructed
surface will be discussed. The main focus is here to determine the role of the surface ‘hetero’-
dimer (‘mixed-dimer’) on the adsorption process. Thus the influence of the surface geometry
will be analyzed. Therefore RAS, LEED and SXPS measurements were performed and
the results will be compared to the results obtained by DFT calculations. Thereby a final
adsorption structure of cyclopentene on the InP(001)(2× 4) reconstructed surface will be
suggested.

6.1. Determination of the Optical Anisotropy

The RAS spectrum of the clean reconstructed surface is well understood and was discussed
in chapter 5.1.

In Fig. 6.1 this spectrum is shown again (thin line) together with the RAS spectra taken
during the deposition with cyclopentene (intermediate lines) up to the saturation (thick line).
It is obvious that the RAS line shape clearly changes upon deposition at the pronounced
negative peak below 2 eV. The bulk related features between 3 and 5 eV are only reduced in
amplitudes.
The change of the surface related contributions below 2 eV could be due to a saturation of
the empty dangling bonds of the first layer In atoms with cyclopentene molecules inhibiting
transitions between first and second layer In atoms. As a result the structure S1 and S2 within
the RAS line shape are reduced [150]. These changes at energies where transition between
surface states contribute already indicate a covalent bonding of the cyclopentene molecules.
In Fig. 6.2 (left) the LEED pattern of the clean reconstructed (2×4) surface is shown. This
pattern vanishes during the deposition of the cyclopentene molecules as can be seen in the
middle in Fig. 6.2 until only bulk spots remain in the pattern (right side in Fig. 6.2).

This indicates the possibility that cyclopentene not only adsorb at the ‘mixed-dimer’ be-
cause if this would be the case the LEED pattern should become weak but not disappear.
Two different bonding sites would explain why the LEED pattern vanishes during deposi-
tion of cyclopentene on the InP(001)(2×4) surface as there are In− In dimers in the second
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Figure 6.1: The RAS spec-
tra taken during the deposi-
tion of cyclopentene on the
InP(001)(2× 4). Thin, inter-
mediate and thick line: spec-
trum of the clean, partly cov-
ered and saturated surface, re-
spectively.

Figure 6.2: LEED pattern of the clean InP(001)(2× 4) reconstructed surface on the left, in the
middle the partially covered surface with cyclopentene and on the right the saturated surface. All
three images were taken at 57 eV. The (1× 1) bulk (thin rectangle) and the (2× 4) surface unit
cell (thick rectangle) are indicated. The (2× 4) LEED pattern vanishes during the saturation with
cyclopentene until only the (1×1) bulk spots remain.

layer. A translation invariant arrangement of the cyclopentene molecules on InP(001)(2×4)
like on the Si(001)(2×1) surface is statistically hindered.
In order to obtain information on the chemical bonding configuration and to determine pos-
sible bonding sites of cyclopentene on the InP(001)(2×4) reconstructed surface SXPS mea-
surements of the In4d, P2p and C1s core level are performed.
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6.2. Core Level Spectroscopy of the Interface

In Fig. 6.3 SXPS core level spectra of the In4d core levels for the initial, the partly covered
and the cyclopentene saturated InP(001)(2×4) surface are displayed.

Figure 6.3: In4d core level of the clean (left), partly covered (middle) and saturated (right)
InP(001)(2× 4) reconstructed surface, respectively. For the partly covered surface a new compo-
nent (In3, light gray) emerges shifted towards higher binding energies of about +0.84 eV with respect
to the bulk component which rises for the saturated surface.

The spectra (dotted lines) are shown together with best-fit from numerical analysis
(straight lines) and the residuum (bottom) giving the differences between the measured line
shape and the fitted one. The fit parameters are shown in table C.1. The fits were performed
as long as the residuum contains no clear structures anymore.

As discussed in chapter 5.1 the surface related component (In1) which is shifted toward
lower binding energies is related to the fourfold coordinated In atoms of the second layer
and the component which is shifted to higher binding energies (In2) was assigned to the
outer In atoms of the second layer which are threefold and also to the In atom of the ‘mixed-
dimer’. As can be seen in Fig. 6.4 In1 decreases clearly with the coverage of cyclopentene.
The decrease is stronger in the second deposition step until saturation than in the first one.
Therefore it can be concluded that the interaction with the second layer In atoms is stronger
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Figure 6.4: The development
of the intensity ratio of the
In4d surface components ver-
sus the preparation steps. In1
and In3 increases while In2 de-
creases with the deposition of
cyclopentene.

for a higher coverage. The second surface component, In2, increases strongly in the first de-
position step and then slightly more until saturation. A new bond formation of cyclopentene
to the topmost In atoms of the surface is the origin for the third component, In3, shifted by
+0.84 eV. This component is rising in intensity up to the saturation.
The In4d core level were taken at excitation energies where a maximum surface sensitivity
was obtained, as can be seen in Fig. 6.5.

Figure 6.5: The relative in-
tensity ratios between the In4d
surface and the bulk compo-
nents versus their kinetic en-
ergy. The curves are guides
for the eye. At kinetic ener-
gies below 60 eV for all of the
In surface components, a max-
imum intensity is found.

The maximum intensity for all three components is found near 55 eV (the reciprocal value
corresponding to Fig. 4.3 is plotted). Above and below 55 eV the intensity decreases, exactly
the behavior which was expected because of the dependence between the mean free path of
the electrons and their kinetic energy. Thus it can be concluded that the new component In3
which appears after the deposition has its origin in the topmost layer of the surface.
The changes in the P2p core level during the deposition are shown in Fig. 6.6. Again all three
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steps are shown, the clean (left), the partly covered (middle) and saturated InP(001)(2×4)
surface. The behavior of the intensity ratio for P1 and P2 (not shown) is similar as for the
In4d surface components in Fig. 6.5.

Figure 6.6: P2p core level of the clean (left), partly covered (middle) and saturated (right)
InP(001)(2× 4) reconstructed surface, respectively. A new component (P2, light gray) emerges
shifted toward higher binding energies of about +0.59 eV in the core level of the partly covered
and rises for the saturated surface.
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As mentioned in chapter 5.1 the P2p core level exhibits only one surface related compo-
nent (P1) assigned to the P atoms of the ‘mixed-dimer’ in the topmost layer which is shifted
towards lower binding energies with respect to the bulk component. A new component (P2)
appears for both the partly covered and the saturated surface which is shifted by +0.59 eV in
binding energy due to a lower electronegativity of the P atom compared to the C atom (see
table 2.1).

Figure 6.7: The development
of the intensity ratio of the
P2p surface components ver-
sus the preparation steps. P1
decreases while P2 increases
with the deposition of cy-
clopentene.

The behavior of the two surface components in the intensity ratios for the different prepa-
ration steps is shown in Fig. 6.7. The P1 component decreases until the saturation of the
surface with cyclopentene while the P2 component is increasing. From these results it can be
concluded that the molecules bond to the P atoms of the ‘mixed-dimer’ and form a covalent
bond which is the origin for P2.

The change in In1 and In2 can be interpreted in that way that the adsorption of cyclopen-
tene occurs not only on the ‘mixed-dimer’. During the saturation of the surface the molecules
bond to fourfold and threefold coordinated second layer In atoms. As a result of this bonding
the In1 component decreases more strongly with the second deposition step. However, for
the bonding on the In− In dimers one could also expect a new In4d component which is
not the case. An explanation could be that this new component is energetically too close to
the first In−C component and both can experimentally not be resolved due to the limited
resolution. Another possibility would be that the observed In−C component is related to the
bonding on the In-In sites whereas the bonding on the ‘mixed-dimer’ results in a component
which is energetically very close to the In2 component. This would explain why the In2
component gets slightly more intense with the deposition.
The calculated In4d core level shift (calculations performed by P. Favero) for bonding on
the second layer In− In dimers amounts to −0.72 eV, which is very close to the one for the
adsorption on top of the ‘mixed-dimer’ which was calculated to −0.65 eV. Since this two
shifts present a small energy difference, it could be possible that they have not been resolved
in the SXPS experiments mainly due to the limited experimental resolution.
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Figure 6.8: The C1s core level of the partly covered (left) and saturated (right) InP(001)(2× 4)
reconstructed surface, respectively. On the clean surface no C1s contribution was found.

The C1s core levels are shown in Fig. 6.8. Four components are evaluated. The main
component is assigned to stem from C atoms which are involved in a single bonding to
another C and hydrogen atom. The second component is shifted about +1.17 eV toward
higher binding energies with respect to the C−C component. This component is assigned
to atoms participating in a C = C double bond. Two other contributions were evaluated
in the ‘best-fit’ and is assigned to stem from C atoms which are bonded to In and P in a
C− In and a C−P bond formation. These two other components are shifted toward lower
binding energies, by -1.54 eV and -0.50 eV, respectively, with respect to the first C−C
contribution. The C− In component is weaker in the first deposition step but in the second
one the C− In component becomes more pronounced for the saturated surface than the C−P
component. Therefore it can be concluded that the surface exhibits a second adsorption site.
More In atoms are involved in the bond formation to cyclopentene than P atoms. This is in
agreement with the additional components In3 in the In4d and P2 in the P2p core level.
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Figure 6.9: A few examples of the possible adsorption structures found for cyclopentene on the
InP(001)(2× 4) reconstructed surface including the dimerized and dimer-cleaved structures as well
as dissociated adsorption configurations. The DFT calculations were done by P. Favero.

6.3. Discussion of Resulting Adsorption Structures

The experimental results presented here indicate an adsorption of cyclopentene in a two step
process. In atoms of the first and second layers are involved as well as the topmost P atoms.
Based on these experimental results DFT calculations were performed and a few examples
for adsorption structures of cyclopentene on the InP(001)(2× 4) surface reconstruction de-
rived from DFT-GGA calculations are depicted in Fig. 6.9.

Within this calculations is was found that only the cis-type dimerized structure has an
exothermic adsorption process. Thus only this adsorption structure is possible to occur with-
out an additional activation energy. To further support the cis-type dimerized model for the
cyclopentene adsorption on InP(001)(2×4) the optical anisotropy was calculated for differ-
ent adsorption sites. Due to the computational method the resulting RAS spectra, presented
in Fig. 6.10, are difference spectra of the saturated and the clean surface.
The first spectrum show the calculation for the adsorption of cyclopentene on the ‘mixed-
dimer’ and the second one the resulting RAS difference spectrum after the adsorption on the
second layer In− In bonds. The most likely one is depicted in the third panel and shows
the RAS signal after the adsorption at both, the ‘mixed-dimer’ and the second layer In− In
bonds. For a final determination of the bonding sites of cyclopentene on the InP(001)(2×4)
reconstructed surface the SXPS measurements have to be discussed again.
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Figure 6.10: The calculated RAS difference spectra for the adsorption of cyclopentene on the dimer
atoms (top), on the second layer In-In atoms (middle) and on both, the dimer and the second layer In-
In atoms. The difference means that the spectrum of the clean reconstructed InP(001)(2×4) surface
was subtracted from the one saturated with cyclopentene. The DFT calculations were done by P.
Favero.

Due to the higher electronegativity (see table 2.1) of C compared to P and In the bonding
would lead to relative charge depletion at the P and In atoms, respectively. Therefore the
new component in the P2p as well as in the In4d core level is shifted towards higher and
in the corresponding C core level towards lower binding energies. It is reasonable that the
C− In component is shifted more than the C−P component based on to the different elec-
tronegativities.

The outermost P atom has a filled dangling bond. If the atom loses electrons a new com-
ponent shifted towards higher binding energies should appear which is the case (P2, see Fig.
Fig. 6.7). Thus this new component P3 is a direct hint for the bond formation of the outermost
P atoms to the C atoms of the cyclopentene molecules while P1 decrease.

The interpretation of the changes for the In4d components In1 and In2 (in Fig. 6.4) is not
as straight forward as in the case of the change for the P2p surface related component (P1).
Here, in the first step, the topmost In atoms of the ‘mixed-dimer’ also form a bond to the
cyclopentene molecules. In this step In1 decreases while In2 increases slightly. This trend is
stronger in the second step until saturation. Due to the fact that two adsorption sites exists
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Figure 6.11: The RAS differ-
ence spectrum of the saturated
InP(001)(2×4) reconstructed
surface for the cis-type dimer-
ized adsorption structure with
additional adsorption of cy-
clopentene at the second layer
In − In bonds derived from
DFT-LDA calculations done
by P. Favero (thin line). The
RAS difference spectrum de-
picted from the measurements
is presented for comparison
(thick line). The calcu-
lated spectra are not GW cor-
rected which would reduce
the shift between the measure-
ments and the calculated data.

at the surface In atoms a second component should be revealed in the In4d core level after
the adsorption of cyclopentene. This is not the case but an increase for In2 is found. As
mentioned before it could be the case that a new contribution can not be resolved due to the
experimental resolution. Therefore the increase of In2 results.
Thus it can be concluded that there are two adsorption sites on the InP(001)(2× 4) recon-
structed surface. This is in agreement with the C1s core level where the C− In component
is more pronounced than the C−P component after saturation. Hence more In atoms are
involved in the interface formation than P atoms.
Additionally the RAS spectrum Fig. 6.1 show a strong change of S1 and S2 which are mainly
caused by transitions between states at the first and second layer In atoms.
From the DFT-GGA calculation three RAS difference spectra were obtained, depicted in
Fig. 6.10. The one for the adsorption on the ‘mixed-dimer’ and additionally on the In− In
bonds is plotted again together with the RAS difference spectrum of the clean reconstructed
surface subtracted from the cyclopentene saturated one in Fig. 6.11. This calculated spec-
trum reproduces the measurements very well. The main features are identified in both spec-
tra regardless of the fact that the calculated results are red shifted by 0.4 eV. The reason
is the underestimation of excitation energies which is well known. The same holds for the
underestimation of the calculated RAS magnitude, see [116].

According to all these results it can be concluded that the first adsorption site for cy-
clopentene on the InP(001)(2×4) surface is the ‘mixed-dimer’ in a cis-type adsorption ge-
ometry [150]. This is a similar adsorption geometry as for the adsorption for cyclopentene
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Figure 6.12: Suggested adsorption structure of cyclopentene adsorbed on the InP(001)(2×4) recon-
structed surface.

on the Si(001)(2×1) surface where a [2+2]-cycloaddition reaction occurs, see chapter 2.5.
The resulting adsorption structure of cyclopentene on the InP(001)(2×4) reconstructed sur-
face is presented in Fig. 6.12.
Upon cyclopentene adsorption the buckling of the ‘mixed-dimer’ changes into the opposite
direction and decreases by 0.53 Å, whereas the second layer In−In dimer buckling increases
by 0.43 Å [150]. This dimer rearrangement suggests a charge transfer between In and P atom
in analogy to the Si−Si dimer tilting of the bare silicon surface. Indeed, a comparison of the
second highest occupied molecular state from the bare InP surface and the adsorbed system
(not shown here) clearly indicates a charge redistribution due to the interaction between cy-
clopentene and the surface [150]. Although a second molecule adsorption does not result in
the lowest energy configuration, it is interesting to emphasize that the adsorption on a In− In
dimer within a surface unit cell is only possible after a previous adsorption of cyclopentene
on the neighboring ‘mixed-dimer’ which is consistent with the interpretation of the C 1s core
level evolution upon deposition.
The theoretical calculated adsorption energy for cyclopentene at the ‘mixed-dimer’ is
−0.28 eV which is much lower than the one found for cyclopentene on the Si001(2× 1)
surface reconstruction which is ∼-1 eV [51,151]. This corresponds to a high desorption tem-
perature of around 900◦C [3,51]. The adsorption of cyclopentene at the second layer In− In
bonds is an energetically favorable process with an adsorption energy of −0.1 eV. Therefore
two processes occurring for the adsorption of cyclopentene on the InP(001)(2× 4) recon-
structed surface were found. This could also result in two different desorption temperatures
of cyclopentene on this surface.



64 Adsorption Structure Determination of Cyclopentene on the InP(001)(2×4) surface

6.4. Desorption Experiments

In this work it was not possible to determine exact desorption temperatures therefore only
the possibility of restoring the (2×4) surface reconstruction was investigated.

Figure 6.13: C1s core level of the cyclopentene saturated surface (left) and the core level after the
first heating to 300◦C (middle). After this heating step not all of the C was removed from the surface.
The C− In component is now more pronounced than the C−C contribution. The C = C component
has nearly vanished. This is a hint for additional physisorbed molecules which are removed from the
surface after this heating step. After a second heating to 430◦C for ∼15 min no C1s core level was
detected anymore (right).

In order to desorb cyclopentene the cyclopentene saturated InP(001)(2×4) reconstructed
surface was heated to 300◦C. In Fig. 6.13 the C1s core level emission lines for the cyclopen-
tene saturated surface (left) and the core level emission line taken after the first heating step
to 300◦C are shown. It is obvious that the whole C1s emission line is significantly reduced
in its intensity. The line shape reveal that the C−C component is strongly reduced, as
well as the C = C component which nearly vanished completely after this procedure. This
is a hint that the C = C component can be related to additional physisorbed cyclopentene
which are removed at lower temperatures than chemisorbed cyclopentene molecules. These
physisorbed cyclopentene molecules contribute to the C−C component, too, which is now
reduced. Due to the fact that the C1s core level emission line is still detectable and that the



Adsorption Structure Determination of Cyclopentene on the InP(001)(2×4) surface 65

LEED pattern of the (2×4) reconstructed surface was not restored an additional heating pro-
cedure to 430◦C for approximately 15 min was applied. After this heating no C1s core level
emission line was detected anymore (Fig. 6.13 right). The corresponding contributions in
the In4d and P2p core levels vanished, too, and the initial core level line shape was restored.

This and the fact that no carbon C1s core level contributions has been detected anymore
is a proof for the desorption of cyclopentene and the restoring of the surface reconstruction.

These results are confirmed by RAS and LEED measurements. The RAS line shape with
the surface related features was restored (see Fig. 6.14) after the second heating step to 430◦C
for 15 min and a LEED pattern of the (2×4) was observed.
Small changes in the intensity of the RAS signal after the desorption compared to the initial
prepared InP(001)(2×4) reconstructed surface appear which can be explained by a degrada-
tion of the surface after heating. This effect can be observed for clean surfaces heated several
times without molecule deposition, too. Therefore this change is not related to cyclopentene
molecules or their desorption behavior.
The desorption temperature of 430◦C (-0.28 eV derived from DFT-LDA calculations) is
much lower than for the cyclopentene adsorbed on the Si(001)(2×1) [3, 51, 151].

Figure 6.14: RAS spec-
trum of the initial clean
InP(001)(2× 4) surface (thin
line) depicted together with
the spectrum taken after des-
orption of the cyclopentene
molecules. It is obvious that
the line shape of the clean
surface was restored.
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Chapter 7: Interaction of Cyclopentene with
the GaAs(001) Surfaces

In this chapter the bond formation between the model molecules, the small hydrocarbon ring
molecules, and the (001) GaAs surfaces upon adsorption is discussed. The main focus will
be the role of the intra-molecular double bond on the one hand and on the other the surface
dimer structure on the bonding configuration. The results will be presented for the adsorp-
tion of the three different molecules one after another and all three GaAs(001) surfaces in
each case. Therefore, firstly, the RAS signal is presented after that the results obtained by
core level spectroscopy and the surface morphology measured by STM. In the last part of
this chapter the results and possible adsorption structure models will be discussed for all the
different hybrid structures and general trends for an understanding of the adsorption mecha-
nism will be suggested.

7.1. Change in the Optical Anisotropy

In Fig. 7.1 the RAS spectra of the three different GaAs(001) surface reconstructions after
deposition of cyclopentene (thick lines) up to saturation are depicted together with the ones
of the initial surfaces (thick lines).

The saturation conditions of the surfaces are explained in chapter 4.3. It is obvious that the
RAS line shape clearly changes for the GaAs c(4×4) and the (4×2) (Fig. 7.1 left and right)
with respect to the ones for the clean surfaces upon deposition. In the case of the (2× 4)
the amplitude at bulk related transitions is reduced but it has to be mentioned that the RAS
spectrum of the (2×4) is dominated only by bulk related features.

After the deposition of cyclopentene on the c(4× 4) reconstructed surface, the surface
related contribution S1 which is below 1.5 eV is reduced in intensity. This could be due to
a saturation of an unsaturated surface state by the molecule after adsorption so that the RAS
feature vanishes. The change in S2 is even more obvious as the decrease of this feature is
very strong. Since both features are assigned to transitions between states localized at the
As dimers, it can be concluded that cyclopentene adsorbs during a chemical bond formation
at the As dimer because S1 has vanished and a strong reduction for the feature S2 is obvious.

As mentioned before no surface related contribution is evident in the RAS spectrum of
the (2× 4) reconstructed surface. The shoulder around 2.5 eV however could be due to a
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Figure 7.1: RAS spectra of the three ‘main’ clean reconstructed GaAs(001) surfaces (thin lines), the
c(4×4), the (2×4) and the (4×2), respectively, compared to the spectra taken after the saturation
with cyclopentene (thick lines).

surface contribution [144]. That could be underlined by the change in the spectrum after
the saturation with cyclopentene (thick line) because this shoulder shifts slightly to higher
photon energies. This could be an indication for a change at the surface after the adsorption
of cyclopentene.
For the GaAs (4×2) reconstructed surface the surface related contribution S1 also changes
due to the cyclopentene deposition. The transition which is related to S1 is reduced and a
small shift to higher photon energies could be observed which can be associated to a change
of the surface structure.
However, for both the GaAs c(4×4) and the GaAs (4×2), the RAS spectra change clearly at
those energies where transitions between surface states contribute. Thus it can be concluded
that the changes in the optical response, and therefore the electronic surface properties, are
related to changes in the atomic surface structure. It seems reasonable that cyclopentene
bonds to the top surface dimers or atoms and thereby lead to the observed changes. In the
case of the c(4× 4), which is terminated by As−As dimers on top of a complete As layer,
it can be expected that the bonds are formed with the As atoms of this dimers. In the case
of the (4× 2) surface such an assignment is more difficult due to the complicated surface



Interaction of Cyclopentene with the GaAs(001) Surfaces 71

structure model as discussed in chapter 5.2 where several bonding sites exist.
The spectral changes for the cyclopentene deposition on the GaAs(001)(2×4) reconstructed
surface (Fig. 7.1 middle) are much less significant and show a amplitude decrease of the bulk
related transitions. Since clear contributions from surface states are not found in the RAS
spectrum of the (2×4) reconstruction, it is difficult to deduce interactions of cyclopentene
with the surface. To find the final bonding sites of cyclopentene a determination of the
electronic properties is necessary.

7.2. Core Level Spectroscopy at the Interface

In the following the results obtained by core level spectroscopy at the saturated surfaces
will be presented. In Fig 7.2 the core level emission lines for the three ‘main’ GaAs(001)
surfaces saturated with cyclopentene are shown. For a better comparison the spectra of
the clean reconstructed surfaces (first shown in Fig. 5.8) are plotted above the ones of the
corresponding saturated surfaces.
As discussed in chapter 5.2, surface related contributions are revealed in each emission line.
After the saturation for the c(4× 4) (see Fig 7.2 left) one new surface related component
(light gray) can be found shifted by +1.35 eV±0.05 eV toward higher binding energies.
This shift towards higher binding energies is reasonable due to a bond formation between
cyclopentene and the topmost As atoms of the c(4×4) reconstructed surface. These atoms
would show a relative charge depletion due to the higher electronegativity of C compared to
As (see table 2.1). Thus the As−C component can be attributed to As atoms which form a
covalent bond to the C atoms of the cyclopentene molecules.
Except for the Asde f ect contribution the shifts of the As3d core level components of the
c(4× 4) reconstructed surface are increased by a factor of 1.35. Beside this the Asdimer
component is reduced by ∼50%. This can be caused by an adsorption of cyclopentene at the
dimer atoms and thus this could be an indication that the dimer bond splits. The Asde f ects
component increases by ∼47%. The As2ndlayer component is constant because the second
layer should not be affected during adsorption of the cyclopentene molecules on the surface.
Similar as for the c(4×4) for the GaAs (2×4) a new component (light gray) can be revealed
in the fit which is shifted toward higher binding energies by +1.05 eV±0.1 eV. Due to this
shift the component, As−C, can be assigned to a bond formation between the C and the
As atoms. The carbon atoms have a higher electronegativity and therefrom a shift towards
higher binding energies results. Within the experimental resolution the shifts of the two As
components, As1 and Asdimer, do not change compared to the initial shifts for the components
of the clean reconstructed surface. The intensities for the two surface related components
change in such a way that the Asdimer component is slightly reduced to ∼75% of the initial
value and the second As component (As1) increases by approximately 65%. Due to the fact
that the decrease of the Asdimer component is not as strong as it was the case for the Asdimer
component after the adsorption of cyclopentene on the c(4×4) reconstructed surface it can
be concluded that the dimer bond remains intact. Accordingly to the increase of As1 after
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the adsorption of cyclopentene it could be concluded that this component is defect related.
A fourth component (As−C, light gray) was derived from the ‘best fit’ as can be seen in
Fig 7.2 on the right for the cyclopentene adsorption on the (4×2) reconstructed surface.

Figure 7.2: The As3d core level emission lines before and after adsorption of cyclopentene on the
three main GaAs(001) surfaces at excitation energies of ∼120 eV. A new component assigned with
As−C can be revealed in each of the core level emission lines shifted toward higher binding energies.
For comparison the As3d core level emission lines of the clean reconstructed surfaces are shown.
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This component is shifted by +1.0 eV±0.09 eV towards higher binding energies which is
comparable to the shift of the As−C component found on the (2×4). Within the experimen-
tal resolution the initial As surface components show no change in the shifts. It is obvious
that the As2 component shifted towards higher binding energies increases by a factor of 5
while the Assp2 component decreases. Thus on the one hand the increase could be caused
by atoms which initially contribute to Assp2 and are now involved in a bond formation to
cyclopentene. This results in an increase for the As2 component because a slight difference
in the shifts can not be resolved. On the other hand due to the fact that the As2 component is
related to the As atoms of parts on the surface which are (n×6) reconstructed it can be con-
cluded on the other hand that cyclopentene bonds to this As atoms, too. The As3 component
does not change within the experimental resolution. For all of the three surface reconstruc-
tions a new component As−C shifted towards higher binding energies is found because of
the higher electronegativity of carbon compared to As. This component can be assigned to
a chemical bond formation of cyclopentene and the topmost As atoms of the surface. The
surface components in the Ga3d emission line for the c(4× 4), Gade f ects and Ga1 show no
obvious change compared to the ones of the clean reconstructed surface, see Fig. 7.3 left.
The shifts of the surface contributions compared to the clean surface are equal. The same
results for the (2× 4) reconstructed surface. No change in the shift for the surface related
contributions appear and no new component can be evaluated with the numerical analysis.
Only a slight reduction of the components is found. Therefrom it can be concluded that no
Ga atoms are involved in a bond formation to the cyclopentene molecules so far.

In the case of the (4× 2) reconstructed surface a new component (Ga−C) shifted by
+1.08 eV±0.08 eV towards higher binding energies emerges. This component can be as-
signed to a bond formation of cyclopentene to the Ga atoms of the surface because the shift
towards higher binding energies can be explained by a relative charge depletion due to the re-
spective electronegativities. The Gasp2 component is nearly not affected by the adsorption of
cyclopentene and the component Gadimers is reduced to 50%. Therefrom an adsorption of cy-
clopentene to the Gadimers can be assumed. The third component, Ga4, shifted by +0.74 eV
towards higher binding energies is increased by a factor of 2. It could be the case that during
the saturation of the surface cyclopentene bonds to the atoms which are contributing to the
Gadimer and additionally to atoms contributing to the Gasp2 component. Thus two new com-
ponents should result after the saturation. Now only one new component, Ga−C, emerges
but Ga4 increases. It could be due to the experimental resolution that the differences in the
shifts of Ga4 and a second new component can not be resolved and thus Ga4 increases. This
could be the case because both new components have to be shifted towards higher binding
energies due to the higher electronegativity of C compared to Ga.
In the C1s core level emission line for the cyclopentene saturated c(4× 4) reconstructed
surface three components are revealed, Fig. 7.4 left. These components are denoted with
C−C, C−As and C = C. This assignment is in direct agreement with the bonding configu-
ration of the corresponding atom and with respect to the different electronegativities of the
elements, see table 2.1. The main component is denoted with C−C and this component is
assigned to atoms which are involved in a C−C single bond. The C = C component is re-
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Figure 7.3: Depicted are the Ga3d core level emission lines taken after the adsorption of cyclopentene
on GaAs(001), c(4×4) (left), (2×4) (middle) and (4×2) (right) at excitation energies∼120 eV. For
comparison the Ga3d core level emission lines of the clean reconstructed surfaces are shown above.

lated to C atoms contributing to a double bond. This component is with respect to the C−C
component shifted by +0.79 eV in binding energy because of more electrons involved in a
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double bonds than in a single bond. Thus a shift to higher binding energies should occur
for this component which is the case here. This component should not appear during an
adsorption of cyclopentene with an interaction of the π bond and the surface. The fact that
this component is found indicates that not all cyclopentene molecules bond with a splitting
of the double bonds. The third component is denoted with C−As and corresponds to the
As−C component in the As3d core level emission line. It is shifted by -0.61 eV in binding
energy and related to C atoms which form a covalent bond to As atoms of the surface. This
assignment is in agreement with the electronegativity of the bonding partners C and As.

Figure 7.4: The C1s core level emission lines for the c(4×4) (left), (2×4) (middle) and the (4×2)
(right) after saturation with cyclopentene taken at an excitation energy ∼325 eV.

The C1s core level emission line of the cyclopentene saturated (2×4) reconstructed sur-
face is shown in Fig. 7.4 middle. Again three components are revealed with the line shape
analysis. The assignment and the shifts of the components are in direct agreement with
the findings for the cyclopentene saturated c(4× 4) reconstructed surface. Thus the C−C
and C = C components are related to the single and double bonds cyclopentene contains of,
respectively. The occurrence of the C = C component indicates that not all of the double
bonds of the cyclopentene molecules split during the adsorption. The C−As component
corresponds to the As−C component in the As3d core level.

In the case of the (4×2) reconstructed surface saturated with cyclopentene the C1s core
level emission line exhibits four components. The assignments and shifts of the C−C, the
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Figure 7.5: The valence
band edge of the clean recon-
structed c(4×4) surface (thin
line) depicted together with
the corresponding cyclopen-
tene saturated surface (thick
line). It is obvious that the
valence band edges of the cy-
clopentene saturated surface
is shifted by 0.3 eV with re-
spect to the valence band edge
of the clean surface.

C =C and the C−As are in agreement with the components found for the c(4×4) and (2×4).
It is obvious in Fig. 7.4 right that the C−C component is less pronounced than the C−As
component. Therefore it can be concluded that more C atoms of cyclopentene are involved
in a bond to As atoms than in single C−C bonds. The forth component indicates that
cyclopentene has an additional bonding partner which should have a lower electronegativity
than C and As. This is the case for Ga. Thus the C−Ga component is shifted by -1.38 eV
towards lower binding energies. This shift is stronger than for the C−As component which
was found to be -0.61 eV towards lower binding energies.
The assignment of the contributions found for the cyclopentene saturated GaAs(001) surface
reconstructions is in agreement with results obtained at the Si(001)(2× 1) reconstructed
surface saturated with hydrocarbons [42, 47].

In Fig. 7.5 the valence band edge of the clean reconstructed c(4× 4) surface is depicted
together with the valence band edge taken after saturation with cyclopentene. The hole spec-
trum is not shown and new contributions will not be discussed because of the signal-to-noise
ratio and the high excitation energy the valence band spectra were taken at (∼60 eV, excita-
tion energies at ∼20 eV are more useful). Nevertheless a shift of the valence band edge of
the cyclopentene saturated surface with respect to the spectrum of the clean reconstructed
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c(4× 4) is found. This is not the case for the valence band edges of the saturated (2× 4)
and (4×2) (not shown here). It will be shown in chapter 8 that this shift is found for the 1,4-
cyclohexadiene saturated c(4× 4) surface, too. In this case the shift is also verified within
the core levels of As3d and Ga3d. Both exhibit a corresponding shift of the core levels taken
before and after saturation.
This shift is an indication for a surface band bending due to the adsorption of cyclopentene
and 1,4-cyclohexadiene. An explanation for this shift could be a change of the charge den-
sity at the surface and the compensation of this increased surface charges causes a shift in
the surface states to higher binding energies in the space-charge-region and thus a surface
band bending. Because of the problems discussed above this has to be verified with further
measurements. Nevertheless this shift can be an indication for the splitting of the As−As
dimer bond during the saturation with cyclopentene or 1,4-cyclohexadiene which induces a
change in the surface strain.

7.3. Interface Characterization by Scanning Tunneling
Microscopy

In Fig. 7.6 (left) the filled-state STM image of a partly covered GaAs(001)c(4× 4) recon-
structed surface is shown.

In the case of cyclopentene adsorbed on the c(4× 4) reconstructed surface oval shaped
structures are found on the surface which are oriented along the [110] direction of the crystal
with a length of 2.4 nm and an average width in the [1̄10] direction of 1.7 nm. They are
too big to represent only single molecules which have a dimension of 0.42 nm×0.24 nm in
the length and width [53]. Thus these ovals can be assumed to be cluster-like cyclopentene
structures which are arranged in a local order. Some areas exist denoted by black rectangles
in Fig. 7.6 where the c(4×4) is still present on the surface.
After saturating the c(4× 4) surface with cyclopentene the ovals nearly cover the hole sur-
face, as can be seen in Fig. 7.6 (right). They still have the same dimensions as for the partly
covered surface. As it is indicated with the white circle in Fig. 7.6 the local ordering of
the molecules along the [110] direction of the crystal is kept during the saturation. Due to
the fact that this is only some kind of local ordering no long range order exists and thus no
LEED pattern is obtained. Only bulk spots remain in the LEED pattern presented in Fig. 7.6
(middle).

In Fig. 7.7 STS spectra were taken of the clean (dark gray boxes) and the saturated (gray
triangles) surface which are depicted in Fig. 7.7. For both surfaces, the clean and the cy-
clopentene modified one, a band gap of ∼1.3 eV is found. No change of the band gap in
the STS spectrum of the saturated surface is found. In the contrast to this the spectrum of
the saturated surface is very similar to the one measured for the clean reconstructed surface.
Therefrom it can be concluded that on the saturated surface mainly chemisorption takes place



78 Interaction of Cyclopentene with the GaAs(001) Surfaces

Figure 7.6: Filled-state STM images of a partly covered (left) and cyclopentene saturated (right)
c(4× 4) surface. No long range ordering exists (measured at U=-2.4 V and U=-2.8 V, respectively)
but parts with local ordering are identified and indicated by white cycles. The cluster-like structures
of cyclopentene molecules result in oval shaped structures measured in the STM images. Beside the
STM images the LEED pattern of the saturated surface is depicted in the middle taken at 42 eV. Only
bulk sports remain.

where cyclopentene interacts with the surface which results in a covalent bond formation of
cyclopentene and the topmost atoms on the surface.

The filled-state STM images in Fig. 7.8 show the partly cyclopentene covered (left) and the
cyclopentene saturated (right) (2×4) reconstructed surface. The rows along the [1̄10] direc-
tion of the crystal, which represent the position of the As dimers on the clean reconstructed
surface, have a distance of 1.55 nm which is in agreement with previous work [128, 130].
These rows are still present on the partly covered and saturated surface which can be seen in
Fig 7.8 and have the same distance of 1.54 nm as it was the case on the clean reconstructed
surface. Only the height of the lines are different, which is an indication of an adsorption of
cyclopentene on the surface.
The apparent periodicity in the STM images is reproduced in the LEED pattern which is de-
picted in Fig. 7.8 (middle, taken at an energy of 42 eV). The pattern exhibits spots indicating
a (1×4) symmetry like reconstruction because the spots in the [110] direction remain after
the saturation with cyclopentene. This shows an ordering of cyclopentene along the rows of
the clean reconstructed surface during the adsorption.
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Figure 7.7: STS measurements of the band gap before (clean) and taken after the adsorption of
cyclopentene (saturated) on the c(4×4) surface. The STS measurement of the clean surface is shown
in dark gray boxes, the saturated in gray triangles and a over-saturated surface in black spots.

STS measurements (not shown here) indicated that no change for the band gap occurs af-
ter the saturation with cyclopentene. The band gap was for the clean reconstructed and
cyclopentene saturated surface determined with ∼1.3 eV.

In Fig. 7.9 the filled-state STM images of the partly cyclopentene covered (left) and the
cyclopentene saturated (right) (4× 2) reconstruction are shown. No local or long range
ordering of cyclopentene is observed in the STM images. Parts where the clean surface
reconstruction can still be found are indicated with black rectangles and structures where
molecules adsorbed on the surface (brighter spots) with black arrows. These formations
are not small enough to represent only one molecule hence they could represent cluster-like
structures of cyclopentene molecules.
The absence of ordering is consistent with the corresponding LEED pattern shown in Fig. 7.9
(middle). This LEED pattern shows no spots thus no long range order of cyclopentene on
the surface is observed.
For the adsorption of cyclopentene on the (4×2) reconstructed surface it can be concluded
that preferred adsorption sites exists because of the brighter spots in the STM images but no
ordering is found.
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Figure 7.8: Filled-state STM images of a partly covered (left) and cyclopentene saturated (right)
GaAs(001)(2×4) surfaces. For the (2×4)(measured at U=-2.8 V) an alignment along the dimer rows
of the surface reconstruction is visible. Beside the STM images the LEED pattern of the saturated
surface is depicted in the middle taken at 42 eV. A (1×4) periodicity remains in the pattern.

For the cyclopentene saturated (4×2) reconstructed surface the STS spectrum (not shown)
indicate no change in the band gap compared to the spectrum of the clean surface. The band
gap is determined with ∼1.3 eV for both surfaces as it was the case for the c(4× 4) and
(2×4).

7.4. Discussion: Adsorption Structure of Cyclopentene on
the GaAs(001) Surfaces

After saturation of the three GaAs(001) surface reconstructions, each RAS spectrum for
the several surface reconstructions exhibits no surface related contributions anymore. These
surface related features were quenched during the adsorption of the cyclopentene molecules
as it was shown in Fig. 7.1. Only bulk related structures are still visible in the spectra.
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Figure 7.9: Filled-state STM images of a partly covered (left) (measured at U=-3.3 V) and cyclopen-
tene saturated (right) (measured at U=-2.8 V) GaAs(001)(4× 2) surfaces. No kind of ordering is
found after the deposition of cyclopentene. Beside the STM images the LEED pattern of the satu-
rated surface is pedicted in the middle taken at 42 eV.

Figure 7.10: Favored bonding configuration for the adsorption of cyclopentene on the c(4×4) recon-
structed surface. Three molecules per surface unit cell are possible due to the sterical interaction.

In the case of the c(4× 4) reconstructed surface the S2 feature is strongly reduced. This
feature was assigned to the As dimers of the topmost layers and this strong change is an
indication for an interaction with cyclopentene and the As dimer atoms [152]. In the valence
band spectra a surface band bending was found which could be caused by a splitting of the
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As dimer bond after the saturation of the surface. This is also the reason for the decrease of
the Asdimer related component in the As3d emission line while a new component (As−C)
emerges which is a direct proof for a chemical bond formation of the cyclopentene molecules
to the surface. This component is shifted towards higher binding energies which indicate a
relative charge depletion for example caused by a bonding to a more electronegative bonding
partner like carbon.
The most likely adsorption sites of cyclopentene on the c(4× 4) are presented in Fig. 7.10
with respect to the different intensities of the C1s components in detail of the C−C com-
pared to the C−As and the C = C components. Three molecules bond to a c(4×4) surface
unit cell most likely by the dissociation of a hydrogen atom which is not bonded to a carbon
atom involved in a double bond.

Figure 7.11: The resulting topview on the c(4×4) reconstructed surface saturated with cyclopentene.
The ovals represent the ovals measured in the STM images and the gray rectangulars represent the
single cyclopentene molecules.

More than three cyclopentene molecules per surface unit cell are very unlikely due to the
sterical interaction of the cyclopentene molecules. Less than three cyclopentene molecules
per surface unit cell is, of course, possible. In fact if cyclopentene bonds to one of the outer
As dimers of the surface unit cell an adsorption of a second cyclopentene molecule at the
other outer As dimer and at last an adsorption of cyclopentene at the third dimer is very
likely. If cyclopentene bonds to a surface unit cell where not yet any other cyclopentene
molecules are present it would most likely bond to the center As dimer because this dimer
bond length is the smallest. The carbon atom which is involved in this bond formation could
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be one of the carbon atoms which are participating in the double bond because the binding
energy of the π bond is lower than for a σ bond. During this adsorption the dimer bond splits
and hydrogen can adsorb on the other As dimer atom. In a second adsorption step additional
cyclopentene molecules could bond to the As outer dimer atoms again by the splitting of the
double bond or by the dissociation of a hydrogen atom. The latter one seem to be the most
likely one due to the intensity comparison of the C = C which has nearly half the hight of
the C−C components in the C1s core level. This results in the structure which is shown in
Fig. 7.10.
This arrangement of the cyclopentene molecules results most likely in an oval consisting
of six cyclopentene molecules. The corresponding topview for the c(4× 4) is shown in
Fig. 7.11 which reproduce the measured STM pictures very well. The oval like structures
show the local ordering. The molecules (gray boxes) in these ovals can have small angles
against each other and to the surface which are not considered in Fig. 7.11.

Figure 7.12: The favored bonding configuration for the adsorption of cyclopentene on the (2× 4)
reconstructed surface. The cyclopentene molecules can rotate around the light gray indicated axis to
minimize the sterical interaction.

For the adsorption of cyclopentene on the GaAs(001)(2× 4) reconstructed surface no
change of surface related contributions in the RAS spectrum can be discussed because such
contributions are not apparent. Thus the adsorption structure discussion has to focus on the
SXPS and STM measurements.
In the SXPS measurements a new component related to a bond formation of carbon atoms to
As atoms of the topmost layers was found in the As3d and the corresponding one in the C1s
core level. Due to the fact that the Asdimer component is less reduced than on the c(4×4) and
that no surface band bending was observed it can be concluded that the dimer bond remains
intact during the adsorption of cyclopentene.
The contributions in the C1s (Fig. 7.4) core level and their relative intensity are similar, to
the ones of the C1s core level after the adsorption of cyclopentene on the c(4× 4) beside
the fact that the C−As component is slightly smaller than the C = C component. It has to
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be pointed out that cyclopentene can not be adsorbed in the same way at the whole surface
because of differences in the relative intensities of C−C, C−As and C =C. Thus a preferred
adsorption structure of cyclopentene on the (2×4) is shown in Fig. 7.12.

Figure 7.13: The resulting topview on the (2×4) reconstructed surface saturated with cyclopentene.
The gray rectangulars represent the single cyclopentene molecules.

The STM images in Fig. 7.8 show a very regular structure similar to the one of the clean
reconstructed surface but with lower resolution. No indication for a splitting of the As dimer
is found. Due to the formation of only one bond the cyclopentene molecules have a degree
of freedom. Thus they can arrange in that way that the sterical interaction between two
cyclopentene molecules is minimized. A topview for the cyclopentene saturated (2× 4)
reconstructed surface is presented in Fig. 7.13. The gray rectangles represent the single cy-
clopentene molecules and they are not equally oriented to the rows along the [1̄10] direction
of the surface.
Thereby a single electron remain at each As dimer atom which would lead to a double bond
formation of these atoms. A charge transfer of the electron from the As atoms to the second
layer Ga atoms could also occur which would result in an additional adsorption site for the
cyclopentene molecules but no evidence for a new contribution in the Ga3d core level was
found during measurements. However a new component which could be assigned to the
double bond formation between the topmost As atoms was not found in the As3d core level,
too.
An adsorption in a dimerized configuration of cyclopentene at the As dimer atoms is unlikely
because of the relative intensities of the C−As and the C−C component. In the case of a
dimerized adsorption this C−As component would have to be more pronounced with respect
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to the C−C component. In addition this adsorption geometry would be symmetry forbidden
by the Woodward-Hoffman selection rules.

In the case of the (4× 2) reconstructed surface a quenching of the surface related contri-
bution S1 in the RAS spectrum is found after saturation with cyclopentene. This is a clear
indication of an interaction of cyclopentene and the topmost atoms of the surface. This is
confirmed by the analysis of the As3d and Ga3d core level because both core level emission
lines exhibit a new component which is assigned to a covalent bond formation to an element
with a higher electronegativity such as carbon. The bond formation to Ga atoms is reason-
able due to the fact that the (4×2) reconstruction is a Ga-rich surface.
In the C1s core level emission line (see Fig. 7.4 right side) the relative intensities of the com-
ponents can be compared. It is found that nearly the same amount of As bonds to the surface
occur as single bonds between the carbon atoms of cyclopentene remain. The Ga−C com-
ponent as well as the C = C are small. Besides this the Assp2 and the Gadimer components
are reduced in intensities which is an indication for the adsorption of cyclopentene at these
atoms. Thus the resulting adsorption sites of cyclopentene are depicted in Fig. 7.14.

Figure 7.14: The resulting favored bonding configuration for the adsorption of cyclopentene on the
(4×2) reconstructed surface.

An additional adsorption of hydrogen is reasonable because the dimer bond of the Ga
dimer atom splits and an electron remains unbounded. This is energetically unfavorable so
the dissociated hydrogen atom of the cyclopentene molecule can bond to this second Ga
dimer atom. Considering that the STM image did not show any kind of ordering it has to be
mentioned that this is one example for the possible adsorption sites of cyclopentene on the
(4×2) reconstructed surface. As can be seen in Fig. 7.15 different possibilities exists for the
adsorption of cyclopentene indicated by the different orientations of the gray rectangles in
the picture which represent the cyclopentene molecules. The circles represent the brighter
spots in the STM images and indicate cluster-like formations of cyclopentene on this surface
reconstruction.

It has to be pointed out that the influence of the (n×6) to the intensities of the C1s core
levels are neglected based on the fact that most parts of the surface are (4×2) reconstructed.
Beside this it is also not known yet if these parts are (1×6) or (2×6) reconstructed and thus
the suggestion of a structure model is difficult and was not the focus of this work.
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Figure 7.15: The topview of the (4× 2) surface reconstructions with additional cyclopentene
molecules adsorption (gray boxes) considering the adsorption sites found so far. Oval structures
represent the ovals which were resolved with the STM images.

However, it is interesting that no long range order of the cyclopentene molecules seem to
exist for the c(4× 4) and the (4× 2) but for the (2× 4) and the parts of the GaAs(001)
surface which are (n×6) reconstructed. For these two surfaces a long range order along the
[1̄10] is found, as can be seen in Fig. 7.16.

Since the (n× 6) surface reconstruction is more As-rich than the (4× 2) it can be con-
cluded that the cyclopentene molecules bond with a higher probability to the As atoms of
the surface [139]. This is underlined by the higher increase of the As2 component in the
As3d core level emission line which was related to the (n×6) reconstruction.

Finally the effective layer thickness of the cyclopentene saturated surface can be deter-
mined from the filled-state STM measurements. Therefore in Fig 7.17 the three saturated
surfaces with cyclopentene are depicted and show in each case still features of the surface
reconstruction like atomic steps which are marked with black arrows. If thick layers of
cyclopentene would adsorb on the surface such steps would not be visible. Additional ph-
ysisorption would lead to layers with a higher thickness but such surfaces have not been
investigated here. Therefore it can be concluded that the effective layer thicknesses of cy-
clopentene on the three ‘main’ GaAs(001) surfaces are always in a magnitude of not more
than a few monolayers.
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Figure 7.16: STM images of the cyclopentene saturated (2× 4), (n× 6) and (4× 2) reconstructed
surfaces measured at U=-2.8 V. The (4×2) reconstructed part of the surface surface is indicated by
white lines.

7.5. Summary for the Cyclopentene Adsorption on the
GaAs(001) Surfaces

The effective layer thicknesses of cyclopentene on the three surface reconstructions is de-
termined to a few monolayers from the STM images and additionally from the decrease of
the intensity of the core level emission lines after the adsorption of the cyclopentene (after
4.8). More cyclopentene molecules deposited onto the surface could lead to an ongoing
physisorption process for all three reconstructed surfaces.

It has to be pointed out that no [2 + 2] cycloaddition reaction can occur for none of the
GaAs(001) surface reconstructions because of the absence of asymmetry between the dimer
atoms of each surface reconstruction.

In detail three main rules for the adsorption of cyclopentene on the c(4×4) reconstructed
surface can be summarized as follows:

• Only one atom of the As dimer forms a bond to a cyclopentene molecule. The dangling
bond which results after this reaction is saturated with a hydrogen atom or remains
unbonded

• If the molecule can chose the bonding site at the As dimer triplet of the c(4×4) unit
cell without limitation one As atom of the center dimer is chosen

• The molecules have small diffusion lengths and thus they bond nearly immediately
where they have the first contact with the surface
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Figure 7.17: STM images of 100×100 nm2 of the cyclopentene saturated surfaces, the c(4×4), the
(2× 4) and the (4× 2), respectively. Still visible are the underlying surface reconstructions thus it
can be concluded that the effective layer thickness is not more than a few monolayers.

For the (2×4) it can be concluded:

• Only one atom of the As dimer forms a bond to a cyclopentene molecule. The dangling
bond which results after this reaction is saturated with a hydrogen atom or remains
unbonded

• One molecule can adsorb at one As dimer atom of the surface unit cell. Because of
their dimensions the molecules arrange along the [110]-direction

For the (4×2) such a summary is not possible because compared to the adsorption struc-
ture of cyclopentene on the Si(001)(2×1) surface reconstruction (see chapter 2.5) a higher
disorder was found. The surface unit cells are larger in the case of the GaAs(001) sur-
faces and thus the adsorption of cyclopentene results in more complex adsorption structures.
This is the reason for the higher degree of disorder found for the cyclopentene saturated
GaAs(001) surfaces. For the GaAs(001) (2× 4) reconstructed surface and the parts which
have been (n× 6) reconstructed a long range ordering along the [1̄10] was found which
is comparable to results found for the Si (2× 1) surface. For the cyclopentene saturated
c(4×4) reconstructed surface parts are found which show a kind of local ordering.
As a conclusion of the identification of the adsorption sites found for cyclopentene on the
GaAs(001) surfaces it was shown that preferred adsorption sites exsist. For the c(4×4) and
the (2× 4) surface reconstruction most likely an adsorption of cyclopentene with a single
bond formation was found while for the adsorption on the (4× 2) the formation of three
bonds is possible. The As atoms of the top layer introduce a higher degree of order for the
adsorption of the cyclopentene molecules, as it was found for the (2× 4) and the (n× 6).
Due to the absence of ordering several adsorption sites on the (4×2) surface are found.
It has to be pointed out that the adsorption structure of cyclopentene on the GaAs(4×2) is
the one with the highest unclarity compared to the other two GaAs surface reconstruction
investigated here.
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In the next step it was investigated whether the resulting adsorption structures of organic
molecules on the GaAs(001) surfaces depends on the amount of intra-molecular double
bonds. Therefore the adsorption sites of 1,4-cyclohexadiene and benzene have been charac-
terized in the following chapters.





Chapter 8: Interaction of 1,4-Cyclohexadiene
with the GaAs(001) Surfaces

In the last chapter it was shown that cyclopentene adsorbs most likely on the GaAs(001)
surface reconstructions without an interaction of the double bond. This is in contrast to the
bonding configuration of cyclopentene on the InP(001)(2×4) reconstructed surface.
In this chapter the bonding sites of 1,4-cyclohexadiene on the three ‘main’ GaAs(001) sur-
faces are investigated. 1,4-cyclohexadiene has two double bonds and if the double bond
exhibits an influence to the adsorption process the resulting preferred adsorption structures
should be different as the ones of cyclopentene on these surface reconstructions.

8.1. Optical Anisotropy of the Interface

In comparison to the clean surface RAS spectra the spectra after the saturation with 1,4-
cyclohexadiene are shown in Fig. 8.1.

The amplitudes in the RAS signal of the clean reconstructed c(4×4) surfaces are 1.3 times
larger compared to the ones used for the adsorption of cyclopentene on the c(4×4) surface,
see chapter 7. The reason for this could be a different doping level of n = 1 ·1018 cm−3 used
for the saturation with 1,4-cyclohexadiene and n = 5 ·1017 cm−3 used for the saturation with
cyclopentene. Nevertheless, it is obvious that S1 and S2 are quenched due to the adsorption
of the 1,4-cyclohexadiene molecules (Fig. 8.1 left). Thus the dimer configuration on the
c(4×4) reconstructed surface is changed during the adsorption because both surface related
contributions are assigned to the As dimer.
The resulting amplitudes in the RAS signal results also after the adsorption of
1,4-cyclohexadiene compared to the ones after the saturation with cyclopentene are different.
This could be either a result of a different doping level of the GaAs substrates or the differ-
ence between the adsorption of a C6 or a C5 ring molecule. The doping level could have an
influence to the adsorption process but this influence is neglected in the present work. Hence,
this strong change for the S2 contribution is an effect of the adsorption of a C6 ring shaped
molecule. This would lead in a higher strain induced by the splitting of the As dimer bond
as it was the case after the adsorption of cyclopentene (C5 ring shaped molecule).

For the (2×4) (Fig. 8.1 middle) no definite surface related contributions are found but as
mentioned in chapter 7.1 the shoulder around 2.5 eV could be caused by transitions located
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Figure 8.1: RAS spectra of the three ‘main’ GaAs(001) surfaces reconstructions (thin lines, n =
1 · 1018 cm−3) compared to the ones taken after the saturation with 1,4-cyclohexadiene (thick lines)
on the c(4×4), the (2×4) and the (4×2), respectively.

at the topmost atoms of the surface. This would explain the fact that this shoulder shifts
towards higher photon energies.

The RAS signal of the (4×2) surface (Fig. 8.1 right) exhibits a strong change of the sur-
face related contribution S1 compared to the RAS signal of the clean reconstructed surface.
As this feature is not clearly assigned to surface transition of certain atoms no clear assign-
ment of the adsorption site of 1,4-cyclohexadiene on the (4× 2) can be done just by the
analysis of the change in the RAS signature. It can be pointed out that the changes within
the RAS line shape upon deposition of 1,4-cyclohexadiene on the GaAs(001) surfaces are
similar to the changes upon cyclopentene deposition and indicate a covalent bond formation.
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8.2. Surface Periodicity

In contrary to the adsorption of cyclopentene for the 1,4-cyclohexadiene saturated c(4× 4)
reconstructed surface a LEED pattern was obtained which is shown in Fig. 8.2 taken at 42 eV.
This LEED pattern indicate a c(2×2)-like symmetry on the surface after the saturation.

Figure 8.2: The LEED pattern obtained at the 1,4-cyclohexadiene saturated GaAs(001)c(4× 4)
(left), (2× 4) (middle) and (4× 2) (right). The c(4× 4) LEED pattern after saturation with 1,4-
cyclohexadiene results in a c(2× 2)-like symmetry, while the one of the (2× 4) results in a (1× 4)
and for the (4×2) only (1×1) bulk spots remain.

For the (2× 4) reconstructed surface the LEED spots along the [110] direction of the
crystal remain in the pattern which results in a (1× 4) reconstructed surface. The LEED
pattern of the (4× 2) exhibits only bulk spots of the crystal without any indication for a
different surface symmetry after saturation. For clarification of the bonding sites further
SXPS measurements were performed as presented in the next section.

8.3. Core Level Spectroscopy at the Interface

After the saturation with 1,4-cyclohexadiene a new component is found in the As3d core
level emission line for each surface reconstruction denoted with As−C as it was the case for
the cyclopentene saturated surfaces. For all three surface reconstructions this component is
shifted towards higher binding energies with respect to the bulk component. Therefrom it
can be concluded that a relative charge depletion occurs for the As atoms of the surface due
to a bond formation to an atom with a higher electronegativity such as carbon.

Beside this the As3d core level emission line of the 1,4-cyclohexadiene saturated c(4×4)
reconstructed surface is sharper compared to the As3d core level emission line taken after
the adsorption of cyclopentene on the c(4×4) reconstructed surface shown in Fig. 7.2. This
could be an result of an ordered arrangement of the 1,4-cyclohexadiene molecules on this
surface reconstruction. In the As3d core level emission line of the c(4× 4) the Asdimer
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Figure 8.3: As3d core level emission lines taken after the saturation with 1,4-cyclohexadiene at an
excitation energy of ∼120 eV for the c(4× 4), the (2× 4) and the (4× 2), respectively. A new
component As−C is evident for all of the three surface reconstructions.

component is reduced to 60% of the initial value while the As2ndlayer component is reduced
slightly to 70%. The shifts for the surface components of the As3d core level is increased by
a factor of 1.35 except for the Asde f ect contribution. The new As−C component is shifted
by +1.35 eV±0.05 eV to higher binding energies.

For the (2× 4) the reduction of the Asdimer component is strong which indicates an in-
teraction of 1,4-cyclohexadiene with the As dimer atoms. The new As−C component is
shifted by +1.05eV±0.1eV towards higher binding energies but the shifts of the components
(As1 and Asdimer) which are present in the emission line before the deposition do not change
within the resolution of the measurement.

In the core level emission line of the As3d core level of the (4×2) a forth component is
revealed but this component is very weak and shifted by +1.0 eV±0.09 eV towards higher
binding energies. After the deposition of 1,4-cyclohexadiene the As2 contribution is more
pronounced. This component is increased by a factor of 2 as it was also the case after the
adsorption of cyclopentene (increase by a factor of 5) on the surface reconstruction, see
chapter 7 while the Assp2 component decreases. This behavior was found on this surface
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reconstruction after the saturation with cyclopentene, too, which was discussed before. The
increase of this component is assigned to a covalent bond formation of the topmost As atoms
of the surface and the 1,4-cyclohexadiene molecules.

Figure 8.4: Ga3d core level emission lines taken after the saturation with 1,4-cyclohexadiene at an
excitation energy of ∼120 eV for the c(4× 4), the (2× 4) and the (4× 2), respectively. A new
component Ga−C is evident for the (2×4) and the (4×2).

In Fig. 8.4 the core level emission lines for the Ga3d core level taken at excitation energies
of ∼120 eV are depicted. For the c(4× 4) beside the fact that the Gade f ect component is
reduced by 60% no change for the surface related contributions within the resolution of the
measurement is found. This is reasonable because the topmost layers of the surface consist
only of As atoms.

The (2×4) reveals a new component Ga−C shifted by +1.24 eV∼0.05 eV toward higher
binding energies which is very weak. Comparative to this the new component in the (4×2)
core level emission line is more pronounced and shifted by +1.08 eV∼0.08 eV. The shift of
the Gadimer component is slightly increased while the shifts of the other components do not
change.

The C1s core level of each surface reconstruction have been taken at excitation energies
around 345 eV, see Fig. 8.5, for the 1,4-cyclohexadiene saturated c(4×4), (2×4) and (4×2),
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Figure 8.5: The C1s core level emission lines for the c(4×4) (left), (2×4) (middle) and the (4×2)
(right) each taken after the saturation with 1,4-cyclohexadiene at an excitation energy of ∼345 eV.

respectively. Three components are revealed in the core level emission line of the c(4× 4)
reconstructed surface after saturation with 1,4-cyclohexadiene. The main component is as-
signed to electrons of C atoms which are involved in a C−C bond. The shifts will be given
with respect to this C−C component because a bulk contribution is absent in the C1s core
level. The assignment of these components is in agreement with results obtained after the
adsorption of cyclopentene. The component which is shifted by +0.79 eV in binding ener-
gies can be assigned to electrons of C atoms which are involved in a C = C double bond.
Electrons which stem from C atoms which are involved in a C−As bond contribute to the
component which is shifted by -0.61 eV. This component is more pronounced after the sat-
uration with 1,4-cyclohexadiene than it was the case for the cyclopentene saturated surface.
The assignment is done considering that the electronegativities of atoms are different and the
shifts are found to be equal to the ones for the adsorption of cyclopentene (see table 2.1).

The C1s core level taken at the 1,4-cyclohexadiene saturated (2× 4) reconstructed sur-
face exhibits a forth component beside the three which were resolved for the c(4×4) recon-
structed surface, the C−C, the C−As and the C = C. This additional component is shifted
by -1.43 eV±0.05 eV toward lower binding energies and is related to electrons which stem



Interaction of 1,4-Cyclohexadiene with the GaAs(001) Surfaces 97

from C atoms involved in a C−Ga bond formation. The corresponding Ga−C component
is very weak but present in the Ga3d core level (see Fig. 8.4). It has to be mentioned that also
for this surface reconstruction the C−As component is obviously more pronounced than it
was the case after the adsorption of cyclopentene on this surface reconstruction.

For the (4×2) a forth component (C−Ga) is evaluated in the C1s core level spectrum, too,
and the corresponding Ga−C component was discussed before in the Ga3d core level emis-
sion line. Beside this, components assigned to electrons which stem from atoms involved in
a C−C, a C−As and a C = C bond are present in the C1s spectrum.
For all three C1s core level a very pronounced C−As component was found in the emission
lines. This component indicates a high amount of bonds formed between the As atoms of
the topmost layer of the surface and the C atoms of 1,4-cyclohexadiene. Remarkable is the
fact that the component assigned to stem from C atoms involved in the C = C bond are much
smaller than for the adsorption of cyclopentene. This is a clear indication for an involvement
of the double bond (C = C) in the bonding of the 1,4-cyclohexadiene molecules to the three
GaAs(001) surface reconstructions, respectively.

Figure 8.6: The valence band spectra of the clean reconstructed c(4×4) surface (thin line) depicted
together with the corresponding 1,4-cyclohexadiene saturated surface (thick line). The different con-
tributions of cyclohexene (gray) and 1,4-cyclohexadiene (black) are indicated in agreement with [28]
in the figure. The valence band edge of the 1,4-cyclohexadiene saturated surface is shifted by 0.3 eV
with respect to the valence band edge of the clean surface.
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Figure 8.7: The bulk components of the Ga3d and As3d core level emission line for the c(4×
4) reconstructed surface shown in comparison before (dark gray) and after the saturation with 1,4-
cyclohexadiene (light gray). A shift of ∼350 meV is found for both bulk components. This is an
indication for a surface band bending.

In Fig. 8.6 the valence band spectra of the clean reconstructed c(4×4) surface is depicted
together with the valence band spectra taken after saturation with 1,4-cyclohexadiene. Again
the valence band spectra were taken at high photon energies, in this case∼95 eV. This is even
higher than the excitation energy used for the measurements after the saturation with cy-
clopentene due to the different beamline properties. Nevertheless, possible positions of con-
tributions of cyclohexene and 1,4-cyclohexadiene measured in gas phase [28] are indicated.
The contributions of cyclohexene are indicated because if 1,4-cyclohexadiene bonds by an
interaction of one double bond to the surface, another one remains intact. This molecule
structure is similar to the one of cyclohexene.
For the clean reconstructed c(4× 4) surface a band bending of ∼0.55 eV is found referred
to the Fermi energy (EF ) [153]. After the saturation with 1,4-cyclohexadiene this shift is
increased to ∼355 meV of the valence band edge with respect to EF . Therefore a shift of



Interaction of 1,4-Cyclohexadiene with the GaAs(001) Surfaces 99

∼300 meV between the valence band spectra taken before and after the deposition with
1,4-cyclohexadiene results. This is not the case for the valence band edges of the 1,4-
cyclohexadiene saturated (2×4) and (4×2) surfaces (not shown here).
The shift of∼350 meV is reproducibly found for the bulk components of the Ga3d and As3d
core level which are depicted in Fig. 8.7. This is an indication for a surface bend bending
due to the adsorption of 1,4-cyclohexadiene which was also the case after the saturation of
the c(4×4) reconstructed surface with cyclopentene. A change of the charge density at the
surface by the saturation with 1,4-cyclohexadiene could be a reason for this surface band
bending. The compensation of this increased surface charges causes a shift in the surface
states to higher binding energies in the space-charge-region. This has to be verified in further
measurements but could be an indication of a splitting of the As−As dimer bond.

8.4. Discussion: Adsorption Structures of
1,4-cyclohexadiene on the GaAs(001) Surfaces

From the RAS measurements it can be derived that the surface related contributions are
quenched and thus a proof for the interaction of the molecules and the topmost atoms is
retrieved. Due to a different doping level of the samples used for the adsorption of 1,4-
cyclohexadiene (doping level of n = 1 · 1018 cm−3) the RAS amplitudes of the clean recon-
structed c(4× 4) surface are increased by a factor of 1.3 compared to the one used for the
adsorption of cyclopentene (doping level of n = 5 ·1017 cm−3). This difference in the doping
level could have an effect to the adsorption process of the organic molecules. This influence
of the doping level was not investigated in this work and thus the difference in the amplitudes
will not be discussed in detail.
The results from the SXPS measurements will be interpreted with respect to the results ob-
tained for the cyclopentene adsorption on the GaAs(001) surfaces. Obvious for all three
surface reconstructions is that 1,4-cyclohexadiene forms more bonds to the As atoms of the
surface than cyclopentene because of the strong C−As component in the C1s core level
emission line. Furthermore, relative to the C−C component the C = C component does not
increase, by the comparison of the adsorption of 1,4-cyclohexadiene and cyclopentene. Thus
during the adsorption the double bonds of 1,4-cyclohexadiene seems to be involved in the
bond formation to the surface.
For the c(4× 4) it can be further concluded by the change in the RAS spectra that the
molecules interact with the As dimer atoms because the two surface contributions vanish af-
ter the saturation and only bulk related contributions remain in the spectra, see Fig 8.1. This
is also confirmed by the change in the As3d core level emission line because the Asdimer
component is clearly reduced. More confirmatory is the change in the surface band bending.
Therefrom it can be concluded that the As dimer bond splits during the adsorption of 1,4-
cyclohexadiene like it was the case during the adsorption of cyclopentene.
With the comparison to the adsorption structure and results obtained from the adsorption
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of cyclopentene on the c(4× 4) the following structure model for the adsorption of 1,4-
cyclohexadiene is suggested:

Figure 8.8: The possible adsorption sites which are suggested out of the experimental results for the
adsorption of 1,4-cyclohexadiene on the c(4×4) reconstructed surface.

In the adsorption structure which is depicted in Fig. 8.8 the 1,4-cyclohexadiene molecules
bond most likely in a bridge-like structure to the c(4×4) reconstructed surface. Additionally,
because of the C = C component and the intensity comparison of the three components in
the C1s core level emission line, 1,4-cyclohexadiene molecules bonds in a di-σ configura-
tion, see Fig 2.9. Both components, the C−C and the C−As are very strong in the C1s core
level of the 1,4-cyclohexadiene saturated surface. Thus the same amount of atoms which are
involved in a C−C and in a C−As bond should occur which is the case for the suggested
structure models in Fig. 8.8. The possibility of an additional physisorption can not be ex-
cluded. This was not clarified so far, just like the question if the adsorption configurations
are in a cis- or a trans-type and if additional hydrogen interact with the surface.

The LEED pattern for the saturated surface shows a c(2× 2)-like symmetry after satu-
ration which is depicted in Fig. 8.9 on the left. A topview of possible adsorption sites is
presented beside the LEED pattern in Fig. 8.9 on the right. This topview shows that different
adsorption sites exist for the 1,4-cyclohexadiene molecules on the c(4× 4) reconstructed
surface. The c(2×2)-like symmetry which shows up in the LEED pattern can be explained
by a possible overlap of different surface reconstructions which results after the saturation
with 1,4-cyclohexadiene. An additional hydrogen adsorption can not be excluded.

In the case of the (2× 4) reconstructed surface the C1s core level emission line is very
similar to the one of the c(4×4) reconstructed surface beside the fact that an additional forth
component appears which is due to an additional bonding of 1,4-cyclohexadiene to Ga atoms
of the surface. In the suggested structure model this bonding is neglected, see Fig. 8.10.
In the LEED pattern in Fig. 8.11 on the left a (1× 4) symmetry is found and the resulting
topview for the adsorption of 1,4-cyclohexadiene on the (2× 4) reconstructed surface is
shown on the right. The image shows that the (1×4) symmetry is present after the adsorp-
tion.

In the RAS spectra of the (4×2) reconstructed surface the surface related transition S1 is
reduced and shifted toward higher photon energies as well as the surface related contribution
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Figure 8.9: The LEED pattern of the 1,4-cyclohexadiene saturated c(4× 4) surface on the left. Be-
side the bulk spots indicated with a black arrows the LEED pattern exhibits c(2× 2)-like pattern at
the saturated state. Only stripes are indicating a c(2× 2)-like symmetry. A corresponding topview
of possible adsorption sites on the c(4× 4) is shown on the right. The gray boxes represent 1,4-
cyclohexadiene molecules. Big boxes are flat lying and small ones are upright standing molecules.

Figure 8.10: The possible adsorption structures which are suggested by the experimental results for
the adsorption of 1,4-cyclohexadiene on the (2× 4) reconstructed surface. Bond formations to the
Ga atoms are not shown.

S2 is reduced. Both changes are related to the adsorption of 1,4-cyclohexadiene molecules
to the topmost atoms of the surface but a clear assignment can not be done because of the
absent assignment of those contributions.
By the core level analysis a similar structure configuration as in the case of the adsorption of
cyclopentene on the (4×2) reconstructed surface is suggested. As it is indicated in Fig. 8.12
an adsorption at the Ga dimer atoms and the neighboring As atoms with an additional ad-
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Figure 8.11: On the left: the LEED pattern of the 1,4-cyclohexadiene saturated (2×4) surface which
show a weak (1× 4) reconstruction. A resulting topview of possible adsorption sites on the (2× 4)
reconstructed surface is shown on the right. The gray boxes represent 1,4-cyclohexadiene molecule.
Big boxes are flat lying and small ones are upright standing molecules.

sorption of hydrogen is possible. A resulting topview of such an adsorption configuration is
depicted in Fig. 8.13.

Figure 8.12: The scheme of the adsorption structure which is suggested by the experimental results
for the adsorption of 1,4-cyclohexadiene on the (4×2) reconstructed surface.

The strong As2 component in the As3d core level emission line is related to the parts
of the surface which are (n× 6) reconstructed. Therefrom a high amount of bondings of
the 1,4-cyclohexadiene molecules to the As atoms of the surface parts which are (n× 6)
reconstructed is found as well as bondings to the As atoms of the (4×2) reconstructed parts.
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Figure 8.13: On the left: in the LEED pattern of the 1,4-cyclohexadiene saturated (4× 2) surface
only bulk spots remain. A resulting topview of possible adsorption sites on the (4×2) reconstructed
surface is shown on the right. The gray boxes represent 1,4-cyclohexadiene molecules. The surface
exhibits different adsorption sites.

8.5. Summary for 1,4-Cyclohexadiene Adsorption on the
GaAs(001) Surfaces

In comparison to the adsorption structures of cyclopentene on the three ‘main’ GaAs(001)
surface reconstructions and by the experimental results obtained at these modified surfaces,
structure models were suggested for the adsorption of 1,4-cyclohexadiene.

It was found that more bonds of C atoms to As atoms of the topmost layers were formed
compared to the adsorption of cyclopentene and it was concluded that for the c(4× 4) and
the (2× 4) a bridge-like adsorption structure is the most likely one with additional upright
standing 1,4-cyclohexadiene molecules. This is a clear indication that the number of C = C
double bonds plays a role during the adsorption process. Thus more bonds to the surface are
formed.
The adsorption in a bridge-like structure is a different one compared to the adsorption struc-
ture which most likely appear on the Si(001)(2× 1) reconstructed surface. On this surface
a di-σ bond formation was found. Additional for the (2×4) reconstructed surface a charge
transfer from the As atoms to the Ga atoms of the topmost layer have to be taken into account
and thus an adsorption of 1,4-cyclohexadiene would be possible at those Ga atoms, too. This
could result in a single bond formation or a di-σ structure. However, none of the adsorption
structures can be interpreted as cycloaddition reaction.

The suggested adsorption structure configurations explain the available experimental re-
sults. For the (4× 2) reconstructed surface the fact that the molecules additionally adsorb
on the (n×6) reconstructed parts of the surface complicate the analysis. The contributions
resulting from the different adsorption structures overlap in the core level emission lines, but
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it can be concluded that the adsorption on the As topmost atoms is preferred. This was also
the case for the adsorption of cyclopentene. Therefore this result can be confirmed by the
adsorption structures found for 1,4-cyclohexadiene.
Remarkable for the experimental results for the adsorption of 1,4-cyclohexadiene on the
GaAs(001) surfaces is the periodic arrangement of 1,4-cyclohexadiene on the c(4× 4) re-
constructed surface which was not found for the adsorption of cyclopentene on this surface
reconstruction.



Chapter 9: Interaction of Benzene with the
GaAs(001) Surfaces

In the last two chapters it was shown that cyclopentene adsorbs most likely on the GaAs(001)
surface reconstructions without an interaction of the double bond while 1,4-cyclohexadiene
bonds most likely with an interaction of the double bonds to the surface.
In this chapter the bonding sites of benzene on the three ‘main’ GaAs(001) surfaces are
investigated. Benzene contains of three double bonds and thus the influence of three double
bonds can be clarified.
It has to be mentioned that these are results which have not yet been verified as often as
the results for the adsorption of cyclopentene and 1,4-cyclohexadiene. So these findings are
more preliminary.

9.1. Change in the Optical Anisotropy after the Adsorption
of Benzene

The RAS spectra taken after the adsorption of benzene on the three GaAs(001) surfaces are
depicted in Fig. 9.1.

For the c(4× 4) and the (4× 2) the surface related features S1 and S2 exhibit a strong
change. This is reasonable because if the benzene molecules bond to the topmost layers of
the surface the surface transitions should be modified due to the interaction of the molecules
with the surface. As discussed in chapter 8.1 the changes are more pronounced as it was the
case for the adsorption of cyclopentene which could be either an effect of the doping level
or the difference between the adsorption of a C6 or a C5 ring molecule.
The change in the RAS spectra of the c(4× 4) is similar to the change observed after the
adsorption of 1,4-cyclohexadiene. The reason could be an increase of the strain induced
by the adsorption of a hydrocarbon ring shaped molecule which consists of six C atoms.
Nevertheless, the quenching of the surface related contributions is obvious and can be related
to the bonding of benzene molecules to As atoms of the surface.
In the case of the (2× 4) the shoulder around 2.5 eV is reduced and shifts towards higher
photon energies and the bulk related features are reduced in intensities.
In the spectrum after the adsorption of benzene on the (4× 2) the contribution assigned to
the surface S1 is nearly totally quenched. This provides an interaction between benzene and
the topmost surface atoms.
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Figure 9.1: The RAS spectra of the corresponding clean reconstructed (thin lines, n = 1 ·1018 cm−3)
and the benzene saturated surfaces (thick lines), of the c(4× 4), the (2× 4) and the (4× 2), respec-
tively.

9.2. Surface Periodicity

LEED pattern after the saturation of the surfaces with benzene are depicted in Fig. 9.2 taken
at 42 eV. The LEED pattern of the initial c(4× 4) reconstructed surface indicate a weak
c(4×4) symmetry after the saturation with benzene.

For the (2× 4) reconstructed surface the LEED pattern have not been taken but spots
along the [110] direction of the crystal indicating a (1×4) reconstructed surface have been
observed. The LEED pattern of the (4× 2) exhibits only bulk spots of the crystal without
any indication for a different surface symmetry. For clarification of the bonding sites further
SXPS measurements were performed as presented in the next section.
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Figure 9.2: The LEED pattern obtained at the benzene saturated GaAs(001)c(4× 4) (left taken at
42 eV) and (4×2) (right taken at 54 eV).

9.3. Core Level Spectroscopy at the Interface

The As3d core level taken after the adsorption of benzene at excitation energies of ∼120 eV
are shown in Fig. 9.3. In the residuum of each core level compared to the ones which have
been presented before a difference is apparent. The core level emission lines depicted in this
chapter were taken at the DELTA where asymmetries caused by the analyzer were a problem
during the measurements. Due to this problem the residua for the Ga3d and As3d core level
are plotted in a different scale than it is the case for all other core level shown in this work.

In Fig. 9.3 for all three surface reconstructions a new As−C component can be seen in
the core level emission line. For the c(4× 4) reconstructed surface the Asdimer component
is reduced by 65% and the As2ndlayer component to 80% of the initial value. The Asde f ects
contribution is nearly constant.
In the (2× 4) core level line shape the Asdimer and the As2 components remain unchanged
within the sensitivity of the measurements.
For the (4× 2) not only the new component appears, but additionally the As2 compo-
nent increases again as it was also the case after the adsorption of cyclopentene and 1,4-
cyclohexadiene.

As shown in Fig. 9.4 the Ga3d core level line shape reveals for the (2× 4) and (4× 2)
an additional (Ga−C) component. This component is in both cases shifted toward higher
binding energies by +1.0 eV±0.09 eV. For the c(4×4) no change at the two surface related
contributions is found.
In the C1s core level which are depicted in Fig. 9.5 taken at excitation energies of ∼356 eV
two main components can be seen, the C−C and the C−As component which are shifted by
0.66 eV±0.05 eV. This shift is in agreement with the other measurements performed for the
adsorption of cyclopentene and 1,4-cyclohexadiene on the corresponding surface reconstruc-
tions. No C = C component was revealed in the best fit as it was found for the adsorption of
cyclopentene and 1,4-cyclohexadiene on the corresponding surface reconstruction.
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Figure 9.3: The As3d core level emission lines taken at an excitation energy of ∼120 eV after the
adsorption of benzene on the c(4× 4), the (2× 4) and the (4× 2), respectively. A new As−C
component can be revealed within the numerical analysis for all three surface.

The C1s core level emission line exhibits three components for the (2×4) reconstructed
surface saturated with benzene. These components are assigned to C atoms which are in-
volved in a C−C, a C−As and a C−Ga bond. The C−As and the C−Ga contributions
are shifted by 0.67 eV±0.03 eV while the C−As and the C−C components are shifted by
0.62 eV±0.05 eV. No C = C contribution was revealed in line shape analysis.
In the case of the benzene saturated (4× 2) surface the C1s core level emission line con-
tains four components as it was the case after the saturation with cyclopentene and 1,4-
cyclohexadiene. The shifts of the components are related to the C−C component. The
C−As component is shifted by -0.62 eV±0.03 eV and the C−Ga by -1.31 eV±0.02 eV
towards lower binding energies. Corresponding to this the C = C contribution is shifted by
+0.69 eV±0.03 eV towards higher binding energies. Within the resolution of the measure-
ment the shifts are in agreement with the shifts which were observed for the adsorption of
cyclopentene and 1,4-cyclohexadiene.
Due to the experimental setup it was not possible to determine the exact binding energies of
the core level components. Therefore the binding energies can not be compared to the ones
obtained for the adsorption of cyclopentene or 1,4-cyclohexadiene.
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Figure 9.4: Ga3d core level emission lines taken after the saturation with benzene at an excitation
energy of∼120 eV of the c(4×4), the (2×4) and the (4×2), respectively. A new component Ga−C
is evident for the (2×4) and the (4×2).

9.4. Adsorption Structure of Benzene on GaAs(001)

The RAS spectra taken after the saturation with benzene of the c(4×4) show changes for the
surface related features S1 and S2. These contributions are assigned to the As dimer atoms
of the surface thus the surface dimer is modified during the adsorption with benzene. It can
be concluded furthermore that the surface strain is increased because of the strong change in
the feature S2.

The As3d core level emission line exhibits an additional component which was shown in
Fig. 9.3. This component was assigned to the As−C bond formation and the corresponding
component was found in the C1s core level.

It is reasonable that only two contributions are found in the C1s core level emission line
because in the resulting adsorption structure only two different kinds of bonding configura-
tions for the C atoms were found, the bond formation to As atoms (C−As) and the remaining
single bonded C atoms (C−C contribution). The contributions are in an adequate ratio for
the suggested structure model. No C = C contribution was evaluated which results in the
adsorption structures of benzene on the c(4× 4) reconstructed surface shown in Fig. 9.6.
Dangling bonds remain at the two upwards buckled C atoms.
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Figure 9.5: C1s core level emission lines taken after the saturation with benzene at an excitation
energy of ∼355 eV of the c(4×4), the (2×4) and the (4×2), respectively.

Figure 9.6: Possible adsorption structure which is suggested by the experimental results for the
adsorption of benzene on the c(4×4) reconstructed surface.

Such a configuration with dangling bonds at the C atoms which are not bonded to the sur-
face was also suggested for the adsorption of benzene on the Si(001)(2× 1) reconstructed
surface [35]. The topview of possible adsorption sites with the corresponding LEED pattern
is shown in Fig. 9.7. It is obvious that the c(4×4) symmetry is kept after the adsorption of
the benzene molecules.

For the (2× 4) a change for the shoulder in the corresponding RAS signal after the ad-
sorption of benzene was found (see Fig. 9.1). This shoulder is shifted further towards higher
photon energies. The bulk related contributions were reduced in intensities.
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Figure 9.7: On the left: in the LEED pattern of the benzene saturated c(4×4) surface beside the bulk
spots (gray arrows) a weak pattern of the c(4×4) remains in the picture (black arrows). A resulting
topview of possible adsorption sites on the c(4×4) reconstructed surface is shown on the right. Each
of gray boxes represents a benzene molecule.

Figure 9.8: The resulting adsorption structure for the adsorption of benzene on the (2× 4) recon-
structed surface. A bond formation to Ga atoms is not shown.

In the core level line shape analysis of the As3d as well as of the Ga3d core level a new
component could be evaluated, which is shifted towards higher binding energies, respec-
tively. These components were assigned to a bond formation of C atoms to As and Ga atoms
of the topmost layers. The resulting adsorption structure for benzene on the top As dimer
is shown in Fig. 9.8. It can be suggested that a charge transfer of the As atoms to the Ga
atoms could occur and this could be a reason for the bond formation of the Ga atoms to an
additional benzene molecule, which is not shown in Fig. 9.8. The resulting possible adsorp-
tion sites of benzene on the (2× 4) reconstruction are shown in Fig. 9.9 in a topview. Big
gray boxes represent flat lying molecules while the small gray boxes indicate an adsorbed of
upright standing molecules in the topview.
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Figure 9.9: A resulting topview of possible adsorption sites on the (2× 4) reconstructed surface is
shown. The gray boxes represent a benzene molecule. Big boxes are flat lying and small ones are
upright standing molecules.

Figure 9.10: The resulting adsorption structure for the adsorption of benzene on the (4× 2) recon-
structed surface. Three bonds between benzene and the surface atoms are formed.

The (4× 2) exhibits the additional reconstruction, the (n× 6), which is more As rich.
The increase of the As2 component after the adsorption of benzene in the As3d core level
emission line again is an indication that the benzene molecules interact with the As atoms
of the surface with a high probability. Corresponding to the additional component in the
As3d core level emission line the benzene molecules bond to the (4×2) reconstructed parts
of the surface. Due to the overlap of the corresponding contributions in the C1s core level
emission line a direct assignment is not possible. As it was observed in the LEED pattern the
(4×2) reconstruction dominates the surface and a structure model is given in Fig. 9.10. The
resulting topview of the suggested adsorption structure of benzene adsorbed on the (4× 2)
reconstruction is shown in Fig. 9.11. The (n×6) parts will not be discussed in terms of the
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interface formation because the reconstruction itself is still under discussion and the (4×2)
reconstruction is dominant.

Figure 9.11: On the left: in the LEED pattern taken at 53 eV of the benzene saturated (4×2) surface
only bulk spots remain. A resulting topview of possible adsorption sites on the (4×2) reconstructed
surface is shown on the right. The gray boxes represent a benzene molecule and black arrows point
at the remaining bulk sports.

As mentioned before it was not possible to measure the Fermi edge during these mea-
surements. Due to this it was not possible to determine the exact binding energies of each
atom species and thus they can not be compared to the results obtained for the adsorption
of cyclopentene and 1,4-cyclohexadiene. Nevertheless, enough evidences for the sugges-
tion of resulting adsorption structures in comparison to the adsorption of cyclopentene and
1,4-cyclohexadiene have been found for the presentation in this work.

9.5. Summary for Benzene Adsorption on the GaAs(001)
Surfaces

Due to the comparison to the experimental results obtained in each case for the adsorption
of cyclopentene and 1,4-cyclohexadiene on the three ‘main’ GaAs(001) surface reconstruc-
tions, structure models were suggested for the adsorption of benzene on these surfaces.

In comparison to the Si(001)(2× 1) reconstructed surface a tight-bridge [39] adsorption
configuration was found for the c(4×4) and the (2×4). Additional a similar charge transfer
as it was the case for the adsorption of 1,4-cyclohexadiene on the (2× 4) could occur and
thus an adsorption of benzene at the Ga atoms of the topmost layer would be reasonable.
This would explain the additional component in the Ga3d core level emission line.

For the (4×2) reconstructed surface a direct identification of the different components in
the core level emission lines is more difficult because of the present (n× 6) reconstruction.
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Although, a suggestion for the resulting structure model was made which is similar to the
ones for the adsorption of cyclopentene and 1,4-cyclohexadiene on the (4×2) reconstruction,
respectively.



Chapter 10: Influence of the Intra-Molecular
Double Bonds

In order to clarify whether the amount of intra-molecular double bonds has an influence on
the adsorption process, different hydrocarbon ring shaped molecules have been used for the
characterization of the first adsorption sites. Cyclopentene includes one double bond, while
1,4-cyclohexadiene and benzene contain of two and three, respectively.
The main difference between the adsorption of cyclopentene, 1,4-cyclohexadiene and ben-
zene is the amount of bonds formed with the As atoms of the topmost layers. In contrast
to the adsorption of cyclopentene on the Si(001)(2×1) reconstructed surface, cyclopentene
molecules bond most likely without an interaction of the double bond to the GaAs(001) sur-
faces. For the adsorption of 1,4-cyclohexadiene and benzene a different conclusion can be
drawn for the adsorption on the c(4×4) and (2×4) due to a higher amount of bonds formed
between the As and C atoms. The resulting adsorption structures are comparable to those
which were in discussion for the adsorption of both molecules on the Si(001)(2×1). Due to
a band bending found after the saturation of the c(4× 4) reconstruction with cyclopentene
(1,4-cyclohexadiene) a splitting of the dimer bond can be suggested.
Similar as for the c(4×4) are the results for the adsorption of cyclopentene, 1,4-cyclohexa-
diene and benzene on the (2× 4) reconstructed surface, but no indication of a splitting of
the dimer bond was found. Here again the main difference is found for the amount of C
bonds formed to the As atoms of the surface. The corresponding C−As component in the
C1s core level is more pronounced after the saturation with 1,4-cyclohexadiene and benzene,
respectively. After the adsorption of benzene no C = C contribution can be found in the C1s
core level of the c(4× 4) and (2× 4). If the molecules would not bond with an interaction
of the double bond this component should increase successively with the increasing amount
of double bond within the molecules. In the contrast to this a decrease in comparison to the
C−C component of each corresponding core level is found.

Only for the (4×2) this conclusion is not as clear as for the c(4×4) and the (2×4) due
to the fact that a (n× 6) surface reconstruction occurs beside the (4× 2). Nevertheless for
the (4×2) surface an interaction most likely with one double bond of the molecules can be
found.
From this systematical study of the interface formation between small hydrocarbon ring
shaped molecules it can be concluded that cyclopentene adsorbs in a single bond formation
while 1,4-cyclohexadiene and benzene form more bonds to the GaAs(001) surfaces investi-
gated here.
Beside this an surface stoichiometry influence is present. An adsorption results more likely
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in a bond formation to the As atoms of the surface than to the Ga atoms. This dependency on
the surface geometry and stoichiometry will be discussed furthermore in the following chap-
ter in comparison to the adsorption structure found for cyclopentene on the InP(001)(2×4)
reconstructed surface.



Chapter 11: Surface Structure and
Stoichiometry Influence on the
Adsorption Structure Formation

The adsorption of cyclopentene on the InP(001)(2×4) reconstructed surface was discussed
as well as the one of cyclopentene on the different GaAs(001) surface reconstructions. An
important difference for the adsorption of cyclopentene between the InP(001)(2×4) and the
GaAs(001) surface reconstructions is the dimer configuration. The InP surface consists of
an asymmetric ‘hetero’-dimer while the GaAs(001) surface reconstructions exhibit a sym-
metric ‘homo’-dimer configuration. Thus for a discussion of the influence of the surface
stoichiometry and dimer configuration to the adsorption process, the adsorption structures
of cyclopentene on the InP(001)(2× 4) reconstructed surface will be compared to the one
of cyclopentene on the GaAs(2× 4) reconstructed surface with respect to the results found
in previous work for the adsorption of cyclopentene on the Si(001)(2× 1) reconstructed
surface.

On the Si(001)(2×1) reconstruction a regular arrangement due to a [2+2]-cycloaddition
reaction was found for the adsorption of cyclopentene. This surface is characterized by an
asymmetric dimer in the topmost layer with half filled dangling bonds. The influence of the
dimer configuration to the the adsorption structure of the organic molecules is interesting
and not yet clarified. Thus the adsorption structure of cyclopentene on the InP(001)(2×4)
and the GaAs(001)(2×4) reconstructed surface are compared. It is important to remember
that the GaAs(2× 4) surface consists of a symmetric ‘homo’-dimer while the InP(2× 4)
reconstruction exhibits an asymmetric ‘hetero’-dimer.

In Fig. 11.1 the C1s core level emission lines of the cyclopentene saturated GaAs(2× 4)
(left) and the cyclopentene saturated InP(2× 4) (right) reconstructed surfaces are depicted.
Due to the electronegativities (C:2.6, P:2.2, As:2.2, Ga:1.8 and In:1.8) the shifts in the C1s
core level emission lines are similar for the C−As and the C−P components with 0.59 and
0.50 eV towards lower binding energies, respectively. The shift for the C− In component is
higher caused by the different electronegativity (similar to the shift of C−Ga). The value
for electronegativity of Si (electronegativity of 1.9) is higher than for In and smaller than for
P and As. Thus the shift of the Si−C component has to be smaller than the one measured for
the C− In and higher than measured for the C−P/C−As. This is in agreement compared
to the measurements in [47] where a shift of the Si−C component of 0.8 eV towards lower
binding energies is given.
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Figure 11.1: The C1s core level of the saturated cyclopentene GaAs(2× 4) (left) and the saturated
InP(001)(2×4) (right) reconstructed surfaces. Due to the electronegativities of the certain elements
the shifts of the C−As, C−P and C− In components are different.

The resulting adsorption structures for both surface reconstructions after saturation with
cyclopentene are depicted together in Fig. 11.2. The adsorption structure of cyclopentene
on the GaAs(001)(2× 4) surface is shown on the left and the one for cyclopentene on the
InP(001)(2×4) reconstructed surface on the right. In the case of the GaAs surface cyclopen-
tene is bonded with a single bond to the surface while on the InP surface a cycloaddition-like
reaction occurs. This is possible due to the buckling of the ‘hetero’-dimer. Additional, on
this surface, a second adsorption site of cyclopentene was found. After the saturation of all
dimer adsorption sites cyclopentene adsorbs at the second layer In atoms, despite the fact
that the In− In buckling is only weak. After the adsorption of cyclopentene this buckling is
increased to 0.43 Å which is still less than the decreased buckling of the In−P (0.53 Å )
bond after the adsorption. An adsorption of cyclopentene in a single bond formation with
an additional adsorption of hydrogen to the InP(2×4) reconstructed surface is found to be
very unlikely in the DFT calculations [150].
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Figure 11.2: The resulting adsorption structures of cyclopentene on GaAs(2 × 4) (left) and
InP(001)(2× 4) (right). Obvious is that these adsorption structures does not result in an regular
arrangement. This is in contrast to the adsorption structure of cyclopentene on the Si(2× 1) recon-
structed surface shown in Fig. 2.5.

On the GaAs surface only symmetric ‘homo’-dimer exists and thus no cycloaddition-like
reaction is possible.

Due to these experimental results it could be concluded that a symmetric ‘homo’-dimer
structure would lead to a single bond formation and no analogy to a [2 + 2]-cycloaddition
reaction can be found while an adsorption of cyclopentene on an asymmetric ‘hetero’-dimer
would result in a [2+2]-cycloaddition like reaction. Compared to the Si(001)(2×1) surface
reconstruction, where cyclopentene bonds in a [2 + 2]-cycloaddition reaction on the asym-
metric Si−Si dimer, the asymmetry of the dimer bond would be the important factor for the
adsorption in a [2+2]-cycloaddition like adsorption structure.

However, for the adsorption of 1,4-cyclohexadiene and benzene on the GaAs(001)(2×
4) reconstructed surface it was found that the molecules form more than one bond to the
topmost atoms. This is in principle in agreement with the ‘Woodward-Hoffman-rule’ which
was discussed in 2.5 because here a [4 + 2]-cycloaddition like reaction occur. Anyhow, the
results indicate that these molecules bond to the surface in a structure where more than one
atom of the surface and the molecule is involved.

The difference in the surface structure and stoichiometry within the different GaAs(001)
surface reconstructions was found to be not as dominant as for the difference compared to
the InP(001)(2×4) reconstructed surface. On the c(4×4) and the (2×4), the two As-rich
surface reconstructions, the adsorption structure and the first adsorption sites, have been the
As atoms of the topmost dimer via a single bond formation. For the (4× 2) reconstructed
surface the first adsorption sites have been the same in that way that the molecules still
seem to adsorb most likely on the As atoms at the topmost layer but because of the surface
structure to Ga atoms, too, while more than one bond to the surface is formed.





Chapter 12: Thermal Desorption of Organic
Molecules

In this chapter the desorption of cyclopentene, 1,4-cyclohexadiene and benzene on the three
‘main’ GaAs(001) surfaces will be characterized and discussed, respectively. Thus a conclu-
sion about the desorption behavior of the three molecules on the GaAs(001) surfaces can
be drawn and the results obtained by the measurements can be compared to the one which
are found for the desorption of the respective molecule on the Si(001)(2× 1) and to the
one found for cyclopentene on the InP(001)(2× 4) reconstructed surface. It was not possi-
ble to determine exact desorption temperatures or desorption energies but the possibility of
restoring of the clean reconstructed surfaces was investigated.

Desorption Behavior of the Organic Molecules on the
GaAs(001)c(4×4)

In a first investigation the saturated (with cyclopentene, 1,4-cyclohexadiene or benzene,
respectively) GaAs(001)c(4× 4) reconstructed surface was heated stepwise to 350◦C for
∼10 min. 350◦C is the preparation temperature where in the end the increase of the temper-
ature had to be stopped. With further heating the c(4× 4) surface reconstruction would be
destroyed due to the desorption of the topmost As layers.
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Figure 12.1: The RAS spectra of the clean reconstructed c(4× 4) (thin line) after the decapping
procedure to prepare the initial surface and the spectrum yielded after the thermal desorption of
1,4-cyclohexadiene by heating of the saturated c(4× 4) surface to 350◦C. The spectra are depicted
together with the LEED pattern received after the desorption of the 1,4-cyclohexadiene molecules at
350◦C for ∼10 min. Beside the obvious bulk spots, weak spots are visible which are indicated by
the black arrows. These spots indicate the presence of a mix-structure between the c(4×4) and the
(2×4).

It was found in the measurements so far that a desorption of the organic molecules did not
take place below the preparation temperature for GaAs(001)c(4× 4) reconstructed surface.
In Fig. 12.1 the RAS spectrum of the clean reconstructed c(4×4) is presented together with
the spectrum after the thermal treatment. Obvious is that the RAS line shape of the clean
reconstructed surface can not be restored. This fact was not only found for the desorption of
1,4-cyclohexadiene, it was found for cyclopentene and benzene, too.

The presence of a mix-structure between the c(4× 4) and the (2× 4) is also verified in
the Ga3d and the As3d core level taken after the heating to 350◦C for ∼10 min, which are
shown in Fig. 12.2. The As3d core level emission line shows a reduction of the Asdimer
which is a trend towards a (2×4) reconstructed surface. The same trend for the Ga2ndlayer
can be found in the Ga3d core level emission line. This effect could be explained by a
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Figure 12.2: The As3d and Ga3d core level emission lines of the c(4×4) taken after the annealing to
350◦C for∼10 min for the desorption of the organic molecules at excitation energies of∼120 eV. The
As3d core level shows a reduction of a Asdimer component compared to the As3d core level emission
line of the clean reconstructed c(4×4). An increase of the component in the Ga3d core level shifted
toward higher binding energies is found which tends to result in a (2×4) reconstructed surface.

strong bond formation between the organic molecules and the As atoms of the topmost
layers. The annealing leads to a desorption of the first layer As atoms with the organic
molecules. Therefore a mix-structure of the c(4×4) and the (2×4) is obtained.

In each case (cyclopentene, 1,4-cyclohexadiene and benzene) a further heating to 420◦C
for ∼10 min leads to the formation of the (2×4) reconstructed surface without contamina-
tions of the molecules.
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Desorption Behavior of the Organic Molecules on the GaAs(001)(2×4)

In the case of the saturated (2× 4) reconstructed surface with the hydrocarbon molecules
used in this work it was evaluated that the clean reconstructed surface (see Fig. 12.3) was
restored after heating to 420◦C for ∼10 min.

Figure 12.3: The As3d and Ga3d core level emission line taken after the heating of the saturated
surface to 420◦C for ∼10 min at excitation energies of ∼120 eV. These core level emission lines
show no change compared to the initial As3d and Ga3d core level line shape of the clean reconstructed
surface, which was shown in Fig. 5.9.

No evidence for a desorption at lower temperatures or a mix-structure was found, neither
in the RAS spectra (not shown), nor in the As3d and Ga3d core level emission lines.

Desorption Behavior of the Organic Molecules on the GaAs(001)(4×2)

By heating up to 530◦C for ∼10 min a desorption of all of the three molecules, cyclopen-
tene, 1,4-cyclohexadiene and benzene was found, see Fig. 12.4 for the thermal desorption of
cyclopentene as an example.
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Figure 12.4: The RAS spec-
tra taken at the initial re-
constructed surface and after
the desorption of cyclopen-
tene molecules.

The desorption was verified by SXPS measurements taken after the heating procedure. It
was found that no contaminations of the molecules remain on the surface as can be seen in
Fig. 12.5.
It can be pointed out the all of the three GaAs(001) surface were heated to the preparation
temperatures for the desorption of the organic molecules cyclopentene, 1,4-cyclohexadiene
and benzene, respectively.
In the case of the GaAs(001)c(4×4) it was found that the clean surface reconstruction can
not be restored thus a mix-structure between the c(4×4) and the (2×4) was obtained after
heating to 350◦C for ∼10 min. Further annealing leads to a formation of the clean recon-
structed (2×4). This surface reconstruction was in each case restorable after the desorption
of the organic molecules at 420◦C for ∼10 min.
In the case of the (4×2) reconstructed surface a desorption of all molecules was found after
heating the saturated surface to the preparation temperature of 530◦C ∼10 min.

Therefore the resulting desorption temperatures are lower than the desorption tempera-
tures of cyclopentene, 1,4-cyclohexadiene or benzene on the Si(001)(2× 1) reconstructed
surface (T∼900◦C) [3,51]. Thus the bonding energy of the molecules on the GaAs(001) sur-
face is lower than the bonding energy of these molecules on the Si(001)(2×1) reconstructed
surface. This is also the case for the desorption of cyclopentene of InP(001)(2×4) surface
which was confirmed by DFT calculations.
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Figure 12.5: The As3d and Ga3d core level emission lines taken after the desorption of cyclopentene.
No changes for the core level line shape appear and they are comparable to the ones for the initial
clean surface reconstruction.

Finally it can be concluded that the binding energies of cyclopentene, 1,4-cyclohexadiene
and benzene on the III-V surface investigated in this work are lower than it is the case for
these molecules adsorbed on the Si(001)(2×1) reconstructed surface, respectively.



Chapter 13: Summary and Outlook

In the past the main focus of the investigations of hybrid systems was the characterization
of the interface formation between organic molecules and Silicon surfaces. In this work a
first systematical study of the interface formation between small hydrocarbon ring molecules
and III-V surfaces was performed. Thereby the bonding sites of hydrocarbon ring molecules
on III-V surfaces were characterized. Accordingly, the investigation was divided into two
main parts: the investigation of the influence of the amount of intra-molecular double bonds
to the adsorption process and the characterization of the influence of the surface structure
and surface stoichiometry to the adsorption process. For the determination of the effect of
the surface structure and stoichiometry to the adsorption process the measurements were
performed on the three ‘main’ GaAs(001) surfaces and the InP(001)(2× 4) reconstructed
surfaces. For the identification of the influence of the number of intra-molecular double
bonds cyclopentene, 1,4-cyclohexadiene and benzene were used. The different adsorption
structures were investigated with RAS, SXPS, STM and LEED. For the interpretation of the
experimental results, the identification of the bonding sites and the development of structure
models the comparison to theoretical calculations are necessary. Only in the case of the
adsorption of cyclopentene on the InP(001)(2× 4) reconstructed surface this comparison
was possible because of missing calculations. The calculation for this surface based on DFT
were performed by W. G. Schmidt and P. Favero. The structure models for the adsorption
of the molecules on the three main ‘main’ GaAs(001) surface reconstructions are extracted
on the comparison of the possible bonding site on the Si(001)(2×1) and the results for the
InP(001)(2×4) reconstructed surface.

Determination of the Influence of Intra-Molecular Double
Bonds to the Adsorption process

It was already known in what kind of preferred adsorption structures cyclopentene, 1,4-
cyclohexadiene and benzene bond to the Si(001)(2×1) reconstructed surface but until now
there was no aim to identify the influence of the intra-molecular double bond to the adsorp-
tion process on III-V semiconductors in a systematical study.

Here a discussion was given for these three molecules adsorbed on the three ‘main’
GaAs(001) surface reconstructions, the c(4× 4), the (2× 4) and the (4× 2). It was found
for the adsorption of cyclopentene, 1,4-cyclohexadiene and benzene that the first adsorption
sites are the topmost As atoms. Similar adsorption structures of these molecules on the
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c(4×4) and the (2×4) were found on the Si(001)(2×1) reconstructed surface. In the case
of the Ga-rich (4× 2) reconstructed surface the molecules bond not only to the Ga atoms
of the surface in the contrast to this it seems that the molecules bond most likely to the As
atoms and additionally due to the surface stoichiometry to the Ga atoms.

In the case of the discussion of the different amount of double bonds and their influence
on the adsorption sites and the resulting adsorption structure it can be concluded that more
bonds to the surface were formed with a higher amount of intra-molecular double bonds on
the c(4× 4) and on the (2× 4). For the adsorption of cyclopentene only a single bond for-
mation to the surface was found while 1,4-cyclohexadiene and benzene formed four bonds.
For the (4× 2) reconstructed surface the adsorption structures seem to be similar for all
three molecules but the results of the measurement are not as clear as for the As-rich surface
reconstructions.

Discussion of the Influence of the Surface Structure and
Surface Stoichiometry on the Adsorption Process

The surface structure and surface stoichiometry was found to have an influence on the in-
terface formation. In the case of the adsorption of the molecules on the GaAs(001) surface
reconstructions the conclusion can be drawn that the molecules bond more likely to the As
atoms than to the Ga atoms. For cyclopentene, where the most experiments were realized
with, it was found that only one bond was formed to the c(4× 4) and the (2× 4) surfaces.
This is in contrast to the adsorption configuration of the molecule on the Si(001)(2× 1)
reconstructed surface where a [2+2]-cycloaddition like reaction occurred.

In the case of the InP(001)(2×4) reconstructed surface a similar reaction was found for
the adsorption of cyclopentene on the asymmetric dimer of the surface. This asymmetry is
similar to the one found on the Si(001)(2× 1) surface. Thus it can be concluded that the
asymmetric dimer configuration supports a [2+2]-cycloaddition like reaction.



Summary and Outlook 129

Outlook

Further valence band measurements at smaller excitation energies have to be performed
for the adsorption of all three molecules on each surface reconstruction. Thereby a better
identification of additional new contributions in the valence bands caused by the molecule
adsorption would be possible. First indications have been found during this work for new
contributions which have been assigned to the respective molecules. An additional band
bending was found after the adsorption of cyclopentene and 1,4-cyclohexadiene on the c(4×
4), respectively. For the corresponding core level emission lines of the As3d and Ga3d core
levels a shift occurred but this has to be verified in more measurements.

In further measurements it would be interesting to continue these investigations with small
molecules where one carbon atom is substituted by other atom species like nitrogen or oxy-
gen which have a higher electronegativity. The surface core level shifts would be more pro-
nounced by a higher difference in the electronegativities. Such molecules with functional
groups could be interesting for the development of applications.
Another interesting fact for the development of application could be the passivation of a
certain surface by organic molecules. A passivation would prevent the surface to be con-
taminated during an exposure to air. For the cyclopentene saturated (4× 2) reconstructed
GaAs(001) surface a passivation was found. After an exposure to air of the cyclopentene
saturated sample a clean reconstructed surface was obtained again. Such a passivation cycle
is depicted in Fig 13.1.



130 Summary and Outlook

Figure 13.1: The passivation cycle for the (4× 2) reconstructed surface. After the deposition of
cyclopentene molecules until saturation the sample was exposed to air. By heating the sample to the
preparation temperature the clean reconstructed surface was restored.

This cycle did work for the cyclopentene saturated GaAs(001)(4 × 2) reconstructed
surface but has to be verified in further measurements and for further different organic
molecules to find out the parameters which are essential for this process.
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Appendix A: Fit Parameters for the three
GaAs(001) Surface
Reconstructions

In the following table the fit parameters used for the core level emission line shape analysis
are shown.

For the c(4×4):

∆E/eV γ/eV σ/eV R SO/eV
Asdimer -0.74±0.05 0.09±0.01 0.47±0.03 1.47±0.03 0.68±0.02

As2ndlayer -0.45±0.05 0.09±0.01 0.47±0.03 1.47±0.03 0.68±0.02
Asde f ects +0.44±0.06 0.09±0.01 0.47±0.03 1.47±0.03 0.68±0.02
Gade f ects +0.43±0.03 0.09±0.01 0.36±0.03 1.68±0.08 0.44±0.01

Ga1 -0.37±0.02 0.09±0.01 0.36±0.03 1.68±0.08 0.44±0.01

Table A.1: Fit parameters for the Ga3d and As3d core levels obtained on the clean reconstructed
GaAs(001)c(4×4) surface. In the table the surface core level shifts (SCLS) in the kinetic energy with
respect to the bulk component, and the values for lifetime broadening γ , experimental broadening σ ,
branching ratio R and spin orbit-splitting ∆SO are shown.
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146 Fit Parameters for the three GaAs(001) Surface Reconstructions

For the (2×4):

∆E/eV γ/eV σ/eV R SO/eV
Asdimer +0.48±0.02 0.09±0.01 0.47±0.03 1.47±0.03 0.68±0.02

As1 -0.61±0.05 0.09±0.01 0.47±0.03 1.47±0.03 0.68±0.02
Ga2ndlayer +0.38±0.02 0.09±0.01 0.36±0.02 1.64±0.04 0.44±0.01

Ga2 -0.74±0.04 0.09±0.01 0.36±0.02 1.64±0.04 0.44±0.01
Ga3 +0.34±0.04 0.09±0.01 0.36±0.02 1.64±0.04 0.44±0.01

Table A.2: Fit parameters for the Ga3d and As3d core levels obtained on the clean reconstructed
GaAs(001)(2×4) surface. In the table the surface core level shifts (SCLS) in the kinetic energy with
respect to the bulk component, and the values for lifetime broadening γ , experimental broadening σ ,
branching ratio R and spin orbit-splitting ∆SO are shown.

For the (4×2):

∆E/eV γ/eV σ/eV R SO/eV
Assp2 +0.51±0.03 0.06±0.03 0.46±0.03 1.54±0.05 0.46±0.03
As3 +0.8±1.0 0.06±0.03 0.46±0.03 1.54±0.05 0.46±0.03
As2 -0.46±0.02 0.06±0.03 0.46±0.03 1.54±0.05 0.46±0.03

Gasp2 -0.39±0.02 0.06±0.03 0.37±0.03 1.66±0.05 0.44±0.01
Gadimers +0.35±0.02 0.06±0.03 0.37±0.03 1.66±0.05 0.44±0.01

Ga4 -0.77±0.02 0.06±0.03 0.37±0.03 1.66±0.05 0.44±0.01

Table A.3: Fit parameters for the Ga3d and As3d core levels obtained on the clean reconstructed
GaAs(001)(4×2) surface. In the table the surface core level shifts (SCLS) in the kinetic energy with
respect to the bulk component, and the values for lifetime broadening γ , experimental broadening σ ,
branching ratio R and spin orbit-splitting ∆SO are shown.



Appendix B: Fit Parameters for the three
saturated GaAs(001) Surface
Reconstructions

In this section the fit parameters obtained at surfaces which were saturated with cyclopentene,
1,4-cyclohexadiene and benzene will be presented.
The resulting shifts after the saturation with cyclopentene and 1,4-cyclohexadiene on the
three ‘main’ GaAs(001) surfaces are similar while the ones after the saturation with benzene
are slightly (0.1 eV) larger (will not be shown in detail here).

For the GaAs(001)c(4×4):

∆E/eV γ/eV σ/eV R SO/eV
Gade f ects +0.36±0.03 0.1±0.01 0.36±0.01 1.71±0.07 0.44±0.01

Ga1 -0.43±0.05 0.1±0.01 0.36±0.01 1.71±0.07 0.44±0.01
Asdimer -0.98±0.02 0.1±0.05 0.43±0.02 1.52±0.05 0.69±0.01

Asde f ects +0.46±0.04 0.1±0.05 0.43±0.02 1.52±0.05 0.69±0.01
As−C -1.35±0.05 0.1±0.05 0.43±0.02 1.52±0.05 0.69±0.01
C = C -0.79±0.03 0.1±0 0.85±0.05 - -
C−As +0.61±0.09 0.1±0 0.85±0.05 - -
C−Ga -1.43±0.05 0.1±0 0.85±0.05 - -

Table B.1: For comparison to Tab. A.1 the fit parameters for the Ga3d and As3d core levels obtained
after the adsorption of cyclopentene (1,4-cyclohexadiene) on the GaAs(001)c(4×4). The shifts for
the C1s components are given with respect to the C-C component. This shifts shifts in the kinetic
energy, the values for lifetime broadening γ , experimental broadening σ , branching ratio R and spin
orbit-splitting ∆SO are shown.
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148 Fit Parameters for the three saturated GaAs(001) Surface Reconstructions

For the GaAs(001)(2×4):

∆E/eV γ/eV σ/eV R SO/eV
Ga2ndlayer -0.42±0.03 0.8±0.03 0.39±0.05 1.65±0.05 0.43±0.01

Ga3 -0.75±0.04 0.8±0.03 0.39±0.05 1.65±0.05 0.43±0.01
Ga2 +0.41±0.05 0.8±0.03 0.39±0.05 1.65±0.05 0.43±0.01

Ga−C -1.24±0.05 0.8±0.03 0.39±0.05 1.65±0.05 0.43±0.01
Asdimer +0.50±0.03 0.1±0.05 0.50±0.04 1.505±0.054 0.69±0.01

As1 -0.66±0.08 0.1±0.05 0.50±0.04 1.505±0.054 0.69±0.01
As−C -1.05±0.1 0.1±0.05 0.50±0.04 1.505±0.054 0.69±0.01
C = C -0.79±0.03 0.1±0 0.85±0.05 - -
C−As +0.61±0.09 0.1±0 0.85±0.05 - -
C−Ga -1.43±0.05 0.1±0 0.85±0.05 - -

Table B.2: For comparison to Tab. A.2 the fit parameters for the Ga3d and As3d core levels obtained
after the adsorption of cyclopentene (1,4-cyclohexadiene) on the GaAs(001)(2× 4). The shifts for
the C1s components are given with respect to the C-C component. This shifts shifts in the kinetic
energy, the values for lifetime broadening γ , experimental broadening σ , branching ratio R and spin
orbit-splitting ∆SO are shown.

For the GaAs(001)(4×2):

∆E/eV γ/eV σ/eV R SO/eV
Gasp2 -0.40±0.03 0.1±0.01 0.38±0.03 1.68±0.07 0.44±0.01

Gadimers +0.43±0.03 0.1±0.01 0.38±0.03 1.68±0.07 0.44±0.02
Ga4 -0.74±0.05 0.1±0.01 0.38±0.03 1.68±0.07 0.44±0.02

Ga−C -1.08±0.08 0.1±0.01 0.38±0.03 1.68±0.07 0.44±0.02
Assp2 +0.46±0.1 0.1±0.02 0.45±0.03 1.55±0.04 0.69±0.01
As2 -0.55±0.09 0.1±0.02 0.45±0.03 1.55±0.04 0.69±0.01

As−C -1.0±0.09 0.1±0.02 0.45±0.03 1.55±0.04 0.69±0.01
C = C -0.79±0.03 0.1±0 0.85±0.05 - -
C−As +0.61±0.09 0.1±0 0.85±0.05 - -
C−Ga -1.43±0.05 0.1±0 0.85±0.05 - -

Table B.3: For comparison to Tab. A.3 the fit parameters for the Ga3d and As3d core levels obtained
after the adsorption of cyclopentene (1,4-cyclohexadiene) on the GaAs(001)(4× 2). The shifts for
the C1s components are given with respect to the C-C component. This shifts shifts in the kinetic
energy, the values for lifetime broadening γ , experimental broadening σ , branching ratio R and spin
orbit-splitting ∆SO are shown.



Appendix C: Fit Parameters for the clean and
cyclopentene saturated
InP(001)(2×4) Surface
Reconstructions

∆E/eV γ/eV σ/eV R SO/eV
P1 +0.31±0.04 0.061±0.03 0.41±0.06 2.07±0.07 0.86±0.01
P2 -0.59±0.04 0.061±0.03 0.41±0.06 2.07±0.07 0.86±0.01
In1 +0.45±0.05 0.1±0 0.46±0.06 1.47±0.08 0.86±0.01
In2 -0.38±0.04 0.1±0 0.46±0.06 1.47±0.08 0.86±0.01
In3 -0.84±0.05 0.1±0 0.46±0.06 1.47±0.08 0.86±0.01

C− In +1.535±0.015 0.1±0 1.032±0.01 - -
C−P +0.50±0.02 0.1±0 1.032±0.01 - -
C = C -1.17±0.04 0.1±0 1.032±0.01 - -

Table C.1: Fit parameters for the In4d and P2p core levels obtained on the InP(001)(2×4) surface.
The shifts are given for the kinetic energy with respect to the bulk component. For the C1s core
level the shifts are given with respect to the C-C component. In the table the surface core level shifts
(SCLS), and the values for lifetime broadening γ , experimental broadening σ , branching ratio R and
spin orbit-splitting ∆SO are shown.
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