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Abstract 
 
The (111) surfaces of Si and Ge were studied by scanning tunneling microscopy 
(STM) and photoelectron spectroscopy (PES) that are complementary techniques used 
to obtain structural and electronic properties of surfaces. The (111) surfaces have been 
of great interest because of the complex reconstructions formed by annealing. 
Adsorption of different types of atoms on these surfaces has been widely explored by 
many research groups. In this thesis work, both clean and modified Si(111) and 
Ge(111) surfaces were extensively studied to gain information about their atomic and 
electronic structures.   
 
Hydrogen plays a significant role in surface science, specifically in passivating 
dangling bonds of semiconductor surfaces. There has been a significant number of 
studies performed on hydrogen exposure of the Si(111)7x7 surface. However, most 
studies were done after higher exposures resulting in a 1x1 surface. In this thesis 
work, low hydrogen exposures were employed such that the 7x7 structure was 
preserved. STM images revealed that the hydrogen atoms preferentially adsorb on the 
rest atoms at elevated temperatures. A hydrogen terminated rest atom dangling bond 
is no longer visible in the STM image and the surrounding adatoms become brighter. 
This implies that there is a charge transfer back to the adatoms. Three types of H-
termination (1H, 2H and 3H) were studied in detail by analysing the line profiles of 
the apparent heights.   
 
There are still unresolved issues regarding the electronic structure of the 
Ge(111)c(2x8) surface. By combining STM, angle-resolved photoelectron 
spectroscopy (ARPES), and theoretical calculations, new results about the electronic 
structure of the clean surface have been obtained in this thesis. A more detailed 
experimental surface band structure showing seven surface state bands is presented. A 
split surface state band in the photoemission data matched a split between two types 
of rest atom bands in the calculated surface band structure. A highly dispersive band 
close to the Fermi level was identified with states below the adatom and rest atom 
layers and is therefore not a pure surface state. The bias dependent STM images 
which support the photoemission results were in agreement with simulated images 
generated from the calculated electronic structure of the c(2x8) surface. 
 
Many studies have been devoted to hydrogen adsorption on Si(111)7x7 but only a few 
have dealt with Ge(111)c(2x8). In this work, hydrogen adsorption on Ge(111)c(2x8) 
has been studied using STM and ARPES. The preferred adsorption site is the rest 
atom. As a consequence of the adsorption on the rest atom there is a reverse charge 
transfer to the adatoms, which makes them appear brighter in the filled-state STM 
images. Photoemission results showed that for the H-exposed surface, the surface 
states associated with the rest-atom dangling bonds decreased in intensity while a new 
peak appeared in the close vicinity of the Fermi level which is not present in the 
spectrum of the clean surface. This is a clear evidence of a semiconducting to metallic 
transition of the Ge(111)c(2x8) surface. A higher H exposure on the Ge(111)c(2x8) 
surface was also done which resulted in a 1x1 surface. The electronic structure was 
investigated using ARPES. Two surface states were observed that are related to the 
Ge-Ge backbonds and the Ge-H bonds. 
 



 iv

Sn/Ge(111) has attracted a lot of attention from the surface science community 
because of the interesting phase transition from the RT-(√3x√3) phase to the LT-(3x3) 
phase. Previously, the Sn/Ge(111)√3x√3 surface was considered to be just a simple α- 
phase surface on which the Sn atoms sit on the T4 sites. However, a core-level study 
of the RT-(√3x√3) surface showed two components in the Sn 4d core-level spectra 
which implies that there are two inequivalent Sn atoms. The transition was later on 
explained by the dynamical fluctuation model. There have been different models 
proposed for the Sn/Ge(111)3x3 structure such as the 2U1D, 1U2D and IDA models. 
In this thesis work, the surface was studied using STM. The optimum √3x√3 surface 
was determined by performing different sample preparations. The LT STM images of 
the 3x3 surface were investigated and they showed that there are different types of Sn 
atoms such as up and down atoms. A histogram of the apparent height distribution 
revealed two peaks, a sharper peak associated with the up atoms and a broader peak 
for the down atoms. The height distribution was used to produce simulated Sn 4d 
core-level spectra and the line shape was compared to that of experimental spectra. 
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Populärvetenskaplig sammanfattning 
 
Olika halvledarmaterial är föremål för stora forskningsinsatser på grund av deras stora 
betydelse för tillverkning av elektroniska komponenter. Kisel (Si) i kristallin form har 
sedan länge varit det dominerande materialet. En mängd olika egenskaper hos kisel 
har studerats genom åren ur både en tillämpad och en grundvetenskaplig aspekt. Den 
forskning som redovisas i avhandlingen är en grundläggande studie av egenskaper hos 
kiselytor och ytor av det närbesläktade grundämnet germanium (Ge). 
 
De fysikaliska egenskaperna hos en yta skiljer sig i många avseenden från resten av 
materialet. För halvledare, som Si och Ge, sker förändringar av atomstrukturen i de 
yttersta atomlagren vilka åtföljs av förändrade elektroniska egenskaper. Som exempel 
kan nämnas att ytan kan antigen bli elektriskt ledande eller halvledande. De kemiska 
egenskaperna kan också förändras kraftigt. Beroende på elektrontillstånden på ytan 
kan denna gå från att vara mycket reaktiv till att bli kemiskt passiverad. För Si och Ge 
spelar elektronstrukturen stor roll för hur atomstrukturen på ytan förändras 
(rekonstruerar). De riktade kovalenta bindningarna leder till att ytorna har oparade 
elektroner i orbitaler som är riktade ut från ytan. Den s.k. (111)-ytan som studerats i 
avhandlingen skulle ha ett sådant s.k. ”dangling-bond” på varje ytatom om den var 
orekonstruerad. Ytan rekonstruerar för att minska antalet ”dangling-bonds” vilket 
leder till en reducering av den totala energin. Atomstrukturen kan också förändras 
kraftigt genom adsorption av främmande atomer på ytan.  
 
Studier av rena ytor och ytor modifierade av adsorberade väteatomer och tennatomer 
presenteras i avhandlingen. De huvudsakliga teknikerna, som alla förutsätter 
ultrahögvakuum, har varit: 1) Sveptunnelmikroskopi (STM) som ger information om 
elektron- och atomstruktur med atomär upplösning. 2) Vinkelberoende fotoemission 
(ARUPS) som ger en detaljerad bild av elektrontillstånden i form av den 
tvådimensionella bandstrukturen. 3) Elektrondiffraktion (LEED) som ger information 
om ytans periodiska struktur. Förutom dessa experimentella tekniker ingår även 
teoretiska beräkningar av atom- och elektronstruktur.  
 
Studierna av Ge(111)c(2x8) har lett till en mer komplett bild av elektronstrukturen på 
ytan. Den komplicerade c(2x8)-rekonstruktionen har fyra typer av Ge-atomer, två 
typer av ”restatomer” och två typer av ”adatomer”. En detaljerad identifikation av 
elektrontillstånden på de olika atomerna kunde göras genom att kombinera både 
experiment och teori i samma studie. Resultaten undanröjer tidigare oklarheter i 
tolkningen av experimentella resultat. 
 
Effekter av väteadsorption har studerats på både Si(111)7x7 och Ge(111)c(2x8) 
ytorna. Små mängder av väte leder till intressanta omfördelningar av laddning mellan 
olika atomer på ytan. Både Si(111)7x7 och Ge(111)c(2x8) har ”restatomer” vilka har 
två elektroner i ett ”dangling-bond”. Väteatomer binder företrädesvis till 
”restatomerna” vilket leder till en laddningsöverföring till omgivande ”adatomer”. 
Förändringen av elektronstrukturen har studerats med STM och ARUPS. Stora 
väteexponeringar kan leda till att en rekonstruktion helt försvinner som för Ge(111) 
som studerats här. Den väteterminerade Ge(111)1x1-ytan, där en väteatom binder till 
varje Ge-atom, är kemiskt passiverad. På grund av bindningen till väteatomerna sänks 
energin för elektrontillstånden på ytan kraftigt. Två väteinducerade tillstånd kunde 
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identifieras vilka motsvarar bindningen mellan Ge och H och bindningen mellan 
första och andra Ge-lagret. 
 
Adsorption av ett tredjedels lager av tennatomer på Ge(111) leder till en √3x√3-yta 
efter värmebehandling. Om provet kyls ner sker en fasomvandling till en 3x3-
rekonstruktion som är fullt utvecklad vid en temperatur av 70 K. Sedan upptäckten 
1996 har atomstrukturen och orsaken till fasövergången diskuterats livligt i 
litteraturen. Fotoemissionstudier av en av tenns inre elektronnivåer, Sn 4d, har 
uppvisat förbryllande resultat som fortfarande diskuteras. I avhandlingen presenteras 
en detaljerad studie av olika metoder för att preparera en så defektfri √3x√3-yta som 
möjligt. Den optimala ytan användes för studier av 3x3-ytan med STM. STM-bilder 
av ytan uppvisar en stor variation av Sn-atomernas vertikala positioner. Tidigare 
tolkningar av fotoemissionspektra från Sn 4d har baserats på två eller tre specifika 
positioner. Genom att översätta den breda fördelningen av positioner till en fördelning 
av bindningsenergier kunde simulerade spektra genereras. Som visas i avhandlingen 
är detta en metod som leder till en linjeform som överensstämmer med den 
experimentella linjeformen hos publicerade spektra från Sn 4d. 
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Preface 
 
 The research work was performed during 2003-2008 in the Surface and 

Semiconductor Physics division at the Department of Physics, Chemistry, and 

Biology at Linköping University, Sweden. The STM studies in paper I –III were done 

using a home-built UHV-STM while that of paper V was performed using an 

Omicron VT-STM. Both instruments belong to the Surface and Semiconductor 

Physics division. The photoemission studies were performed at the MAX-lab 

synchrotron radiation facility in Lund, Sweden. 

   The first part of this thesis gives a theoretical and experimental background 

to the research presented in the papers. A summary of the five papers is also included. 

The last part of the thesis contains the papers.    
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1.  INTRODUCTION 
 

Every real solid is terminated by surfaces. Surfaces have different properties 

compared to the bulk of the solid. For instance, the different periodicity of the atomic 

arrangement on the surface results in an electronic structure that differs from that of 

the bulk.  

 

The experimental techniques of surface physics are indispensable in gaining 

information about the atomic arrangement, electronic structure, chemical composition, 

and other fundamental phenomena such as adsorption, catalytic reactions, and crystal 

growth. For many years, there has been a significant interest in hydrogen adsorption 

on silicon surfaces. Adsorption of hydrogen can passivate surface dangling bonds, and 

thereby change the surface properties. The interaction between hydrogen and silicon 

is of significant technological interest due to the importance in silicon chemical vapor 

deposition (CVD) and its role in the passivation of silicon substrates [1]. The process 

of crystal growth generally involves the deposition of atoms onto single crystal 

surfaces on which the arriving atoms can diffuse and form three-dimensional 

structures. Thus, the physics of the energetics and kinetics of adatoms on single-

crystal surfaces is fundamental to the understanding of crystal growth. Furthermore, 

many chemical reactions involve interaction between different kinds of atoms on the 

surface. The above mentioned processes are of great scientific and technological 

interest.  

 

The key advance to the progress in surface physics was the development of 

vacuum technology. In order to study surfaces, they must be free from unwanted 

contamination. This is one of the reasons why surface science experiments are usually 

done in ultrahigh vacuum (UHV) environment. There are numerous techniques to 

study and measure surface properties. In this thesis work three major techniques were 

used to study the atomic and electronic structure of  surfaces, namely; low energy 

electron diffraction (LEED), scanning tunneling microscopy (STM) and photoelectron 

spectroscopy (PES).  
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1.1   Atomic structure 

1.1.1 Surface lattice 

A complete characterization of solid surfaces requires knowledge of what 

atoms are present as well as their positions on the surface. The geometrical 

arrangement of the atoms has a large influence on the electronic, magnetic, optical 

and other properties of the solid. Most solids have periodic arrays of atoms which 

form what we call a crystal lattice. The existence of the crystal lattice implies a degree 

of symmetry in the arrangement of the atoms, and the existing symmetries have been 

studied extensively.  

Any two-dimensional lattice can be described by one of the five Bravais 

lattices, namely; square, rectangular, centered rectangular, hexagonal and oblique 

lattices as illustrated in Fig. 1.  A Bravais lattice is characterized by the primitive 

vectors a and b and the angle θ between them.  

 

FIG. 1. Unit cells of the five two-dimensional Bravais lattices.  

 Another geometrical construction that is of particular importance in describing 

crystal surfaces is the lattice plane that is usually denoted by the Miller indices (hkl). 

These indices can be determined by first finding the intercepts on the axes (x,y,z) in 

terms of the lattice constant, a. Then taking the reciprocals of these numbers and 

finally reducing them to three integers having the same ratio. The Miller indices have 
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a simple meaning in the case of cubic systems. The symbol (100) denotes lattice 

planes perpendicular to the cubic x-axis, (110) denotes lattice planes perpendicular to 

the face diagonal in the first quadrant of the xy-plane of the cubic unit cell and (111) 

corresponds to lattice planes perpendicular to the body diagonal in the first octant of 

the cubic unit cell. The (100), (110) and (111) planes are shown in Fig. 2.  

 

FIG. 2. Low index lattice planes of a cubic crystal denoted by the Miller indices (a) 

(100), (b) (110), and (c) (111). 

1.1.2   Diamond structure 

 

The semiconductors Si and Ge investigated in this thesis have the diamond 

structure which is shown in Fig. 3. It can be described by a face-centered cubic space 

lattice [2]. A basis containing two atoms at 0,0,0 and 1/4, 1/4, 1/4 is associated with 

each point of the fcc lattice. In the diamond structure each atom is covalently bonded 

to four other atoms in a tetrahedral geometry. Si and Ge has lattice constants of  a = 

5.43 Å and 5.65 Å, respectively.  

 

 

FIG. 3. Diamond structure. A (111) plane is shown.    



INTRODUCTION 

 4

1.1.3  Reciprocal lattice and Brillouin zone 

The diffraction of electrons is one of the commonly used techniques to study 

surface structure [3]. However, the diffraction pattern is not a direct representation of 

the real-space arrangement of the atoms on a surface. The most convenient way to 

relate the real structure of the material to its diffraction pattern is through the 

reciprocal lattice. The two-dimensional reciprocal lattice is a set of points whose 

coordinates are given by the vectors 

Ghk = ha* +  kb*     (1.1) 

For a two-dimensional real space lattice defined by its primitive vectors a and 

b, its reciprocal lattice can be generated by determining its reciprocal primitive 

vectors a* and b* from the formula,  

  

   

where n is a unit vector perpendicular to the surface.  The properties of vectors a* and 

b* can be deduced from equation (1.2): 

(a) The vectors a* and b* lie in the same surface plane as the real space 

primitive vectors a and b. 

(b) The vector a* is perpendicular to vector b and b* is perpendicular to 

vector a. 

(c) The lengths of vectors a* and b* are: |a*| = 2π/(a⋅sin θ), |b*| = 2π/(b⋅sin θ) 

where θ is the angle between a and b. 

Figure 4 shows that the reciprocal lattice of a hexagonal real-space lattice is also 

hexagonal but rotated by 30° relative to the real space lattice.   

For the reciprocal lattice, the primitive cell known as the Brillouin zone is 

constructed by first drawing lines from one reciprocal lattice point taken as the origin 

to all nearby points and then bisecting each line with an orthogonal line. The polygon 

that encloses the origin is the first Brillouin zone. Figure 5 shows the surface Brillouin 

zone of a hexagonal reciprocal lattice.  

a* = 2π b  × n 
|a × b| 

b* = 2π n × a 
|a × b| 

(1.2) 
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FIG. 4. Primitive unit cells of (a) the hexagonal real space lattice and (b) the 

hexagonal reciprocal lattice.    

 

FIG. 5. Brillouin zone of a hexagonal reciprocal lattice.  

1.1.4  Surface reconstructions  

One of the properties of the elemental semiconductors is that their clean 

surfaces undergo a process called reconstruction, whereby the periodicity of the 

atomic structure becomes different from that of the underlying bulk [4]. This process 

is due to the covalent nature of the bonds between the atoms. A simple bulk 

termination at the surface would leave a large number of unsaturated dangling bonds 

resulting in a high surface energy. In order to reduce the energy associated with these 

dangling bonds, the surface atoms rearrange themselves to reduce the dangling bond 

density.  

The new structure of the surface layer, referred to as a superstructure can be 

described relative to the unreconstructed surface. The Wood’s notation is often used 

to represent the superstructure [5].   The ratio of the lengths of the primitive vectors of 



INTRODUCTION 

 6

the superstructure and those of the unreconstructed surface is calculated. One can also 

indicate the angle of rotation between the two sets of primitive vectors. The surface 

reconstruction can then be represented as, 

(M x N)Rθ ; M=as/a and N=bs/b.   (1.3) 

where as and bs are lengths of the surface primitive vectors, and a and b are the lengths 

of the unreconstructed primitive vectors.  

Reconstruction of clean surfaces 

Si(111) 

Silicon shows a 2x1 reconstruction in UHV after cleaving a silicon crystal to 

expose the (111) plane. This surface first transforms into a 5x5 reconstruction after 

annealing to 350 - 400 °C, and then completely converts to a 7x7 structure after 

annealing to 600 - 650 °C [6]. The 7x7 LEED pattern was first observed in 1959 [7]. 

It was characterized by Takayanagi et al. [8] in 1985 as a Dimer-Adatom-Stacking 

fault (DAS) structure as shown in Fig. 6. This model was later supported by an X-ray 

diffraction study by Robinson et al. [9]. Binnig et al. [10] were the first to image the 

7x7 structure using STM. The unit cell consists of two halves, the faulted and the 

unfaulted triangular sub-unit cells. The first layer of the unit cell is made up of 12 

adatoms which can be classified as either corner or center adatoms. A corner adatom 

has one rest atom neighbor while a center adatom has two rest atom neighbors. The 

second layer which is about 1 Å below the first layer contains 6 rest atoms. Each 

adatom and rest atom has one dangling bond. The corner-hole atoms are 4.4 Å below 

the adatom layer having one dangling bond each. In total, the reconstructed 7x7 unit 

cell has 19 dangling bonds as compared to the 49 dangling bonds that an 

unreconstructed 1x1 surface would have in the same area. Furthermore, there is a 

charge transfer from the adatoms to the rest atoms and to the corner hole atoms which 

results in doubly occupied dangling bond states on these atoms.  
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FIG. 6. DAS model of the 7x7 structure proposed by Takayanagi et al. [8] (a) Top 

view. The filled circles are the adatoms and the shaded circles are the rest atoms. (b) 

A cross sectional view along the long diagonal of the unit cell.  

 

Ge(111) 

 

The Ge(111) surface obtained by cleaving also forms a 2x1 reconstruction as 

in the case of Si(111). Upon heating to around 200 °C, the structure converts 

irreversibly to the c(2x8) structure. At about 235 – 260 °C, it goes reversibly to a 

disordered 1x1 structure [11]. The atomic structure of the Ge(111)c(2x8) surface is 

also well established. It is described by the adatom model wherein the Ge adatoms are 

occupying T4 sites of the unreconstructed surface [12,13]. Figure 7 shows the c(2x8) 

unit cell which consists of alternating c(2x4) and 2x2 subunits. The Ge adatoms 

saturate ¾ of the dangling bonds of the underlying layer leaving ¼ of the dangling 

bonds unsaturated. The atoms with unsaturated dangling bonds are called rest atoms. 

The surface is further stabilized by a charge transfer from dangling bonds of the 

adatoms to the rest atom dangling bonds. Since there is an equal number of adatoms 
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and rest atoms (1/4 of a monolayer), this leads to filled states mostly localized on the 

rest atoms and empty states on the adatoms.  

  

 
 

FIG. 7. Ge(111)c(2x8) model. The large solid circles are the adatoms, and the 

smaller solid circles are the rest atoms.  

Reconstructions due to adsorption 

Apart from the intrinsic reconstructions that occur on clean surfaces, 

reconstructions can also be induced by the adsorption of other atoms on the surface. 

These reconstructions can assume a variety of periodicities that depend on the 

interaction between the different types of atoms. 

The adsorbed atom plays an important role in that it determines the form of the 

adsorption process, i.e. whether the atom is physisorbed through van der Waals 

interaction or chemisorbed due to the formation of chemical bonds (covalent or ionic) 

between the substrate and the adsorbed atom. A physisorbed atom does not have any 

significant effect on the structure of the substrate since the interaction is weak [14]. 

An example of physisorption is the adsorption of nobel gas atoms on metal surfaces at 

low temperature. Chemisorbed atoms, on the other hand, change the substrate 

structure which involves a complete rearrangement of the top-layer atomic structure. 

A typical example is the chemisorption of metal atoms on semiconductor surfaces at 

elevated temperature.     
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Different reconstructions can also occur depending on the substrate and 

adsorbate coverages and annealing treatments. One example of this occurs when Sn 

atoms are deposited onto a Ge(111) surface. Varying the Sn coverage and thermal 

treatment lead to different kinds of structures on the surface. When 1/3 monolayer 

(ML) of Sn is deposited on the surface, a √3x√3 reconstruction is formed after thermal 

annealing (simple adatom structure), while a 3x2√3 structure is formed at a Sn 

coverage of ~1.2 ML [15]. In this thesis, the adsorption of H on Si(111) and Ge(111), 

and Sn on Ge(111) will be discussed.  

 

Electronic structure 

1.2.1  Energy bands 

When atoms are brought together to form a solid, a change in the electron 

configurations occurs. When atoms are completely isolated from each other, there is 

no interaction between electron wave functions. As the atoms are brought together, 

electron wave functions start to overlap. Pauli’s exclusion principle states that no two 

electrons in a given interacting system can have the same quantum state. Thus, there 

is a splitting of the discrete energy levels of the isolated atoms into new levels which 

form closely spaced quasi-continuous energy levels called energy bands. 

Taking into account the periodic nature of a crystal lattice, the analysis of 

periodic potentials is needed to determine the energy levels in a crystal. This requires 

the use of periodic wave functions, called Bloch functions, which are in the form of 

plane waves multiplied by a function that has the periodicity of the crystal lattice. The 

form of the wave functions of Bloch electrons is specified by the Bloch theorem given 

by, 

ψn,k(r) = un,k(r)e-ik⋅r     (1.4) 

where n labels the energy band, k is the wave vector of the state, and un,k(r) is a 

periodic function of the crystal. Each such state has a unique energy En(k), and a plot 

of this energy as a function of k represents an energy band. 
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1.2.2   Surface states 

With the introduction of a surface, the 3D periodicity of the crystal is lost and 

that changes the electronic structure at and near the surface. As discussed previously, 

surface reconstructions occur which make the surface structure different from the 

bulk. Thus, the charge distribution in the vicinity of the surface is altered and leads to 

the formation of other electronic states which are called surface states. Figure 8 

illustrates the different wave functions of the electronic states in the bulk region, at the 

surface and outside the crystal using a 1D semi-infinite lattice model potential. For 

bulk states, the wave functions exist throughout the bulk and decay exponentially into 

the vacuum while for surface states, the wave functions are localized at the surface 

and decay exponentially into the bulk and into the vacuum. Surface states are located 

within gaps of the projected bulk bands. States that are located at or near the surface 

but overlap with the bulk band projection are known as surface resonances. Their 

energies are degenerate with bulk bands and their wave functions are similar to bulk 

states but with a larger amplitude near the surface. 

 

There are several techniques to study the electronic surface states, e.g. angle-

resolved photoelectron spectroscopy (ARPES), k//-resolved inverse photoelectron 

spectroscopy (KRIPES) and scanning tunneling microscopy/spectroscopy 

(STM/STS). ARPES probes the occupied electronic states while KRIPES probes the 

unoccupied states. STM/STS probes both the occupied and unoccupied states 

depending on the polarity of the tip/sample voltage. In this thesis work, ARPES and 

STM were used to study the electronic structure of several surfaces. These techniques 

are discussed in more detail in the next chapter. 
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FIG. 8. (a) 1D semi-infinite lattice model potential. Real part of the wave functions of 

the electronic states in the bulk region, at the surface and outside the crystal; (b) bulk 

states (c) surface states and (d) resonance states [from Ref. 14]. 
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2.  EXPERIMENTAL METHODS 
 

2.1   Low energy electron diffraction (LEED) 
  

Diffraction techniques are commonly used to determine the periodicity of 

crystal surfaces. One such technique is low energy electron diffraction (LEED). The 

typical experimental set-up is shown in Fig. 9. An electron beam with well-defined 

energy is directed normal to the sample surface. The elastically scattered electrons 

contribute to the diffraction pattern while the secondary electrons are suppressed by 

the energy filtering grids placed in front of the fluorescent screen used to display the 

diffraction pattern. There is a retarding potential difference between grids 1 and 2 

allowing only the elastically scattered electrons to reach the screen. The fluorescent 

screen is held at a high positive potential so that electrons accelerate and excite the 

phosphor-covered screen upon impact.       

 

 The de Broglie wavelength of an electron is given by, 

 

mE2
h

=λ       (2.1) 

 

The energy used in LEED is typically in the range of 30-200 eV corresponding to 

wavelengths of ~1-2 Å. The short mean free path of low energy electrons implies that 

most of the elastically scattered electrons come from the topmost layers of the sample 

making LEED a highly surface sensitive technique. 

 

The principle of LEED can be thought of as scattering of electrons with 

wavelike properties from a 2D array of scattering sites. The diffraction conditions for 

a two-dimensional lattice are given by the two Laue equations,  

 

(k0 - k)⋅ a = 2πm ;  (k0 - k)⋅ b = 2πn   (2.2) 
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where m and n are integers, k0 is the incident wave vector and k is the diffracted wave 

vector. These conditions are fulfilled by any vector of the reciprocal lattice associated 

with the momentum transfer parallel to the surface, 

 

kll – k0ll = Ghk.      (2.3) 

 

 
FIG. 9. Schematic drawing of the LEED experimental set up [from Ref. 16]. The 

LEED pattern shown is from a Si(111)7x7 sample taken with an electron energy of 64 

eV. 

 

The LEED pattern is an image of the surface reciprocal lattice. For a strictly 

two-dimensional real space lattice, the periodic repeat distance in the z direction is 

infinite which corresponds to an infinitely close spacing between the reciprocal lattice 

points along the surface normal. Thus, the reciprocal lattice points will form rods 

perpendicular to the surface. Equations (2.2) and (2.3) are best illustrated using the 
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Ewald sphere construction shown in Fig. 10.  The magnitude of the wave vector of the 

incident electrons, k0, determines the radius of the sphere. The diffraction condition is 

fulfilled when the sphere cuts a reciprocal lattice rod. This results in a number of 

diffracted beams as illustrated in Fig. 10.  

  

 
FIG. 10. Ewald sphere for an incident electron beam with wave vector,  k0, normal to 

the surface. Five diffracted electron beams are shown.  

 

The magnitude of the incident electron wave vector k0 is given by the de Broglie 

equation:  

 

k0 = 
150

22 Vπ
λ
π
≈ ,  if V (Volts) then  k0 (Å) (2.4) 

 

As the electron energy is increased the wavelength decreases which make the radius 

of the Ewald sphere larger. As a consequence of this, the diffraction spots will move 

closer to the center of the screen.  

 

 Some other information may be deduced from a LEED pattern. The sharpness 

of the diffracted spots gives information on how well-ordered the surface is. A surface 

with a well-defined periodicity shows a sharp LEED pattern with a low background 

intensity. The existence of defects and imperfections result in broader and weaker 

spots and higher background intensity. From the spatial distribution of the spots one 

can determine the surface structure in terms of the reciprocal lattice. It is also possible 
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to determine the primitive vectors a* and b* of the reciprocal lattice by examining the 

distances between the spots. It is known that the spot spacing is related to the 

reciprocal lattice vector by Ghk=ha* + kb*.  

 

2.2   Scanning tunneling microscopy (STM) 

Scanning tunneling microscopy (STM) was invented in the early 1980s by G. 

Binnig, H. Rohrer and co-workers at the IBM Zürich Research Laboratory [17]. Since 

then it has become an indispensable technique in surface science due to its capability 

to probe surfaces in real space with atomic resolution. The principle of STM is based 

on the quantum mechanical phenomenon called tunneling. There is a finite probability 

that an electron will tunnel through the vacuum barrier between two conductors when 

they are brought very close to each other. The tunneling phenomenon is originating 

from the wavelike properties of particles (electrons) described in quantum mechanics 

as illustrated in Fig. 11.  If we consider a one-dimensional vacuum barrier, the 

solutions of the Schrödinger equation inside the vacuum barrier have the form, 

ψ = e±κz      (2.5) 

In STM, when the tip and sample are very close their electron wave functions 

overlap. The electron wave functions decay exponentially into the vacuum barrier 

with the inverse decay length κ given by,  

h

φ
κ

m2
=       (2.6) 

where E
2

eV
22
TS −++=
φφ

φ      (2.7) 

where m is the electron mass and φ is the local tunneling barrier height defined in 

equation (2.7).  When a small voltage, V, is applied between the tip and the sample, 

the overlap of the electron wave function permits quantum mechanical tunneling and 

a current, IT, will flow across the vacuum barrier. At low voltage and temperature, the 

tunneling current, IT, is given by,  

IT ∝ e-2κz      (2.8) 
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where z is the distance between tip and sample. The tunneling current depends 

exponentially on the tip-sample distance. If the distance is increased by 1 Å, the 

current flow is decreased by an order of magnitude and vice-versa. This exponential 

dependence of the tunneling current on the barrier width gives a high vertical 

resolution.  

 

FIG. 11. Quantum mechanical tunneling when a voltage is applied between the tip 

and the sample. 

Figure 12 shows a schematic drawing of the operation of an STM system. The 

STM can be operated in various modes. The most commonly used one is the constant- 

current mode. A feedback loop continuously adjusts the tip height via a piezoelectric 

scanner to keep the current constant. By recording the voltage which has to be applied 

to the piezoelectric driver in order to keep the tunneling current constant, i.e., 

recording the height of the tip as a function of position, z(x,y), an STM image can be 

obtained.  

 

The constant-current STM image is a convolution of topographical and 

electronic effects. STM does not probe the atomic positions directly, but rather it is a 

probe of the electron density. Tersoff and Hamann [18,19] provided a quantitative 

theory for tunneling between a real solid surface and a model probe with a locally 

spherical tip using an effective Hamiltonian theory of tunneling in a manner first 

described by Bardeen [20].   
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FIG. 12. Principle of operation of the STM. A filled-state STM image of Si(111)7x7 is 

also shown. 

 

In the first order perturbation theory, the current between two electrodes can 

be expressed as,  

)E(fe2I
, μνμ
Σπ

h
= [ ])eVE(f1 +− ν )EE(M

2
νμμν δ −  (2.9) 

where f(E) is the Fermi function, V is the applied voltage and Mμν is the tunneling 

matrix element between tip states μψ  and surface state νψ . In the limit of low voltage 

and temperature, equation 2.9 can be simplified to,  

νμ
Σπ

,

2Ve2I
h

=  ( )F

2
EEM −μμν δ ( )FEE −νδ    (2.10) 

where EF  is the Fermi energy. The matrix element Mμν is given by, 

⋅∫= Sd
m2

M
2h

μν ( )**
μννμ ψψψψ ∇−∇ .    (2.11) 
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Tersoff and Hamann have shown that the current can be expressed as, 

ν
Σ∝I )E,()EE()( FTF

2
T rr ρδψ νν =−               (2.12) 

if the tip is modelled as a locally spherical potential centered at rT . In the Tersoff-

Hamann model, the tunneling current is proportional to the local density of states of 

the surface ρ(rT, EF) at the position of the tip. Thus, the STM image is a contour map 

of constant surface local density of states (LDOS).  

By changing the polarity of the voltage, both occupied and unoccupied states 

of the sample can be probed. When the tip is negatively biased, electrons tunnel from 

occupied states of the tip to unoccupied states of the sample. If the tip is positively 

biased, electrons tunnel from occupied states of the sample to unoccupied states of the 

tip. This is exemplified in Fig. 13. 

 

FIG. 13. Tunneling when the tip has a positive bias (left) and negative bias (right). 

To increase the scan speed considerably, another mode of operation has been 

introduced, the constant height mode. In this mode the tip is rapidly scanned at a 

constant height over the sample surface while the feedback loop is turned off 

completely. The rapid variations in the tunneling current, which are recorded as a 

function of position, then contain the topographic information. A significant 

advantage of this mode is the faster scan rate that can be reached because it is no 

longer limited by the response of the feedback loop but only by the resonance 

frequency of the STM unit. Consequently, image distortion due to thermal drifts and 

piezoelectric hysteresis can be reduced. Additionally, dynamic processes on the 
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surface can be studied better using this fast imaging mode. On the other hand, 

extracting the topographic height information from the recorded variations of the 

tunneling current in the constant height mode is difficult because the distance 

dependence of the tunneling current is often not known exactly. Another limitation of 

the constant height mode is that it is only applicable to atomically flat surfaces. The 

tip might crash into surface protrusions otherwise, while scanning at high speed. 

2.3   Photoelectron spectroscopy (PES) 
 

Photoelectron spectroscopy is a very useful and important technique when 

probing the electronic structure of the occupied states of a surface. It is based on a 

single photon in and electron out process as depicted in Fig. 14. In photoelectron 

spectroscopy, photons of well-defined energy are absorbed in a sample by the process 

of electron excitation [21]. The electron is excited from an initial state Ei to a final 

state Ef. The photon energy must be sufficiently high such that electrons will escape 

from the solid. This means that the incident photon energy (hν) should exceed the 

initial electron binding energy (EB) and the work function of the material (φ). The 

emitted electrons will have a kinetic energy, 

 

EK = hν - EB - φ     (2.13) 

 

 

 
 

FIG. 14. Schematic diagram of the energies invloved in the photoemission process.  
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The excited electrons usually have a very short escape depth ranging from ∼3 

to ~100 Å as a function of electron energy. Thus, photoelectron spectroscopy is a 

highly surface-sensitive technique. The surface sensitivity can be further enhanced by 

the proper choice of other experimental parameters such as angle of incidence, 

emission angle or photon energy.  

 

Photoemission can be classified as X-ray photoelectron spectrocopy (XPS) or 

ultraviolet photoelectron spectroscopy (UPS) depending on the energy of the incident 

photons. In XPS, X-ray radiation is utilized with a photon energy in the range of 100 

eV to 10 keV which corresponds to wavelengths of ~100 to ~1 Å. XPS is mainly used 

to probe the core electrons. In UPS, the photons used are in the range 10 to 50 eV 

which corresponds to wavelengths between ~1000 to ~250 Å. UPS is used to study 

valence bands because at these photon energies the photoionization cross section is 

large for valence electrons resulting in a high photoemission intensity. 

 

The state-of-the-art synchrotron radiation facilities are very important when 

performing these types of spectroscopies. Synchrotron radiation is generated by the 

acceleration of relativistic charged particles through magnetic fields [22]. The 

synchrotron radiation spectrum is very broad and could range from far infrared to hard 

X-rays. The wavelength of the photons can be tuned by the use of monochromators 

making it possible to choose the desired photon energy. Other advantages of 

synchrotron radiation is the high intensity and stability, high degree of polarization 

and high degree of beam collimation. In this thesis work, the photoemission 

experiments were performed at the MAX-lab synchrotron radiation facility.   

 

Angle-resolved photoelectron spectroscopy (ARPES) 

 
 ARPES is a very useful and efficient technique to determine two-dimensional 

valence band structures of ordered surfaces. In this type of measurement, both the 

energy and wave vector of the photoemitted electrons are determined which provides 

the surface band structure. The ARPES experimental set up is shown in Fig. 15. 

Incident photons with a well-defined energy, hν, and polarization are directed towards 

the sample with an angle of incidence, θi. The azimuthal angle, ϕ, is usually selected 

such that a high symmetry direction of the crystal lies within the plane of detection. 
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The kinetic energy, EK, of the emitted electrons is measured by the electron analyzer 

at various emission angles, θe.  

  

 
 

FIG. 15. Schematic drawing of an ARPES experimental set up. 

 

Using the energy conservation law, 

 

Ef – Ei = hν      (2.14) 

 

 where Ef = EK + φ. Then, 

 

EK + φ -Ei = hν     (2.15) 

 

From equation 2.13, 

 

EK + φ - hν = Ei = -EB    (2.16) 

 

The momentum of the photon (qph) is negligible compared to that of the 

electron in a solid. This implies that the momentum of the outgoing electron is 

approximately equal to that of the electron inside the solid. Thus, 

 

kf = ki + qph ≅ ki     (2.17) 
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The kinetic energy of the emitted electrons can be written as: 

 

        (2.18) 

 

where k⊥ and k// are the perpendicular and parallel components of the wave vector k 

of the photoelectron in vacuum relative to the surface.  If k makes an angle θe relative 

to the surface normal then,  

 

          (2.19) 

 

Considering the wave vector of the electron inside the solid, it is known that only the 

parallel component of the electron momentum is conserved when it passes through the 

solid-vacuum interface. The perpendicular component of the electron momentum is 

not conserved because of the lack of periodicity normal to the surface. Due to the two-

dimensional translational symmetry of the crystal, the transmission of the excited 

electrons through the surface into vacuum requires the conservation of the wave 

vector component parallel to the surface. Thus,  

 

          (2.20) 

 

where Ghk is a two-dimensional surface reciprocal lattice vector. 

 

 In ARPES measurements, in order to generate the dispersion curve Ei(k//), i.e., 

the 2D band structure, of a surface state along a specific direction, spectra are 

recorded as a function of the emission angle, θe, while the azimuthal angle, ϕ, is set 

accordingly. 

 

 It is important to distinguish surface states from bulk states in the 

photoemission spectra. There are several ways to verify that a peak is due to a surface 

state. 

i) Surface states reside within projected bulk band gaps. 

ii) The surface state dispersion Ei(k//) is independent of the photon energy 

used in the excitation. This is because surface states are two-
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dimensional and they only depend on the parallel component of the 

wave vector. This is not the case for structures due to direct bulk 

transitions. 

iii) Surface states are very sensitive to surface treatments. Surface states on 

a clean surface usually disappear after gas adsorption.  
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3.  SUMMARY OF THE PAPERS 
 
3.1  Paper I: H/Si(111)7x7 

  

Si(111)7x7 was one of the first semiconductor surfaces to be imaged using 

STM. Different adsorption sites are present on this surface. Hydrogen can passivate 

surface dangling bonds and can thus change the properties of the surface. STM studies 

of hydrogen adsorption on silicon surfaces have been performed by several groups 

[23-29].  Most of the studies have focused on adsorption where the adatoms are 

replaced by hydrogen atoms. In this work, exposures were done in such a way that the 

7x7 atomic structure was kept and only electronic charge transfer occurred. 

 

 Figure 16 shows STM images of the clean surface and a surface exposed to 

hydrogen at a temperature of 340 °C. Most of the adatoms are brighter while most of 

the rest atoms are no longer visible. This suggests that most of the rest atom dangling 

bonds were saturated by atomic hydrogen, which is in agreement with the theoretical 

calculation of site selective adsorption on rest atoms [30].  Three kinds of modified 

triangular unit cells can be identified such as 1H, 2H and 3H which correspond to one, 

two, and three hydrogen-terminated rest atoms. Notice that the hydrogen-terminated 

rest atoms are no longer visible and the surrounding atoms appear brighter as 

compared to the those on the clean surface. This is an evidence of a local charge 

transfer back to the adatoms from the rest atoms.  By analysing line profiles across the 

adatoms, it was concluded that the charge transfer to the adatoms is influenced by the 

number of neighboring hydrogen-terminated rest atoms. The center adatom with two 

hydrogen-terminated rest atom neighbors gets most of the charge. By analyzing the 

change in apparent height of many adatoms one can conclude that the charge 

redistribution is very local. There is no evidence of a charge redistribution that 

extends to second nearest neighboring adatoms when a rest atom becomes hydrogen-

terminated. 

 

The photoemission results in Fig. 17 confirm the STM results that the rest 

atom is the preferred adsorption site. The two peaks closest to the Fermi level 

correspond to emission from the adatom (S1) and the rest atom (S2) states, 
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respectively. These assignments were based on theoretical investigations [31] and  a 

current-imaging-tunneling-spectroscopy (CITS) [32] study. After a hydrogen 

exposure similar to that of Fig. 16(b), the emission from the rest atom states is 

dramatically reduced as shown by Fig. 17(b). The emission from the adatom states, on 

the other hand, is slightly increased.  

 

 
FIG. 16. (a) Filled-state STM image of the Si(111)7x7 surface. (b) Filled-state STM 

image of the hydrogen-exposed Si(111)7x7 surface. Both images were recorded using 

a  tip voltage of  +2 V. The tunneling current was 0.3 nA.   

 

 
 

FIG. 17. Valence band spectra obtained from the clean Si(111)7x7 surface (a) and 

after H-exposure (b). The photon energy was 34 eV and the spectra were recorded in 

normal emission with a 15° acceptance angle. The H-exposed surface shows a strong 

reduction of the rest atom emission (S2) while the adatom peak (S1) increased 

slightly compared to the 7x7 surface.  
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3.2  Paper II: Ge(111)c(2x8) 
 

The atomic structure of Ge(111)c(2x8) is already established. Chadi and 

Chiang [33] proposed the c(2x8) unit cell based on the incomplete set of 1/8-order 

spots in the LEED pattern. A few years later Phaneuf and Webb [34] observed a small 

intensity of the 1/4-order LEED spots that implies asymmetries in the unit cell. The 

adatom model of the Ge(111)c(2x8) surface as shown in Fig. 18  is also supported by 

STM images obtained by several groups [12,13,35-37]. Several photemission [38-41]  

and theoretical [42-46] studies have been performed on the Ge(111)c(2x8) to obtain 

its electronic structure. However, there were still unresolved issues regarding some of 

the surface state bands. In our work, we have used STM, ARPES and theoretical band 

structure calculations to obtain a more complete picture of the surface band structure 

of Ge(111)c(2x8).  

 

Our empty-state STM images showed only the adatoms while filled-state 

images revealed that the primary occupied states are predominantly localized on the 

rest atom sites, consistent with previous STM studies [12,13,35-37]. The bias-

dependent results proved to play a crucial role in the investigation of the surface state 

bands. Figure 19 shows some representative STM images in the bias dependent 

experiment. Empty states showed only the adatoms. At tip voltages ranging from -0.4 

to -0.8 V, the adatoms surrounded by three rest atoms (AT) in the triangular subunit 

cell appear slightly higher than the adatoms surrounded by four rest atoms (AR). 

Going from -0.8 to -1.0 V, there is a reversal in the brightness of the two types of 

adatoms. The AT type of adatom becomes less bright than the AR type. In the filled 

state images, at +0.4 and +0.5 V, the adatoms dominate the images. At +0.8 V, the 

rest atoms are more dominant and the inquivalence between the two types of rest 

atoms (RT and RR) is also seen. RR is brighter than RT as manifested in the line profile. 

These observations were consistent with the simulated images generated from the 

calculated electronic structure of the Ge(111)c(2x8) surface.     
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FIG. 18. Ge(111)c(2x8) model. The large solid circles are the adatoms, and the 

smaller solid circles are rest atoms. There are two kinds of rest atoms (adatoms). One 

kind is symmetrically surrounded by three adatoms (rest atoms), RT (AT), and the 

other is asymmetrically surrounded by four adatoms (rest atoms), RR (AR). 

 

Figure 20 shows the energy dispersion curves of the seven surface state bands 

(A1, A2, A2’, A3, A4, A4’, A5) as a function of the wave vector component parallel 

to the surface, kll. Our results were consistent to that of the photoemission study by 

Aarts et al. [41] but  new features were observed in our data, such as the A2-A2’ and 

A4-A4’ splits. Assignment of the origins of the surface state bands is less complicated 

if experimental results are supported by theoretical calculations. In this work, the 

electronic band structure of the full c(2x8) structure was calculated using projector 

augmented wave (PAW) potentials [47-48] in the generalized gradient approximation 

(GGA). The result is shown in Fig. 21. Based on the experimental and theoretical 

results, the uppermost surface band A1 was identified as originating from layers 

below the adatoms and rest atoms. This resolves the puzzle why there is a band close 

to EF although the adatom dangling bonds are empty. The split into A2 and A2’ is due 

to contributions from two types of rest atoms, RT and RR. A split was also observed 

for the surface band assigned to backbond states, A4 and A4’, but in this case just at 

higher emission angles.    
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FIG. 19. Empty- and filled-state STM images recorded at different tip voltages. Line 

profiles across rest atoms and adatoms are shown to illustrate the differences in 

apparent heights between the two types of rest atoms (RT, RR) and adatoms (AT, AR). 

All images were recorded with a constant tunneling current of 0.1 nA. Larger circles 

correspond to adatom positions while smaller circles correspond to rest atom sites.  

 

 
FIG. 20. Energy dispersions, E(kll), of the different surface states observed on 

Ge(111)c(2x8) along the [10 1 ] azimuth.  The solid line shows the upper edge of the 

bulk band structure projected onto a 1x1 SBZ. 
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FIG. 21. Comparison between the experimental dispersions A1, A2, A2’ and A3 

(circles) and the theoretical surface bands (rectangles) in the corresponding energy 

range. The black rectangles show RR-derived rest atom states while the shaded 

rectangles correspond to RT-derived rest atom states. The heights of the rectangles 

are proportional to the ratio between the band decomposed charged density and the 

charge density of the whole system at each kll -point. The presence of two split rest 

atom bands is obvious in the theoretical surface band structure.  The two bands that 

are located above 0 eV are adatom-derived. The experimental data points are shown 

relative to the highest energy position of A1. For a color version of the figure see Fig. 

9 of paper II. 

 

 

 



SUMMARY OF THE PAPERS 

 31

3.3 Paper III: H/Ge(111) c(2x8) 

In this paper, adsorption of hydrogen on Ge(111)c(2x8) has been studied by 

STM and ARPES. Only small exposures to atomic hydrogen were done so that the 

surface maintained the c(2x8) periodicity. Higher exposures lead to disorder and 

vacancies in the adatom layer. Figure 22(a) shows a filled state STM image of the H-

exposed Ge(111)c(2x8) surface. This image is consistent with the studies performed 

by other groups [35,36,49,50]. We found that the rest atom is the preferred adsorption 

site and that there is a reverse charge transfer from the rest atoms to the adatoms. This 

is manifested by the brighter adatoms surrounding the H-terminated rest atoms. Two 

symmetries for the rest atom termination are shown; (T) for the triangular shape and 

(R) for the rectangular shape. These shapes are associated with the arrangement of the 

neighboring adatoms for the two inequivalent sites of rest atoms as depicted in Fig. 

22(b).  

 
FIG. 22. (a) A filled-state STM image of the hydrogen-exposed surface recorded with 

a tip voltage of +1.5 V and a tunneling current of 0.1 nA. The image size is 64 Å x 61 

Å. (b) Adatom model of the Ge(111)c(2x8) structure. The big solid circles are the first 

layer adatoms and the second largest solid circles are second layer rest atoms. There 

are two kinds of symmetries for the rest atoms: one is symmetrically surrounded by 3 

adatoms (T) and the other is asymmetrically surrounded by 4 adatoms (R). 

 

 A photoemission study has also been done on the H-exposed Ge(111)c(2x8) 

surface to obtain more information about the adsorption. It is then natural to compare 

it to the spectra of the clean surface. Several groups have performed photoemission 
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experiments of the clean surface to determine the electronic structure [38-41]. Figure 

23 shows photoemission spectra of (a) the clean Ge(111)c(2x8) surface, (b) the 

spectrum of a surface exposed to hydrogen at room temperature, and (c) is a spectrum 

of a surface exposed to hydrogen at ~100 K. Comparing spectra 23(a) and 23(c), we 

observe a decrease in the intensity of the peak positioned at -0.9 eV which implies 

that the surface states are affected by hydrogen adsorption. There is also surface state 

emission appearing near the Fermi level which is not present in the clean spectrum. 

The charge transfer from the rest atoms to the adatoms results in a new peak near the 

Fermi level.  

 

 

FIG. 23. Valence band spectra along the  [10 1] azimuth from (a)  the clean Ge(111) 

c(2x8) surface, (b) after H-exposure at room temperature, and (c) after H exposure at 

~100 K. The photon energy was 21.2 eV and the spectra were recorded at an 

emission angle of 14.5° . 
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3.4 Paper IV: H/Ge(111)1x1  
 

The (111)1x1 surfaces of Si and Ge have similar bond configurations which 

allows for a direct comparison of the electronic structure of these two surfaces. The 

electronic properties of the H/Ge(111)1x1 surface have not been explored to the same 

extent as those of the H/Si(111)1x1 surface [51-55]. In this paper, we present an 

ARPES study in order to determine the electronic structure of the H/Ge(111)1x1 

surface by studying the energy dispersions of the electronic states. 

 

Figure 24(a) shows a valence band spectrum of the H/Si(111)1x1 surface 

obtained along the Μ−Κ−Γ  azimuth at 38° emission angle which corresponds to a 

kll-value near the Κ -point of the 1x1 surface Brillouin zone (SBZ). The two peaks 

labelled a and a’ are due to Si-H bonds and Si-Si backbonds, respectively. Figure 

24(b) is a valence band spectrum of the H/Ge(111)1x1 surface obtained along the 

Μ−Κ−Γ  azimuth at an emission angle of 36°. Similar features as those in the case 

of H/Si(111)1x1 are observed in the spectrum namely a, a’ and b. 

 

 The valence band structure of the H/Ge(111)1x1 surface was studied in detail 

by ARPES. In Fig. 25, the positions in binding energy and kll-space of the features in 

the photoemission spectra measured with a photon energy 21.2 eV along the [101] 

azimuth are shown. The circles correspond to data points obtained by manually 

determining the energy positions of the various peaks in the ARPES spectra and then 

calculating the binding energy vs. kll dispersions. The superimposed colored 

dispersion curves, represent a color coding of the second derivative obtained for each 

spectrum. The colors from yellow to black represent an increase in value of the 

second derivative. This procedure is known to reproduce the peak positions in the 

spectra and intensity/sharpness of a structure is indicated by the darkness of the color 

scale. At the Κ -point of the 1x1 SBZ, interesting features are observed.  There exist 

surface state bands inside the gaps of the projected bulk bands. The band labelled a’ 

lies at around -4.15 eV at the Κ -point.  This state has been identified in the case of 

H/Si(111)1x1 as due to backbonds between first and second layer atoms of the 

substrate. The backbond state is only observed for kll-values close to K  where it is 
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localized in the band gap pocket. The Ge-H surface state, a, is located in the lower 

band gap pocket, and the dispersion can be followed up to the Μ -point. The energy 

dispersion curves along Μ−Γ  also revealed the presence of a at kll-values near the 

Μ -point.  

 

 
FIG. 24. Angle-resolved photoelectron spectra obtained from (a) the H/Si(111)1x1 

surface probed along the Μ−Κ−Γ  azimuth at an emission angle of 38° and from 

(b) the H/Ge(111)1x1 surface probed along the Μ−Κ−Γ  azimuth at an emission 

angle of 36°. These emission angles correspond to kll–values near the Κ -point of the 

1x1 SBZs for the a and a surface states of Si(111) and Ge(111), respectively. Both 

spectra were recorded at low temperature using a photon energy of 21.2 eV. 
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FIG. 25. Energy vs. kll dispersions of the features in the photoemission spectra 

measured with 21.2 eV photons along the [101] azimuth. The circles correspond to 

manually determined peak positions in the ARPES spectra while the colored 

dispersions were computer generated as described in the text.  

 

3.5 Paper V: Sn/Ge(111)√3x√3 and 3x3  
 

The interesting phase transition of Sn/Ge(111) from the RT-√3x√3 phase to 

the LT-3x3 phase has been studied by different research groups in recent years [56-

67]. The structural models of these two phases are illustrated in Fig. 26. At room 

temperature, 1/3 of a monolayer of Sn deposited on Ge(111) results after annealing, in 

a √3x√3 structure. At low temperatures (~30 - 210 K), this surface shows a 3x3 phase. 

Three models have been proposed for the 3x3 phase namely; 2U1D (two up, one 

down), 1U2D (one up, two down) and IDA (inequivalent-down-atoms) models.  
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FIG. 26. Atomic models of (a) Sn/Ge(111)√3x√3 and different models of the 3x3 

phase. The unit cells are indicated. (b) 2U1D model (c) 1U2D model (d) IDA model.  

 

The first aim of this work was to obtain a high quality surface to be used in the 

low temperature STM studies. A total of nine sample preparations were performed 

with varying Sn coverage and temperature treatment. Figure 27 shows the surface 

obtained with the lowest defect density and low island coverage. An amount of 0.38 

ML of Sn was deposited on a sample held at a temperature slightly above the c(2x8) 

to 1x1 transition temperature. This sample preparation was then employed for the low 

temperature experiments on the 3x3 surface. The filled-state LT STM image in Fig. 

28 is consistent with previous STM studies.  

 

There are defects found on the surface such as vacancies and Ge substitutional 

defects amounting to a defect density of 4 %.  Hexagonal patterns dominate the STM 

image. However, there are also regions of honeycomb-like structures which are 

expected when probing the empty states but not the filled states. A closer inspection 

of the unit cell shows that there is an asymmetry in the sense that the two atoms inside 

the unit cell are at different heights as also pointed out in the paper by Tejeda et al. 

[66]. There is a general gradual change of the apparent heights of the down atoms in 
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the 3x3 regions. This observation motivated us to investigate the apparent height 

distribution of the different Sn atoms.  

 

 
 

FIG. 27. (a) LEED pattern (Ep=37 eV) of the Sn/Ge(111)√3x√3 surface from the 

preparation mentioned in the text. Just √3x√3 spots and diffuse 3x3 intensity are 

observed. (b) STM image (+2.0 V sample bias, 800x800 nm2) showing an overview of 

the surface. The surface shows very few islands and some disorder along the step 

edges.  (c) Empty-state STM image (+2.0 V sample bias, 80x80 nm2) manifesting 

large terraces with √3x√3 periodicity and disorder along the step edges. (d) Empty-

state STM image (+2.0 V sample bias, 13x13 nm2) revealing Ge substitutional 

defects. All images were taken with a constant tunneling current of 0.1 nA. 
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FIG. 28. Filled-state STM image of the 3x3 surface obtained at around 55 K showing 

the general appearance of the surface prepared using the method mentioned in the 

text. (37 x 60 nm2, –2.0 V sample bias and 0.1 nA tunneling current). 

 A total number of ∼17 300 atoms were analyzed with respect to the apparent 

heights and the resulting distribution is shown in Fig. 29. Two peaks appear in the 

histogram that could be assigned to the up and down atoms in the 3x3 unit cells, 

respectively. The right peak is associated to the up atoms while the left peak is 

associated to the down atoms. The x-axis is labelled as a relative apparent height of 

the Sn atoms. The difference between the center of the two peaks is ~0.66 Å in close 

agreement with the study by Cortés et al. [67]. The peak at the right that is associated 

with the up atoms appear sharper and more symmetric than the peak at ~ –0.66 Å that 
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corresponds to the down atoms. The broad tail specifically on the right side of the 

down atom peak implies that the down atom heights have a wider distribution.  

 

 
 

FIG. 29. Histogram of the height distribution of the Sn atoms. 

 

Simulated Sn 4d core-level spectra were generated from the distribution by 

assuming a linear relation between the apparent height and the core-level binding 

energy and assuming a difference in asymmetry in the up and down atom 

components. The resulting spectrum is shown in Fig. 30. The S1 peak results from the 

narrow up atom distribution while the S2 shoulder results from the broader down 

atom distribution combined with a loss of peak intensity to the asymmetric tail. This 

line shape is in agreement with the experimental core-level spectra and with the initial 

state picture wherein the charge transfer from the down atoms to the up atoms would 

place the up atom component on the low binding energy side. 
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FIG. 30. Simulated Sn 4d core-level spectrum based on the height distribution in Fig. 

29. 
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