
 

 

Electronic structure of clean and adsorbate-covered InAs 

surfaces 

 
Karolina Szamota-Leandersson  

Doctoral Thesis 

 

 

 

 

Materials Physics 

Royal Institute of Technology 

Stockholm 2010 

 

 

ROYAL INSTITUTE 
OF TECHNOLOGY 



 

 

 

 

 

 

 

Electronic structure of clean and adsorbate-covered InAs surfaces 

 

A dissertation submitted to Kungliga Tekniska Högskolan, Stockholm, Sweden, 
in partial fulfillment of the requirements for the degree of Teknologie Doktor 

 

© Karolina Szamota-Leandersson 2010 

Materials Physics 

Royal Institute of Technology (KTH), Stockholm 

 

 

 

 

 

TRITA-ICT/MAP/AVH Report 2010:1 

ISSN 1653-7610 

ISBN 978-91-7415-702-4 



 

 

1 

 

i. ABSTRACT 

This thesis is the result of investigations regarding the processes in 

InAs III-V semiconductor surfaces induced by additional charge 

incorporated by adsorbates. The aim of the project is to study the 

development of the accumulation layer on the metal/InAs(111)A/B surfaces 

and its electronic structure. InAs(111)A is indium-terminated and 

InAs(111)B is arsenic-terminated. In addition, InAs(100) is also studied. 

These three substrates are different; InAs(111)A has a (2x2)-termination, 

explained by an indium vacancy model, and the clean surface exhibits a 

two-dimensional electron gas (2DEG). InAs(111)B(1x1) is bulk-truncated 

and unreconstructed and does not host a 2DEG. InAs(100)(4x2)/c(8x2) 

exhibits a more covalent character of the surface bonds compared to 

InAs(111)A/B, and the surface is terminated by a complex reconstruction. 

Photoelectron spectroscopy and LEED (low energy electron diffraction) 

have been used as the main tools to study surfaces with sub-monolayer to 

monolayer amounts of adsorbates. A photoemission peak related to a two-

dimensional electron gas appears close to the Fermi level. This 2DEG has in 

most cases InAs bulk properties, since it is located in the InAs conduction 

band. A systematic study of core levels and valence bands reveals that the 

appearance of the 2DEGs is a complex process connected to the surface 

order. Adsorption of lead, tin or bismuth on InAs(111)B(1x1) induces 

emission from a 2DEG, but only at monolayer coverage and when the 

surface is ordered. Cobalt reacts strongly with InAs forming InCo islands 

and no accumulation is observed.  

Examination of Cs/InAs(111)B does not reveal any 2DEG and the 

surface reaction is strongly related to the clean surface stabilization process. 
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Examination of the In-terminated InAs(111)A(2x2) surface shows that In 

reacts strongly with cobalt and tin adatoms and with oxygen in cases of 

large exposure, which decreases the 2DEG intensity, while adatoms of 

cesium and small doses of oxygen enhance the emission from the 2DEG. 

InAs(100) is terminated with one kind of atom - the InAs(100)(4x2)/c(8x2) 

is indium terminated. Bismuth creates dimers on the surface and a 2DEG is 

observed.  

More generally, this thesis describes some of the general physical 

background applied to surface science and 2DEG. The first part is a general 

overview of the processes on the surface. The second part concentrates on 

the methods related to preparation of samples, and the third part on the 

measurement methods. The photoelectron spectroscopy part concerns the 

theory used in mapping electronic structure. The inserted figures are taken 

from different experiments, including results for InAs(111)A not previously 

published.  

 

 

 

Keywords: angle-resolved photoelectron spectroscopy, electronic 

structure, accumulation layer, InAs, adatoms, reconstruction. 
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2 DEG   Two Dimensional Electron Gas 
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ARPES  Angular Resolved Photoemission 

BZ   Brillouin Zone 

SBZ   Surface Brillouin Zone 

BR   Branching Ratio 

B  Bulk State 

CCI  Constant Current Imaging 

CL   Core Level 

CNL   Charge Neutrality Level 

CBM   Conduction Band Minimum 

DOS   Density of States 

ECR   Electron Counting Rule 

Eb, BE   Binding Energy 

Ekin  Kinetic Energy 

FCC   Face-Centered Cubic Lattice 

FWHM   Full Width at Half Maximum 

IBA   Beam Bombardment and Annealing 

LEED   Low Energy Electron Diffraction 

MIGS   Metal Induced Surface States 

MBE   Molecular Beam Epitaxy 

ML   Monolayer 

PES   Photoelectron Spectroscopy 

QCM  Quartz Crystal Thickness monitor 

RT   Room Temperature 

SO   Spin Orbit Split 

SR   Synchrotron Radiation 

SBR   Surface-to-Bulk-Ratio 

SCLS   Surface Core Level shift 

STM   Scanning Tunneling Microscopy 

S   Surface State 
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WS cell   Wigner -Seitz Cell 

WL   Lorentzian Widths 

WG   Gaussian Widths 

VBM   Valence Band Maximum 

UHV  Ulta High Vacuum 

UPS   Ultraviolet Photoelectron Spectroscopy 

1L   1Langmuir  

InAs(111)A indium-terminated surface 

InAs(111)B arsenic-terminated surface 

(f)     denoted Final State  

(i)   denoted Initial State 
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1. INTRODUCTION AND MOTIVATION 

Every solid or liquid material has a surface and many physical and 

chemical processes occur on surfaces. Thus, learning more about how our 

world functions requires understanding and researching surfaces. A lot of 

effort is put into developing low dimensional structures, including the 

surfaces themselves, since they often exhibit interesting behavior because of 

their size constraints. Experimental results and theoretical calculations bring 

the understanding that, in general, when the size of a grain, the size of an 

evaporated layer or the size of a domain becomes comparable with, for 

instance, the specific physical length scale of the mean free path of an 

electron, the domain size in ferromagnets or ferroelectrics, the coherence 

length of phonons or the correlation length of a collective ground state as in 

superconductivity, the accompanying macroscopic physical phenomena are 

strongly modified. Confined structures not only have other physical 

properties, but may also show quantization of these properties. This is 

because the separation between the energy levels becomes larger when 

electrons are confined within a small area or volume. The allowed energies, 

which in the “infinite” bulk can be regarded as a continuum, split up into 

“discrete” electronic levels. The transition between discrete and continuous 

is not sharp and strict, but gradually changes with the degree of 

confinement.  

At a surface we have to consider that charge carriers are confined in 

the direction normal to the surface, whereas in the direction parallel to the 

surface the carriers are “free” to move within the periodic potential set-up 

by the surface structure. It is necessary to mention that, for example, an 

accumulation layer is not a two-dimensional system in a strict sense. This is 
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for two reasons: the wave functions have a finite spatial extent in the third 

dimension (perpendicular to the surface), and because electromagnetic 

fields are not confined to a plane, but spill out into the third dimensions. For 

this reason theories invented for idealized two-dimensional systems must be 

modified to be comparable to experimental results
i
. Because of the 

promising implications for technological use, there is an ever growing need 

to study and understand the physics of confined systems and all phenomena 

associated with such systems.  

InAs is exceptional among the zinc-blend III-V semiconductors of n-

type. Instead of having a depletion layer at the surface, this semiconductor 

often exhibits accumulation layer. The first experimental observation of the 

two–dimensional gas was performed by Tsui,
ii
 who studied the behavior of 

the electronic energy levels in the InAs surface accumulation layer using 

capacitance measurements and tunneling through a native oxide. Further 

studies have shown that the surface preparation determines not only the 

surface reconstruction but also the appearance of 2DEGs with different 

carrier densities. The special properties of the accumulation layer is 

explained by native defects on the InAs(111)A and InAs(100) surfaces.
iii
 On 

the defect-free cleaved InAs(110) surface there is no accumulation layer, 

but in the presence of defects and various impurities a charge accumulation 

layer is readily induced.
 iv,v

 The differences between InAs(110) and 

InSb(110) are explained by a „transfer of the charge to the rather deep CBM 

of InAs‟,
vi
 which is known to lie unusually far below the Brillouin zone 

averaged band gap.
vii

  

The homopolar InAs(111) surfaces have received increased interest 

as promising substrates for growth of low dimensional structures.
viii

 They 
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are polar and thus inherently unstable. Most III-V(111) surfaces reconstruct 

in order to remove or reduce the surface charge imbalance, but there are a 

few exceptions. The As-terminated InAs(111)B is one of those few, whose 

surface remains unreconstructed with a clear (1x1) LEED pattern. However, 

STM images from this surface reveal that the surface is covered with 

triangular islands of varying size.
ix
 Theoretically the surface stability is 

explained by a charge re-arrangement in the z-direction that effectively 

reduces the charge in the surface region.
x
 However, in light of the 

experimental findings by STM, this model will have to be refined, taking 

particular surface structures into account.  

InAs has been put forward as a good candidate for spin transistors 

based on the InAs quantum wells.
xi
 The properties of multilayers and 

quantum well structures depend largely on the interface sharpness, the 

growth mode and removal of surface reconstructions. Successful passivation 

of GaAs(111)(2x2) has been demonstrated.
xii

 Similar processes for InAs 

would reinforce its candidature for use in layered structures.  

Through the years much work has been done on the cleaved 

InAs(110) and on the (100) surface most often used in growth processes. 

However, much less has been done on InAs(111). The work presented in 

this thesis represents one focused effort in this direction, presenting studies 

of InAs(111)B, InAs(111)A and InAs(100) surfaces under the influence of 

monolayer amounts of adsorbates; Cs, O, Sn, Pb, Co and Bi. The main 

concern is the electronic structure in the interface region. For this reason 

angle resolved photoelectron spectroscopy (ARPES) has been used together 

with low energy electron diffraction (LEED) and scanning tunneling 

microscopy (STM). Most attention is given to the formation and properties 
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of a charge accumulation layer in the surface region and how this depends 

on the characteristics of the adsorbate.  

Cs is an excellent electron donor when deposited on InAs(110). It 

results in a giant Fermi level shift far up in the conduction band.
xiii,xiv

 Also, 

small amounts of Cs on InAs(100) induce a dramatic decrease of the work 

function and a Fermi level pinning above CBM.
xv

 For InAs(111)B Cs 

surprisingly does not induce a charge accumulation layer as shown in paper 

1.
xvi

 Oxygen and oxides are always present in the atmosphere and often used 

in the semiconductor growth process. In Paper 5 I show that the oxidation of 

InAs(111)A and InAs(111)B proceeds differently and depends on the 

presence of a charge accumulation layer.
xvii

  

Incorporation of group IV elements (Sn, Pb), Bi or magnetic elements 

(Co) in III-V semiconductors may lead to materials/alloys with new 

interesting properties. In this work I present my contribution to the study of 

the creation of confined structures for InAs(111)B surfaces introduced by 

metallic adatoms. The confinement is achieved by deposition of small 

amounts, in the monolayer region. It appears that the detailed surface 

structure is an important factor to decide if a surface can host a charge 

accumulation layer or not. My investigation has shown that adatoms 

evaporated on the surface can donate charge into an accumulation layer. 
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2. CRYSTAL STRUCTURE 

2.1 Crystals 

Atoms in solid materials organize in a geometrically regular 

fashion, called a crystal. The concept of crystals is based on a regular 

periodicity of units, which can be a single atom, groups of atoms, ions etc. 

The crystal is described by an underlying set of lattice unit-points called a 

Bravais lattice. A Bravais lattice is an infinite array of unit-points generated 

by vectors: 

332211 anananR   

where ni are integers and ai are the three primitive vectors of the lattice 

creating the primitive unit cell.  

 

Fig. 2.1. The zinc-blend structure of III-V semiconductors, with two fcc 

lattices with different type of atoms.  

Seven crystal systems yield 14 different lattice types (Bravais lattice); the 

detailed explanations can be found in any solid state text book. Most of the 

In 

In 
In 

In 
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semiconducting materials belong either to cubic or hexagonal systems. InAs 

crystallize into the zinc-blend structure (shown in Fig.2.1.). 

This is a face-centered cubic (fcc) lattice with basis at (000; 

¼,¼,¼). The basis contains one In and one As atom. Each In atom has four 

As as the nearest–neighbors, located at the four regular tetrahedron sites of 

sp
3
. The InAs has partially ionic bonds. Lattice constant is equal to 6.0584Å 

at 300 K. Covalent radius of In is 1.44 Å, and As is 1.2 Å. 

2.2 Surface and Surface Reconstructions 

When cutting a bulk crystal along different crystallographic 

directions, the generated surface termination will look different. The picture 

below shows the atomic arrangement on the (111), (100) and (110) planes 

of a fcc crystal, respectively. 

 Fig. 2.2. Atomic arrangements on different planes of a fcc crystal. 

In general bonds are broken and the surface is terminated by surface 

atoms with dangling bonds. In InAs the (111) surface is polar, i.e. it is 

terminated by either anions or cations. It is also the plane with the density of 

atoms. The ideal bulk termination of the (111) surface is shown in Fig.2.3. 
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Fig. 2.3. Atomic arrangement-bulk terminated InAs(111) surface. 

The (110) surface is terminated with an equal number of anions and 

cations while the (100) surface is terminated by one kind of atom, but with 

lower density than on (111). The ideal bulk truncated InAs(100) surface is 

shown in Fig.2.4. 

 

Fig. 2.4. Atomic arrangement – bulk-terminated InAs(100) surface. 

Atoms in the surface have a lower number of nearest neighbors and 

they therefore experience different forces compared to atoms in the bulk of 
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the crystal. The in-equilibrium may be removed by a geometrical 

displacement of surface atoms. The types of displacement may be dived into 

two groups called relaxation and reconstruction. If the translational 

symmetry is not broken, i.e. the in-plane lattice vectors are not changed, and 

the displacement is called relaxation. This displacement can continue into 

the second or deeper layers of the crystal. If the translational symmetry is 

broken, the displacement is called reconstruction. Since the atomic re-

arrangements can introduce strain, the reconstruction is not limited to the 

top-layer but can expand into the closest layers below. However, the shift of 

these atoms is generally relatively small. Still, it is convenient to apply a 

perfectly periodical two dimensional surface model. Both reconstruction 

and relaxation are sensitive to temperature and the stochiometry of the 

surface. 

A reconstruction of a surface is denoted by (p x q), where p and q are 

multiples of the bulk translational vectors of the ideal surface unit cell. The 

surface superstructure can be expressed using the so-called Woods 

notation.
xviii

 If the substrate surface is X{hkl} and its reconstruction is given 

by b1||a1, b2||a2 and b1=pa1, b2=qa2, then the notation is given as: 

X{hkl}(pxq). In the case when there is a centered atom, it is written 

X{hkl}c(pxq), and for the case when translation vectors b are not parallel to 

vectors a X{hkl}(pxq)-R°, where R°
 
describes the angles between a and b. 

An example of a surface reconstruction is shown in Fig.2.5. The gray 

atoms represent the bulk and the small unit cell denotes the bulk unit cell. 

The blue dots represent for example, adatoms arrange on a surface. The 

vectors connecting the blue dots are twice as long, but parallel to the bulk 

vectors, and thus we have a (2x2) reconstruction. An example of such a 
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structure is the indium terminated InAs(111)A surface obtained after ion 

bombardment and annealing. 

 

Fig. 2.5. Reconstruction and bulk structure of a hexagonal lattice crystal, 

the gray color (1x1) bulk atoms, and the superstructure of top atoms (2x2) 

in blue color. Top view. 

 

The bonds in InAs are a mix of ionic and covalent bonds, and the 

surface rearrangement can lead to a change in charge transfer and 

dehybridization. The first results from the ionic character of the bonds, and 

the second from the covalent character of bonding. A typical 

dehybridization process can be explained in the following way; in the bulk 

crystal there is sp
3 

tetrahedral
 
symmetry, while on the surface, when one p-

orbital is not present, the fourfold coordination tends to sp
2
 orbitals. This 

leads to, for example, a dimer creation on the surface. In most real cases, 

dehybridization of surface bonds is also connected to a charge transfer. Fig. 

2.6. is an example from the InAs(110) surface. InAs(110) is built of equal 

amounts of In and As. The surface is not reconstructed but relaxed. As 

atoms moves out from the surface and In moves into deeper positions on the 



 

 

19 

 

surface. One electron is shifted from In to As, as surface In or As atoms 

tend toward their atomic valence configuration.
xix

 The indium finds a more 

sp
2
-like flat configuration, while arsenic fill the lone-pair on top of the atom 

with the additional charge. 

 

 

Fig. 2.6. The InAs(110) surface; ideal on the left and relaxed on the right.  

 

To predict the relative stability of surface structures of 

semiconductors, one can use the so-called electron counting-rule (ECR).
xx

 

In a stable reconstruction all the dangling bonds on the electropositive 

surface atoms (III) are unoccupied and all those on the electronegative 

atoms (V) are doubly occupied, resulting in a surface band gap. On real 

surfaces, there are other phenomena e.g. uncompensated charge introduced 

by, for example, defects and small amounts of impurities. Transfer of the 

additional charge from or to the surface is yet another important factor to 

stabilize the surface. Apart from the surface stabilization obtained by the 

surface reconstruction, there is an additional factor for stabilization of 

surface, connected to the appearance of space-charge layers. The space 

relaxed 
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charge layers can be as deep down as 100 Å from the surface, but can still 

influence the surface stability.  

2.3 InAs(111) and InAs(100) Surface Reconstructions  

InAs(100) and InAs(111) are polar electrostatically unstable 

surfaces. In InAs(111) the ionic character of bonds is most important, while 

covalent character is important in InAs(100). These surfaces reconstruct 

differently, depending on termination and composition. 

2.3.1 InAs(111) 

InAs(111)B(1x1) 

The InAs(111)B surface is non-reconstructed. The As-dangling bonds 

are occupied, as are the back bond surface states. This surface is stable but 

does not obey the electron counting rule (ECR). Experimental investigation 

of valence bands indicate that there are flat bands with the Fermi level near 

the conduction band minimum
xxi

; therefore the stability of this surface 

cannot be explained by gap states that could accommodate a sufficient 

amount of charge to remove the divergent electrostatic potential. Indeed, a 

study by Mankefors et al.
xxii

 using ab initio calculations, maintains that the 

surface stability is driven by a re-distribution of charge over several atomic 

layers, so that charge is transferred from the surface towards the bulk. 

Fig.2.7. compares calculated „average bulk potential‟ along the -1-1-1 

direction for GaAs and InAs. GaAs has a wider minimum of potential and 

the potential is symmetric, while the potential of InAs is highly asymmetric 

„with a distinctly lower potential towards -1-1-1 direction‟. 



 

 

21 

 

 This argues for a favorable charge displacement towards the cation 

plane of InAs.   

Fig. 2.7. Calculation of an ‘average bulk potential’ for GaAs and InAs 

along (-1-1-1). Energies are relative, electrostatic and total potentials 

(bulk) – vertical axis. 
xxii 

InAs(111)B(2x2)  

A (2x2) reconstruction has been observed experimentally
xxiii

 on the 

As-rich surface. Theoretical calculation indicates that this reconstruction is 

stable and induced by As-trimers.
xxiv

  

Fig. 2.8. The As-trimer reconstruction of InAs(111)B(2x2). 
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Three As atoms per unit cell are placed on the top of three substrate 

As atoms (Fig.2.8). The As-As distance between the neighboring two As 

adatoms is 2.50 Å. This surface exhibits accumulation layer.  

InAs(111)A(2x2) 

The clean indium-terminated InAs(111)A surface has a (2x2) surface 

reconstruction and an electron accumulation layer is observed. The 

experimental findings and calculations explain the surface stability
xxv

, with 

an In-vacancy structure as shown in Fig. 2.9. together with a STM image 

from this surface.  

 

Fig. 2.9. STM image and In-vacancy model for InAs(111)A 

surface.
xxv  

2.3.2 InAs(100)  

The InAs(100) surface reconstruction depends on the relative 

amounts of In and As on the surface; the indium-rich surface has a 

(4x2)/c(8x2) reconstruction and the arsenic-rich surface has a (2x4) 
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reconstruction. Dimer formation is one essential ingredient to reduce the 

energy associated with „dangling‟ bonds on both surfaces. In the InAs(100) 

surfaces covalent bonds take an important part in the processes on the 

surface. The presently most accepted model for the (4x2)/c(8x2) structure 

was proposed by Kumpf.
xxvi

 The model (originally for InSb) is presented in 

Fig. 2.10. and contains subsurface In dimers, the top layer basically has 

(4x1) symmetry. As atoms create two different surface chain in the [110] 

direction; one with As in bulk position and the other with As shifted away 

from bulk position. Hence In atoms with bonds to As move downwards and 

closer to neighboring In atoms, forming an In-In dimer bond in the second 

bilayer. In the figure In9 - In9 marks the subsurface dimer bond. Other 

models have been proposed in Ref.
xxvii,

 
xxviii

  

 

Fig. 2.10. Structure model for the InSb (and InAs)(100)c(8x2) surface, 

from Ref. 
xxix 
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3. RECIPROCAL SPACE AND BRILLOUIN ZONE  

In solid state physics, the propagation of waves in a crystal is 

explained using the concept of reciprocal space. This concept is important 

since it is directly observed in diffraction and photoemission experiments. 

The reciprocal space is the Fourier transform of the real space. Since the 

potential energy in a real crystal is a periodic, V(r)=V(r + R), the potential 

can be expressed in Fourier series.  G G iGrUrV )exp()( where R is the 

Bravais lattice vector and G is the reciprocal lattice vector. The Gs are 

defined by the relation between the R points in real space and the G points 

in reciprocal space, satisfying: 

1,2  iGRenRG   

The primitive reciprocal vectors in three dimensions are obtained 

from real space by 
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Any reciprocal lattice vector in three-dimensions can be expressed as: 

G =hb1+ kb2+ lb3, where h,k,l are integers called Miller indices.   
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In two dimensions the vectors b1 and b2 define the unit cell of a two-

dimensional reciprocal lattice:  
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where n


 is the unit vector normal to the surface. 

It is convenient to build a unit cell of the same area but as symmetric 

as possible with respect to the origin.
xxx

 To achieve this, one constructs a so-

called Wigner-Seitz cell (WS). The WS cell is a volume made up of the 

space which is closer to a given lattice point than to any other point. This is 

the first Brillouin zone (BZ). The crystal system of a reciprocal lattice is the 

same as the direct lattice, but the Bravais lattice may be different. For 

instance, body-centered cubic (bcc) becomes face-centered cubic (fcc). 

Greek letters are used to describe important points inside the zone, while 

Roman letters are used to describe points on surfaces. The most important 

high symmetry points are the following: 

 is the origin centre of the BZ;  is a direction such as [100] and meets the 

zone boundary at X;  is a direction such as [111], normal to the closely 

packed planes of fcc structure;  is a direction such as [110] and meets the 

boundary at K.  
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Fig. 3.1. The three-dimensional first BZ for fcc lattices, and the 2D 

projection (called surface Brillouin Zone SBZ) along , normal to the (100) 

face,  normal to the (110) face, and  normal to the (111) face, 

respectively. 
xix

 

The surface reconstruction results in a change of the SBZ. Blue lines 

in Fig. 3.2. mark the hexagonal SBZ for the InAs(111)B(1x1) surface, and 

the smaller, red hexagon represents the SBZ for the (√3x√3)R30°
 
surface 

induced by Cs for example. The  - M  direction in the (1x1) SBZ 

corresponds to the  - K  direction in the (√3x√3)R30°
  

SBZ. In that 

direction the   points of the first and 
2  

second SBZ are the same for 

surface and superstructure. Such geometry is very useful to perform an 

angle resolved photoemission experiment. 
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Fig. 3.2. SBZs for InAs(111)B(1x1) bulk and Cs/InAs(111)B(√3x√3)R30°.  

Figure 3.3. depicts the SBZ for some reconstructions on the (100) surface; 

(1x1), (1x3) (2x6) and (4x2).   

 

 

 

 

 
 

 

 

Fig. 3.3. SBZ for InAs(100)(1x1) bulk and Bi/InAs(100) 
 
superstructures. 



 

 

28 

 

4. SURFACE  PREPARATION  TECHNIQUES 

4.1 Adsorption and Desorption  

The interactions between a surface and a gas can generally be 

described in terms of adsorption and desorption; adsorption being adhesion 

of atoms or molecules on the surface and desorption being the release of the 

same. Adsorption is a mixture of physical and chemical processes, resulting 

in an accumulation of atoms or molecules on the surface. The physical 

processes, responsible for so-called physisorption, are basically driven by 

electrostatic forces like dipole-dipole interactions, London-van der Waals 

force and hydrogen bonding. These processes are all characterized by 

relatively small heats of adsorption, in contrast to adsorption through 

chemical processes, so-called chemisorption, which involves formation of 

strong chemical bonds between the surface and atoms or molecules. 

 Desorption is caused by the breaking of physical or chemical bonds 

to the surface, for instance by thermal excitation, by excitation of electronic 

or vibrational states or by adsorption of other atoms or molecules. A 

desorbed atom might leave the surface or re-adsorb on another site.  

In this thesis I adsorb oxygen on the InAs surface. Fig.4.1 shows a 

potential energy diagram of the complicated process of oxidation. As an O2 

molecule approaches a metal or semiconductor surface, it goes through a 

three-step adsorption process. First, the molecule meets a physisorption 

potential, which attracts the molecule to the surface. In the second step there 

is molecular chemisorption, where the molecule is chemically bound closer 

to the surface. In this step, the electron wave functions of the molecule and 

the surface overlap and form a chemical bond. 
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Fig. 4.1. An illustration of a surface-gas interaction between 

an O2 molecule and a metal or semiconductor substrate.
xxxi

 

The third step is a dissociative atomic adsorption, where the molecule 

breaks up into two oxygen atoms due to a deeper potential well closer to the 

surface. The molecule has to have a high enough kinetic energy to 

overcome the activation energy before the inner potential well. An O2 

molecule thus travels along a potential curve with three minima. A metal 

ion approaching the same surface follows a simpler potential curve and is 

chemically bonded at a minimum closer to the surface.  

A physisorbed atom or molecule is generally bonded to the surface 

with a low binding energy, from a few to a hundred meV. As physical 

bonding is weak, physisorption is observed at low temperatures. An atom or 

molecule close to a surface will cause a slight disturbance in the electronic 

structure of the surface and might, due to a possible attractive force by 

mutually induced dipoles, create a weak bond to the surface. The heat 

of adsorption is usually less than 5 kcal/mole. 
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In contrast, a chemisorbed atom or molecule has a heat of adsorption 

between 10 and 100 kcal/mole. This is caused by the formation of strong 

chemical bonds between the adsorbed species and the surface. Chemical 

bonds are also shorter than physical bonds, which means that the relatively 

simple physical picture of a uniform charge distribution on the surface 

forming dipoles when disturbed is no longer valid. In chemisorption, new 

bonding orbitals are created between the adsorbate and the surface by 

overlap of the electron wave functions. As chemisorption is a strong 

interaction, it might cause a considerable change in the electronic structure. 

Chemisorption is highly dependent on the local electronic and geometric 

structure and a surface potential map might include several minima, each 

corresponding to a specific adsorption site, or adsorption condition.  

Dissociative adsorption is the process of a strong adsorbate-surface 

interaction causing a molecule to break up into new species, which might 

adsorb or desorb. An example of this is catalysis, where e.g. NO and toxic 

CO in car exhausts dissociate on a catalytic surface and form N2 and 

relatively harmless CO2 (2CO+2NO2CO2+N2). 
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4.2 Growth  
 

The process on the surface during the growth has many sides and 

depends on the substrate as well as absorbate properties. The Fig.4.2 

describes a few steps in the growth process. 

 

Fig. 4.2. Processes on the surface during thin film growth. 

 

The nucleation of an island can occur via one of two general 

mechanisms. On diffusing across the surface the adatom may meet another 

diffusing adatom to form a two atom cluster (a dimer). The two atom cluster 

may be stable and act as a nucleus or a seed from which an island of 

material may grow. However, in other cases the formation of a stable 

nucleus might require three or more atoms. Defects such as missing atoms 

or, particularly, atomic steps may act as nucleation sites where a diffusing 

atom becomes trapped. When atoms are deposited on the surface, the 

growth of the first monolayer can be completed (a), or formation of the 

islands on the surface takes place (c). In a third case both islands and growth 

layer are observed (b), as depicted in Fig 4.3.  

 chemisorbed 

adsorbate sits 

in a deep 

potential well-

defect site.

surmount the 

energy barrier 

and  moves 

across the 

surface

adsorption

desorption (re-

evaporation)

nucleation

diffusion
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Fig. 4.3. Different growth modes, Θ is the coverage expressed 

in ML after.
xix

  

The decisive factor for the kind of growth is the affinity 

between the adsorbate and the substrate. This model states that if 

interaction between adsorbate and substrate is weaker than the 

adsorbate itself, then islands will form. In contrast, if the interaction 

between substrate and overlayer is stronger, the layer by layer growth 

is most probable. The growth mode is possible to establish based on 

the change of core level photoemission intensity from the substrate 

and overlayer collected after each step of deposition. The three 

growth modes are represented by the change of intensities of core 

levels as is presented in Fig. 4.4. It is worth to note that description of 

1 ML might be defined in different ways. In my work, 1 ML is 

defined as the number of atoms on the unreconstructed substrate 

surface. 
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Fig. 4.4. Schematic core level line intensities from deposit and substrate 

core levels versus amount of deposited material.  

The FM, SK, VM are different growth modes, based on Ref. xix The 

smooth growth of 1 ML Sn on InAs(111)B surface is shown in Fig. 4.5. The 

intensity value for the FM mode is described by an exponential 

relation, // dhIdI  , where dh is change in the film thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5. Ratio between integrated Sn 4d and In 4d intensities from 

K.Szamota-Leandersson et al.
xxxii
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4.3 Molecular Beam Epitaxy, MBE 

MBE is a technique for stoichiometric growth of low-dimensional-

structures, thin films, quantum dots, quantum wells etc. The basic principle 

of MBE is exposure of a substrate surface to a beam of atoms, or beams of 

different atoms, and taking advantage of the chemical reactions that follow 

to achieve the desired result. MBE is successfully used to produce clean and 

well defined surfaces and interfaces of, for instance, III-V semiconductors 

such as GaAs, InP, InSb and InAs. As MBE allows for a controlled film 

growth with well defined and sharp doping profiles, and a change of 

chemical composition over only a few Å, multilayer structures and other 

complex structures can successfully be produced. 

MBE is a UHV technique, where Knudsen cells or Knudsen-type 

crucibles are used as effusion cells for evaporation. These cells are heated 

and produce a beam flux due to the pressure difference to the surrounding 

UHV. The beams are controlled by opening and closing shutters in front of 

the cells. To minimize the production of impurities, the shutters and the 

shielding of the system are kept at liquid nitrogen temperature. The 

substrate is mostly kept at an elevated temperature. Today, many of the low 

dimensional structures like quantum dots and quantum wells (e.g. 

GaAs/InAs and GaAlAs/GaAs) are grown by MBE.
xxxiii
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4.4 Sample preparation 

It is important that the surface in an experiment is free from unwanted 

impurities. The size of native oxide particles on semiconductors surfaces is 

of well over 10 Å. Silicon examination shows that after few hours of 

exposure to air the native oxide is 1 nm, and after 1 week‟s exposure it is 

1.5 nm.
xxxiv

 Since in photoemission the excitation process detects a volume 

on the order of Ångströms inside the sample, the presence of surface 

impurities severely disturb the signal from the sample. Therefore, 

photoemission studies require a clean surface. 

Since the samples are mounted on the sample holder outside the UVH 

chamber, adsorption of gases like O2 and water from the air is inevitable. 

Therefore after the introduction of the sample to the UHV preparation 

chamber, degassing is performed, simply to desorb the unwanted intruders. 

In the second step tougher impurities, such as oxides, are removed. For InAs 

the standard cleaning methods is by ion bombardment and annealing (IBA). 

The topmost atomic layers are sputtered off by Ar ion bombardment and 

subsequent annealing. The temperature is controlled by a pyrometer. 

Usually this procedure is performed several times, until the surface is 

judged clean by LEED and photoemission.  

The typical light spot size from the beam line used in this thesis is 

0.5x0.5 cm
2
. Therefore the measured signal is an average from a large 

surface area including a perfect surface, drops, cracks and inhomogeneities. 

With a proper surface preparation the signal is dominated by the perfect 

surface.  

If the size of the sample holder allows it, both samples InAs(111)A 

and InAs(111)B are mounted and simultaneously processes on both In and 
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As terminated sides are measured. That is possible since the cleaning 

conditions for InAs(111)A and InAs(111)B are very similar. 

Different metals require different evaporation methods. Sn and Pb can be 

melted on a Ta wire and then gently evaporated off the wire. Co can be 

evaporated from a heated Co-wire, simply by passing a current through it. 

Cs is evaporated from getter sources. An alloy containing Cs is embedded in 

a Ta host. After introduction into UHV, the Ta is heated and the alloy 

breaks and Cs can be evaporated in controlled amounts. Oxygen deposition 

is performed under a constant gas flow. All deposition processes are 

performed at room temperature (RT). The pressure in the chamber during 

evaporation of metals is around 2x10
-9

 Torr. 

      The deposition ratio for metals is controlled by a quartz monitor placed 

at the same distance from the sources as the substrate. The quartz monitor 

microbalance (QCM) is based on the change of the oscillatory eigen 

frequency of quartz with the amount of deposited material on it, and it 

measures mass per unit area. Before working with a quartz monitor, the 

parameters characteristic for the evaporated materials are introduced into 

the electronic setup. The amount of the evaporated material can be read in 

frequency units or in monolayer units. Either of these measures is then 

transformed to a number of monolayers (ML), i.e. atoms on the surface. The 

amount of deposited metal is expressed in terms of ML, where 1 ML is 

defined as the surface atomic density equal to a substrate plane, which for 

unreconstructed InAs(111)B(1x1) is equal to  8.1410
14

 cm
-2

.  

(4.1)   d
kgM

gd
matomsML 






271066.1

2/181014.81              
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where d is 1 ML of evaporated metal, g the density, M the atomic mass, 

dg  mass per area, 1.6610
-27

 kg the value of the atomic mass unit in kg. 

The calculation of the 1 ML (d) according to formula 4.1 is presented in 

Table 4.1. The preparation of the source requires an out-gassing and 

stabilization. The latter, is a condition in which, for an applied current, the 

deposition rate (Å/min) is constant. For Bi source (Fig.4.6.) deposition rate 

was 0.1-0.2 Å/min. Bottom of Fig.4.6. shows the stabilization of the source. 

The amount of oxygen on the surface is given in Langmuirs (L). It is known 

that Cs sticking coefficient at RT, changes with thickness, and only 1 ML of 

Cs is possible to grow. Since caesium changes the eigen frequency of the 

quartz monitor, the evaporation process is controlled by measurement of the 

cut off. The parameters of deposited materials are listed in Table 4.1.  

 

 

 

 

 

 

Tab. 4.1. Parameters used for the QCM, 1ML is calculated for 

unreconstructed InAs(111)B(1x1). Calculation details are described in the 

text. 
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Fig. 4.6. Calibration of a Bi-evaporator using a QCM. 

 



 

 

39 

 

5. ELECTRONIC  STRUCTURE AND 

PHOTOELECTRON  SPECTROSCOPY 

5.1 Electrons in Crystals  

Electrons (and particles in general) propagating in solids are 

described in the quantum mechanical formalism by wave functions . The 

movement of electrons in a solid, and in a potential V, is commonly 

described by the time-independent Schrödinger equation:  

(5.1) )()()()(
2 2

22

rErrVr
rm

 






  

where: the first part is the kinetic energy of the electron, and the second 

part is the potential energy. The solutions to the Schrödinger equation are 

particle states with defined energies. 

A crystal potential is periodic due to the regular array of the ion 

cores. As a consequence of the periodicity for electrons traveling in a three 

dimensional solid, the particle wave function is the product of the 

multiplication of plane waves by a function with a periodicity of the Bravais 

lattice. This is the so-called Bloch theorem. 

 

(5.2)  )rkexp((r))r( nknk  iu  

(5.3)  )()( ruRru nknk      

where R is a general vector of the Bravais lattice, n labels the band, and k 

a Bloch wave number. (5.2) and (5.3) together give:  

(5.4)  )Rkexp((r))Rr( nknk  i  
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The physically relevant k-vectors for the electrons in the crystal are 

limited to the first Brillouin Zone. The three-dimensional Brillouin zone 

characterizes the electrons moving in the bulk crystal, and the two-

dimensional projection describes the electrons in two dimensions. More 

about Brillouin zone is written in Chapter 3. Calculated electron energy 

bands versus k-vector for InAs are presented in Fig.5.1. The characteristic 

high symmetry points of the Brillouin zone are indicated. The bottom of the 

conduction band has a minimum at Γ labeled Γ6 . The k p theory predicts 

that at k=0 there is a highly non-parabolic conduction band.
xxxv

 The bottom 

of the conduction band has s-like symmetry. The zero of the energy is 

conventionally taken at the top of the valence band. The top of valence 

bands has p-like symmetry. Two bands called Γ8 and Γ7 meet at 5 eV but 

splits when moving away from , separated by the spin-orbit splitting. The 

valence bands split around 6 eV into a simple band of s-symmetry (the 

lowest band in the figure). This splitting is an effect of weakening the 

hybridization by impact of the ionic character of bond.  

If electrons are confined to a finite region by potential energy 

barriers, the solutions to the Schrödinger equation are quantized in energy. 

In the case of a free electron gas confined to two dimensions on a crystal 

surface, there is no potential in the x and y directions, i.e. V(x)=V(y)=0, 

while there is a potential V(z)≠0 in the bulk direction. 
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Fig. 5.1. Band structure calculated for InAs Ref.
xxxvi

 

If electrons are free to move along the x and y axes and confined 

along the z direction, the solution of the time - independent Schrödinger 

equation with wave function: 

(5.5)  )()exp()exp(),,( zuyikxikzyx yx  

  

gives values of energy levels in :  

(5.6) 
m

k
kE nn

2
)(

22
                 

where k = (kx, ky) and n -are quantum numbers. 

 The allowed energies for the n are in the form of parabolas with the bottom 

of the band at n. These parabolas are called sub-bands. The example of an 

infinitely deep square well for GaAs is shown in Fig.5.2. 
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Fig. 5.2. (a) Potential well with wave functions, (b) total 

energy including the transverse kinetic energy for each sub 

band, (c) step-like density of states.
xxxvii

 

 Fig.5.2c., shows that for quantized states, the density of states (DOS) is not 

described by n(E)~E
1/2

 as it is for free electrons,  but has a step-like shape. 

There is a constant density of states in each energy interval. 2D DOS is 

described by the function independent of energy and includes the sum over 

step function Θ(E - En):  

 (5.7)       
n

nD EE
m

n )(
22


                

where m is the effective mass, assumed to be isotropic. 

Electrons moving in the surface plane are described according to the 

Bloch theorem because the 2D translation symmetry parallel to the surface 

is conserved. The situation in the direction perpendicular to the surface is 
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much more complicated as the translation symmetry is broken. The Bloch 

theorem only applies rigorously to an infinite crystal, since the real crystal is 

not infinite. As a consequence of electrons moving close to the surface, the 

Bloch theorem may not apply. An example of such a structure is a defect 

state. 

If the surface Fermi level is different from the bulk Fermi level, 

charges will be transferred in one or the other direction so as to equalize the 

Fermi level. This leads to surface band bending. If the surface Fermi level is 

above the bulk Fermi level, electrons will be transferred from the surface 

into the bulk and we will have a downward band bending. If downward 

band bending is sufficiently deep and narrow, it will create a quantum well 

at the surface, and electrons trapped in that well will display quantized 

discrete states. As downward band bending is in the direction normal to the 

surface, quantization is only in this direction. In the plane parallel to the 

surface states, the quantum well has the characteristic of the conduction 

band. For non-parabolic conduction bands, dispersion of states is linear as 

they move from the sub band minima, rather than parabolic dispersion.
xxxviii

 

Figure 5.3.depicts the formation of 2D electron gases in semiconductors; the 

electron density, the band bending, wave functions and density of states.  
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Fig. 5.3. From
xxxix

, compares the surface states and charge   

accumulation states. 
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5.2 Photoelectron Spectroscopy, PES  

The general principle of the photoelectron spectroscopy (PES) is an 

excitation from an occupied state to an unoccupied state similar to optical 

spectroscopy. The basic principle for PES is the photoelectric effect, 

described by Albert Einstein 1905,
xl
 for which he received the Nobel Prize 

in 1921. A solid irradiated by photons emits electrons with a kinetic energy 

depending mainly on their binding energy. The theory of photoelectron 

spectroscopy is complex but for practical reasons, a set of simplified models 

have been constructed. The so-called three-step model, proposed by 

Berglund and Spicer,
xli

 is the most intuitive description of photoemission 

from solids. In this model, the process is divided into three distinct steps: 

(1) The photoexcitation of an electron from an occupied initial 

state at energy E
i
 to an unoccupied final state at energy E

f
, where E

f
 - E

i
 = 

hν of the exciting photon, described in a one-electron approximation via the 

Golden Rule formalism. 

(2) Transport of the excited electron through the crystal to the 

surface. The electron suffers elastic and inelastic scattering, described by 

scattering formalism.  

(3) Transmission and emission, i.e. the escape of the electron 

(later called a photoelectron) from the solid into the vacuum passing the 

surface, where a small potential barrier may cause refraction or back 

reflection. 

The first step, the so called optical excitation, involves the initial and 

final states, and the probability of the transition between them is expressed 
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by the Fermi Golden Rule. In the wave function formalism, using the 

simplest one-electron model, an electron excited from an initial state to a 

final state is expressed as 

(5.8)  

ronPhotoelectionstateFinalstateInitial

kin
f

tot
f

tottottot EKNEKNNEN hii ,),1(),,1()(),(   

 

where the final state ion refers to the Kth (N-1)-electron ionic state that is 

formed. The photoelectron ζ contains a spatial part of the photoelectron 

orbital and the spin part of the photoelectron orbital and Ekin is the kinetic 

energy of photoelectron. The formalism obeys energy conservation in the 

interaction of the electromagnetic radiation and the N-electron system. In 

ultraviolet photoelectron spectroscopy, i.e. with low photon energies, the 

momentum of a photon is very small compared to that of the electron and 

momentum of a incoming photon can be neglected. By this assumption, and 

the Fermi‟s golden rule, the transition probability per unit time, M
2
, can 

be derived as  

(5.9)  M=
i

tot

f

tot pA    
 

where; A*p is the dipole operator. Because of the product between the 

electromagnetic wave vector and the momentum operator, not all transitions 

between an initial and final state obeying hν = E
f
 – E

i 
are allowed. These 

restrictions are referred to as the dipole selection rule.  

In the second step, the scattering of the electrons while traveling 

within the material, limits the probing depth of the PES technique. 
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Experiencing inelastic and elastic scattering events, the information carried 

by the electrons is distorted. For instance, the in-elastically scattered 

electrons lose energy and cause a smeared background in spectra. The 

influence of scattering on the photoelectrons makes PES a surface-sensitive 

technique that in most cases can be used as an advantage. 

The third step involves the electron leaving the material out into the 

vacuum. Due to the broken symmetry of the material in the direction 

perpendicular to the surface, causing a rearrangement of charge plus several 

other effects, a photoelectron encounters a potential barrier at the surface. 

This is called the surface work function (φs) and causes the electron to lose 

energy. An electron with a kinetic energy lower than the work function will 

not escape the material. 

Its surface sensitivity and ability to probe occupied electronic states 

makes PES an ideal tool to study surface electronic structures, like quantum 

wells, surface states, accumulation layers on semiconductors and so on. The 

photoemission intensity depends on the density of states and photoemission 

cross -section and e.g. quantum well states (which exist only at certain 

discrete energy levels) will manifest themselves as peaks in a photoelectron 

spectrum, where intensity is shown as a function of energy. In the case of 

photoemission from the solid state, nuclear motion is entirely neglected, and 

only kinetic energies related to electronic motion are considered. In fact, the 

photo-excited system is in reality a collective system which is complicated 

due to many-body interactions. Even so, a relatively simple model that 

neglects these complicated interactions has worked surprisingly well for 

many years. In what follows, we will use such a non-interacting system as 

model.  
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5.3 Angular Resolved Photoemission-Valence Band 

Spectroscopy and Core Level Spectroscopy 

The purpose of the angular resolved PES (ARPES) it is to determine 

the energy of the electrons as a function of their momentum vector, often 

referred to as "band mapping". The picture 5.4. shows the geometry of the 

ARPES experiment. Photons impinge on the surface with an incidence 

angle Ψ, and photoelectrons with momentum k and energy E are detected in 

the (Θ,)-direction within a solid angle ΔΩ.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.4. Schematics of Angular Resolved Photoemission. 

 

Experimentally mapped bands are compared to theoretical 

predictions and reveal the physics governing the properties of the 



 

 

49 

 

material. The ARPES technique is also a very useful tool to analyze 

localized low dimensional states confined in the plane, since the total 

momentum is k tot ≈ k//. The presence of the surface results in appearances of 

new bands called surface states or, if the bulk state overlaps with the surface 

state, resonance states. Another class of states is that induced by the electron 

confinement: so-called quantum well states. For valence band spectroscopy, 

the focus of attention is on the excitation process while scattering factors 

and transmission are considered to be less important. In this thesis the 

technique is used to investigate new 2D electronic states on semiconductor 

surfaces.  

5.3.1 Surface Electronic Structure 

In the crystalline solid, electrons are characterized by their energy E, 

and momentum k. The initial and final state orbitals are expressed in Bloch 

functions. The Bloch functions for an electron, having an initial state with 

wave vector k 
i
 and final state with k 

f
  are:  

(5.10) )rkexp((r))( kk  iii
iur and )rkexp((r))( kk  fff

iur   

An electron detected in a defined direction outside of the surface is 

described by a free–electron orbital of the form: 

(5.11)  fffiCf KP)rKexp()r( momentumwith
K

   
 

where K
f  

is not equal to k 
f
 due to refraction at the surface barrier. The 

perpendicular component of K
f
 is not conserved due to the surface barrier 

potential; only the parallel component is conserved: 

(5.12)         
f

II

f

II Kk    
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The conservation of momentum parallel to the surface is depicted in Fig.5.5. 

The 
f

K  is not conserved since in the perpendicular direction there is a 

surface barrier (inner potential).
 

 

 

Fig. 5.5. Conservation of momentum for k//
 f

 and K//
f
. K  marked by dots. 

In the photoemission convention, the electron wave vector is chosen 

so the initial k lies in the first Brillouin zone, or reduced Brillouin zone, and 

the final k
f
 in the extended zone. The initial state in the reduced BZ of 

several different energies might possess the same reduced k, but each final 

state is associated with a unique
 
k

f
. Since the photon carries a very small 

momentum and the momentum should be conserved in the process, we 

have: 

(5.13)   
f

II

i

II kk     

surface 

K f 

KII
f 

KII 
f 

K f 
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In a transition to the extended zone scheme, we add the reciprocal 

lattice vector G: 

(5.14)   II

i

II

f

II Gkk    

where GII is the parallel component of the reciprocal bulk lattice vector. In 

the transition to the extended-zone, it is assumed that a direct inter-band 

optical transition includes diffraction against the lattice. At the surface, the 

final Bloch wave has to match a free electron wave propagating into the 

vacuum.  

 

 

 

 

 

 

Fig. 5.6. The free- electron parabola for final state. 

And finally the relation for the photoelectron outside the surface is 

expressed by: 

(5.15)   sIIII

fi

II

i

II GGKk   
 

where, GsII  is reciprocal surface vector. One must remember that since the 

electron is not free in the crystal, so-called final-states effects must be taken 

into consideration.  
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A photoelectron, expressed as equation (5.11), can emerge from the 

crystal in a number of possible directions, depending on its momentum. The 

experimental values are the kinetic energy of the photoelectron, Ekin, 

detected at an angle Θ relative to the surface normal as is shown in Fig. 5.4.  

 

(5.16)   hEEEE iff

kin  ),(  
 

where Φ is the photothreshold (defined for e.g as vacuum level minus 

valence band maximum) and the final state with momentum KII  
f
 measured 

is equal to: 

(5.17)    sin
2

2 kin

f

II E
m

K


 
 

And, finally, expressing the parallel components of k for a spectral feature at 

a binding energy Eb, will thus be: 

(5.18)  

 sin)(
2

sin)(
2

22 sb

i

II hE
m

hE
m

k 


 

where hν is the photon energy, φs the sample work function and Θ the 

emission angle of detected photoelectrons.  
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5.3.2 „Bulk‟ Electronic Structure 

Mapping of the bulk electronic structure is more complicated than the 

surface electronic structure due to the broken symmetry in the direction 

perpendicular to the surface as shown in Fig.5.5. In the case of electronic 

bands having 3D energy dispersion, only the parallel component of the 

photoelectron is conserved when passing the surface.  

(5.19)   
ff

II

f KKK   

To overcome difficulties, one often assumes a free-electron like final 

state parabola displaced by a so-called inner potential, and treat 

unaccounted interactions by adjusting the electron mass by a so-called 

effective mass.  

(5.20)      o

f EmkkE  2/)( 22  

 where Eo is the calculated ‟bottom of the muffin tin‟ with reference to the 

valence band maximum,
xlii

 in other words Eo=Vo which is the inner 

potential.  

Expressing the perpendicular components of k with 5.17 and 5.19 for 

a spectral feature at a kinetic energy Ekin, will thus be: 

(5.21)   )cos(
2 2

2 okin VE
m

k 





 , in normal emission  

 

 (5.22)     )(
2

2 okin VE
m

k 
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where hν is the photon energy, V0 is the inner potential and m
*
 = meffm is 

the effective mass,  m electron mass. V0 and meff are treated as fitting 

parameters and determined by probing high-symmetry points in the three-

dimensional Brillouin zone. 

An illustration of a calculation k
f
 for bulk InAs/GaAs is shown in 

Fig.5.7. From the comparison of experimental and theoretical calculations 

with the work function the displacement is obtained and the final inner 

potential values are Eo =10 eV. Results show that the X5 bulk structure of 

GaAs has similar dispersion to InAs/GaAs covered with 2 ML. 

 

 

 

 

 

 

 

 

Fig. 5.7. Example of the bulk electronic structure fitting for InAs/GaAs 2 

ML. 
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5.3.3 Accumulation Layer-Mass Approximation 

In the case of an accumulation layer, although there is a small 

additional momentum in the perpendicular direction, the 2D approximation 

is very good and, k =ktot ≈ k//. Electrons near band edges can be described by 

free electrons but with a modified effective mass. For electrons in 2D, the 

conservation of the parallel momentum and energy gives a simple 

expression the same as (5.17) for the electronic dispersion: 

(5.23)               


sin512.0sin
2

2 kinkin EE
m

k


 

Ekin is the kinetic energy of the spectral feature and Θ the emission angle. 

However, also in the 2D case, an inner potential and an effective mass 

might be necessary to use. These two parameters will deal with interactions 

not accounted for in the free-electron model. In this case, the above 

relationship expands to
 

(5.21)                   


sin
2

02
VE

m
k kin


  

 

To determine inner potential and effective mass, a series of angle 

dependent spectra covering the dispersion of a feature is recorded, the 

parallel momentum is calculated as k=f(Ekin,Θ) and plotted together with the 

kinetic energy as Ekin=f(k), or Eb after energy calibration. The resulting 

parabola is fitted to: 

    (5.22)   2

0 kcVEkin   

where the value of c gives the effective mass as:   
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    (5.23)            
effm

c
2

2
    12

2

512.0
2


 c

mc
meff


 

 The effective mass and inner potential of an electron band is, 

in both the two- and three-dimensional case, an approximation to deal with 

several non-quantified interactions and potential barriers. In the 3D case, 

they also account for the non-conservation of the perpendicular momentum. 

An example of a determination of the effective mass in a 2DEG is shown in 

Fig. 5.8. The effective mass is fitted to the experimental photoemission 

spectra.  

 

Fig. 5.8. Dispersion of a small photoemission feature related to the 2DEG 

at the Sn/InAs(111) surface from K Szamota-Leandersson et al. 
xxxii

 



 

 

57 

 

5.3.4 Core Level Spectroscopy 

Core level spectroscopy is a tool for probing strongly bound electrons 

localized in atomic orbitals. In contrast to valence-band electrons, which are 

involved in the bonding between the atoms in the material, the core-level 

(CL) electrons are less sensitive to their immediate surroundings and have 

binding energies that are element-specific. This can be used for elemental 

analysis of materials and their surfaces – the presence of a particular 

element will present a peak characteristic of this element in a photoelectron 

spectrum.  

The spectral shape of a core level has several influences. The first is, 

of course, the experimental resolution convoluting the CL peak with a 

Gaussian. The overall experimental resolution is determined by the band-

width of the exciting photons and the resolution of the electron analyzer. In 

addition, the excited state has a limited lifetime which, due to Heisenberg‟s 

uncertainty principle, gives an energy broadening. According to the 

uncertainty principle, the shorter the lifetime of the core hole the larger the 

uncertainty in energy. This line-width is caused by lifetime effects in either 

or both the initial and final state. From the uncertainty principle argument, 

the width of the Lorentzian shape, with FWHM in eV, is given by: 

)(
1058.6 16

s
x


 

 

where τ is the lifetime.
xliii

 

The initial state lifetime is usually very long, so the broadening contribution 

is negligible. On the other hand, the final state lifetime, which depends on 

the performed experiments, might be estimated to 10
-18 

s,
xliii 

and the final 
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state broadening can play an important role. Analysis of CL spectra involves 

separating and identifying bulk and surface components, and generally other 

chemically-shifted components due to interfaces, sub-layers, ad-atoms, and 

so on, using automated fitting procedures for de-convoluting Gaussian and 

Lorentzian broadenings. In addition, due to spin-orbit coupling, a core level 

splits into two different peaks in a spectrum.  

Although core-level electrons are less influenced by their 

surroundings than valence-band electrons, they nevertheless experience 

small changes in their binding energies. These changes are called chemical 

shifts and can be used for structural analysis of materials and their surface. 

The chemical shifts are due to electrostatic interaction between the core and 

valence-band electrons. Using core levels instead of the valence levels band 

for structural analysis, even though the valence band electrons are subjected 

to stronger influence from the surroundings, is practical for many reasons. 

First, even though the relative changes in CL binding energies are small, the 

absolute changes are as large as, or larger than, those for the valence 

electrons. Second, the binding energies of different valence shells might 

very well overlap, making it impossible to separate them. The example of 

chemical shift induced by Sn on InAs(111)A InAs(111)B is and shown in 

Fig. 5.9. 
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Fig. 5.9. Sn4d core level spectra from Sn/InAs(111)A and Sn/InAs(111)B 

and its deconvolution. 

The experimental data (circles) are numerically fitted with a standard 

procedure using the Voight function (Lorentzian and Gaussian width). The 

deconvolution is made with the smallest number of components possible. Sn 

grows on InAs(111)B in a layer-by-layer mode, as we show in  K. Szamota-

Leandersson et al.
xxxii

 As a result of the deconvolution, the peak C1 is 

assigned to Sn directly bonding to As. Above one monolayer of Sn, a 

second component C2 appears. It has an intensity of 1.3 ML but becomes 

dominating for higher coverages (not shown in the figure). Therefore, the C2 

component is assigned to emission from a second layer tin on top of the first 

layer (Sn atoms surrounded by Sn atoms). The other surface of InAs(111), 

the A-side, is terminated with an Indium layer with vacancies. Spectra 
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collected from InAs(111)A with low Sn coverage must be deconvoluted 

with three components, marked D1, D2, and D3 in Fig. 5.9. Thus, one can 

say that Sn has three different chemical environments on the surface. The 

indium-terminated surface has vacancies in the top layer, and therefore two 

of the components can easily be explained from the model of the clean 

surface, while the third component of the very small intensity might be 

explained by e.g. Sn diffusing into the bulk.  

In addition to chemical shifts, a core-level spectrum can show surface 

shifts. Besides the main peak, specific for the element in the material, a peak 

specific for the same element in the surface can be observed. As the 

chemical environment of an atom on the surface is different from the 

environment of an atom in the bulk, the binding energy of their core-levels 

differs. The bottom spectrum in Fig. 5.10. shows two components (bulk 

marked B and surface marked S) which are separated by a surface core level 

shift. The reconstruction of the A-side (InAs(111)A(2x2)) is explained by 

the In-vacancy model (see Chapter 2.3.1), in which the unit cell consists of a 

top layer of threefold-coordinated In atoms with vacancies. Therefore, in 

agreement with this model and with ECL, the positive shift of the S surface 

peak is due to the fact that the outer dangling bonds are empty of electrons. 

In addition, with evaporation of Sn the chemical shifts appear.  
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Fig. 5.10. In4d core level spectra from Sn/InAs(111)A. 

5.3.5 Accumulation Layer Spectroscopy-Band Bending 

The position of the Fermi level (EF) in a semiconductor is a very 

important parameter. It is given in relation to the so-called charge neutrality 

level (CNL). One theoretical proposal for CNL is introduced with MIGS 

and includes the branch point of the band gap.
xliv

 In the first approximation, 

as the wave function of adsorbates tails into the semiconductor, this process 

may be thought to derive from the virtual gap states of the complex band 

structure of the semiconductor. The virtual gap states change their character 

across the band gap, from acceptor-like close to the conduction band to 

donor-like close to the valence band. Including the charge in their wave 

function tails, the adatoms are neutral. Depending on the character of the 

tails, however, the centre of gravity of the electronic charge may shift 

towards or away from the substrate. The energy at which contributions from 



 

 

62 

 

both bands are of equal magnitude is called the branching point (EB), in 

other words the neutrality level which separates the two regions. The 

location of EB can be estimated using the procedure introduced by 

J.Tersoff
xlvi

: 

)(
2

1
vcB EEE  , where SOvv EE 

3

1
, 

where cE is the indirect conduction band minimum, vE is the VBM, and 

SOis the spin-orbit splitting. If the adatom-induced surface state is at EB, 

no dipoles moment is expected.
xlv

 In the metal semiconductor interfaces, 

band bending appears as a results of the Fermi level being pinned with 

respect to the band edges.
xliv,xlvi,xlvii

 The location of the pinning level 

corresponds to the location of the branch point energy. The pinning is due to 

a continuum of adatom-induced gap states formed in the interface, which 

facilitate this band bending.
xlv,xlviii

 

In the photoemission experiment the surface position of the Fermi 

level is estimated in the following way: measure the binding energy of the 

core level bulk component from the clean surface, and measure at different 

photon energies to probe different depths. Measure the bulk core level 

position again after adsorption of an added element. The shift of the core 

level gives the change in Fermi level position. The important information, 

which is possible to get from the spectra, is the position of the Fermi level 

with respect to the band edges. Fig. 5.11. shows the development of the 

Fermi level position for Sn /InAs(111)B.  
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Fig. 5.11. Fermi level position with respect to CBM from 

Sn/InAs(111), Ref.
xxxii

 

The shift of the core levels is based on the fact that the Fermi level 

movement with respect to the semiconductor band edges causes a shift of all 

photoemitted core-level and valence-band features by the same energy. The 

photoelectrons are detected by an electron-energy analyzer with an energy 

shift about the same value, since it shares a common EF with the specimen. 

Since EF remains fixed with respect to the bulk semiconductor band edges, 

the measured change in EF as a function of surface treatment is equivalent to 

the change in band bending within the surface space charge region.  
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6. SYNCHROTRON RADIATION 

The interaction between photons and matter is one of the most 

important processes that exist in nature and in the laboratory. The number of 

experiments that use photons as the primary source of excitation is vast, and 

the demands on such sources are becoming increasingly higher. Depending 

on the type of experiment, a suitable photon source, together with an 

experimental setup is selected. In the optical wavelength region there are 

sources like discharge tubes, lamps and lasers and in the X-ray region there 

are anode tubes and rotating anodes. Criteria for a good and convenient light 

source are: 

 Well defined wavelength 

 High photon flux 

 Variable wavelength within a wide range 

 Well-defined polarization 

 High brightness and brilliance 

The source which best meets all these demands is the synchrotron radiation 

source. A theory for the emission of electromagnetic radiation from 

accelerated charges was formulated in 1898.
xlix

 This theory shows that an 

electron in a circular path, thus having a radial acceleration, emits intensive 

radiation if its energy is high enough. If the velocity of the electron in a 

circular orbit is close to the speed of light, the radiated power is proportional 

to the 4th power of the energy of the electron and inversely proportional to 

the radius of the orbit. The angular distribution of the radiation for a 
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relativistic accelerated electron is a very narrow cone in the tangential 

direction of the electron orbit. 

Synchrotron radiation was first visually observed in 1947 by Elder et 

al.
l
 and the first somewhat detailed characterization was made in 1955 by 

Tomboulian and Hartman.
li
 Two years after the first observation in 1949, 

Schwinger
lii
 presented a formalized theoretical description of the SR 

characteristics. Still, it was not until the early 1980s that storage rings were 

built only for SR experiments. Before this, SR-based experiments were 

parasitical on accelerator rings constructed for high-energy physics. 

6.1 MAX-lab and Experimental Stations. 

The MAX laboratory in Lund, Sweden is a facility for synchrotron 

radiation research. At present, there are three storage rings in the laboratory. 

The smallest and oldest one, MAX I, is a second generation ring operating 

at 550MeV electron energy and the largest one, MAX II, is a third 

generation ring operating at 1.5GeV. MAX III is a small third-generation 

ring that has now replaced MAX I. It is intended for a lower photon energy 

range than MAX II, suitable for valence band spectroscopy and shallow 

core level spectroscopy.  

The MAX I storage ring, where the photoemission spectroscopy 

experiments for this thesis were performed, contains eight straight 

sections and the circulating electrons are guided by dipole magnets, 

so-called bending magnets, to form a close path. The circumference 

of the ring is 32.4m. When the electrons pass through the bending 

magnets, they experience acceleration and emit synchrotron radiation. 

The kinetic energy that is lost by the electron in this process is 
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compensated for by an accelerating cavity on one of the straight 

sections. 

 

 

 

 

 

 

 

Fig. 6.1. The Maxlab storage rings and some beamlines, from 

www.maxlab.lu.se. 

The electromagnetic spectrum from the MAX I bending magnets 

have a sharp decrease in intensity at approximately 1keV photon energy, 

which sets the limit for experiments that can be performed.  

The synchrotron-based experiments for this thesis were performed at 

beamlines 33 and 41 on the MAX I storage ring and are described below. 

Beamline 33 is designed for angular resolved photoemission spectroscopy 

in the 15-200eV photon energy range and is suitable for valence band and 

shallow core level spectroscopy. It has a spherical grating type 

monochromator with three interchangeable gratings for different photon 

energy regions, for optimized photon intensity, and a movable exit slit. 

There is a system for suppressing higher order light from the 

monochromator. The analyzer chamber is equipped with a goniometer 
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mounted angular resolving electron energy analyzer (ARUPS10) specially 

designed to have an electronically variable angular resolution (±0.4 to ±2.0 

deg.). The end station also consists of a preparation chamber, a sample 

introduction chamber and a sample storage chamber. The beamline is 

moved to the MAX 3 storage ring for improved performance. 

Beamline 41 is constructed for angular resolved photoemission 

spectroscopy in the 15-200eV photon energy range. It is suitable for valence 

band and shallow core level spectroscopy. It has a torroidal grating 

monochromator with three interchangeable gratings for different photon 

energy regions. The analysis chamber is equipped with a goniometer-

mounted angular resolved electron analyzer. A molecular beam epitaxy 

station is connected to the experimental chamber through a transfer system. 
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7. OTHER ANALYSIS METHODS 

7.1 Low Energy Electron Diffraction, LEED  

LEED is a common surface science technique 
liii

 and is used to study 

the structure of crystalline surfaces.
liv

 From the acronym we understand that 

the surface is probed by low-energy electrons and their diffraction gives us 

structural information. Low-energy electrons, with incident energy from 30 

to 300 eV, have wavelengths in the order of one Ångström, as given by the 

well known de Broglie relationship: 

(7.1)  eVE/150     

where  is the electron wavelength (in Ångström) and E is the electron 

energy (in eV). These wavelengths are comparable to the atomic spacing, so 

elastically back-scattered electrons may give a diffraction pattern related to 

the order of the surface atoms. Since the cross section for scattering of low-

energy electrons is very large, an incident electron beam attenuates within 

the top few surface-layers. The back-scattering is also strongly dependent 

on the type of atoms. Because of this, LEED is sensitive to the structure of 

surfaces. It directly gives information about the symmetry and in-plane 

spacing of atoms on a surface. However, the positions of atoms on the 

surface can not be determined by LEED in a simple way. In this thesis 

LEED is mostly used to check on surface order.  

A surface layer on a crystal is essentially a two-dimensional net of 

atoms from which we can construct a reciprocal lattice. Diffraction of 

electrons, or elastic scattering by the surface, happens when the momentum 
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parallel to the surface is conserved between incoming and outgoing beams, 

up to the addition or subtraction of a reciprocal lattice-vector. 

These diffracted beams are indexed (hk) by the reciprocal lattice-

rod from which they diffract. The outgoing beams are therefore a map of the 

surface reciprocal-lattice and display its symmetry. In practice, a well-

collimated mono-energetic beam of electrons from an electron gun impinges 

on a clean sample surface, usually at normal incidence. Outgoing elastic 

beams are governed by the grating equation: 

(7.2)   sindn     

where n is the order of diffraction, d is an in-plane lattice distance and   

the diffraction angle (measured from the surface normal) of the 

backscattered electrons.  

The diffracted electrons radiate out from the sample toward a 

display detector. This detector has four concentric hemispherical grids and 

an outer phosphor screen (see Fig. 7.1.).  
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Fig. 7.1. The experimental set-up for LEED. 
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The first grid, fourth grid, and sample are at ground potential. The 

second and third grids are at a potential several volts less than the electron-

beam voltage. The screen is at several thousand positive volts. Diffracted 

beams travel from the sample toward the detector's first grid through a 

field-free region. The next two grids filter out most in-elastically scattered 

electrons from the sample. The beams then travel through the fourth grid 

and are accelerated toward the screen. Beams appear on the hemispherical 

screen as fluorescing spots, and the arrangement of beam spots is called a 

pattern. This pattern caused by diffraction is an image of the surface 

reciprocal-lattice. Visual inspection of a pattern's symmetry can tell us the 

symmetry of the surface layer From the LEED pattern; we can gain 

information on the symmetry, surface unit-cell dimensions, and quality of 

the surface layers.  

As the electron energy increases, the wavelength and diffraction angle 

decreases and vice versa. Therefore, with increasing energy the beams 

move toward the centre of the screen. Patterns not only compress with 

increasing energy, but the intensities of discrete beams are modulated. 

Also, the intensity modulation is or can be a result of multiple scattering 

within the top few atomic layers. The variation in the intensities of beams 

as a function of energy is a fingerprint of the surface structure. An example 

of the application of LEED from my work is presented in Fig.7.2. The bulk 

and the superstructure reciprocal lattice-meshes are indicated. The left 

pattern shows the  InAs(111)B(1x1) surface, while the pattern on the right 

side shows the Cs induced (3x3)R30° reconstruction on the InAs(111)B 

surface. Still, the spots from the underlying substrate are visible.  
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Fig. 7.2. (1x1) LEED pattern from InAs(111)B bulk truncated surface and 

(3x3)R30 covered with Cs surface. White arrows indicated bulk spots, 

orange overlayer spots. 

 

The (3x3)R30 reconstruction can in principle originate from two 

different arrangements of Cs adatoms on the InAs(111)B substrate as shown 

Fig. 7.3. With our simple LEED approach we cannot tell the difference 

between them.  

-10  10 
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Fig.7.3. Hypothetical atomic arrangements for Cs on an 

InAs(111) surface; Cs in hollow-sites and in top-sites. Both 

arrangements give the same LEED pattern.  
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7.2 Scanning Tunneling Microscopy, STM 

The principle of STM is surprisingly simple – apply a bias voltage 

between a sharp metal tip and a conducting sample, bring the tip close to the 

sample and record the tunneling current. Move the tip from point to point on 

the surface while adjusting the tip-sample distance to maintain a constant 

current. Create a surface plot of the point coordinates (x,y) and the sample-

tip distance z(x,y), and you will have an STM image.  

As described above, STM is a combination of three important 

components: point probing, scanning and most importantly vacuum 

tunneling. Tunneling plays an important role in solid-state physics as well as 

in other areas of science. It is a purely quantum mechanical phenomenon, 

where the wave-particle dualism allows for an electron to traverse a 

potential barrier which classical mechanics would forbid. For a simple 

example of electron tunneling, we consider a one-dimensional rectangular 

potential of height V0 and width s and an electron of energy E impinging on 

the barrier from z < 0. The three (time-independent) Schrödinger equations 

for the regions z < 0, 0 < z < s and z > s are 
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k2  2mE / 2  



2  k 2  2m V0  E / 2 

The transmission coefficient T, i.e. the ratio between the transmitted current 

density jt and the incident current density ji is given by 
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Matching the wave functions and their derivatives at the discontinuities of 

the potential at z = 0 and z = s for obtaining an overall wave function, which 

is a standard example in quantum mechanics textbooks, the coefficient D 

can be determined and the transmission coefficient T derived to be exactly 



T  1 k2  x2 
2

4k2 2 sinh2 s  
1

 

which at the limit  s >> 1 reduces to 



T 
16k 2 2

k 2  2 
2

e2s 

The strong exponential dependence on the barrier width s and the square 

root of the effective barrier V0 – E (through ) is actually typical for 

tunneling and not dependent on the exact shape of the barrier. 

The exercise above tells us that the tunneling current is very sensitive 

to the width of the potential barrier, or in the case of STM, the distance 

between the tip and the sample surface. Moving the tip away, for instance 1 

Å from an initial distance of 5 Å and assuming an effective barrier height of 

5 eV, leads to a reduction of the transmission coefficient by a factor ~10
-4
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It is this extreme sensitivity of the tunneling current to the potential-

barrier width that led Binning, Rohrer, Gerber, and Weibel to the idea of 

basing a microscope with extreme spatial resolution for electron tunneling,
lv
 

an idea and implementation that later were honored with a Nobel prize. A 

successfully combination of tunneling and scanning was achieved in the 

early 1980s, when a first logarithmic I-z curve was recorded using a 

tungsten tip on a platinum surface. 
lvi

 The real breakthrough came just after, 

when a first atomically resolved image was obtained of a Si(111) 7x7 

surface.
lvii

 Implementation of an STM requires isolation from vibrations. A 

vertical resolution on the 0.01 Ångström scale requires a stability of the tip-

sample spacing of a factor 10 less, which is several orders of magnitude less 

than typical floor vibration amplitudes (0.1-1 µm). This can only be 

achieved by effective vibration isolation and a stabile design of the STM. 

Further, a positioning system with the flexibility to scan over both large and 

small areas, without losing resolution and not suffering from nonlinearities, 

hysteresis and drift, is needed. The most commonly used solution is 

piezoelectric drives. STM electronics is carefully designed to avoid 

electronic noise and instabilities caused by, for instance, pickup. The data 

acquisition, data analysis, data processing and the data visualization are 

automated to provide real-time results, enabling flexibility to fine tune 

parameters during experiments. Tip design and preparation are important 

and include tip material and shape. As there is a possibility of accidental 

contact between the tip and surface, the material has to be relatively hard. 

Under UHV conditions, tungsten is the most commonly used material. 

Under poor vacuum conditions, or in air, inert materials like the noble 

metals are preferred. These are unfortunately soft and easily damaged. The 
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shape of the tip should be such that it ends with one atom. The macroscopic 

shape is of less importance. As we have seen, the tunneling current decays 

exponentially with the tip-surface distance and the dominant tunneling will 

occur between the atom closest to the surface and the surface. A problem 

will arise if more than one tip atom has the same distance to the surface. In 

this case, a double or multiple imaging of the surface will take place. Tip 

preparation is usually done by electrolytic etching of a wire, resulting in a 

sharp tip with a radius of curvature less than 10 nm. The chemical reactions 

during etching involve formation of oxide layers of several nanometers on 

the tip, which is removed through ion milling which then also further 

reduces the radius curvature. 

Imaging is most commonly done in Constant Current Imaging (CCI) 

mode, but other modes, like for instance Constant Height Imaging, are also 

used depending on the nature of the measurement. CCI mode means that the 

tunneling current is held constant by adjusting the tip-surface distance, 

resulting in a topological map of the surface. To the first approximation, this 

is an atomic image of the surface. A more accurate interpretation at low bias 

voltages is a contour map of constant surface local density of states at the 

Fermi level evaluated at the center of the tip. 

8. General Summary of Results and Summary of 

Papers  

The scope of the thesis covers investigations of the electronic 

properties of InAs(111) and InAs(100) surfaces with different adsorbates. A 

special effort has been put into the creation and properties of charge 

accumulation layers that readily appear on these surfaces. The presented 

results have been collected mostly with photoemission and LEED, but in 
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some cases additional STM experiments have been performed. The 

properties of the surface reconstruction and accumulation layer are 

explained in terms of surface stabilization. It is worth mentioning that 

InAs(111)B is arsenic-terminated, with As-dangling bonds on the surface. 

This surface is not reconstructed and the surface stabilization is explained 

via transport of charge from the surface into the sub surface region. A short 

explanation is found in chapter IV. InAs(111)A is indium–terminated, and 

stabilized through a (2x2) surface reconstruction. InAs(100) is an In-

terminated surface with a rather complicated structure. Submonolayer 

deposition of different metals and oxygen shows rather different behaviours.  

Cs, surprisingly, does not create a 2DEG on InAs(111)B, which is 

an exceptional result among all InAs surfaces. The reason for this is that 

addition of extra electrons from Cs to the electron rich surface is not stable 

and those electrons are removed from the surface through the same 

mechanism that stabilises the clean InAs(111)B. On the other hand oxygen, 

somewhat surprisingly, does increase the 2DEG emission on the 

InAs(111)A surface. Pb and Sn both belong to group IV, and grow the first 

monolayer smoothly on the InAs(111)B surface. The experimental data 

show that Sn and Pb reduce the work function and modify the surface 

dipole. The maximum of the photoemission from the 2DEG is observed 

around 27 eV photon energy; it is shifted by about 6 eV compared to the 

clean surfaces (111)A, (110) and (100). The modification of the inner 

potential in the „delta-doped‟ region is comparable to a narrowing of the 

accumulation layer closer to the surface. Above 1 ML, the 2DEG intensity 

is drastically reduced. 
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Bismuth belongs to group V; therefore it has properties similar to 

As. Thus, it is not surprising that Bi-rich InAs is similar to As-rich InAs. 

For both the InAs(111)B and InAs(001) surfaces Bi induces new 

reconstructions; (2x6) on (001) and (2x2) on (111)B. The 2x symmetry on 

the InAs(001) arises from Bi-Bi dimer, similar to the As-dimer formation on 

the As terminated (001). Analogically, the Bi-rich InAs(111)B surface is 

terminated by (2x2) symmetry most likely from Bi-trimers, as is suggested 

for As-rich InAs(111)B. Both surfaces exhibit 2DEG, which is very 

sensitive to the surface order. 

At the end of this thesis we show that reacted interfaces do not host 

an accumulation layer. Sn on InAs(111)A and Co on both Indium and 

Arsenic terminated InAs(111) react chemically with In. This reaction 

prevents creation of a smooth and abrupt junction, which appears to be a 

requisite for charge accumulation.  

Data presented in this thesis show that InAs(111)B is a potentially 

interesting material for applications, since the near surface electron channel 

can be manipulated by different adsorbates. Previous studies on InAs(110) 

and a recent study on InN
xxxviii

 revealed two or three QW states in the 

accumulation layer. Future development and understanding of the 2DEG on 

InAs(111)B must include higher energy resolution and studies at low 

temperature. Furthermore, spin-resolved photoemission can reveal the 

magnetic/spin properties of the 2DEG. Our STM data from Bi on InAs 

surfaces are not included in the thesis; further studies are needed to get clear 

answers. Finally, there is need for more theoretical calculation of different 

adsorbate induced reconstructions of InAs.  
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Paper 1 

Adsorption of Cs on InAs(111) surfaces 

Cs is an alkali metal with one loosely bound electron. Earlier 

experiments have shown that upon adsorption on metal or semiconductor 

surfaces, Cs readily donates this electron to the substrate and, as a result of 

it, a strong dipole appears in the surface region with Cs
+
 on the surface and 

negative charge in the substrate. The dipole in the surface region decreases 

the work function. In the case of InAs(110) even very small amounts of Cs 

result in a Fermi level pinning far up in the conduction band, 
lviii

 which leads 

to the formation of an accumulation layer which is seen as photoemission 

from the CBM. In this paper we deposit Cs on InAs(111) surfaces, for both 

In and As terminated surfaces. The geometry of the adsorption is 

investigated with UPS and LEED. The behaviour is not the same on the two 

surfaces. The most surprising behaviour is shown on the InAs(111)B and 

most of the presented results concern this surface. We find that Cs forms a 

(3x3)R30º reconstruction at 1/3 ML coverage, with Cs in hollow sites on 

As-terminated InAs(111)B(1x1). We show that in general Cs adsorption is 

consistent with earlier studies and changes in the surface dipole during 

adsorption, but no sign of a charge accumulation layer is observed. The only 

actual change of the As-lone pair state is observed by UPS. The fully 

occupied As-lone pair is unaffected by Cs, until the (3x3)R30º 

reconstruction is observed. The creation of this reconstruction is explained 

in terms of repulsive Coulomb interaction between positively charged Cs
+
. 

The lack of accumulation layer is explained in terms of charge transport 

within the same channel that stabilizes the clean surface. 
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On the A-side, the creation of a metal induced state in the bulk band 

gap is observed, and Cs increases emission from the accumulation layer.  

Paper 2  

Creation of a metallic channel at the Sn/InAs (111)B 

surface   

Sn belongs to group IV, and it exhibits a wide range of electronic and 

structural properties. In this paper, we study the electronic structure of the 

InAs(111)B As-terminated surface with a thin Sn-film evaporated on top. 

The growth is smooth and the interface is not reacted. The Fermi level is 

pinned above CBM before Sn evaporation and shifted 200 meV further at 1 

ML coverage, and we observe an increasing emission from a structure at the 

Fermi level. The intensity of this structure increases up to 1 ML, while at 

larger coverage it decreases. The observed structure is similar to the 

intrinsic charge accumulation layer but the maximum of cross section is 

observed at 27 eV photon energy, which is different from the 20 eV 

observed from clean InAs surface. This is explained in terms of lifting the 

surface dipole, while Sn takes the position of an „extended lattice structure‟. 

Changes observed in core levels and work function, indicate that the charge 

accumulation layer is closer to the surface than on the pristine InAs surface. 

Paper 3 

Electronic properties of Pb/InAs(111)B 

Pb also belongs to group IV. In this paper, using core level and 

valence band spectroscopy, we show that Pb forms an abrupt interface on 

InAs(111)B. The emission from the conduction band appears at Pb-coverage 

close to 2.6 Å (1 ML). The photon energy maximum of the cross section is 
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again observed at 27 eV. The electronic properties of this emission are 

investigated with angle resolved photoelectron spectroscopy, which 

indicates similar properties as observed for Sn/InAs(111)B. The Fermi level 

on the clean surface is already pinned close to CBM, and the evaporation of 

Pb results in a small additional shift (50 meV), which is much smaller than 

the 200 meV shift observed for the Sn/InAs(111)B surface. The work 

function shift upon adsorption is observed. As a conclusion we suggest the 

same origin of this structure as for Sn/InAs(111)B-due to inverse 

polarisation of the surface introduced by the ad-atoms, which bring back 

electrons closer to the surface.  

Paper 4 

Chemical reaction and interface formation on 

InAs(111)-Co surfaces. 

Co is a transition metal that can create nanoclusters with special 

magnetic properties. It has been shown for Co/InAs(110) that small islands 

of Co donate electrons to the substrate and, due to „lateral inhomogeneities 

of the surface potential‟, drastic band bending is observed.
lix

 We study the 

initial interface formation of Co on the indium-terminated InAs(111)A and 

arsenic-terminated InAs(111)B surfaces. On both surfaces metallic Co-In 

islands are formed. The reaction of Co with the substrate breaks In-As 

bonds. As is weakly bonded to the surface and is removed from the surface 

with thermal treatment. The STM investigation shows islands with a 

homogenous size distribution. The surface exhibits upward band bending 

and no charge accumulation layer is created. For the InAs (111)A the initial 

charge accumulation layer is removed by the reacted interface.  
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Paper 5 

Interaction between oxygen and InAs(111) surfaces, 

influence of the electron accumulation layer. 

Oxygen is strongly electronegative. Two InAs(111) samples, 

terminated with indium and arsenic, (A and B), are mounted on the same 

sampled holder and exposed to oxygen atmosphere in the photoemission 

chamber. The oxidation of InAs(111)A and InAs(111)B  develops 

differently; core level data show that for low doses O 2p is stronger on the 

A than on the B surface, but for larger oxygen exposures the B-side shows 

stronger oxidation. Core level fits show that a similar oxide forms on both 

the A and B surfaces. Based on the suggested oxidation model, oxidation 

breaks the As-In bonds and on both surfaces indium oxide is created. 

Though this is intuitively easy to understand in the case of the In-terminated 

surface, it is somewhat surprising for the arsenic terminated B surface. We 

explain these observations by transportation of oxygen away from the 

surface towards the bulk driven by the electric field attraction of the 

negative oxygen ions. The existing charge accumulation layer is enhanced 

by the presence of oxygen. 

Paper 6 

Correlated development of a (2x2) reconstruction and 

a charge accumulation layer on InAs(111)-Bi surface  

Bismuth belongs to group V. Its s and p valence electrons have an 

average splitting  9 eV, with p electrons close to the bottom of the valence 

band. In this paper we show from photo-emission and LEED that Bi 

evaporation onto InAs(111)B induces an accumulation layer and not a gap 
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state. The charge accumulation layer shares properties of bulk InAs. We 

show that the emitted intensity from this structure is directly related to 

ordering at the surface in a (2x2) reconstruction formed by chemisorptions 

of Bi to substrate As atoms. We also observe a thermally induced phase 

transition from (1x1) to (1x3) and further to (2x2), where it is shown by 

core level spectra that initially Bi-In bonds form, but the annealing 

procedure breaks these bonds and leads to Bi-As bond formation on the 

(2x2) structure. We suggest that the (2x2) surface reconstruction is built 

from trimers on the As layer. 

Paper 7 

Electronic structure of bismuth terminated InAs(100) 

In this paper we show a photoemission study of the valence band of 

the In -terminated InAs(100)(4x2)/c(8x2) surface covered with bismuth and 

annealed. For a thin layer of Bi (3 ML) evaporated at RT a weak (1x3) 

reconstruction appears. Annealing this surface leads to a (2x6)/c(2x12) 

reconstruction. The surface reconstruction 2x symmetry is due to dimer 

formation. We show that Bi-Bi dimer is present on this surface, and that the 

(2x6)/c(2x12) surface hosts a charge accumulation layer. 

 

 



 

 

84 

 

9. REFERENCES 

                                                           
i
  T. Ando, A.B. Fowler, F. Stern, Rev. Mod. Physics 54, 437 (1982). 

ii
  D.C. Tsui, Phys. Rev. Lett. 24, 303 (1970) and Phys. Rev. B8, 2657 

(1973). 
iii
  C.W.M. Castleton, A. Höglund, M. Göthelid, M. Qian, S. Mirbt, 

unpublished. 
iv
  V.Yu. Aristov, V.M. Zhilin, C. Grupp, A. Taleb-Ibrahimi, H.J. Kim, 

P.S. Mangat, P. Soukiassian, G. Le Lay, Appl. Surf. Sci. 166, 263 

(2000). 
v
  H.S. Karlsson, G. Ghiaia, U.O. Karlsson, Surf. Sci. 407, L687 (1998). 

vi
  C.W.M. Castleton, unpublished 

vii
  A. Höglund, C.W.M. Castleton, M. Göthelid, B. Johansson,  S. Mirbt, 

Phys. Rev. B74, 075332 (2006). 
viii

  M. Akazawa, H. Hasegawa, J. Cryst. Growth  301-302, 951 (2007). 
ix
  M. Björkqvist, L.Ö. Olsson, M. Goshtasbi-Rad, U.O. Karlsson,; 

unpublished, and Magnus Björkqvist, Doctoral Thesis. KTH, 

(Stockholm 1997). 
x
   S. Mankefors, P.-O. Nilsson,  J. Kanski, Surf. Sci. 443, L1049 (1999). 

xi
  F. Rohlfing, G. Tkachov, F. Otto, K. Richter D. Weiss, G. Borghs, C. 

Strunk, Phys. Rev. B80, 220507 (2009). 
xii

  H. Tatematsu, K. Sano, T. Akiyama, H. Nakamura, T. Ito, Phys. Rev. 

B77, 233306 (2008). 
xiii

  V. Yu Aristov M.Grehk , V.M. Zhilin, A. Taleb-Ibrahimi, G. 

Indlekofer,  Z. Hurych, G. Le Lay, P. Soukiassian, Appl. Surf. Sci. 

104/105, 73 (1996). 
xiv

  V. Corradini, M.G. Betti, C. Mariani, E. Spiller, L. Gavioli, 

Europhys. Lett. 68, 254 (2004). 
xv

  L.Ö. Olsson, L. Ilver J. Kanski, P.-O Nilsson, B.J. Kowalski, M.C. 

Håkansson, U.O. Karlsson, Phys. Rev.  B52, 1470 (1995). 
xvi

  K. Szamota-Leandersson, M. Göthelid, M. Leandersson, U.O. 

Karlsson, Appl. Surf. Sci. 252, 5267 (2006). 

http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235546%231999%23995569996%23145786%23FLA%23&_cdi=5546&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=5bc6e63c314825f8f97e60d2d6660790


 

 

85 

 

                                                                                                                                       
xvii

  K. Szamota-Leandersson, M. Göthelid, O. Tjernberg, U.O. Karlsson, 

Appl. Surf. Sci. 212-213, 589 (2003). 
xviii

     E. Wood, J. Appl. Phys. 35, 1306 (1964). 
xix

   H. Lüth, ‘Solid State Interfaces and Thin films’, (Springer-Verlag, 

Berlin Heidelberg 1998). 
xx

       M.D. Pashley, Phys.Rev. B40,10481 (1989). 
xxi

  L. Ö. Olsson, C. B. M. Andersson, M. C. Håkansson,  J. Kanski, L. 

Ilver,  U. O. Karlsson, Phys. Rev. Lett. 76, 3626 (1996). 
xxii

   S. Mankefors, P.-O. Nilsson, J. Kanski, Surf. Sci. 443, L1049 (1999).   
xxiii

  C.B.M. Andersson, U.O. Karlsson, M.C. Håkansson, L.Ö. Olsson, L. 

Ilver, J. Kanski,  P.-O. Nilsson, Surf. Sci. 347, 199 (1996). 
xxiv

  A. Taguchi, J. Cryst. Growth 278, 468 (2005).  
xxv

  A. Taguchi, K. Kanisawa, Appl. Surf. Sci. 252, 5263 (2006). 
xxvi

  C. Kumpf, D. Smilgies, E. Landemark, M. Nielsen, R. Feidenhans‟l, 

O. Bunk, J. H. Zeysing, Y. Su, R.L. Johnson, L. Cao, J. Zegenhagen, 

B.O. Fimland, L.D. Marks, D. Ellis, Phys. Rev. B64, 075307 (2001). 
xxvii     P. De Padova, P. Perfetti, C. Quaresima, C. Richter, O. Heckmann, 

M. Zerrouki, R.L. Johnsom, K. Hricovini Surf. Sci. 532-535, 837 

(2003). 
xxviii

  M. Göthelid, Y. Garreau, M. Sauvage-Simkin, R. Pinchaux, A. 

Cricenti, G. Le Lay, Phys. Rev. B59, 15285 (1999). 
xxix

   C. Kumpf, L.D. Marks, D. Ellis, D. Smilgies, E. Landemark, M. 

Nielsen, R. Feidenhans‟l, J. Zegenhagen, O.  Bunk, J.H. Zeysing, Y. 

Su, R.L. Johnson, Phys. Rev. Lett. 86, 3586 (2001). 
xxx

   M.C. Desjonqueres, D. Spanjaar, ‘Concepts in Surface Science’, 

(Springer-Verlag, Berlin Heidelberg 1998). 
xxxi

  J.B. Hudson, ‘Surface Science Introduction’, (Butterworth-

Heinemann, Stoneham 1992). 
xxxii

  K. Szamota-Leandersson, M. Göthelid, J. Kanski, L. Ilver, G. Le Lay, 

U.O. Karlsson, Phys. Rev. B74,  205406 (2006). 
xxxiii

  A. Bosacchi, P. Frigeri, S. Franchi
, 
P. AllegriV. Avanzini, J. Crys. 

Growth 175-176, 771 (1997). 



 

 

86 

 

                                                                                                                                       
xxxiv

  C.C. Striemer, T.R. Gaborski, J.L. McGrath, P.M. Fauchet, Nature, 

445, 726 (2007). 
xxxv

  D. Long, ‘Energy bands in semiconductors’, (John Willey and Sons, 

USA 1968). 
xxxvi

  R. Chelicowsky, M.L. Cohen, Phys.Rev. B14, 556 (1976). 
xxxvii

  H. Davies, ‘The Physics of Low-Dimensional Semiconductors’, 

(Cambridge Univ. Press 2006).  
xxxviii

  L. Colakerol, T. D. Veal, H.-K. Jeong, L. Plucinski, A. DeMasi, T. 

Learmonth, P.-A. Glans, S. Wang, Y. Zhang, L. F. J. Piper, P. H. 

Jefferson, A. Fedorov, T.-Ch. Chen, T. D. Moustakas, C. F. 

McConville, Kevin E. Smith, Phys. Rev. Lett. 97, 237601 (2006). 
xxxix

  S. Hasegawa, F. Grey, Surf. Sci. 500, 84 (2002). 
xl
  A. Einstein, Ann. Phys.17, 132 (1905). 

xli
  C.N. Berglund, W.E. Spicer, Phys. Rev, 136, A1030 (1964). 

xlii
      T.-C. Chiang, J.A. Knapp, M. Aono, D.E. Eastman, Phys. Rev. B21, 

3513 (1980). 
xliii

    C.S. Fadley, Basic Concept of X-ray Photoelectron Spectroscopy, in 

‘Electron Spectroscopy, Theory, Techniques and Applications’, 

(Pergamon Press, Oxford 1978). 
xliv

  J. Tersoff, Phys. Rev. B 32, 6968 (1985). 
xlv

  W. Mönch, ‘Semiconductor Surfaces and Interfaces’, (Springer-

Verlag, Berlin, 1993). 
xlvi

  J. Tersoff, Phys. Rev. Lett. 52, 465(1984). 
xlvii

  W. Mönch, J. Appl. Phys. 80, 5076 (1996). 
xlviii

  W. Mönch, Rep. Prog. Phys. 53, 221 (1990). 
xlix

      A.-M. Lienard, Eclairage Electrique, 16 (27), 5 (1898). 
l
  F.R. Elder, A.M. Gurewitsh, R.V. Langmuir, H.C. Pollock, Phys. 

Rev. 71, 829 (1947). 
li
  D.H. Tomboulian, P.L. Hartman, Phys. Rev. 102, 1423 (1956). 

lii
  J. Schwinger, Phys. Rev. 75, 1912 (1949). 

liii
  P.M. Marcus, F. Jona, ‘Determination of Surface Structure by LEED’, 

(Plenum Press 1984), The IBM Research Symposia Series; and F. 

Jona, J. Phys. C 11 4271 (1978); and F. Jona, J.A. Strozier, W.S. 

http://publish.aps.org/search/field/author/Veal_T_D
http://publish.aps.org/search/field/author/Wang_Shancai
http://publish.aps.org/search/field/author/Jefferson_P_H
http://publish.aps.org/search/field/author/Jefferson_P_H
http://publish.aps.org/search/field/author/McConville_C_F
http://publish.aps.org/search/field/author/McConville_C_F
http://publish.aps.org/search/field/author/Smith_Kevin_E


 

 

87 

 

                                                                                                                                       
Yang, Rep. Prog. Phys. 45, 527 (1982).   

liv
  M.A. Van Hove, S.Y. Tong ‘The Structure of Surfaces’, (Springer-

Verlag, Berlin 1985), Springer Series in Surface Sciences Vol.2; J.F. 

van der Veen, M.A. Van Hove, 

‘The Structure of Surfaces II’, (Springer-Verlag, Berlin 1988), 

Springer Series in Surface Sciences Vol.11; and S.Y. Tong, M.A. 

Van Hove, K. Takayanagi, X.D. Xie, ‘The Structure of Surfaces III’, 

(Springer-Verlag, 1991), Springer Series in Surface Sciences Vol.24.  
lv
       G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel, Phys. Rev. Lett. 49, 57 

(1982). 
lvi

      G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel, Appl. Phys. Lett. 40, 178 

(1982). 
lvii

      G. Binnig, H. Rohrer, Ch. Gerber, E. Weibel, Phys. Rev. Lett. 50, 120 

(1983). 
lviii

  V.Yu. Aristov, G. Le Lay, V.M. Zhilin, G. Indlekofer, C. Grupp, A. 

Taleb-Ibrahimi,  P. Soukiassian, Phys. Rev. B60, 7752, (1999). 
lix

  M. Morgenstern, J. Wiebe, A. Wachowiak, M. Getzlaff, J. Klijn, L. 

Plucinski, R.L. Johnson,  R. Wiesendanger, Phys. Rev. B65, 155325 

(2002). 

http://publish.aps.org/search/field/author/Aristov_V_Yu
http://publish.aps.org/search/field/author/Le_Lay_G
http://publish.aps.org/search/field/author/Zhilin_V_M
http://publish.aps.org/search/field/author/Indlekofer_G
http://publish.aps.org/search/field/author/Grupp_C
http://publish.aps.org/search/field/author/Taleb_Ibrahimi_A
http://publish.aps.org/search/field/author/Taleb_Ibrahimi_A
http://publish.aps.org/search/field/author/Soukiassian_P
http://publish.aps.org/search/field/author/Morgenstern_M
http://publish.aps.org/search/field/author/Wiebe_J
http://publish.aps.org/search/field/author/Wachowiak_A
http://publish.aps.org/search/field/author/Getzlaff_M
http://publish.aps.org/search/field/author/Klijn_J
http://publish.aps.org/search/field/author/Plucinski_L
http://publish.aps.org/search/field/author/Plucinski_L
http://publish.aps.org/search/field/author/Johnson_R_L
http://publish.aps.org/search/field/author/Wiesendanger_R

	A First pages
	B Introduction
	C MAX-news
	D Papers

