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Figure  1.2 . They are thermally and photochemically stable. PTCDA dissociates at 
temperatures above 500    ° C by losing its carboxylic groups. The molecular mass of 
PTCDA and DiMe - PTCDI amounts to 392 and 418 amu, respectively.   

 Linear acenes are polycyclic hydrocarbons consisting of linearly fused benzene 
rings. According to the number of benzene rings, the molecules are called anthra-
cene (3), tetracene (4), and pentacene (5). Their respective structures are shown in 
Figure  1.3 . Anthracene, its electrical conduction properties, and its application in 

     Figure 1.2     Molecular structure and HOMO distribution of PTCDA (top) and DiMe - PTCDI 
(bottom).  

     Figure 1.3     Molecular structure and HOMO distribution of anthracene (top) and pentacene 
(bottom).  
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photovoltaic cells have been studied about 100 years ago  [22 – 24] . The molecules 
form perfect crystals, which are ideal samples for the investigations on charge 
carrier mobilities in organic materials. Pentacene, on the other hand, consists of 
fi ve linearly fused benzene rings. Like anthracene, it shows high carrier mobilities.   

 Phthalocyanines   have a principle fourfold symmetry and can coordinate differ-
ent atoms in the center. As an example, Figure  1.4  shows the molecular structure 
of copper phthalocyanine (CuPc). The simplest case would be a hydrogen atom in 
the center, in which case the molecule is fl at. Larger atoms like Sn will protrude 
on one side and the molecule will assume an umbrella - like shape. Phthalocyanines 
have been fi rst synthesized at the beginning of the 20th century. Nowadays they 
are used in commercial dyes for the textile and paper industry. For this application, 
the solubility of the molecules is enhanced by attaching sulfonic acid functions. 
For example, the sodium salt of CuPc - sulfonic acid is known as Direct Blue 86.    

  1.1 
 Electronic Surface Properties of Inorganic Semiconductors 

 Adatoms on semiconductor surfaces generally induce changes in surface band 
bending as well as of the ionization energy. These effects are caused by adsorbate -
 induced surface states and surface dipoles, respectively. Surface band bending 
involves charge transfer from surface states into an extended space - charge layer 
beneath the surface, while adatom - induced surface dipoles are due to the partial 
ionic character of the covalent bonds between adatoms and surface atoms on the 
substrate. The latter effect may be described as a polarization of the bond charge 
toward the more electronegative atom. The direction of such bond - charge shifts 
determines the orientation of adatom - induced surface dipoles. 

 Already concentrations of surface states well below 1% of a monolayer will lead 
to what is called a  pinning of the Fermi level  on semiconductor surfaces. Such a 
Fermi level pinning and its associated band bending may persist in devices pre-

     Figure 1.4     Molecular structure and HOMO distribution of copper phthalocyanine (CuPc).  
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pared on such semiconductor surfaces resulting in injection barriers for charge 
carriers at semiconductor interfaces. To avoid these problems, special surface 
treatments are used to achieve what is called a surface passivation. 

 A detailed description of the properties of semiconductor surfaces and interfaces 
can be found in the monographs written by L ü th  [25]  and M ö nch  [26] . 

  1.1.1 
 Surface Band Bending 

 Figure  1.5  illustrates the electronic surface properties of an n - type doped semicon-
ductor. The most common surface property is the workfunction   φ  , which is defi ned 
as the difference between the Fermi energy  E  F  and the vacuum level  E  vac :  

   ϕ = −E Evac F     (1.1)     

 In nondegenerated semiconductors, the Fermi level is positioned within the band 
gap, which is the energy region between the conduction band minimum  E  cbm  and 
the valence band maximum  E  vbm . The energy gained by adding an electron is the 
electron affi nity

   EA E E= −vac cbm     (1.2)  

while the ionization energy

   IE E E= −vac vbm     (1.3)  

is the minimum energy necessary to remove an electron from the solid. With 
Eq.  (1.3) , the workfunction of a semiconductor may be written as

   φ = − −( )IE E EF vbm     (1.4)   

 In Figure  1.5 , an upward bending of the bands at the surface is assumed, which 
results in a different energy position of the valence band maximum  E  F     −     E  vbm  (or 
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     Figure 1.5     Electronic surface properties of an n - type doped semiconductor.  
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conduction band minimum  E  F     −     E  cbm ) in the bulk and at the surface. The case 
shown here is a depletion layer, which is the most common situation for semi-
conductor surfaces. The result of this band bending  e  0  V s   is a space charge  Q  sc  
carried by the positively charged ionized donor atoms, which are compensated by 
electrons in the bulk. According to the charge neutrality condition, the space 
charge compensates a surface charge  Q  ss  of equal magnitude but of opposite sign. 

 In general, screening of electrical charges in solids depends on the carrier 
density. The Debye length determines screening for semiconductors
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with   ε  b  ,  n , and  p  are the dielectric constant of the semiconductor, the bulk electron, 
and hole concentration, respectively. For GaAs (  ε  b     =   12.85)  [27]  having a doping 
concentration of 1    ×    10 15    cm  − 3  (1    ×    10 17    cm  − 3 ), the extrinsic Debye length amounts 
to 135   nm (13.5   nm). In metals, carrier screening is more effi cient due to carrier 
densities being larger by several orders of magnitude than in nondegenerately 
doped semiconductors. Here, screening is determined by the Thomas – Fermi 
screening length
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with  D m  ( E  F ) being the number of states per unit volume and unit energy at the 
Fermi level. For  D m  ( E  F )   =   3.45    ×    10 22    cm  − 3    eV  − 1 , which is the experimental value for 
aluminum, one obtains  L  Th − F    =   4    ×    10  − 2    nm, which amounts to only 14% of the 
nearest - neighbor distance of 0.286   nm in aluminum. 

 With the band bending  e  0  V s  , the relation for the workfunction in Eq.  (1.4)  can 
be written as

   φ = + − + −( )IE e V E E Es g b0 cbm F     (1.7)   

 Here, the subscript  b  indicates that the corresponding quantity has to be taken in 
bulk. Changes in the workfunction at constant temperature are due to changes in 
the ionization energy and/or the band bending:

   Δ Δ Δφ = +IE e Vs0     (1.8)   

 The surface charge at semiconductor surfaces  Q  ss  is due to intrinsic or extrinsic 
surface states. Intrinsic surface states are solutions of the Schr ö dinger ’ s equation 
with complex wavevectors. 

 Figure  1.6  displays the complex band structure of a linear lattice. In the bulk 
complex, wavevectors are physically of no importance since Bloch waves would 
exponentially grow with z  →   ∞  and cannot be normalized. For real  k  values, the 
well - known band structure is obtained with nearly parabolic dispersion and an 
energy gap at the boundary of the fi rst Brillouin zone. In this sense, states with 
complex wavevector are called  virtual gap state s ( ViGS s) of the complex band 
structure  [28] . At surfaces, complex wavevectors become relevant. Here, they result 
in wave functions, which exponentially decay from the surface into the semicon-
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ductor and have an exponential tail decaying into the vacuum. The complex band 
structure contains an energy loop at the boundary of the Brillouin zone with 
complex wavevectors in the gap between the two bulk bands. The boundary condi-
tion for real surface states requires that their wave functions, which decay expo-
nentially into the lattice, can be matched with an exponential tail into vacuum  [29] .   

 Surface states derive from the states in the bulk. Correspondingly, the character 
of surface states changes across the band gap from predominantly donor -  to pre-
dominantly acceptor - like closer to the  valence band maximum  ( VBM ) and the 
 conduction band minimum  ( CBM ), respectively. The energy, at which the contri-
butions from both bands are equal in magnitude, is called the branch point  E  bp . 
In the band structure, the branch point is at the position where the complex 
wavevector has its maximum and the density of states has its minimum. 

 At clean semiconductor surfaces, the surface atoms have less than the four 
nearest -  neighbor atoms in the bulk. On surfaces of elemental semiconductors 
like Si and Ge, which are terminated by a bulk lattice plane, each dangling bond 
should ideally contain one electron. This leaves nonsaturated or dangling bonds 
at the surface, which contain one electron and are responsible for surface states. 
In the case of zincblende - structure compound semiconductors, dangling bonds of 
cations and anions contain 3/4 and 5/4 of an electron charge, respectively. Occu-
pied or nonoccupied surface states of acceptor character are negatively charged 
or neutral, respectively. Therefore, only acceptor surface states below the Fermi 
level are charged negatively, while donor surface states are positively charged 
above the Fermi level. The charge in acceptor surface states is compensated by a 
space charge of positive sign. This is achieved by an upward bending of the bands 
at the surface resulting in a region being depleted of electrons, as can be seen in 
Figure  1.7 . The space charge is carried by the now uncompensated positively 
charged bulk donors. For surface states of donor - type character, the situation is 
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     Figure 1.6     Complex band structure of a linear lattice and density of virtual induced gap states.  
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vice versa. Here, donor - type surface states result in band bending on p - type semi-
conductor surfaces.   

 The band bending results not only in the space charge region but also shifts the 
Fermi level closer to the respective surface states. The Fermi level comes close to 
the surface states for already very low surface states densities in the order of 
10 12    cm  − 2  and the surface band bending seems to be saturated. This behavior is 
often called  pinning of the Fermi level . Changes in the band bending by a few  k B T  
cause only slight variations in the space charge, while occupancy of the surface 
states described by the Fermi – Dirac distribution function changes from one to 
zero. One has to keep in mind that the density of surface states suffi cient for a 
pinning of the Fermi level is by orders of magnitude smaller than the number of 
adsorption sites on a semiconductor surface, which amounts to approximately 
10 15    cm  − 2 . 

 Extrinsic surface states are formed by the adsorption of adatoms on semiconduc-
tor surfaces. For low surface densities, the adatoms will interact with their next -
 neighbor surface atoms via their dangling bonds. This will result in new surface 
states. Nonmetallic adatoms have been found to induce surface states of acceptor 
type on GaAs, where the band bending seems to correlate with the electronaffi nity 
of the adatom  [30] . Metal adatoms induce surface states of donor type  [31, 32]  and 
band bending scales with the atomic ionization energy of the adatoms  [33] .  

  1.1.2 
 Surface Dipoles 

 The charge transfer in covalent adsorbate substrate bonds on semiconductor sur-
faces leads to surface dipoles, which change the ionization energy. According to 
Pauling ’ s concept  [34] , the ionic character  Δ  q  1  of covalent single bonds in diatomic 
molecules may be described by the difference  X A      −     X B   of the electronegativities of 
the two atoms involved. A revised version of Pauling ’ s original correlation is  [35] 
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     Figure 1.7     Charging of (a) acceptor -  and (b) donor - type surface states on n and p - type 
semiconductor surfaces, respectively.  
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   Δq X X X XA B A B1
20 16 0 035= − + −. .     (1.9)   

 The dipole moment of such molecules may then be written as

   μ0 1 0= ∑Δq e rcov     (1.10)  

where  e  0  is the electronic charge and  ∑  r  cov  is the sum of the covalent radii of the 
atoms involved. Considering nearest - neighbor interaction between adatoms and 
surface atoms of the substrate only, Pauling ’ s concept is easily applied to adatoms 
on semiconductor surfaces. 

 Adatom - induced surface dipoles may be described as an electric double layer. 
The voltage drop across this layer causes a change in ionization energy. The 
maximal variation of the ionization energy may be estimated for the maximal 
normal component of the dipole moment or, in other words, assuming the adsorb-
ate substrate bonds to be perpendicular to the surface. Considering the mutual 
interaction between adatom - induced surface dipoles, the change in ionization 
energy is given by  [36] 

   ΔIE
e N
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    (1.11)  

with  ε  0  and   α   ad  being the permittivity of vacuum and the polarization of adatoms, 
respectively. Due to adatoms being electronegative or electropositive compared 
to the substrate surface atoms the ionization energy will increase or decrease, 
respectively.  

  1.1.3 
 Passivation of  G  a  A  s  Surfaces 

 The passivation of semiconductor surfaces has two goals, namely the chemical 
and the electronic passivation. Chemical passivation means that the surface is inert 
against the absorption of foreign atoms or molecules. For example, in silicon 
device technology oxide layers are often removed by etching in  hydrofl uoric  acid 
( HF ) solutions. By using high - resolution energy loss spectroscopy  [37]  and infrared 
absorption spectroscopy  [38] , HF - treated surfaces were found to be hydrogen 
terminated. Such hydrophobic silicon surfaces are strongly passivated against 
interaction of the oxygen. The oxygen uptake takes place at exposures about 10    –    13 
orders of magnitude larger than on clean Si(111) - (2    ×    1) or Si(111) - (7    ×    7) surfaces 
 [39] . 

 An electronic passivation should result in a fl at band condition at the surface 
or, in other words, the Fermi level has the same energy position in the band gap 
of the semiconductor at the surface and in the bulk. This is achieved by the 
removal of all surface states within the band gap. Electronic passivation may be 
used as a method to control Schottky barrier heights  [40] . It has been shown in 
different theoretical  [41]  and experimental works  [42 – 45]  that passivation tends to 
reduce barrier heights on n - type doped semiconductors, offering ways of matching 
barrier heights to device requirements. 
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 The passivation of III – V - semiconductors cannot be achieved by hydrogen. The 
interaction of hydrogen with clean, cleaved GaAs(110) surfaces at low tempera-
tures generates surface states of acceptor character at 0.54   eV above the VBM  [30] . 
This results in a band bending of 0.85   eV on n  -  type doped samples. Other non -
 metallic adsorbates like sulfur, chlorine, bromine, iodine, oxygen, and fl uorine 
also induce surface states of acceptor - type character  [26] . 

 Instead of using adatoms to saturate the dangling bonds at the surface, the 
chalcogen modifi cation described in this work uses a slightly different approach. 
An exchange reaction between the chalcogen atoms and the group V atoms at the 
surface results in a thin gallium - chalcogenide like layer at the surface. Since chal-
cogen atoms have one excess electron compared to the group V atoms, the dan-
gling bonds of chalcogen surface atoms would be double occupied and therefore 
chemically inreactive. This idea is supported by the results of several experimental 
investigations  [46, 47] . 

 Chalcogen passivation of GaAs(100) surfaces is achieved by wet chemical etching 
in sulfi de solutions. Such surface treatment results in an improvement of the 
performance of devices like bipolar transistors  [48]  or laser diodes  [49 – 51] . The 
chalcogen passivation also improves the structural properties of a wide variety of 
materials grown on GaAs(100). Here the epitaxial growth of iron fi lms  [52]  or 
PTCDA on chalcogen - treated GaAs(100) surfaces should be mentioned  [53, 54] .   

 Besides the experimental results presented up to now, the detailed atomic struc-
ture is still under discussion. For the Se - passivated GaAs(100) surface, Pashley 
and Li have proposed a model (4C in Figure  1.8 ) where the surface is terminated 
with a layer of selenium dimers, followed by a Ga layer and a second layer of 
selenium atoms  [55, 56] . The fourth atomic layer contains an equal amount of 
Ga atoms and vacancies and is followed by the GaAs bulk starting with an As 
layer. This structure model satisfi es the electron counting rule  [57] . Gundel 
and Faschinger  [58]  presented another promising structure model (3B) which 
has been further supported by DFT - LDA calculations by Benito  et al.   [59].  In 
this structure model, the Se atoms do not form dimers on the surface and the 
second Ga layer is free of vacancies. Following the nomenclature introduced by 
Gundel and Faschinger, the cipher gives the number of Se atoms in the unit 
cell and the letter discriminates between confi gurations with the same number of 
Se atoms.   

 Two different techniques were used for the chalcogen passivation of GaAs(100): 
exposure to a fl ux of chalcogen atoms under UHV conditions and wet chemical 
etching in sulfur - containing solutions. For the UHV treatment, homoepitaxial 
n  -   and p  -  type GaAs(100) layers with a doping concentration of  N    =   1    ×    10 18    cm  − 3  
served as substrates. After their growth by molecular beam epitaxy, they were 
covered by a thick amorphous arsenic layer to protect the GaAs(100) surfaces 
against contamination and oxidation. These samples were transferred into an 
ultrahigh vacuum system with a base pressure of  p     <    2    ×    10  − 8    Pa. The arsenic layer 
was then removed by gentle annealing to 380    ° C. This leads to an As - rich c(4    ×    4) 
or (2    ×    4) surface reconstruction of the GaAs(100) surface as can be judged from 
the line shape analysis of the measured photoemission spectra and additional 
LEED experiments. The structure models for these As - terminated GaAs(100) sur-
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faces are shown in Figure  1.9 . For the chalcogen passivation, the compounds SnS 2  
and SnSe 2  were used as source materials. These compounds decompose at 340    ° C 
and 550    ° C according to SnSe 2     →    SnSe   +   Se  ↑  and SnS 2     →    SnS   +   S  ↑ , respectively 
 [60] . Sulfur and selenium were evaporated onto the substrates kept at 330    ° C and 
500    ° C, respectively.   

 For the wet chemical sulfur passivation, samples were fi rst degreased and then 
etched in a 3:1 mixture of CCl 4  and S 2 Cl 2  for 10 s. Rinsing the samples successively 
in CCl 4 , acetone, ethanol, and deionized water for 5   s each followed the etching. 
After transferring the samples into an UHV system, they are annealed at 430    ° C. 
Both passivation procedures lead to a well - ordered, (2    ×    1) reconstructed surface 
as revealed by LEED  [55] . 

     Figure 1.8     Schematic ball - and - stick models of the structures considered in this work for the 
Se/GaAs(100) system. Gray circles correspond to Se atoms, white circles to Ga atoms, and 
black circles to As atoms.  
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 The photoemission measurements were performed at the TGM 2 beamline of 
the synchrotron radiation source BESSY I at Berlin. The UHV chamber at this 
beamline is equipped with a VG ADES 400 electron spectrometer providing a 
combined resolution of both light and photoelectrons of about 300   meV at 65   eV 
photon energy. The photoemission spectra were taken under surface - sensitive 
conditions, that is, minimum escape depth of the detected photoelectrons. 

 The photoelectron core level spectra were curve fi tted using Voigt profi les    –    a 
Lorentzian convoluted with a Gaussian line shape    –    and a nonlinear least - squares 
fi tting routine. During curve fi tting, the Lorentzian linewidth, spin - orbit splitting, 
and branching ratio were kept fi xed at values providing satisfactory results over 
an entire series of spectra. These parameters are presented in Table  1.1 . The peak 
intensity, position, and Gaussian linewidth were variable. All binding energies are 
given for the d 5/2  or p 3/2  components of the spin – orbit split core levels relative to 
the Fermi level.   
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     Figure 1.9     Structure model of a (a) GaAs(100) - c(4    ×    4) and (b) GaAs(100) - (2    ×    4) surface.  

  Table 1.1    Fit parameters for the  G  a 3 d ,  A  s 3 d ,  S  e 3 d , and  S 2 p  
core level spectra. 

   Core level     Ga3d     As3d     Se3d     S2p  

  Lorentzian width (eV)    0.1    0.1    0.1    0.1  
  Branching ratio    1.58    1.50    1.60    2  
  Spin – orbit splitting (eV)    0.48    0.68    0.86    1.18  
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 The As3d and Ga3d core level emission spectra of the GaAs(100) - c(4    ×    4) surface 
are shown in Figure  1.10 . The As3d core level spectrum for the clean surface, after 
decapping the protecting As layer, consists of three components. The As1 compo-
nent is attributed to As in the fourfold coordinated environment of the GaAs bulk. 
The components As2 and As3 are shifted by (0.62    ±    0.03)   eV and (0.50    ±    0.04)   eV 
toward higher and lower binding energy, respectively. The higher binding energy 
component originates from As atoms in the surface dimers in the fi rst layer of the 
As - rich GaAs(100) surface  [61, 62] . The As3 component is attributed to threefold 
coordinated As atoms in the second As layer of the sample. The Ga3d core level 
is composed of two components: a bulk component (Ga1) and a surface compo-
nent (Ga2), which is shifted by 0.46   eV toward higher binding energies and is 
attributed to Ga atoms below the threefold coordinated As atoms.   

 The As3d, Ga3d, Se3d, and S2p core level emission spectra for the GaAs(100) 
surfaces are shown in Figure  1.11 . For the Se - passivation under UHV conditions, 
the As3d consists only of one component As1, which is attributed to As in the 
fourfold coordinated environment of the GaAs bulk. The Ga3d core level consists 
of two components: a bulk component Ga1 and a surface component Ga2 shifted 
by 0.37   eV toward higher binding energies. This surface component is attributed 
to Ga bonded to Se on the surface. The two Se3d components Se1 and Se2 separated 
by 0.91   eV are attributed to surface and subsurface components, respectively.   

 The shape of the Se3d core level is similar to the Se3d obtained for Ga 2 Se 3 , the 
only difference being a slightly larger energy difference between the Se1 and Se2 
components of 1   eV for Ga 2 Se 3 . 

 The S - passivated GaAs(100) surfaces obtained by either UHV treatment or wet 
chemical etching show comparable core level emission spectra. As in the case of 
Se3d, the S2p core level consists of two components attributed to surface (S1) and 
subsurface (S2) sulfur. The Ga3d and the As3d are slightly different from the 
Se - passivated GaAs(100) showing two additional interface components Ga3 and 
As2. The similarity in the Se3d and the S2p leads to the conclusion that the 
S - passivation results in the formation of a Ga 2 S 3  - like layer. The two interface 
components indicate that the As – S exchange reaction is less effi cient than the 
As – Se exchange reaction, resulting in a less abrupt interface between Ga 2 S 3  layer 
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     Figure 1.10     As3d and Ga3d core level emission from a GaAs(100) - c(4    ×    4) surface.  
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and GaAs bulk. This is supported by the fact that a higher temperature is necessary 
for the S - passivation. All passivation processes result in surfaces showing a (2    ×    1) 
reconstruction, which survives considerable exposure to air, revealing the chemical 
stability of the passivated surfaces. Since the As3d core level shows only one com-
ponent and the chalcogen atoms are found in two different chemical environ-
ments, the number of possible structure models is reduced to structure 3B, 3C, 
and 4C. 

 The ionization energy and the position of the Fermi level with respect to the 
valence band maximum on the chalcogen - passivated surfaces compared to non-
passivated surfaces are shown in Figure  1.12 . The Fermi level is at about 0.65 and 
0.6   eV above the valence band maximum on samples cleaned by an H - plasma or 
by decapping of the As layer, respectively. The chalcogen treatments shift the 
Fermi level by about 0.4   eV toward the conduction band minimum. Compared to 
nonpassivated samples, the band bending is thus reduced to 0.4   eV for n - type 
GaAs. It should be mentioned that the energy position of the Fermi level on p - type 
samples is almost independent of the sample treatment and amounts to about 
(0.5    ±    0.1)   eV above the valence band maximum. Therefore, it can be concluded 
that the chalcogen passivation does not result in an electronic passivation, that is, 
the surfaces still show band bending due to surface states of acceptor as well as 
donor - type character.   
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     Figure 1.12     Ionization energy  IE S   and position of the Fermi level with respect to the valence 
band maximum  E  F     −     E  VBM  for differently treated GaAs(100) surfaces.  
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 The ionization energy increases as a function of the chalcogen treatment. Since 
S and Se have a larger electronegativity than Ga, negative charge is transferred to 
the chalcogen atoms. This results in a surface dipole, which increases the ioniza-
tion energy. The larger change in ionization energy due to the Se treatment may 
be explained by the more effi cient formation of a Ga - chalcogenide - like layer. 

 The maximum change in ionization energy will now be calculated using Eqs. 
 (1.9) – (1.11) . With the Pauling electronegativities of  X  ga    =   1.81 and  X  S    =   2.58, the 
charge transfer between Ga and S amounts to  Δ  q    =   0.144. The distance between the 
S and Ga in the fi rst surface layer perpendicular to the surface amounts to 0.11   nm 
 [63] . These two values give a dipole moment normal to the surface of 2.54    ×    10  − 30    cm. 
The density of surface dipoles is assumed to be equal to the density of atoms on a 
GaAs(100) of 6.26    ×    10 14    cm  − 2  (see Reference  [26] ). With the polarizability for S of 
2.9    ×    10  − 24    cm  − 3 , the change in ionization energy amounts to 1.28   eV. The same 
calculation can be done for the Se - covered surface using 2.9    ×    10  − 24    cm  − 3  and 2.55 
for the polarizability and electronegativity of Se, respectively. Here, the ionization 
energy is expected to vary by 1.12   eV. Both chalcogen atoms are negatively charged 
due to their higher electronegativity compared to Ga and the ioni zation energy is 
expected to increase. Direction and magnitude of the change in ionization energy 
agree perfectly with the experimental results shown in Figure  1.12 . 

 The three structure models 3B, 3C, and 4C (see Figure  1.8 ) supported by the 
photoemission spectroscopy data will now be investigated in more detail by energy 
minimization calculations using a fi rst - principles local - orbital code (Fireball96) 
 [64] . Here, structure 3C is by 4.0   eV energetically less favorable than the structure 
3B due to creating the fourth - layer Ga vacancy. This leaves the structures 4C and 
3B where the latter one is the most stable one. For these two structures and struc-
ture 1B, which represents the arrangement of As atoms on the clean substrate 
surface after As decapping, the corrugation in the STM topography along the 
directions defi ned by the dimers in 4C and 1B is calculated. The STM currents 
between a tungsten tip and the substrate are obtained using a LCAO method based 
on a local - orbital LDA calculation. The respective line scans for  V    =   3.0   eV and 
 I    =   0.1   nA are presented in Figure  1.13 . The corrugation for structure 3B is 0.5    Å  
and corresponds well with the experimentally determined corrugation of 0.7    Å  
obtained by Pashley and Li  [55] . The corrugation of the structure 4C proposed by 
Pashley and Li is less than 0.2    Å  and smaller than the theoretical corrugation for 
structure 1B. In conclusion, the theoretical STM results support the 3B model as 
the microscopic structure for the Se - passivated surface with only a single Se atom 
in the topmost layer.   

 Figure  1.14  shows the electronic band structure of the relaxed 3B geometry. The 
energy gap amounts to  ∼ 2   eV and is very close to the energy gap calculated for 
bulk GaAs. It should be noted that in minimal basis set calculations, the conduc-
tion band is not very well reproduced, giving an overestimation of a few tens of 
an electron volt. The topmost valence band is associated with the surface Se atom, 
while the bottommost conduction band is associated with the bonds formed 
between the Se and Ga atoms of the third and fourth layer. The topmost valence 
band has a p  x   character and shows a small dispersion, which is the result of the 
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large distances, around 4.0    Å , between the Se nearest neighbors in the  y  - direction 
and the  π  - character of the interaction between these p  x   orbitals.   

 In contrast to the theoretical predictions that the band gap of these surfaces is 
free of states, the sample prepared by the procedures described here still exhibit 
surface states. These surface states may be attributed to defects or dopant atoms 
at surface. 
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     Figure 1.13     Corrugation in surface topography along the Se dimers of the structure 4C (c) 
compared to structures 3B (a) and 1B (b) in the same direction. Units are given in  Å .  

     Figure 1.14     Surface bands for structure 3B in Figure  1.8 . The zero of energy corresponds to 
a position close to the middle of the GaAs semiconductor gap.  
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 Since UPS and LEED give almost identical results for the Se -  and S - passivated 
GaAs(100) surfaces, the structure model developed for the Se - passivated will also 
be applied to the S - passivated surface.   

  1.2 
 Semiconductor Interfaces 

 Most metal – semiconductor contacts are rectifying  [65] . Schottky explained this 
behavior by depletion layers on the semiconductor side of such interfaces  [66] . The 
band bending in this space charge region is characterized by its barrier height, 
which is the energy distance between the Fermi level and the edge of the respective 
majority - carrier band at the interface. In the fi rst approaches to describe the band 
line - up in metal – semiconductor contacts, only charge carrier transport over the 
barrier was considered and interface states were not taken into account. In this 
simple picture, the vacuum levels of the metal and the semiconductor are 
aligned at the interface, that is, no interface dipole exists. In this case, the barrier 
height is found to be the difference between the workfunction of the metal 
and the electron affi nity of the semiconductor. This is the famous Schottky – Mott 
rule  [67, 68] . For a given semiconductor, the barrier heights of different metal 
contacts should scale linearly with the workfunction of the metal and the 
slope should be unity. Applying the same model to semiconductor heterostruc-
tures, the energy difference in the conduction band minima at the interface is 
given by the difference of the electron affi nities of the semiconductors ( Anderson 
rule )  [69] . 

 Already, Schottky presented in his famous paper published in 1940 data from 
Schweikert  [70] , which clearly display that the Schottky – Mott rule does not hold. 
The barrier heights of metal – selenium contacts are found to scale with the work-
function of the metal, but the slope is found to be smaller than unity. Later on, 
Bardeen proposed that interface states are responsible for the shortcomings of the 
Schottky – Mott rule  [71] . 

  1.2.1 
 Metal – Semiconductor Contacts 

 The electric transport across metal – semiconductor contacts is carried by the 
majority carriers and is thus characterized by their barrier heights. There are 
several physical mechanisms that may determine the barrier heights of Schottky 
contacts. Ideal interfaces are intimate, abrupt, laterally homogeneous, and free of 
structural defects as well as foreign atoms. Their barrier heights are then deter-
mined by the continuum of  metal - induced gap state s ( MIGS s), or more generally, 
 interface - induced gap state s ( IFIGS s)  [28] . These intrinsic interface states derive 
from the ViGS of the complex semiconductor band structure, which have been 
introduced in Section  3.1 . They represent the wave - function tails of the metal 
electrons into the semiconductor in the energy range between the valence - band 
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maximum and the Fermi level where the metal conduction band overlaps the 
semiconductor band gap. At real but still intimate and abrupt contacts, interface 
dipoles induced by foreign atoms or by specifi c interface structures as well as 
structural and chemical interface point defects may be present and will then con-
tribute to the barrier heights as secondary mechanisms in addition to the MIGS 
(see, e.g., References  [72]  and  [73] ). Strongly intermixed metal – semiconductor 
contacts are even more complicated and their barrier heights are beyond descrip-
tion by simple models. The MIGSs derive from the bulk bands and, thus, their 
character changes across the band gap from more acceptor - like closer to the con-
duction band to predominantly donor - like nearer to the valence band. When the 
respective branch point is above, coincides with, or drops below the Fermi level, 
the net charge in the MIGS continuum has positive sign, vanishes, and becomes 
negative, respectively. Thus, these branch points have the signifi cance of  charge 
neutrality level s ( CNL s). Interfaces are electrically neutral. Therefore, the charge 
in the MIGS continuum is com pensated by an equal amount of charge but of 
opposite sign on the metal side of the interface. The space charge on the semi-
conductor side may be neglected since it is small compared to what is found in 
the MIGS. A chemical approach would assign such charge transfer at metal –
 semiconductor contacts to the ionicity of the heteropolar bonds between metal and 
substrate atoms at the interface. As shown in Section  3.2 , Pauling correlated the 
ionic character of single bonds in diatomic molecules with the difference of the 
atomic electronegativities  [34] . A generalization of this chemical concept then 
describes the charge transfer across metal – semiconductor interfaces by the differ-
ence of the metal and the semiconductor electronegativities. The combination of 
the physical MIGS and the chemical electronegativity concepts predicts the barrier 
heights to vary as  [74] 

   φ φBn CNL= + −( )S X XX M S     (1.12)  

and

   φ φBp CNL= ∗ − −( )S X XX M S     (1.13)  

on semiconductors doped n  -   and p  -  type, respectively. The zero charge barrier 
heights   φ  CNL     =    W C      −     W bp   and   φCNL bp

∗ = −W WV  result when the difference  X M      −     X S   
between the metal and the semiconductor electronegativities is zero and, conse-
quently, the Fermi level  W  F  coincides with the branch point  W  bp  of the MIGS. In 
this special case, the vacuum levels align at the interface and a situation as pre-
dicted by the Schottky – Mott rule is reached. The energies of the conduction -  and 
the valence - band edges are denoted as  W C   and  W V  , respectively. 

 The MIGS - and - electronegativity model describes the barrier heights of ideal 
metal – semiconductor contacts by two parameters, which are the zero - charge -
 transfer barrier height, and the slope parameter  S X     =    ∂   φ  B  / ∂  X M  . A semiempirical 
rule  [75]  that was later justifi ed theoretically  [76]  relates the slope parameters with 
the optical dielectric constant  ε   ∞   of the semiconductors as

   A SX X − = −( )∞1 0 1 1 2. ε     (1.14)   
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 The parameter  A X   depends on the electronegativity scale used and one obtains 
 A X     =   0.86 for Miedema ’ s solid - state electronegativities  [77] . Tersoff calculated the 
energy positions  W  bp     −     W V   of the branch points with regard to the valence - band 
maxima for 15 semiconductors  [78, 79] . He obtained the energy bands with a 
linearized augmented planewave method and the local - density approximation for 
correlation and exchange, and adjusted the underestimated band gaps to their 
experimental values by applying the  “ scissors operation. ”  

 Recently, M ö nch used a computationally much simpler approach  [80] . He com-
bined Baldereschi ’ s concept  [81]  of mean - value points in the Brillouin zone and 
Penn ’ s idea  [82]  of the average or dielectric band gap of semiconductors. By a 
comparison with band structures computed by Rohlfi ng  et al.  in the GW approxi-
mation for six semiconductors  [83, 84] , M ö nch demonstrated that the dispersion 
of the valence bands is well approximated by the  empirical tight - binding method  
( ETB ) and the widths of the band gaps at the mean - value point equal to the dielec-
tric band gaps  W  dg . Considering Tersoff ’ s data mentioned earlier, he arrived at the 
energy positions  [80] 

   W W W W W kv V Vbp dg mv ETB− = − − ( )[ ]0 446.     (1.15)  

of the branch points above the valence - band maximum  W V   in the middle of the 
Brillouin zone. The energy differences [ W V      −     W V  ( k  mv )] of the valence band at the 
  Γ   and at the mean - value point  k  mv  are ETB values. For GaAs, the branch point 
energies for p  -   and n  -  type doping amount to 0.52 and 0.9   eV, respectively. With 
  ε   ∞      =   10.9 for GaAs  (1.14)    gives a slope parameter of 0.08 for GaAs. 

 The concept of interface states also applies to semiconductor – semiconductor 
interfaces. Here, for the situation displayed in Figure  1.15 , the valence band and 
conduction band of the semiconductor on the left partly overlap with the band gap 
of the semiconductor on the right. This will result in interface states within the 
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     Figure 1.15     Band structure of a semiconductor heterostructure with an interface dipole.  
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band gap of the semiconductor on the right. For abrupt, defect - free semiconduc-
tor – semiconductor interfaces with no net charge transfer across the interface, the 
band should align in such a way that the charge neutrality levels of the two semi-
conductors in contact align. An additional charge transfer across the interface will 
result in an interface dipole and contribute to the energy level alignment as shown 
in Figure  1.15 .    

  1.2.2 
 Metal Contacts on  G  a  A  s  

 Figure  1.16  shows that the experimentally determined barrier heights follow very 
well the trend predicted by the MIGS - and - electronegativity model. The barrier 
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     Figure 1.16     Barrier heights of laterally 
homogenous GaAs Schottky contacts versus 
the difference in Miedema electronegativity 
of the metal and the GaAs.  IV  results ( � ): 
Ag:Hardiker  et al.   [91] ; Al: Bhuiyan  et al.   [92] ; 
Ti: DiDio  et al.   [93]  Arulkumaran  et al.   [94];  
Nuhoglu  et al.   [95] ; Ni: Hackham  &  Harrop 
 [96];  Nathan  et al.   [97] ; Pd: Dharmarusu  et al.  
 [98] ; Pt: Barnard  et al.   [99] ; H ü bers  &  R ö ser 
 [100] ; Mg: Waldrop  [101] ; Photoemission 
spectroscopy results ( � ); Cs: Spicer  et al.  
 [102] ; Grunwald  et al.   [103] ; 

Ag: Vitomirov  et al.   [62] ; Sb: Cao  et al.   [90] ; 
In: Mao  et al.   [104] ; Na: Prietsch  et al.   [105] ; 
Se - modifi ed contacts ( � ); Ag: Hohenecker 
 et al.   [106] ; Mg: Hohenecker  et al.   [107] ; 
Sb: Hohenecker  et al.   [107] ; In: Hohenecker 
 et al.   [108] ; Na: Hohenecker  et al   .  [291] ; 
S - modifi ed contacts ( � ): Ag: Hohenecker 
 et al.   [109] ; Mg: Hohenecker  et al.   [43] ; Sb: 
Hohenecker  et al.   [110] ; In: Hohenecker  et al.  
 [44] . The straight line represents the 
prediction of the MIGS theory and  �  the 
CNL.  
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heights presented here are obtained from current voltage ( IV ) and photoemission 
measurements on samples where a special emphasis was laid on preparing abrupt 
and defect - free interfaces. It is a common procedure to determine barrier heights 
of metal – semiconductor contacts from their  IV  measurements. Tung  et al.   [85, 86]  
and Rau  et al.   [87]  already pointed out that inhomogeneities might play an impor-
tant role and have to be considered in the evaluation of the experimental  IV  
characteristics. The application of standard procedures considering thermionic 
emission of charge carriers gives  effective  barrier heights and ideality factors only. 
Both parameters vary from diode to diode even if they are identically prepared. A 
correlation between effective barrier heights and ideality factors was reported and 
approximated by a linear relationship  [88] . This fi nding was attributed to inhomo-
geneous interfaces, and the barrier heights obtained by extrapolation to the ideality 
factor calculated for image force lowering only were taken as values characteristic 
of homogenous interfaces. It was concluded that these values, rather than mean 
values obtained from the set of identical prepared contacts of the same kind, 
should be compared with theoretical results. Accordingly, barrier heights deter-
mined from  IV  measurements presented in Figure  1.16  have been obtained by 
such a procedure. There is an excellent agreement between the experimental 
results and the prediction of the MIGS - and - electronegativity model. The barrier 
heights of Ni and Pd contacts are found to be below the MIGS line due to the fact 
that both transition metals decompose GaAs at room temperature. In these cases, 
nonabrupt interfaces are formed.   

 In comparison to the barrier heights of metal contacts on bare GaAs surfaces, 
Figure  1.16  shows the barrier heights for metal contacts prepared on S -  or Se -
 passivated GaAs(100) surfaces. First, the chemical properties of these metal - 
chalcogen - passivated - GaAs interfaces will be discussed. Depositing Mg on Se -  or 
S - modifi ed GaAs surfaces results in an exchange between Mg and Ga atoms, 
leading to the formation of Mg chalcogenides and Ga clusters, the latter one seg-
regating on the surface. In addition, Mg reacts with the GaAs bulk resulting in 
the formation of Mg – As compounds that also segregate to the surface. As a result, 
the interface between the reacted surface layers and the GaAs bulk is shifted into 
the direction of the GaAs bulk as a function of Mg coverage. Similar observations 
have been made for the deposition of Na. In both cases, a Fermi edge is observed 
at suffi cient high coverages indicating a metallization of the surface. 

 The deposition of In, Ag, and Sb leaves the surfaces of the Se -  or S - modifi ed 
GaAs nearly unaffected. The interaction between these metals and the substrate 
surfaces is limited to the bonding of the metal atoms to the chalcogen surface 
atoms. For In and Ag, the formation of islands is observed for coverages above 
0.24 and 0.12   nm, respectively. For both metals, the clustering is stronger on S 
than on Se - modifi ed GaAs surfaces, which is attributed to the fact that the S - 
passivation is less effi cient than the Se - passivation, resulting in a less abrupt 
interface between the chalcogenide - like surface layer and the GaAs bulk. The 
growth modes of Ag and In on the chalcogen - modifi ed surfaces agree with the 
respective growth modes on unmodifi ed surfaces. A Fermi edge is observed on 
Ag and In layers at 0.48 and 0.60   nm nominal thickness, respectively. For Sb, 



 1.2 Semiconductor Interfaces  23

islanding is observed for a nominal coverage above 0.17   nm. This growth mode is 
in contrast to the layer - by - layer growth mode, which was observed for the Sb depo-
sition on clean and unmodifi ed GaAs(100) surfaces. Sb layer does not show any 
Fermi edge up to the maximum thickness of 3.3   nm, which shows that it is 
semiconducting. 

 For the chalcogen - modifi ed metal/GaAs(100) contacts, the barrier heights were 
determined by measuring the position of the Fermi level at different modifi cation 
steps. At high metal coverages, the metal conduction band obscures the valence 
band edge of the underlying semiconductor. Here, the Fermi level was measured 
with respect to the bulk components of the substrate core level emissions. 

 For the same metal – semiconductor contact, the barrier heights for n -  and p - type 
doping of the semiconductor should add up to the band gap of the semiconductor. 
Comparing the Fermi level positions for the different metals evaporated on chal-
cogen - modifi ed on n -  and p  -  type doped GaAs samples, it is found that they follow 
this rule quite well. Exceptions are Sb contacts, which is due to the fact that the 
Sb fi lms are nonmetallic. For Sb coverages above 100 monolayers, which is much 
higher than what has been deposited in this investigation, Sb layers grown on n  -   
and p  -  type doped GaAs(110) show a metallic behavior  [89] . The saturation value 
for the Fermi level on Se -  and S - modifi ed n  -  type (p  -  type) GaAs(100) amounts to 
0.81   eV (0.60   eV) and 1.05   eV (0.66   eV), respectively. This is considerably higher 
than Fermi level positions for Sb on unmodifi ed n  -   and p  -  type doped GaAs(110), 
which amount to 0.75 and 0.5   eV, respectively  [90] . 

 The barrier heights of Schottky contacts on S -  and Se - passivated GaAs(100) show 
a general trend. They are larger and smaller than the barrier heights on nonpas-
sivated p  -   and n  -  type doped GaAs(100) substrates, respectively. This trend can be 
explained within the MIGS - and - electronegativity model assuming that the chalco-
gen - induced surface dipole still exists at the metal – semiconductor interface and 
contributes to the charge transfer across the interface. The electronegativity of the 
passivating atoms is larger than the electronegativities of the substrate atoms. This 
results in charge of positive sign on the semiconductor side of the interface, which 
is compensated by equal charge of opposite sign in the MIGS. Therefore, the 
Fermi level moves closer to the CBM, that is, the barrier heights on n  -   and p  -  type 
substrates are decreased and increased, respectively. The change in barrier height 
can be estimated from Eq.  (1.11)  by

   Δ Δφ εBi = I I     (1.16)  

where   ε  I   is the dielectric constant of the semiconductor at the interface  [1, 16] . 
With a dielectric interface constant of 4 for GaAs (see Reference  [26] ), the S -  and 
Se - induced change in barrier height amounts to 0.32 and 0.28   eV, respectively. 
This change is indicated by the dashed lines in Figure  1.16 , which are shifted by 
0.3   eV with respect to the MIGS theory line. 

 The chalcogen modifi cation may also result in change in the position of the 
CNL. Theoretical values for the CNL on such surfaces are not available. However, 
a CNL can be determined from the energy level alignment at PTCDA/S – GaAs(100) 
interfaces, as will be shown in Section  6.3 .       






