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Abstract 
From a teehoical as well as a fundamental point of view the properties of metal-semi
conductor interfaces, regarding surface structure and interactions at the surface, form 
an interesting topic in surface science. For a better understanding and interpretation of 
experimental results of the Ag/Si(111) interface and metal-semiconductor interfaces in 
general, ab initio electrooie structure calculations have been performed within the local 
density functional formalism. The method that has been used is the Localized Spherical 
Wave (LSW) method. 

During the project four different systems were investigated: Bulk silicon as a reference, 
the clean unreconstructed Si( 111) surface, the 1 x 1 Ag/Si( 111) surface and the v'3 x 
v'3 Ag/Si(111) surface with substrate reconstructions up to seven Si layers deep. The 
charaderistic coverage for both Ag/Si(111) systems is 1 monolayer (ML). For the v'3 x v'3 
reconstruction the HCT-MTL model (honeycomb chained trimer model according to a 
missing top layer) was used to descri he the surface structure of this system. Results of 
calculations for these systems will he discussed and compared with both experimental and 
theoretica! results in literature. 

The clean unreconstructed Si(111) surface was found to he metallic since the Fermi 
level falls within the dangling bond surface band. Furthermore the energy bands are split 
up over a bigger energy range, which explains ellipsometry results showing broadening of 
peaks in the dielectric function. 

The 1 x 1 Ag/Si(111) surface was found to he semiconducting. The bonding between 
Ag and Si is caused by an interaction between Ag 5s and Si 3p electrons. The Ag 4d 
electroos cause a sharp peak in the density of states at 4.2 eV below the Fermi level. 
Optical reileetion data are in agreement with the results of our calculations. 

The y'3 x .J3 Ag/Si(111) surface shows metallic behaviour. For this system the Ag 4d 
band is found to he split up, resulting in two peaks in the density of states lying at -6.3 
and 1. 7 e V relative to the Fermi level. By our knowledge this is the fi.rst time that such a 
splitting of the Ag 4d peak appears in theoretica! results. The results of the calculations 
are in good agreement with experimental (inverse) photoemission and scanning tunneling 
microscopy (STM) data. 
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Chapter 1 

Introduetion 

Metal-semiconductor interfaces form an interesting topic from both a technica! and a fun
damental point of view. They have important applications in practical devices such as in
tegrated circuits (IC's). The attempts to reduce the dimensions of these devices have made 
a fundamental understanding of the structures and interactions at a metal-semiconductor 
interface indispensable. 

Fundamental interest arises because a wide variety of coverage-dependent structural 
arrangements occur, including ordered metal overlayers on reconstructed semiconductor 
surfaces, the formation of surface alloys and the alteration of semiconductor reconstructions 
by trace amounts of metallic adsorbates. These interfacial rearrangements pose challenging 
problems for surface science, causing the application of many experimental and theoretica! 
techniques to investigate the nature of metal-semiconductor bonding and the electronic 
structure of the interfaces. 

The subject of this report is the Ag/Si(lll) interface which has been regarcled as a pro
totypical metal-semiconductor interface. Over the years this system has received consider
able experimental attention. The properties of the surface have been stuclied using surface 
sensitive probes as: Low energy electron diffraction (LEED), ion scattering spectroscopy 
(ISS), surface X-ray diffraction (surface XRD), photoemission spectroscopy (PES), inverse 
photoemission spectroscopy (IPES) , scanning tunneling microscopy (STM), ellipsometry 
and differential reflectance spectroscopy (DRS). 

In the surface science group of the University of Technology in Eindhoven (TUE) el
lipsometry and DRS experiments are being performed on the Ag covered Si(lll) surface. 
Ellipsometry is an optical technique that determines the optical linear response of a ma
terial, by observing the change in polarization between the incident and reflected light. 
This change is caused by the interaction between light and matter and depends on the 
dielectric function of the sample. The imaginary part of the dielectric function is related 
to the electronic structure of the sample. In DRS the difference in reflectivity of a clean 
surface and a covered surface is observed. The results of this experiment are coupled to 
the electronic structure in the same way as ellipsometry results. For the interpretation of 
the experimental results theoretica! results can he of great use. Therefore the electronic 
structure of the Ag/Si(lll) surface has been stuclied theoretically in corporation with the 
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electrooie structure of materials group of the theoretica! physics group of the University of 
Nijmegen. 

During the project ab initio self-consistent electrooie structure calculations of surfaces 
have been performed within the local density formalism. Surface electrooie structure cal
culations involve large unit cells so in order to keep the computertime within acceptable 
limits an efficient calculation method is required. The particular method, used during this 
project, is the localized spherical wave (LSW) method. In this method, which is basedon 
the augmented spherical wave method (ASW), the laborious lattice summations which are 
typical for ASW, are avoided. This results in a considerable increase of the efficiency. In 
chapter 2 the LSW method will he described, preceded by a brief description of density 
functional theory which is the basis of modern bandstructure theory. 

In this report four systems are studied. The results of these calculations are divided over 
two chapters. In chapter 3 the results for bulk Si and the clean unreconstructed Si( 111) 
surface will he presented. In chapter 4 the results of electrooie structure calculations of 
two Ag/Si(111) surface models are presented: The 1 x 1 Ag/Si(111) system and the more 
realistic v'3 x v'3 system. Also the controversy regarding the different Ag/Si(111) surface 
models will receive some attention. For each system the description of the calculation will 
begin with a section concerning the crystal structure, the symmetry and the construction 
of a unit cell. The results will he discussed in terms of density of states curves and 
bandstructures. Furthermore they will he compared with earlier surface electrooie structure 
calculations, ellipsometric data, DRS, STM, PES and IPES experiments. Finally some 
conclusions and an outlook will he presented in chapter 5. In this chapter possible issues 
for the future will he mentioned. 
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Chapter 2 

Electronic structure calculation 
methods 

2.1 Introduetion 

During this project electronic structures were calculated of systems with very large unit 
cells, so in order to keep the computer time within acceptable limits we need an efficient 
and sufficiently accurate method to calculate the electronic structure. 

This chapter will begin with a short description of Density Functional Theory (DFT) 
and the Local Density Approximation (LDA) because they form the basis of most of 
the modern electronic structure calculations. Then two different methods of constructing 
sets of basis fundions will he described: The Augmented Spherical Wave method (ASW) 
method and the Localized Spherical Wave method (LSW). These are just two of the many 
methods that have been developed over the years. Weil known narnes of other methods in 
Solid State Physics are KKR, APW and LMTO. The various methods differ in accuracy 
and efficiency. 

2.2 Density Functional Theory 

Density Functional Theory (DFT) is a general approach to the many-body problem and 
forms the basis of nearly all modern bandstructure theory. The structure of an electron 
system in a non-degenerate ground state is completely determined by the electron density 
p(r) [1]. It is possible to find a system of self-consistent one-particle equations to describe 
the electronic ground state of the entire system [2]. The effective one-particle potential 
Vef f depends in a complicated way on the entire electron distri bution p( r) and takes into 
account all many-body effects. In practice approximations must he made. The most useful 
one is the so called Local Density Approximation (LDA). In this section DFT will he 
described briefly. A more detailed review can for instanee he found in [3]. 
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2.2.1 The electron density as a basic variabie 

In DFT, the electron density p(r) is the basic variabie and we first show that p(r) associated 
with a ground-state wavefunction Wo uniquely corresponds to the external potential Vext· 
The proof proceeds by reductio ad absurdum. Assume that there are two potentials Vext 
and v~xo with different ground-state wavefunctions Wo and W~, Hamiltonians H and H' 
and energies E and E', which give rise to the same electron density p(r). Then by the 
variational principle and since W~ is not an eigenstate of H, we have 

(2.1) 

So: 
E < E' + j dr(vext- V~xt)p(r) · (2.2) 

Similarly we can say that: 

E' < E + j dr(v~xt- Vext)p(r) · (2.3) 

Adding equations (2.2) and (2.3) we obtain the inconsistent result: 

E+E' < E+E', (2.4) 

Thus we conclude that ( unless v~xt - Vext = constant) the electron density p( r) associated 
with a ground state corresponding to an external potential Vext(r) cannot he reproduced 
by the ground-state density corresponding toa different potential v~xt(r). The total energy 
is a unique functional of the electron density and we will show that it has the extrema! 
property that the functional is minimized by the correct density. 

Since the electron density p(r) determines the potential it also determines the groun.d
state wavefunction and all other electrooie properties of the system. As the ground-state 
wavefunction is a functional of p(r), the kinetic energy Tand the Coulomb energy U are 
also functionals of p(r). Therefore we can define the functional 

F[p(r)] = (WoiT + UIWo) . (2.5) 

Now consider a system of N interacting electroos in a prescribed external potential v(r). 
For such a system the total energy functional is defined by: 

Ev[P'(r)] = j drv(r)p'(r) + F[p'(r)] . (2.6) 

The total energy Ev[P'(r)] has a lower value for the correct ground-state wavefunction Wo 
than for any other w~ (ground state for p') with the same number of particles. This follows 
by the variation principle: 

Ev[p'(r)] = (W~IT +U+ viW~) > (WoiT +U+ viWo) . (2.7) 
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Hence: 
Ev[P'(r)] > Ev[p(r)] . (2.8) 

So finding the ground-state energy Ev and density p(r) comes down to the minimization 
of Ev[P'(r)] with respect to variations in the electron density. Now we arrive at the next 
problem: Finding the functional dependenee of Ev on p(r). 

It is customary to divide the functional F into the kinetic energy T of non-interading 
electrous at the same density as the interading system, plus the Hartree energy ( the 
classica! electrostatic energy of the system), plus a final term Exc[p(r)], which contains the 
contribution from exchange and correlation effects. The total energy functional can now 
he written as 1 : 

E[p(r)] = T[p(r)] + j drp(r)vext + j dr j dr'P~~~~:? + Exc[p(r)] . (2.9) 

Minimizing the total energy Ev[P'(r)] subject to the condition 

j p(r)dr = N, (2.10) 

we obtain the equation 
bT[p] 
bp(r) + <fo(r) + Vxc(r)- J1 = 0 , (2.11) 

where <fo(r) is the total classica! potential energy 

_ j , p(r') 
<fo(r) = Vext(r) + 2 dr Ir_ r'l , (2.12) 

Vxc(r) is the functional derivative 

( ) 
h'Exc[P] 

Vxc r = Öp(r) , (2.13) 

and J1 is a Lagrange multiplier (in fact the chemical potential) associated with condition 
(2.10). 

The kinetic energy of the non-interading electrous as a functional of p( r) can he found 
exactly, if we can findan effective one-electron potential VeJJ(r) for the ground state with 
electron density p(r). So: 

(2.14) 

where 
VeJJ(r) = <fo(r) + Vxc(r) . (2.15) 

1 We are using atomie units with energies in Rydbergs. In this system we set 1i = 1, e2 = 2 and me = ! . 
The unit of length is the Bohr radius of atomie Hydrogen a0 = 1i2 /mee 2 = 5.2917 x 10-9 cm. The 
unit of energy is 1 Ry = e2 /2a0 = 13.6049 eV. With these units the Schrödinger equation becomes 
[-V 2 + v]') = f\). 

5 



The electron density is given hy the sum of densities of the N lowest occupied eigenstates: 

N 

p(r) = 2:: jwi(rW (2.16) 
I 

The equations (2.14)-(2.16) have to he solved self-consistently hecause Veff depends on the 
electron density. They constitute the so called Kohn-Sham "self-consistent equations" [2]. 

From equation (2.9) and with 

~ fj =~(\lid[-V 2 + VeJJ(r)]lwi) = T[p(r)] + J VeJJ(r)p(r)dr' 
' ' 

(2.17) 

we can calculate the total energy 

J J ,p(r)p(r') j 
Etot[p(r)] =~Ei- dr dr jr _ r'j + Exc[p(r)]- Vxc(r)p(r)dr . (2.18) 

The exchange-correlation energy functional Exc[p(r)] and the exchange-correlation poten
tial Vxc(r) contain all complexities of the electron-electron interactions. We have reduced 
the many-hody prohlem to a single-partiele prohlem from which we can find the ground
state energy and the charge density of the interading system. 

2.2.2 The local density approximation 

A difficulty in DFT is that we have a lack of knowledge of the exchange-correlation fundion
al Exc[p(r)]. The only system for which Exc is reasonahly understood is the free electron 
gas, for which Exc is an ordinary function of p. In the free electron gas however p is 
independent of position. 

The Local Density Approximation (LDA) uses results of the free electron ga::; to make 
the following approximation for Exc: 

Exc[p(r)] ~ J drp(r)fxc(p(r)) , (2.19) 

where fxc is the exchange-correlation contrihution per electron of a uniform electron gas 
with density equal to the local density p(r). So when the density is a function of the 
position, p(r), it is assumed that, at a position r, the contrihution to Exc is the same as 
that from a free electron gas with density p(r). The exchange-correlation potentialis given 
hy: 

d 
Vxc(r) = dpp(r)fxc(p(r)) . (2.20) 

fxc is well known at high densities where the Random Phase Approximation is valid and 
at low densities where the electrons crystallize into a Wigner lattice. Some sort of inter
polation scheme or RPA generalization can he used in hetween. The exchange-correlation 
energy of the free electron gas can also he calculated using a Monte Carlo method. In this 
project the exchange-correlation effects were treated using the Hedin-Lunqvist parametriza
tion [5]. 
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2.3 Solving the single-partiele Schrödinger equation 

Once the many-body problem is reduced to a single-partiele problem (see section 2.2) 
we have to find an efficient method to solve the equations (2.14)-(2.16) self-consistently. 
Most methods that are used to solve this problem are so called expansion methods; the 
unknown wavefunction \lf(r, t) is expanded in a set of known functions of which expansion 
coefficients have to he determined. The complexities of the boundary conditions, imposed 
by the Bloch theorem, make it desirabie to choose in advance a complete set of basis 
functions that satisfy the Bloch theorem [4]. 

The simplest appropriate basis functions are plain waves. They are used in methods 
like APW and LAPW. Another choice we can make for the basis functions is spherical 
waves. This is clone in LMTO, ASW and LSW. The method we used for our calculations 
is LSW, which will he described in this section. The methods mentioned here also employ 
the concept of augmentation which will he discussed later on. 

2.3.1 The Localized Spherical Wave metbod 

The Localized Spherical Wave method is elosely related to the Augmented Spherical 
Wave [6] method. They differ from one another by a transformation of the basis set. 
This section will therefore start with a description of the ASW method. 

The object of the ASW method is the approximate, but efficient determination of the 
eigenfunctions \lf(r, t) and the eigenenergies t (in Ry) of the single-partiele Schrödinger 
equation 

[- V 2 + V(r)- t]\ll(r, t) = 0 , (2.21) 

in which V(r) is the crystal potential in the local density approximation. 
The first step in an efficient method of solving the Schrödinger equation is the expansion 

of the wavefunctions \lf(r, t) in a basis set of energy-independent functions Xn(r) by energy
dependent coefficients i.e., 

(2.22) 
n 

This expansion of \lf(r, t) in energy-independent basis functions reduces the solution of 
the Schrödinger equation to a matrix eigenvalue problem for which efficient numerical 
procedures exist. 

The next step in our approach concerns the basis set {Xn(r)}. In the ASW method Aug
mented Spherical Waves are chosen for the energy-independent basis set. Their definition 
and construction reflect the qualitatively different types of behaviour of the wavefunction 
\lf(r, t) in the intra- and interatomie regions. Intheintra-atomie region the strong effective 
potential causes \lf(r, t) to vary rapidly, whereas the interatomie region is characterized by 
a weak effective potential and slowly varying wavefunctions. 

To find a proper set of basis functions the ASW method employs the Andersen Atomic
Sphere (or Wigner-Seitz) Approximation for the crystal potential. In this approximation 
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the potential is represented by spherically averaged potentials inside space-filling atom
centered spheres, which therefore, necessarily, are overlapping. The ASW basis functions 
are constructed according to this potential. We start again with the expansion of \lf(r, t:) 
in t:-independent basis functions: 

\ll(r, t:) = L CLv(t:)HL(r- Rv) , (2.23) 
Lv 

where the {Rv} are atomie positions and the CLv(t:) are the energy-dependent expansion 
coefficients mentioned earlier. At each atomie position a spherical wave HL(r) is centered 
which is a solution to the free-particle Schrödinger equation for a fixed kinetic energy K

2
• 

The spherical wave is defined as 

(2.24) 

where L denotes the angular-momentum indices 1 and m, YL(r) is a spherical harmonie, 
and ht(Kr) is the outgoing spherical Hankel function. 

lnside the atomie spheres the Hankel functions are augmented with solutions of the 
radial Schrödinger equation for the corresponding potential. The concept of augmentation 
is shown schematically in figure 2.1. At the atomie position Rv, at which HL(rv) (with 

. . 
SPHERICAL : -: 
WAVE : 

' 

. 
' ' ' ' 

. . . . . . . . . 
\ 

- AUGMENTED 
SPHERICAL 
WAVE 

Figure 2.1: Solutions of the radial Schrödinger equation, whose energy and normalization 
are chosen to provide continuous value and slope, replace the unaugmented wave in the 
intra-atomie region surrounding each nucleus. 

rv = r-Rv) is centered, this augmentation is straightforward. The effective potential varies 
strongly in all the atomie spheres; we must therefore augment HL(rv) not only inside the 
sphere centered at Rv, but in all the other atomie spheres, centered at positions Rv'' as 
well. At atomie positions Rv'' HL(rv) must he expanded into spherical waves around this 
site before augmentation can he performed (because of the spherically symmetrie potential 
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in each atomie sphere). The Hankel function can he expanded into spherical waves by an 
expansion in Bessel functions JL(rv') 

HL(rv) = L JL'(rv' )BL'L(Rv'- Rv) , with lrv'l < IRv'- Rvl , (2.25) 
L' 

where 
(2.26) 

and }r(,.;r) is a spherical Bessel function. The expansion coefficients BL'L(R) are structure 
constants 

(2.27) 

and 
(2.28) 

are Gaunt coefficients. Now HL(rv) can he augmented by a solution of the radial Schrö
dinger equation for the corresponding potential which matches the Bessel function at the 
surface of the atomie sphere centered at Rv'. The matching is clone by choosing the 
proper value of the energy for which the radial Schrödinger equation is solved and the 
normalization such that value and normal derivative are continuous across the atomie 
sphere boundary. Finally we have basis functions which have the form of Bloch sums of the 
central Hankel functions and the expansion (2.25). The basis functions thus constructed are 
continuous and continuously differentiable linear combinations of solutions of the Schrö
dinger equation within atomie spheres. The Hamiltonian and overlap matrix elements, 
occurring in the eigenvalue problem, can he evaluated by direct, though cumbersome, 
summations. 

When the ASW method is being applied to systems with large unit cells, evaluation of 
the Hamiltonian and overlap matrix elements becomes a substantial computational task. 
This is a reason to look for possibilities to increase the efficiency of the method. An increase 
in efficiency can he accomplished by using the LSW method [7]. In the LSW method the 
basis functions are localized as follows: The single Hankel function centeredon a given site 
is replaced by its superposition (linear combination) with the Hal}kel functions centered 
on neighboring sites. This superposition, hereafter called a cluster function, possesses the 
point-group symmetry of a given site and it is localized within a certain (cluster) radius 
around the site under concern. In other words: The Hankel functions centered on the 
neighboring sites are screening the Hankel function on the central site. With this idea in 
mind we get new basis functions of the form 

FL(rv) = HL(rv) + L[C(v,L)]v'L'HL'(rv') with v' =/:-V and IRv'- Rvl ~ R~r, (2.29) 
v'L' 

where the screening coefficients [C(v, L)]v'L' are left to he determined. The idea of a cluster 
formed by the atom v together with the atoms v' inside a sphere of radius R~1 centered at 
position v is visualized in figure 2.2. 
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0 

r 

0 

Figure 2.2: Hankel functions with positions Rv' within a radius R~1 around the atom at 
Rv are used to screen the range of the Hankel functions centered at R 11 • Hankel functions 
centered outside the cluster are not considered in the screening procedure. Such a screening 
is performed for every Hankel function centered inside the unit cell. 

Before we can determine the screening coefficients we need to know the ranges of the 
position labels IJ and IJ1 and of the angular-momentum labels. The number of clusters to he 
considered is equal to the number of inequivalent atoms in the unit cell. This determines 
the range of the variabie IJ. The number of Hankel functions per cluster to he sereerred is 
equal to the size of the basis set on the central atom of the cluster. The size of the basis 
set is determined the same way as in the ASW method. For the materials, stuclied in this 
project, functions are used up to l~ax = 2. So in each cluster there are ( l~ax + 1 f Hankel 
functions that have to he screened. The number of atoms in the screening cluster n~1 is 
determined by the condition that the central Hankel function is sereerred to a prescribed 
accuracy. Given these ranges, the number of screening coefficients Dv (number of degrees 
of freedom) available for screening of a Hankel function at site IJ is 

n~1 -l 

Dv = I: (/~ax + 1)2 
• (2.30) 

v'=l 

A satisfactory sereerred behaviour of FL(rv) will mean that this function will he neg
ligibly small outside the cluster sphere. In order to determine the screening coefficients 
[C(IJ, L)]v'L' in equation (2.29) another expansion of the Hankel function is used: 

HL(rv) = l:Hu(rv')AuL(Rv'- Rv), with lrv'l > IRv'- Rvl, (2.31) 
L' 
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which is complementary to equation (2.25) and where 

(2.32) 

with hL'L" as defined in equation (2.28). In terms of this expansion the cluster function 
for rv outside the cluster sphere can now he written as 

FL(rv) = L HL"(rv) [hL"+ L [C(v, L)]v'L'AL"L'(Rv- Rv' )] , 
L" v',L' 

(2.33) 

with the conditions for v' and Rv' the same as in equation (2.28). In case of a complete 
screening of the cluster function FL( rv) outside the cluster radius R~1 all termsin the large 
parentheses above should vanish. 

The range l"':nax of summation over 1" in expression (2.33), emerging from the expaPsion 
(2.31 ), fixes the number of constraints imposed on the cluster function at that site, and 
therefore fixes the size of the linear equation set to he solved at the value ( l"':nax + 1 )2

• 

The parameter l"':nax may he interpreted as determining the angular resolution of the 
representation (2.33) on the spherical surface of the cluster. Tests have shown that in order 
to obtain the required accuracy of screening the number of degrees of freedom Dv is around 
150 [7]. This means that, for l~ax = 2, the typical cluster will include approximately 17 
atoms. Sometimes more atoms are required in order to rnaintaio the point-group symmetry 
of the site under consideration. With l"':nax = 19 the representation (2.33) gives sufficiently 
accurate results [7]. Therefore we have to determine about 150 screening coefficients from 
a set of 400 linear equations. This is clone by satisfying the first 100 constraints ( until 
l"v = 9) exactly. The remaining constraints are taken into account by a least squares 
method. 

Now we have a complete description of the basis set in the LSW method. The trans
formation of the basis set as described here takes place in real space before augmentation. 
The procedure is independent of k and potentials and needs to he performed only once. 

Bloch functions for a given k are constructed from the localized cluster functions as 
follows: If a screening Hankel function is centered at a position outside the unit cell, 
related to a position in the unit cell with lattice vector R, its screening coefficient and the 
corresponding coefficients from equation (2.27) enter the unit cell by multiplication with a 
phase factor ék·R. For large systems the computational effort mainly concentrates on the 
diagonalization of the secular matrix which makes LSW an efficient method compared to 
for instanee ASW. 

2.3.2 Practical aspects of LSW calculations 

During the project we did self-consistent LSW calculations for various systems using a 
scalar relativistic Hamiltonian. We used local density exchange-correlation potentials [5] 
(see section 2.2.2) inside space-filling (and therefore overlapping) atomie spheres. The 
self-consistent calculations were carried out including all core electrons. 
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Before a calculation can he started we have to generate input for the LSW program by 
means of running the program SETUP. This input consists of two parts. The first part is 
the atomie data in termsof valenee levels and occupancy numbers of the constituent atoms. 
The second part is the crystallographic data concerning the symmetry of the crystal and 
the positions of the different classes of atoms. The symmetry of the crystal is described by 
its space group [4]. 

In SETUP the space groups are known as tabulated in the International Tables for 
Crystallography [9] (hereafter referred to as International Tables) so allinformation it needs 
concerning the space group is the space-group number. Next SETUP asks for information 
about the atoms in the crystal. After supplying the lattice parameters the program needs 
the positional parameters (Wyckoff position and coordinates) for each class of atoms and 
for the element in that class ( the periodic system is known to SETUP so the name of the 
element suffices). 

Once the structure and the positions of the atoms in the system are known, the atomie 
spheres can he defined. The spheres have to he space-filling which means that there will 
he overlap between them. In order to keep the overlap between the atomie spheres within 
acceptable limits we want the distribution of the spheres as uniform as possible. In practice 
this could mean that empty spheres have to he inserted. 

In the construction of the LSW basis, the spherical waves were augmented by solutions 
of the radial equation indicated with the atomiclike symbols 3s, 3p, 4d and 5s corresponding 
to the valenee levels of the materials stuclied in this project. The internall' summation of 
equation (2.25), used to augment the central Hankel function at surrounding atoms, was 
extended to 1' = 2, resulting in the use of orbitals up to 4d. The number of atoms inside a 
screening cluster is determined by the cluster radius which, for each class, is set to such a 
value that the number of degrees of freedom is around 150 (see section 2.3.1). 

In SETUP a procedure is included which automatically determines the irreducible part 
of the first Brillouin zone from the generators of the space group which are tabulated in 
International Tables. This procedure also chooses a grid of k-points in the irreducible 
part of the Brillouin zone, for which the Schrödinger equation will he solved in the LSW 
program. Now that the input for the LSW program is complete we can start a self
consistent calculation which is schematically shown in figure 2.3. 

For the first iteration a start potential is used, which is based on the atomie data of the 
constituent atoms. The eigenvalue problem is solved and a new potential is calculated. In 
the next iteration not this new potential but a potential resulting from mixing of the old 
and the new potential is used. This mixing is necessary to get the calculation convergent. 
In order to accelerate the convergence we can use different mixing schemes, the simplest 
of which is direct mixing. In this approach a linear combination of input and output is 
used as new input. A more sophisticated mixing scheme is the Broyden method, which 
uses the output of all previous iterations. Both simple and Broyden mixing were used 
during the project. A more detailed description of mixing schemes and how to accelerate 
convergence is given in [8]. When the new potential equals the old potential within a 
prescribed accuracy we call the calculation to he converged and we have a self-consistent 
potential. Self-consistency was assumed when the changes in the local partial charges in 

12 



Figure 2.3: Flowchart representation of the LSW calculation process. 

each atomie sphere were of the order of 1 : 104 • 

When a self-consistent potential was obtained as described above, the (partial) Densities 
Of States (DOS) were constructed by solving the Hamiltonian for a higher density of k
points. To calculate the DOS an integration over the irreducible part of the Brillouin zone 
has to he performed. During the project three different methods have been used, in order of 
increased sophistication: The histogram sampling method, the linear tetrahedron method 
and the analytic quadratic tetrahedron method. In the histogram sampling method the 
eigenvalnes are straightforwardly sampled into energy channels inside an energy window. 
One needs exorbitant large numbers of k-points to get rid of the noise in the DOS. In the 
following two methods the irreducible part of the Brillouin zone is filled with tetrahedrons. 
In the linear tetrahedron method [10] k-points at the corners of the tetrahedrons are used 
to make a linear interpolation of the energy surface, which is then integrated analytically. 
In the analytic quadratic tetrahedron method [11] in ad dition also the k-points on the 
edges of the tetrahedrons are used, allowing for a quadratic interpolation of the energy 
surface. This surface can he integrated analytically, giving an improved description of the 
van Hove singularities and a better convergence in the number of k-points over the other 
two methods. 

Also bandstructures were calculated. In the following chapters results for various sys
tems will he presented. 

13 



Chapter 3 

The electronic structure of silicon 

3.1 Introduetion 

In this chapter two systems are considered. The first system is bulk silicon. As the 
electronic structure of bulk silicon is well known [13], this system is calculated as a reference. 
The second system considered, is the clean unreconstructed Si(111) surface. Although this 
surface is known to he thermodynamically unstable at temperatures below 900 oe, it 
presents a good model for the theoretica! study of surface effects. The obtained results 
can he compared with calculations on the reconstructed Si(111) surface and calculations 
on the Si(111) surface with Ag atoms on top, which will he presented in the next chapter. 

3.2 Bulk silicon 

3.2.1 The unit cell 

We begin our study of the bulk silicon system by descrihing the construction of the unit 
cell. Silicon has the diamond structure. It consists of two face centered cubic Bravais
lattices displaced by (~, ~' ~)acubic along the body diagorral of the cubic cell (figure 3.1), 
where the lattice constant of bulk silicon acubic = 5.4306 Á. The structure is described by 
the space group OI (no. 227 in the International Tables [9]), with origin choice 1 and 
atoms in Wyckoff position 2a. We use the atomie sphere approximation: The crystal is 
divided into space-filling and therefore overlapping atomie spheres. To keep the overlap 
as smallas possible empty spheres were inserted at Wyckoff position 2b. This way we get 
a more uniform distribution of atomie spheres. By setting the Wigner-Seitz radius of all 
atomie spheres to Rws = 1.34 Á we can reduce the overlap volume to less then 10 percent 
of the volume of the unit cell, which is acceptable. 
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Figure 3.1: Diamond crystal structure. Two fee lattices displaced by (~,~'~)a along the 
body diagonal. 

3.2.2 Results for bulk silicon 

The results presented below have been obtained from a self-consistent LSW calculation 
for 344 k-points uniformly distributed over the irreducible part of the first Brillouin zone. 
This choice for the number of k-points results in a volume per k-point in the order of 
1.5 x w-6 A -J. The density of states of the system was obtained for 785 k-points using 
the analytic quadratic tetrahedron method for integration over the irreducible part of the 
Brillouin zone (see section 2.3.2). 

In figure 3.2 the total density of states is shown. The most important feature in this 
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Figure 3.2: Theoretica/ density of states for bulk silicon, for two Si atoms in the unit cell. 

figure is of course the energy gap of almost 1 eV. In comparison with the experimental 
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energy gap of 1.2 e V the value of the calculated gap is 20 percent too small. This is an 
artifact of LDA [12]. As appears from the partial density of states the valenee band can 
roughly he divided in three regions: The fi.rst region of -13 e V to -8 e V is predominantly of 
s-like character coming from the atomie 3s-states of Si, the second region of -8 eV to -5 eV 
is a region with contributions from both s and p-states and the region of -5 eV to 0 eV is 
predominantly p-like. The nonuniformity of the density of states arises from hybridization 
among the atomie orbitals. As we will see later on, disruptions of the crystalline bonding 
environment, for instanee at a surface due a reduced symrnetry, will cause changes in the 
shape of the density of states curves. Regarding the band gap and the shape of the density 
of states curve, the results of our calculations are in good agreement with results of the 
many calculations that have beenpresentedover the years [13]. 

A plot of the bandstructure of Si is shown in figure 3.4 between the high syrnmetry 
points in the first Brillouin zone: r, L, U, K and X (figure 3.3). The highest valenee band 
and the lowest conduction band have almost parallel dispersion. Two optical interband 
transitions are indicated by E 1 and E 2 • 

Figure 3.3: First Brillouin zone of silicon with some points of high symmetry. 

3.3 The unreconstructed Si{lll) surface 

3.3.1 Slab geometry 

A cornplication with surface calculations is that surfaces only have two-dirnensional periodi
city parallel to the surface, while methods like LSW assume three-dimensional periodicity. 
The solution we choose is to restore the periodicity in the direction perpendicular to the 
surface by using a repeated slab geometry: The semi-infinite system is replaced by a thin 
slab, which is then repeated periodically in the direction perpendicular to the surface 
(figure 3.5). 
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Figure 3.5: Slab superlattice. 
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The slab has to he sufficiently thick to prevent its two surfaces from interading either 
across the slab so that the center of the slab has the properties of the bulk, or across the 
vacuum so that there is no charge in the center of the vacuum. 

In general the periodicity ( c in figure 3.5) is taken to he large in the perpendicular 
direction so that the reciprocal vector is small, and few k-points are needed in this direction; 
the Brillouin zone is very thin in the direction perpendicular to the surface. In the next 
section slab geometry is applied to construct a unit cell for the unreconstructed Si(111) 
surf ace. 

3.3.2 Construction of the unit cell 

In figure 3.6 we take a closer look at the structure of silicon in the (111) direction (assumed 
to lie along the z-axis). In the (111) direction the silicon crystal is built out of double layers 

(lil) 

• flrltlayer 

• oec:oodla)er 

A B 

Figure 3.6: A: Silicon crystal structure in the (111} direction. B: Top view of the unrecon
structed Si(lll} surface. 

of atoms. By cutting all vertical honds between two double layers a horizontal ( 111) surface 
is obtained where each surface atom has a free dangling bond. The unreconstructed Si(111) 
surface has 7.83 x 1014 dangling honds per cm2• 

Now wedefine the unitcellas a large elongated cell which, in two dimensions, is spanned 
by two lattice veetors parallel to the surface and by the c-axis perpendicular to the surface. 
Corresponding to the two-dimensional surface unit cell the veetors parallel to the surface 
are hexagonallattice veetors with the lengthof ahex = ~J2acubic, where acubic = 5.4306 Á is 
the lattice constant of bulk Si. The c-axis is extended over M atomie layers and N vacuum 
layers. The numbers M and N have to he chosen such that we get a slab with the desired 
properties regarding the thickness of the Si-film and the vacuum layer (see section 3.3.1). 
In the calculations presented in this chapter we used silicon films of M = 16 atomie layers 
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separated by an empty space with a thickness corresponding toN= 8 atomie layers. This 
choice of Mand N results in a lattice constant c = ~J3acubic in the (111) direction. 

The resulting space group of the hexagonal unit cell is D~d (no. 164 in International 
Tables [9]). The positions of the atoms and the empty spheres are given schematically 
in figure 3.7. In each class there are two atoms (or empty spheres). Each class of atoms 
represents an atomie layer in the crystal. Class 7 is the surface atomie layer of silicon, class 
20 represents the layer of silicon atoms in the center of the slab. 
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Figure 3. 7: Positions of Si atoms and empty spheres in the upper half of the slab. In 
each class there are 2 atoms. The positions of the atoms for -c/2 < z < 0 are found by 
inversion through the origin. 

With the positions of the empty spheres as in figure 3. 7 and the Wigner-Seitz radius 
set to Rws = 1.34 A for all atomie spheres the overlap volume is again acceptable. Note 
that the value for Rws is the same as for bulk silicon. 

3.3.3 Results for the unreconstructed Si{lll) surface 

The results presented in this section have been obtained from a self-consistent LSW cal
culation for 81 k-points uniformly distributed over the irreducible part of the Brillouin 
zone. This choice for the number of k-points results in a volume perk-point in the order 
of 2.4 x 10-6 A-3 • The density of statesof the system was obtained for 105 k-points using 
both the analytic quadratic ( figure 3.8 A) and the linear ( figure 3.8 B and C) tetrahedron 
method for integration over the irreducible part of the Brillouin zone (see section 2.3.2). 
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In figure 3.8 the total density of states of the slab, the density of states for class 
7 (surface) and the density of states for class 20 (bulk) are displayed. In the results, 
presented in figure 3.8 A, the density of states of bulk silicon can still he recognized. We 
will first concentrate on the peak around the Fermi level. This sharp peak is caused by the 
free dangling honds at the surface, as appears from figure 3.8 B and C. The fact that the 
Fermi level falls in the middle of the peak suggests that we have a half filled state, which 
agrees with the idea of free dangling honds at the surface. From figure 3.8 A, B and C it is 
obvious that this peak has almost disappeared in the density of states of the silicon layer 
in the center of the slab. This effect is also illustrated in figure 3.9, where the density of 
states at the Fermi level is shown as a function of the position in the slab. An interesting 
and well known property of covalent semiconducting compounds is their limited screening 
behaviour. The dangling-bond surface state is seen to penetrate over eight Si layers all the 
way to the center of the Si slab. In this respect the slab is still not thick enough. However, 
comparing the total charges of the central Si atoms to those of bulk Si we have another 
criterion by which we can judge about the thickness of the slab. These total charges are 
almost the same for the central Si atoms of the slab as for bulk Si atoms ( -3.191e and 
-3.196e respectively). From this and from figure 3.9 we conclude that the present choice 
of M = 16 is quite sufficient. In the center of the vacuum the total charge in an empty 
atomie sphere is 1 x 10-4 e which is negligible compared to the charges in the rest of the 
slab. This justifies our choice of N = 8. 

Besides the peak at the Fermi level another striking feature occurs in the region between 
-12 and -10 eV in figure 3.8. The horizontal steps, present in that energy region, suggest 
that there are two dimensional electronic structures ( density of states constant) in the 
system ( the small peaks at the steps in figure 3.8 B and C arise from inaccuracy in the 
linear tetrahedron method for integration over the irreducible part of the Brillouin zone). 
To explain the horizontal steps we have to look at the bandstructure. 

A plot of the bandstructure is given in figure 3.11 for surface k-vectors between f(O, 0), 
M(~,0), K(~,~) and f'(O,O). These are k-vectors in the two-dimensional Brillouin zone as 
shown in figure 3.10. The valenee bands can roughly he divided in three bulk groups, 
representing the low-lying s bands, the bands of mixed s and p character and the p-like 
bands. In comparison with the bandstructure of bulk silicon we see that the bands are split 
up. The s-bands for instanee are split up in 8 separate bands with parallel dispersion in 
the f'- M direction, which is in agreement with the number of classes containing Si atoms. 
Apparently the Si atoms in different classes feel different potentials. The only difference 
between these atoms is the z-coordinate leaving a kind of two dimensional structure in the 
lateral directions. 

Clearly, this two dimensional behaviour in the density of states is an effect of the limited 
thickness of the slab. Beyond some point, when increasing the thickness of the slab, this 
effect would no longer heseen as it will he dominated by three dimensional bulk properties. 
However, it is believed that at any point the density of states corresponding to the surface 
region of the slab, which is two dimensional by definition, will show these steps. 

Furthermore we see one separate p-like dangling-bond band in the fundamental gap 
causing the metallic behaviour of this system. This band shows very little dispersion 
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Figure 3.10: Two dimensional Brillouin zone with some points of high symmetry. Note 
that the high-symmetry points given here do not correspond with the high-symmetry points 
in figure 3.3. 
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Figure 3.11: Bandstructure for the clean unreconstructed Si(111} surface. 

which agrees well with the sharp peak around the Fermi level in the density of states plot 
(figure 3.8). The two bands in the gap in figure 3.11 are not exactly degenerate due to 
some weak interaction still present between the opposite surfaces of the slab. Regarding 
the shape of the density of states curve and the surface dangling bond state as it appears 
in the density of states and the bandstructure, the results presented here are in excellent 
agreement with results of calculations on the unreconstructed Si(111) surface, performed 
by Schlüter et. al [14]. For a discussion of the other surface states which appear in the 
density of states, we refer to [14], where a good overview is given concerning these surface 
states. 

3.3.4 Comparison with experiments 

In the imaginary part of the dielectric function of bulk silicon two peaks appear at 3.4 e V 
and 4.2 eV respectively [26]. These peaks correspond to optical interband transitions 
(marked by Et and E2 in figure 3.4). In results from ellipsometry measurements [27] 
these peaks are broadened (figure 3.12). This broadening is much stronger for the peak 
corresponding with the optical transition E2 • A possible qualitative explanation for this 
effect can he as follows: All bands are split up in contributions from the classes of atoms 
separately. Now interband transitions are possible over a bigger energy range, causing 
broadening of absorption peaks in the dielectric function. The difference in broadening 
between transitions Et and E2 can he caused by the fact that the Et peak corresponds to 
a region in k-space where the splitting between energy bands is smaller than in the region 
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Figure 3.12: Dielectric function of a 7 x 7 reconstructed vicinal Si{lll} surface, measured 
with ellipsometry. The dashed line corresponds to literature values for bulk Si {26}. This 
picture is adapted from {27}. 

of k-space where the E2 peak is located. 

3.4 Concluding remarks 

In this section the most important features of the results presented above are briefly sum
marized. 

• The results for bulk silicon are in good agreement with the literature regarding the 
energy gap and the shape of the density of states curve (figure 3.2). 

• The clean unreconstructed Si( 111) surface is metallic since the Fermi level falls within 
the dangling bond surface state (figure 3.8). 

• The horizontal steps in the region between -12 and -10 eV in the density of states 
plot suggest two dimensional electronic structures in the system (figure 3.8). 

• In the band structure the dangling bond surface state appears as a band in the 
fundamental gap showing very little dispersion (figure 3.11 ). 

• The surface contribution to the bandstructure causes the bands to split up. Because 
of this splitting optical transitions are possible over a bigger energy range, caus
ing broadening of the peaks in the dielectric function in comparison with bulk Si 
(figures 3.11 and 3.12). 
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Chapter 4 

Silver on the Si{lll) surface 

4.1 Introduetion 

In this chapter we present a study of the Si(111) surface covered with one monolayer (ML) 
of silver. We considered two different systems: A system in which each dangling bond at 
the Si(111) surface is terminated with a silver atom, resulting in a 1 x 1 reconstruction, 
and the v'3 x v'3 reconstruction of silver on Si(111). The 1 x 1 system which is described 
first is a simple extension of the calculation of the unreconstructed Si(111) surface accom
plished by replacing an empty sphere by an Ag atom. This is a natura} next step to take 
after the clean unreconstructed Si(111) surface. Although this structure does not occur 
in practice it presents an interesting model for the study of the Ag/Si(111) surface. The 
v'3 x v'3 Ag/Si( 111) surface is a system that exists in reality. Some properties of this sys
tem regarding the surface structure, the Ag coverage and the electronic structure are still 
controversial. In this work slab calculations have been performed for both systems. The 
obtained results of these calculations will he compared with each other and with theoretica} 
and experimental results in literature. 

4.2 A model system 

Departing from the study of the clean Si(111) surface of section 3.3 we describe here the 
calculations on a Si(111) surface where every dangling bond is terminated by an Ag atom. 
This results in a 1 x 1 Ag/Si( 111) surface ( also referred to as the Ag terminated surface) 
with a coverage of 1 monolayer (ML), which corresponds to 7.83 x 1014 Ag atoms per cm2 

at the surface. In the 1 x 1 surface atomie arrangement of Ag atoms the distance between 
two Ag atoms is 3.84 A. 

4.2.1 The unit cell 

The only difference between the unit cell described in section 3.3 and the unit cell used 
hereis that the empty sphere of class 4 (figure 3.7) is replaced by an Ag atom. This means 
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that we can use the same lattice parameters. So again we have hexagonallattice veetors of 
length ahex = !J2acubic parallel to the surface and a lattice vector of length c = ~J3acubic 
normal to the surface, where acubic = 5.4306 A is the lattice parameter of bulk silicon. 
Furthermore we can use the same space group (D~d' no. 164 in International Tables [9]) 
and the same positions for the atoms and the empty spheres. With the Wigner-Seitz radius 
set to Rws = 1.34 A for all atomie spheres the overlap volume is less than 10 percent of 
the volume of the unit cell, which is acceptable. 

4.2.2 Theoretica! results for the Ag terminated Si(lll) surface 

The results presented in this section have been obtained from a self-consistent LSW cal
culation for 81 k-points uniformly distributed in the irreducible part of the Brillouin zone. 
This choice for the number of k-points results in a volume per k-point in the order of 
2.4 x 10-6 A-3

. The density of states of the system was obtained for 105 k-points using 
the analytic quadratic tetrahedron metbod for integration over the irreducible part of the 
Brillouin zone (see section 2.3.2). 

First some remarks about the application of slab geometry are in order. The number 
of Si layers is the same as before so the slab will again he thick enough. Due to the 
replacement of the empty sphere of class 4 by an Ag atom the vacuum layer in this case 
is thinner than before. The total charge in a central vacuum atomie sphere now becomes 
-0.07e, so we conclude that also the vacuum layer is sufficiently thick for this system. 

In the figures 4.1-4.3 the total density of statesof the system, the total density of states 
of the Ag layer and the total and partial density of states of the first Si layer below the 
Ag layer are shown. When we compare these results with the results for the clean Si(111) 
surface we see horizontal steps again between -12 and -10 eV due to two dimensional 
electronic structures in the system (see section 3.3.3). More importantly a gap of 0.5 eV 
reappears at the Fermi level. 

In the density of states and the bandstructure of figures 4.1 and 4.4 the top of the valenee 
band is a slight 0.1 eV higher than the value of the Fermi level that was obtained from the 
last self-consistency cycle. Nevertheless we conclude that the system is semiconducting for 
this effect is caused by the use of different k-point grids; In the self-consistency cycles the 
f-point is not included in the grid of k-points. From fig 4.4 it can heseen that the valenee 
band takes its highest energy value at the r -point. Omitting this point will therefore 
cause the Fermi level to he determined by some other k-point close to the f -point. In the 
calculation of the density of states and the bandstructure the r -point is included and the 
highest valenee band energy will he slightly higher than the previously found Fermi level. 

The sharp peak at -4.2 eV in the density of states in figure 4.2 is caused by the 
Ag 4d electrons, the small peaks at -1.2 eV and 1.7 eV are caused by the Ag 5s and the 
Si 3p electrons respectively. Apparently there is little interaction between the Ag atoms 
at the surface. In the results for the clean Si(111) surface the 3p peak at the Fermi level 
(figure 3.8) is responsible for the metallic behaviour. The interaction between the Si 3p 
and the Ag 5s electrons (figure 4.3) causes this peak to split up in a bonding and an 
antibonding contribution thereby causing the reappearance of the energy gap at the Fermi 
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Figure 4.1: Total density of states ofthe slab for the 1 x 1 Ag/Si(111) surface. 

4.2.3 Discussion and comparison with experimental results 

The bonding between the Ag and the Si atoms seems to he a covalent bonding between the 
Si 3p and the Ag 5s electrons. The peaks in the density of states (figures 4.2 and 4.3) at 
-1.2 and 1.5 eV relative to the Fermi level, caused by the Si 3p and the Ag 5s electrons, are 
lying symmetrically around the Fermi level approximately 2. 7 e V from each other. In this 
respect these results are in reasonable agreement with differential reflectance spectroscopy 
(DRS) experiments performed by Borensztein et al. [15]. They measured the difference 
in reflectivity between a clean Si( 111) surface and Si( 111) surface with various coverages 
of Ag. The main feature in their results is an absorption peak at a photon energy of 
2.3 eV, which is interpreted as an optica! absorption due toa transition invalving interface 
states corresponding to the hybridized 5s - 3p covalent bonding between Ag and Si atoms. 
This peak is observed as a general feature of the Ag/Si interface for low Ag coverages, 
independent of the kind of surface reconstruction. 

The Ag 4d peak is located at the same energy relative to the Fermi energy as it would 
he for bulk Ag [16]. The band width of this peak for bulk Ag is about 5 eV. We find 
the band width to he 2.5 eV, which is a factor 2 smaller than in the case of bulk Ag. 
This band narrowing can he ascribed to the fact that the Ag nearest neighbour distance 
is 25 percent larger than in bulk Ag. Furthermore the number of Ag nearest neighbours is 
halved compared to bulk Ag. 
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Figure 4.2: Total of states of the Ag layer on top of the Si(111}surface. The peak at -4.2 e V 
comes from the Ag 4d electrons, the small peak at -1.2 e V comes from the Ag 5s electrons 
and the small peak at 1.5 e V comes from the Si 3p electrons. 
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Figure 4.3: Total and partial density of states of the first Si layer below the Ag layer. From 
top to bottorn the curves represent s, p and d contributions and the total density of states. 
This representation is used for all partial density of states plots in this report. 
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Figure 4.4: Bandstructure for the 1 x 1 Ag/Si( 111) surf ace. The two dimensional Brillouin 
zone is shown in figure 3.1 0. 

4.3 The J3 x J3 reconstruction 

Various surface atomie arrangements of the Ag/Si(111) surface have been reported over 
the years. Some of the reported reconstructions are the J3 x J3, the 3 x 1 and the 5 x 2 
reconstruction [28]. In this section we will discuss the J3 x J3 reconstruction. Although 
this is a well stuclied reconstruction there are some conflicting results in literature invalving 
both the Ag coverage needed to form a J3 x J3 structure and whether or not the Si 
substrate plays an important role in the surface atomie arrangement. Some groups claim a 
coverage of()= ~ ML [18], [19], [20], [21] with two Ag atoms in the surface unit cell, while 
others claim a coverage of() = 1 ML (1 ML corresponds with 7.83 x 1014 atoms per cm2

) 

corresponding to three Ag atoms in the surface unit cell [24], [30], [28]. 
Those claiming two Ag atoms per surface unit cell usually propose that the Ag atoms 

are arranged in a simple honeycomb structure. For the 1 ML Ag coverage, different models 
have been suggested to describe the surface atomie arrangement, such as the HCT-1 model 
and the HCT-2 model. These models are named after the honeycomb chained trimer 
arrangement of the Ag layer. The HCT-1 model is a trimermodel corresponding to the 
missing top layer (MTL) model in which the J3 x J3 surface unit cell contains three Ag 
atoms. The Si atoms between the Ag top layer and the first double layer of bulklike Si 
form a trim er layer. From now on the H CT -1 model will he referred to as the H CT-MTL 
model. The HCT-2 model has no missing top layer but a full double layer Si substrate. 
Another class of 1 ML Ag coverage models are those with Ag atoms embedded and a top 
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honeycomb layer of Si [22], [23]. 

TOPVIEW 

z=c/2 

SIDEVIEW 

z=O 

. . . . . . . . ------ ... , ........ -------- 0-Ag 
1-Si(l) 

. 
2-Si(2) 
3-Si(3a) 
4-Si(3b) 

5-Si(4a) 

-----------------· 6-Si(4b) 
7-Si(5) 

----------------- 8-Si(6) 
9-Si(7) 

10-Si(8) 
11-Si(9) 

x=O x= a ~~a,VJ 

Figure 4.5: fllustration of the HCT-MTL model. The third and the fourth Si layer are 
split into two planes, a and b, in the normal direction. The positions for the atoms for 
-c/2 < z < 0 are found by inversion through the origin. 

The basis for the controversy over the structure of the v'3 x v'3 surface may arise 
from the fact that each experimental technique is usually sensitive to only one feature of 
the v'3 x v'3 system: Electronic structure (PES, ellipsometry), total Ag coverage (AES, 
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MEIS), perpendicular structural displacements (LEED), local geometrie structure (XRD), 
or the electronic and geometrie properties of the work function (STM). Differences in 
surface preparation may also contribute to the reported discrepancies in structural models 
proposed by groups using the same experimental technique. The surface model that shows 
the best agreement with most experimental results is the 1 ML Ag coverage HCT-MTL 
model [17], [24]. While writing this report an artiele appeared on the structure of the 
J3 x J3 Ag/Ge(111) system [25]. This system is similar to the Ag/Si(111) system and 
shows the same HCT-MTL surface structure as was established with LEED. 

The structural description of the J3 x J3 system used in this project is basedon surface 
X-ray diffraction experiments by Takahashi et al. [24]. They report a surface structure that 
is consistent with the HCT-MTL model. Furthermore they report reconstructions of the Si 
substrate up toseven Si layers deep. The HCT-MTL model, as described here, is illustrated 
in figure 4.5. 

Wh en the surface atomie arrangement of this system is compared to the 1 x 1 Ag/Si( 111) 
surface we see that the dosest distance between two Ag atoms is 3.42 A, which is 0.4 A 
smaller than for the 1 x 1 reconstruction. For the J3 x J3 surface the distance in normal 
direction between the Ag layer and the first Si layer is 0.8 A, while for the unreconstructed 
1 x 1 surface this distance is 2.34 A (the bulk Si interatomie distance). Figure 4.5 also 
shows that the third and the fourth Si layer are split into two planes in the normal direction 
by 0.35 ± 0.05 and 0.23 ± 0.04 A, respectively [24]. In the calculations presented later in 
this chapter all reconstructions in the lateral and normal direction up to the seventh layer 
of Si are taken into account. 

4.3.1 Construction of a unit cell 

As insection 3.3, slab geometry is applied to the J3 x J3 Ag/Si(111) system. The upper 
half of the slab is shown in the side view in figure 4.5. The unit cell is defined as a large 
elongated cell which, parallel to the surface, is spanned by two hexagonallattice veetors of 
length ahex,../3 = ~v'6acubic, where acubic = 5.4306 A is the lattice constant of bulk silicon. 
The c-axis is extended over such a length that the vacuum layer between two slabsis thick 
enough for the slabs not to interact. We have used a lattice constant c../3 = 4J3acubic in 
the (111) direction, basedon previous calculations and in order to maintain the symmetry 
in the slab. 

The space group of the unit cell described above is Djd (no. 162 in International 
Tables [9]). The Wyckoff positions and the positional parameters for each class of atoms in 
the slab are given in table 4.1. As far as possible empty spheres were positioned on "bulk Si 
positions" as in figure 3.7. The empty spheres, positioned directly above the Ag layer, had 
to he shifted upwards by 0.12 A relative to the bulk Si position to keep the overlap volume 
within acceptable limits. Furthermore the Wigner-Seitz radii of some of the empty spheres 
had to he set to a smaller value to reduce the overlap volume. The Wigner-Seitz radius 
Rws = 1.35 A for all atoms. For the empty spheres the Wigner-Seitz radii vary between 
1.22 A and 1.35 A. The exact positions and Wigner-Seitz radii of the empty spheres are 
given in table A.1 of appendix A. All together there are 31 classes (empty spheres and 
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atoms) resulting in a unit cell which contains 142 atomie spheres. 

Layer Class Wyckoff pos. Relative position Absolute position 
z x z (A) x (A) 

0-Ag 13 6k 0.383 0.571 14.42 3.80 
1-Si(1) 12 6k 0.362 0.200 13.62 1.33 
2-Si(2) 11 6k 0.302 0.321 11.36 2.13 
3-Si(3a) 10 4h 0.284 0.333 10.67 2.22 
4-Si(3b) 9 2e 0.274 0.000 10.32 0.00 
5-Si(4a) 8 4h 0.220 0.333 8.28 2.22 
6-Si( 4b) 7 2e 0.214 0.000 8.05 0.00 
7-Si(5) 6 6k 0.198 0.669 7.44 4.45 
8-Si(6) 5 6k 0.135 0.667 5.08 4.43 
9-Si(7) 4 6k 0.115 0.323 4.33 2.15 
10-Si(8) 3 6k 0.052 0.333 1.96 2.22 
11-Si(9) 2 4h 0.031 0.333 1.18 2.22 
11-Si(9) 1 2e 0.031 0.000 1.18 0.00 

Table 4.1: The atomie positions in both absolute coordinates and coordinates relative to the 
dimensions of the unit cel/ are given. 

4.3.2 v'3 x v'3: Theoretica! results and discussion 

The results presented in this section have been obtained from a self-consistent LSW cal
culation for 3 k-points uniformly distributed over the irreducible part of the Brillouin 
zone. The unit cell, as obtained according to the previous section, contains 142 atoms 
and empty spheres. Consiclering the computational effort required for this calculation, a 
smaller number of k-points has been used than in the previous calculations. For this choice 
for the number of k-points the volume per k-point in reciprocal space is in the order of 
2 x 10-5 A -J. The density of states of the system was obtained for 30 k-points using 
the analytic quadratic tetrahedron method for integration over the irreducible part of the 
Brillouin zone (see section 2.3.2). 

As far as the application of slab geometry is concerned we conclude from comparing 
the charges in the atomie spheres that the dimensions of the slab are sufficient to meet the 
requirements regarding the thickness of the slaband the vacuum layer(see section 3.3.1). 
The slab contains 18 atomie layers of Si and 2 atomie layers ( one on each si de) of Ag. The 
thickness of the vacuum layer corresponds to 8 atomie layers ( the total charge in an empty 
atomie sphere in the center of the vacuum layer is 5 x 10-4 e). 

From the total density of states in figure 4.6 it is clear that this system shows metallic 
behaviour. In comparison with the results for the Ag terminated surface (figure 4.1), the 
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Figure 4.6: Tot al density of stat es of the slab for the J3 x J3 Ag/Si( 111) system. 

density of states now shows two peaks with Ag d character (figures 4.6 and 4. 7). Apparently 
the peak, lying at 4.2 eV below the Fermi level in figure 4.1 for the Ag terminated surface, 
is split up in two peaks located at -6.3 eV and 1.7 eV relative to the Fermi level. The 
gap, present in the density of states for the Ag terminated system, has now disappeared 
due to the splitting of the Ag 4d peak. 

A possible explanation for the splitting of the Ag 4d peak can he as follows: As appears 
from the figures 4.7, 4.8 and 4.9 the Ag 4d states are localized at the Ag layer, whereas the 
Ag 5s state also appears in the density of states of the underlying Si layers. The Si 3p states 
are localized on the Si layers. This suggests that the Ag 5s electrons are mainly involved 
in an interaction with Si 3p electrons and apparently cannot provide enough screening to 
prevent the Ag 4d electrons from interacting. So because of the localization of the Ag 5s 
and the Si 3p electrons on the Si atoms, the only interaction left to cause the splitting of 
the Ag 4d peak is the mutual interaction between the Ag atoms at the surface. The results 
of our calculations indicate that the interactions of the Ag 4d electrons with Si p and s 
electrons will he very small. We should stress here that further investigation is necessary 
to determine the true character of the splitting of the Ag 4d peak. 

The splittingas it occurs for the J3 x J3 Ag/Si(111) system is not seen to occur for 
the 1 x 1 reconstruction. In this respect it is interesting to note that the distance between 
the Ag atoms in the J3 x J3 reconstruction is 3.42 Á, which is 10 percent smaller than 
in the 1 x 1 reconstruction where the Ag atoms do not seem to interact. 

The results of our calculations are in discrepancy with surface electronic structure 
calculations on the HCT-MTL structure performed by Ding et al. [30). Their results 
display only one Ag 4d peak at an energy of 4.5 e V below the Fermi level contrary to the 
two peaks at -6.3 and 1. 7 e V which we see in our results. Obviously the splitting of the 
Ag 4d peak as we find it, does not show up in the results of Ding et al. [30). Furthermore 

33 



~ AG/SI V3XV3 RECONSTRUCTION. TOTAL DOS CLASS 13 !AGJ 

-0 

>"' 
" 
' ~~ ,_. 
a: 
1--oo 
Cf)M 

0 
N 

-13 -!2 -7 -6 -5 -1 -3 -2 -! 0 

Energ!j !eVJ 

Figure 4. 7: Total density of states of the v'3 x v'3 Ag layer. 

they find a "pseudogap" (a region of about 1 eV where the density of states drops to a 
very low value) at the Fermi level. From their results one would conclude that there is no 
interaction between the Ag atoms at the surf ace, as is the case for our 1 x 1 Ag/Si( 111) 
system. 

There are some differences between our calculations and those performed by Ding et 
al. (30] that should he mentioned: First of all, in our calculations reconstructions up to 
the seventh Si layer have been taken into account. Their unit cell consists of a relaxed 
HCT-MTL structure with a reconstructed Ag layer on top. Secondly, we have used the 
LSW method with the atomie sphere approximation and with the Ag 4d electroos treated 
on the samelevel as all other valenee electrons. The method they used is basedon norm
conserving pseudopotentials [31] without making shape approximations for the potential of 
the slaband with a mixed basisset [32], using plane waves and numerical orbitals centered 
at Ag atomie sites. Each of these approaches has its own strong and weak points we will 
not elaborate on any further. Eventually the discrepancy has to he solved by experiments 
performed on this system. We will now go into some of these experiments. 

4.3.3 Comparison with experiments and discussion 

Studies on the J3 x .J3 Ag/Si(111) surface, applying various experimental techniques 
(STM, PES, IPES), suggest that there are new empty states above the Fermi level compared 
to the 1 x 1 Ag/Si(111) system. In PES (33], (35] experiments the Ag 4d peak is found to 
he located at -6.5 eV while in IPES [34] experiments clear peaks appear at 2 eV above 
the Fermi level. These experimental results are in excellent agreement with the splitting of 
the Ag 4d peak as appears from our theoretica! results, whereas the experimental results 
are not in agreement with the theoretica! results of Ding et al. [30] (They find the Ag 4d 
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Figure 4.8: Total and partial density of states of the Si trimer layer directly below the Ag 
layer. 

peak at -4.5 eV and a "pseudogap" at the Fermi level). The observed tunneling into 
empty states and the observed honeycomb structure in STM [18], [22] experiments arealso 
consistent with the results of our calculations. 

Camparing our results with the experiments by Borenzstein et al. [15] we can make the 
following remarks. They measured the difference in reflectivity between a clean Si(111) 
surface and a Si(111) surface with various coverages of Ag. The main feature of their 
results is a peak at a photon energy of 2.3 eV, which is interpreted as an optical absorption 
due to a transition invalving interface states corresponding to the bonding between Ag 
and Si. The surface was found to he semiconducting for coverages up to 0.69 ML and 
metallic for coverages of 1.34 ML and larger. In between there is obviously a transition 
from the semiconducting character observed at low coverages to a metallic character for 
larger coverages. So for a coverage of 1 ML, where the J3 x J3 appears, it is very well 
possible that metallic behaviour is found, which would he consistent with the results of 
our calculations. As for the absorption peak at a photon energy of 2.3 e V, present for 
lower coverages: This is still due to the 5s - 3p Ag/Si covalent bond as it was for the Ag 
terminated Si(111) surface. 

In literature there is still no consensus whether the J3 x J3 Ag/Si(111) surface is 
metallic or not. An important issue in this discussion are the PES results from Johansson 
et al. [35]. They find states around the Fermi level, which is consistent with the results of 
our calculations regarding the fact that we don 't find an energy gap. In partienlar they find 
a surface-state band (in [35] referred to as SI) in the bulk band gap. The minimum of this 
band is located 0.1 eV above the valenee-band maximum. Within the small photon-energy 
range {17- 23 eV) they used fortheir experiments there is no indication that the surface 

35 



AG/SI V3XV3 RECONSTRUCTION CLASS 11 ISIJ 

l fJ~tq, ç4mqcob(> , s, I d 

l ~ "*~:&ûdJ 

i~ln4~~ 
-13 -12 -11 -10 -9 -a -7 -s -s -1 -3 -2 -1 o 1 2 

Energ~ leVJ 

Figure 4.9: Total and partial density of states of the first bulklike Si layer. 

state St is below the valenee-band maximum in the r- M direction in reciprocal space. 
However in the r - K direction the St state is observed as a very small peak close to the 
r point in the PES spectrum. The fact that the peak is so small might he due to the low 
photon energy used in the PES experiments. This suggests that, when a higher photon 
energy is used, the St state may he seen to lie below the valenee-band maximum in the 
r- K direction. This would he consistent with the results of our calculations. 

In the view of this discussion a bandstructure plot is presented in figure 4.10 to illustrate 
the complexity of the bandstructure for the y'3 x y'3 Ag/Si(lll) system. It is difficult to 
identify the St state from [35] in the in figure 4.10 but it is obvious that, based on our 
calculations, one would expect more surface states to he observed experimentally. The 
solid line in the r- k direction in figure 4.10 represents a state which causes the metallic 
behaviour. This could he the St state which, in the results of Johansson et al. [35], appears 
close to r in the r - k direction. 

4.4 Concluding remarks 

As in the previous chapter we will conclude with a brief summary of the results and the 
comparison with theory and experiments. 

The Ag terminated Si(lll) surface 

• The 1 x 1 Ag/Si(111) system is semiconducting and shows an energy gap of 0.5 eV 
(figures 4.1 and 4.4). 
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Figure 4.10: Bandstructure of the J3 x J3 Ag/Si{111) system. 

• Between -12 and -10 eV there are horizontal steps in the density of states (figure 4.1) 
due to two dimensional electronic structures in the system. 

• Due to the interaction between Ag and Si the Si 3p peak from the clean Si(111) 
surface, where it is responsible for metallic behaviour, is split up in a bonding and 
an antibonding contribution again creating a gap at the Fermi level (figure 4.1). 
Differential reflectance experiments [15] show an absorption peak at a photon energy 
of 2.3 eV which is ascribed tothebonding between Ag and Si. This is in reasonable 
agreement with the 2.7 eV basedon our calculations. 

• The Ag 4d electrons cause a sharp peak at -4.2 eV as they would do in bulk Ag [16]. 
However the Ag 4d band is a factor 2 narrower compared to bulk Ag (figure 4.2) 
probably due to the 25 percent larger Ag nearest neighbour distance compared to 
bulk Ag and the fact that an Ag atom only has 6 Ag nearest neighbours in this 
system, compared to 12 in bulk Ag. 

The J3 x J3 Ag/Si(lll) surface 

• The J3 x J3 Ag/Si(111) surface shows metallic behaviour (figure 4.6). 

• The Ag 4d peak is split up in two peaks at -6.3 eV and 1.7 eV (figure 4.7), which is 
consistent with (inverse) photoemission experiments [33), [34). The splitting of the 
Ag 4d peak is mainly caused by mutual interaction between the Ag atoms. 

• Tunneling to empty states and the honeycomb structure as observed in STM exper
iments [18], [22] are in agreement with the presence of new empty states above the 
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Fermi level in our theoretica! results, due to the splitting of the Ag 4d peak. 

38 



Chapter 5 

Conclusions and outlook 

In condusion the results of this project will he mentioned briefly and a short outlook will 
he given on the possibilities to continue the study of metal-semiconductor interfaces. 

In this report calculations have been presented on bulk silicon as a reference, the clean 
unreconstructed Si(111) surface, the 1 x 1 Ag/Si(111) surface and the J3 x J3 Ag/Si(111) 
surface. The results, found for bulk silicon, are in excellent agreement with the literature 
regarding the energy gap and the shape of the density of states curve. The unreconstructed 
Si(111) surface is metallic sirree the Fermi level falls within the dangling bond surface band. 
The bands in the bandstructure are split up so that optical transitions are possible over 
a larger energy range. This could explain the ellipsometry results for this system where 
broadening of the peaks in the dielectric function is observed for the Si( 111) surface. 

When the unreconstructed Si(111) surface is terminated with Ag atoms (one Ag atom 
on each dangling bond, resulting in a 1 x 1 structure) the system becomes semiconducting 
again. For this system an energy gap of 0.5 eV appears. The bonding between the Ag and 
the Si atoms is caused by an interaction between the Ag 5s and the Si 3p electrons. Due 
to this interaction the dangling bond peak, responsible for the metallic behaviour of the 
clean Si(111) surface, splits up in two peaks at -1.2 and 1.5 eV relative to the Fermi level. 
These results are in reasonable agreement with DRS data. Due to the preserree of the Ag 
atoms there is an Ag 4d peak at an energy of 4.2 eV relative to the Fermi level. 

The J3 x J3 Ag/Si(111) system is found to he metallic. The Ag 4d peak is split up 
in two peaks lying at -6.3 and 1.7 eV, relative to the Fermi level. This splitting, which 
is caused by the mutual interaction between the Ag atoms, is consistent with PES, IPES 
and STM experiments. For the first time this splitting appears in theoretica! results. 

In the near future the theoretica! results, presented in this work, will have to he verified 
by experimental work. Some useful techniqt.les, which are available at the University of 
Technologyin Eindhoven are ellipsometry and DRS. 

As for the continuation of theoretica! work: There are various options. The present 
calculations of electronic structures can he extended to the calculation of optical prop
erties and dielectric functions. From the electronic structure one can determine the joint 
density of states which on it self already provides some information about the optical prop
erties. When it is also possible to determine dipole matrix elements from the calculated 
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wavefundions a complete theoretica} description of the dielectric function can he given. 
Another option is to study other systems. Some interesting systems are for instanee 

the Ag/Si(lll) 3 x 1 surface and the Au/Si(lll) 5 x 2 surface. A fascinating aspect of 
these systems is their even further reduced dimensionality. These surfaces are no longer 
isotropie in lateral directions. Their surface atomie rearrangements are characterized by 
quasi one-dimensional structures, the so called quantumwires. 
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Appendix A 

Empty spheres in the J3 x J3 system 

Class Wyckoff pos. Relative position Absolute position Rws 
z x z (A) x (A) (Á) 

20 6k 0.010 0.667 0.38 4.43 1.35 
21 6k 0.073 0.667 2.75 4.43 1.35 
14 2e 0.094 0.000 3.54 0.00 1.35 
16 4h 0.094 0.333 3.54 2.22 1.35 
15 2e 0.156 0.000 5.87 0.00 1.22 
17 4h 0.156 0.333 5.87 2.22 1.35 
18 6k 0.177 0.333 6.66 2.22 1.35 
19 6k 0.240 0.333 9.03 2.22 1.35 
22 6k 0.260 0.667 9.78 4.43 1.35 
23 6k 0.323 0.667 12.15 4.43 1.35 
24 4h 0.344 0.333 12.94 2.22 1.35 
25 2e 0.409 0.000 15.39 0.00 1.27 
26 4h 0.409 0.333 15.39 2.22 1.27 
27 6k 0.427 0.333 16.07 2.22 1.35 
28 6k 0.448 0.667 16.86 4.43 1.35 
29 2e 0.469 0.000 17.65 0.00 1.30 
30 4h 0.469 0.333 17.65 2.22 1.35 
31 6k 0.490 0.333 18.44 2.22 1.35 

Table A.1: Positions and Wigner-Seitz radii of the empty spheres in the .J3 x v'3 
Ag/Si ( 111) system. 

To complete the description of the unit cellof the v'3 x v'3 Ag/Si(111) system, the 
positions and the Wigner-Seitz radii of the empty spheres in this system are given in 
table A.l. The empty spheres are positioned at "bulk silicon" positions except for those 
in the classes 25 and 26. They are shifted upwards by 0.12 A. The positions of the empty 

41 



spheres are shown in figure A .1. 

empty sphere class 

z=c/2 
0 0 0 31 0 

0 GJ 29,30 
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0 0 0 28 
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0 27 0 
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23 
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22 
19 

18 
15, 17 

14, 16 
21 

z=O 
0 0 20 
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Figure A.l: The positions of the classes of empty spheres. The empty spheres are repre-
sented by the squares. 
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