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Theoretical calculation of interaction
between adsorbate and oriented Si
surfaces
Department of Surface and Plasma Science

Supervisor of the master thesis: RNDr. Pavel Kocán, Ph.D.
Study programme: Physics
Specialization: Biophysics and Chemical Physics

Prague YEAR 2013

On this place I would like to thank to my supervisor RNDr. Pavel Kocán, Ph.D
for inviting me into field of surface science and nanoscience. I also would like
to thank him for his help with this work, for the uneasy questions that forced
me to improve myself and for interesting experimental observations, that I could
support with my calculations.
I want to express my sincere gratitude to Ing. Pavel Jelı́nek, Ph.D. for opening
the door of computational physics to me and for his support in my beginnings. I
also want to thank him for the opportunity to work in his group, for provision of
computational codes Fireball and STM and for his help with this work.
I am grateful to all members of nanosurf group who helped me with my
calculations and who supports me with their deep knowledge. Especially I want
to thank to Dr. Ing. Pingo Mutombo for his help with STM simulations.
I also want to thank to Prof. Alastair McLean for the opportunity to support
his experimental work with my calculations and for the the last corrections of
this work.
I would like to express my appreciation to my friend Lucie Mornsteinová who
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Abstrakt: V této práci jsem stručně popsal základy metody funkcionálu hustoty (DFT) pro
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√
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3 × 3) a Prof. Alastair McLean √
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√ na 7×7). Byl nalezen pravděpodobný model
pozorované metastabilnı́ rekonstrukce 3 × 3. Také byla prokázána chemisorpce benzenu v
takzvané di-σ-můstkové konfiguraci.
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Abstract: In this work I briefly described the basic ideas of density functional theory (DFT)
for calculations of an electronic structure of molecules, solids and surfaces. I also summarized
the fundamentals of DFT based Fireball code that was used for calculations of the atomic
and electronic structures of several models. Further I described theory of scanning tunnelling
microscopy (STM) and mentioned some approaches of simulating STM maps by means of results
of DFT calculations. The studied models were reconstructions of
(111) surface, namely the
√ a Si √
7×7, 2×1 Pandey chain and reconstructions with periodicity 3 × 3, where finding proper
atomic structure, fitting to a new experimental observations, was required. I compared energetic
favourableness of the reconstructions. I also studied an adsorption of benzene on 7×7. I have
analysed the atomic and electronic structure of all the models and made STM simulations using
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√
√ results
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√
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Introduction
All of the computing technology nowadays is based on silicon. Large progress
in this field was under way during past decades. The progress was possible due
to reduction of lithographically created circuits like gates and transistors. The
technology using properties of doped bulk silicon is reaching its limits. These P-N
junctions, that are the cores of any logical circuits, are working only if in its P (or
N) part there, have enough dopants, to change the Fermi level of silicon. If the
reduction continues, then there will be moment, when there will be no dopants
in the silicon, so there will be no P-N junctions and the circuits will not work.
Because of this, new approaches of making new more powerful and more energy
efficient electronic devices have to be found.
One of the promising ways for making such devices seems to be molecular
electronics. Basic idea of the molecular electronic is to use fictionalized organic
molecules as small and simple circuits. This approach might lead to small integrated circuits with operating currents of several electrons, instead of mili ampere
currents, that are used today. Before the production of circuits from molecules
can be started, the electronic properties of adsorbed molecules have to be fully
understood. The adsorption will be necessary in order to make stable molecular
junctions
The fundamental research on the field of adsorbed molecules on silicon substrates could show us interesting electronic or opto-electronic properties of studied systems. This knowledge can be applied not even for designing of molecular
circuits, but also for opto-electronic devices like screens, lasers and diodes. The
usage of silicon is supported by the idea that the technology for production molecular circuits on silicon would not differ so much from the technologies nowadays.
Thus usage of silicon substrates could lead to the cheaper way to molecular electronics, than other substrates. The one of the most important properties of
molecules used for the circuits will be small gap of the molecules. Such molecules
are for example aromatic molecules with π-conjugated systems.
The aim of this work is to calculate the electronic properties of several reconstructions of Si (111) surface that have been experimentally observed. Namely
it were reconstructions
2×1 Pandey chain,√7×7 √
and several reconstructions with
√
√
◦
periodicity 3 × 3 R30 . Some of these 3 × 3 reconstructions were not proposed in the literature yet. All these reconstructions could be used as substrates
for molecular adsorption. Other calculations concern adsorbed benzene molecule
on the 7×7 reconstruction of Si (111) surface. Benzene is the smallest aromatic
molecule, so its adsorption could work as prototype for more complicated aromatic molecules. The starting points
my calculations were experimental results of
√ for √
Dr. Pavel Kocán, who studied 3 × 3 R30◦ reconstruction, and Prof. Alastair
McLean, who investigated adsorption of benzene on 7×7 reconstruction. The
experimental observations were done mainly by scanning tunnelling microscopy
(STM), which enables us to measure the local density of states of surfaces with
atomic resolution. The Fireball code, which is based on density functional theory (DFT), was used for the ab-initio calculations of the atomic and electronic
structures of the studied models. Then the STM simulations of the studied models were done by means of STM code. If the agreement between simulation and
3

experiment is achieved, then there is very high probability, that the calculated
model of atomic structure is the real atomic structure of the surface.
The work is organized as follows: The first chapter contains an introduction to DFT and the fundamentals of the Fireball code. The second chapter
concerns
√
√ bulk ◦ terminated Si (111) surface, 2×1 Pandey chain, the 7×7 and
3 × 3 R30 reconstructions that can be found in the literature. The third
chapter consists of theoretical introduction to STM and theory used in the STM
code. It also contains a brief description of the experimental arrangement of
STM and its operational mode. The first part of fourth chapter consists of procedures and results of experiments made by Dr. Pavel Kocán and Prof. Alastair
McLean. The second part concerns results of my calculations, comparison with
the experiments and literature and discussion.
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1. Density Functional Theory
1.1
1.1.1

Ab-initio methods
The stationary Schrödinger equation

All equations are shown in atomic units, unless otherwise specified.
To find any solution to most of statical quantum mechanical systems means
finding a solution of the non-relativistic stationary Schrödinger equation [1]:
c |Ψ i = E |Ψ i ;
H
k
k
k

(1.1)

~ 1 , . . . , X~A , . . . , X~N , x~1 , . . . , x~i , . . . , x~n )i.
|Ψi i = |Ψi (X

(1.2)

to be more precise, it means to find eigenvectors |Ψk i - wave function of the k -th
state of the system - and its eigenvalues Ek - k -th energy of the k -th state of the
system. The state with minimum energy - E0 - is called ground state - |Ψ0 i [1].
In this particular work I will focus on systems composed of atoms and electrons, where the wave functions Ψk will be many-body wave functions. These
wave functions depend on positions of all the nuclei - X~A - and all the electrons
- x~i - of the system. This can be expressed as [1]:

c in the Schrödinger eq. (1.1) is the Hamiltonian that represents
The operator H
the total energy of the system and therefore it can be written as [1]:

H=−

n X
N
n
N
X
1X
1X
ZA
1
▽2i −
▽2A −
+
2 i=1
2 A=1 MA
i=1 A=1 riA

+

n X
N
X
i=1 j>i

N X
N
X
ZA ZB
1
+
.
rij A=1 B>A RAB

(1.3)

The first and second terms of eq. (1.3) are the kinetic energy of the electrons
and the nuclei respectively. If we work in cartesian coordinates, the Laplacian
operator ▽2q is defined as [1]:
∂2
∂2
∂2
▽ = 2+ 2+ 2
∂x
∂y
∂z
2

(1.4)

The other three terms of eq. (1.3) are the potential energy terms. The first of
these represents the attractive electrostatic interaction between the nuclei and
the electrons, while the other two represent the repulsive interactions between
electrons and nuclei respectively. ZA in eq. (1.3) is the charge of the A-th nuclei.
Both rpq and Rpq represent the distances between the particles p and q [1, 2].

1.1.2

The Born-Oppenheimer approximation

Solving the Schrödinger eq. (1.1) analytically is impossible for any many-body
problem. The only way to finding the solution is to solve it numerically, but
some approximations have to be adopted. The most important of these is the
5

Born-Oppenheimer approximation, which is based on the fact that the mass of
the nuclei is about three or even four orders of magnitude higher than the mass
of electrons. Thus the electrons move so much faster than nuclei. Consequently,
the response of the electrons to modification of the positions of nuclei seems to be
immediate in comparison to the speed of nuclei. Therefore, the separation of the
motion of the nuclei and the electron is possible and wave function of the whole
system can also be divided into two parts. One of which is the wave function of
~1 . . . R~N ) - and second one is wave function of electrons, where
the nuclei - Ψnuc (R
the positions of nuclei are just a parameters - Ψel (X~1 ...X~N ) (r~1 . . . r~n ) [1, 2].
Now, the total energy is composed of the energy of the nuclei Enuc and the
electrons Eel [1]:
Etot = Enuc + Eel
(1.5)
and the energy of nuclei can be written [1]:
Enuc =

N X
N
X

A=1 B>A

−

ZA ZB
+ Tnuc
RAB

(1.6)

where Tnuc stands for the kinetic energy of the nuclei [1].
The energy of the electrons can be obtained by solving electron Schrödinger
eq. [1]:
c |Ψ i = E |Ψ i
H
(1.7)
el
el
el
el

c is given by [1, 2]:
where H
el
c =−
H
el

1.1.3

n X
N
n X
N
n
X
ZA X
1
1X
▽2i −
+
= Tbel + Vbext + Vbee .
2 i=1
r
r
iA
ij
i=1 A=1
i=1 j>i

(1.8)

The one electron approximation

Even now the reduced Schrödinger eq. (1.7) cannot be solved precisely, because
of the electron-electron interaction Vbee . The first step to finding any solution of
eq. (1.7) is to assume, that the many-electron wave function Ψel can be composed
of wave functions of single electrons ϕi . The second step is to replace electronc by an effective potential
electron interaction Vee in the electronic Hamiltonian H
el
Veeef f , that takes into account the interaction of all electrons, but it affects only
one electron [1].
In 1928, Douglas Hartree showed that the one-electron approximation results
into non-linear system of equations for single electrons wave functions ϕi (see
[1] or [2] for more details). Thus Hartree introduced method the called the selfconsistent field (SCF). At the beginning of any SCF cycle there is provided some
guessed set of one electron wave functions ϕi from which the first effective potential Veeef f is obtained. In the second step, the SCF procedure starts to minimize
the total energy by the changing one electron functions ϕi , but this modification
leads to a new effective potential. The next step is analogy of second one, with
new Veeef f potential. This iterative procedure repeats itself until the change of the
electron functions and the effective potentials become insignificant. The output
of the SCF cycle is an ’exact’ set of one electron functions ϕi , where the precision
depends on the approximations used and the convergence criteria of the SCF
procedure [1].
6

(a)

(b)

Figure 1.1: Representation of the electron density of the benzene molecule: (a)
three dimensional molecular shape represented by the envelope of constant electronic density (0.7 Au), (b) map showing the values ρ(~x) projected onto plane.

1.2

DFT

1.2.1

Electronic density

1.2.1.1

Basic properties

So far, there are a couple of methods using the one electron approximation.
In the field of olid state physics and surface physics, approaches based on the
Density-Functional Theory (DFT), are the most popular. These methods employ
electron density instead of many-body wave functions. Electron density ρ(~x) is an
observable quantity, that is an abbreviation for probability density of occurrence
of electrons in the volume element d~r and it can be expressed as [3]:
ρ(~r) = N

Z

...

Z

|Ψ(r,~r2 . . . r~N )|2 ds1 dr~2 . . . dr~N ,

(1.9)

where N is the number of electrons and s is spin. The integration in eq. (1.9)
goes over all spins and all the coordinates except coordinates of one electron [3].
Example illustration of electron density of benzene molecule is shown in figure
1.1
The main advantage of using electron density ρ(~r), instead of electron wave
function, is a reduction of the many-body problem of N electrons with 3N partial
coordinates to 3 spatial coordinates (x, y, z). From the definition (1.9) is clear
that the electronic density has positive value and it vanishes at infinity [1]:
ρ(~x → ∞) = 0.

(1.10)

By integration of electronic density over whole space we obtain the total number
of electrons [1]:
Z
N=

ρ(~r)d~r.

(1.11)

The first attempts of using electronic density for obtaining some part of the
electronic energy were made by Thomas and Fermi in 1927. They wrote an
prescript for obtaining the coulombic part of the electron-electron interaction
and the nuclear-electron interaction. They also approximated kinetic energy of
the electrons from model of the uniform electron gas (see [3] for more details).
7

Later an expression for the exchange energy between electrons was introduced
by Thomas, Fermi and Dirac, but this model did not really work. The real DFT
was born in 1964, when Hohenberg with Kohn published their two theorems.
These theorems postulate that using electron density for ground state calculation
instead of many-body wave function is possible [1, 3].
1.2.1.2

The first Hohenberg-Kohn theorem

The first of the Hohenberg-Kohn Theorems proves that any ground state of any
many-body system can be uniquely described by an electron density [1].
The proof of the first theorem considers two different electronic Hamiltonian
c = Tb + Vb + Vb
c′
b
b
b′
H
el
el
ee
ext and Hel = Tel + Vee + Vext that give us two different ground
states Ψ and Ψ′ respectively, with different corresponding energies E0 and E0′ .
But these ground states have the same electronic density [2].
According to the variational principle, that can be found elsewhere [1, 2, 4],
we know that:
D

E

D

c Ψ ≤ Ψ H
c Ψ
Ψ0 H
0

E

(1.12)

c is any Hamiltonian, Ψ is its ground state and Ψ is any state state of
where H
0
the system [1].
The application of the variational principle on our Hamiltonians and states
results into [2]:
D

E

D

E

D

c Ψ′ = Ψ′ H
c′ Ψ′ + Ψ′ H
c −H
c′ Ψ′
E0 < Ψ′0 H
el
el
0
0
el
0
0
el
0

E

(1.13)

We know that these two Hamiltonians differ only in external potential [1]:
D

′
Ψ′0
E0 < E0′ + Ψ′0 Tbel + Vbee + Vbext − Tbel − Vbee − Vbext

E

(1.14)

that can be also written [1]:

E0 < E0′ +

Z

h

i

′
ρ(~r) Vbext − Vbext
d~r.

(1.15)

Using the same approach, but with substituted primed and unprimed quantities
we obtain [1]:
E0′

< E0 +

Z

h

i

′
ρ(~r) Vbext
− Vbext d~r.

(1.16)

Adding eq. (1.15) and (1.16) gives us a clear contradiction [1]:
E0 + E0′ < E0′ + E0

(1.17)

So the conclusion of the first Hohenbergh-Kohn theorem is: an unique ground
state electronic density gives an unique external potential. Therefore, the electronic density is a quantity, that enables us to get all the informations about
studied system [1].
8

1.2.1.3

The second Hohenbergh-Kohn theorem

The second Hohenbergh-Kohn theorem defines an energy functional E[ρ] and it
proves, that the ground state density ρ0 minimizes this energy functional [1].
From the first theorem we already know, that any electronic density ρe defines
c
f and the external potential Vb
e
its own Hamiltonian H
ext as well as its wave function
e
Ψ. Now, we can simply deduce :
D

E

e H
c Ψ
e = Tb [ρ]+
e Vbee [ρ]+
e
Ψ

Written in a simpler way:

Z

D

E

c Ψ . (1.18)
e r )Vbext d~
e ≥ E0 [ρ0 ] = Ψ0 H
ρ(~
r = E[ρ]
0

e = Tb [ρ]
e + Vbee [ρ]
e +
E0 ≤ E[ρ]

Z

e r )Vbext d~
ρ(~
r,

(1.19)

which is nothing else than the variational principle for the electronic density ρ
[1].

1.2.2

The Kohn-Sham equation

Later Kohn and Sham found a simple functional E[ρ(~r)] which is based on the
theory of non-interacting electron gas - the so called Jellium model. Unlike the
first attempts made by Thomas, Fermi and others which was based strictly on
electron density, Kohn and Sham postulated that the wave function of the whole
system ΨKS is a Slater determinant composed of pseudo-one electron spin orbitals
ϕKS
i . This set of pseudo-spin orbitals is orthonormal, so the electronic density
can be written [1]:
ρ(~r) =

n
X
i=1

|ϕKS
r )|2 .
i (~

(1.20)

To obtain ground state density ρ0 (~r) we need to self-consistently iterate the KohnSham orbitals ϕKS
r ) (similarly as in Hartree-Fock procedure - see [1] or [3]).
i (~
It can be shown (see [1] for example) that a single determinant wave function
ΨKS is an exact wave function for system of non-interacting fermions (e.g. noninteracting electron gas). In this case, the exact kinetic energy Ts can be obtained
[1]:
n D
E
1X
2
KS
Ts = −
ϕKS
(~
r
)
▽
ϕ
(~
r
)
.
(1.21)
i
i
i
2 i=1 i
But in case of interacting electrons, this kinetic energy is not the right one.
Therefore for total energy calculations some correction of the kinetic energy has
to be adopted (it will be shown later) [1].
Knowing this, the energy of the whole system can be expressed as [1]:
E[ρ(~r)] = Ts [ρ] + J[ρ] + EXC [ρ] + EN e [ρ] =
n
1X
=−
2 i=1

Z

ϕKS
ri )
i (~

▽

2

ϕKS
ri )d~
ri
i (~
+

Z

1
+
2

Z Z

ρ(r~1 )ρ(r~2 )
dr~1 dr~2 + EXC [ρ(r~1 )]+
r12

ρ(r~1 )VN e (r~1 )dr~1 ,
9

(1.22)

where the second term - J[ρ] - is the coulombic repulsion between electrons and
last term - EN e [ρ] -is the interaction between the electrons and the nuclei. The
EXC [ρ] is the so called exchange-correlation energy or exchange-correlation functional (XC - functional) and it contains the residual part of the true kinetic energy
- TC - and the quantum electron-electron interaction EQee [1]:
EXC [ρ] = (T [ρ] − Ts [ρ]) + (Eee [ρ] − J[ρ]) = TC [ρ] + EQee [ρ].

(1.23)

By applying the variational principle to eq. (1.22) we can find the condition
for minimizing the whole energy, together with maintaining the orthonormality
of the one electron wave functions. This condition results into set of equations
for all one electron functions ϕKS
(see [3] for detailed derivation) [1]:
i
1
− ▽2 +
2

"Z

N
X
ZA
ρ(r~2 )
dr~2 + VXC (r~1 ) −
r12
A=1 r1A

#!

ϕKS
= εi ϕKS
i
i .

(1.24)

Where the exchange-correlation potential VXC is defined [1]:
VXC =

∂EXC [ρ]
.
∂ρ

(1.25)

Up to this point, there are no other approximations than the ones made
by Born-Oppenheimer and one-electron approximation. The main problem is,
neither EXC nor VXC are known. Therefore they must be somehow approximated
[1].

1.2.3

The exchange-correlation functionals

1.2.3.1

LDA

Nowadays there are a couple of approaches for obtaining the exchange-correlation
energy; the first and the most simple is called the Local-Density Approximation
(LDA). That means, that exchange-correlation energy EXC depends only on the
local amount of the electric density ρ(~r) [1]:
LDA
EXC

=

Z

ρ(~r)εXC [ρ(~r)]d~r,

(1.26)

where εXC is a normalized exchange-correlation energy per one particle of the
uniform electron gas on which the whole idea of LDA is based. The normalized
energy εXC can be divided into pure exchange εX [ρ(~r)] and correlation εC [ρ(~r)]
contributions [1]:
εXC [ρ(~r)] = εX [ρ(~r)] + εC [ρ(~r)].
(1.27)
The equation, for obtaining exchange energy εX [ρ(~r)] from uniform electron
gas was derived by Bloch and Dirac in late 1920’s [1]:
3
εX [ρ(~r)] = −
4

s
3

3ρ(~r)
.
π

(1.28)

On the other hand, no simple expression for correlation energy εC [ρ(~r)] exists.
The most common way to get it is through quantum Monte-Carlo simulations.
The first were made by Ceperly and Alder in 1980 (see [5] for more details).
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LDA gives satisfying results for systems that are close to the model of the
uniform electron gas, such as metals. On the contrary, the results are not so
good for molecules, because LDA has a tendency to overestimate the strength of
chemical bonds and it also usually produces small gaps for any system [1, 6].
1.2.3.2

GGA

The fact that LDA does not work so well for molecules is caused by the electron
density variations which are much larger, than in metals or solid states in general.
The problems, which LDA has with molecules, show us, that other information
than just electronic density is necessary. Thus, method called the generalizedgradient approximation (GGA) was invented. This functional takes into account
not only electronic density, but also its gradient:
GGA
EXC

=

Z

ρ(~r)F [ρ(~r), ▽ρ(~r)]d~r,

(1.29)

where F [ρ(~r), ▽ρ(~r)] is some general functional. So far, there is a number of
different GGA functionals - B88 [7], PW91 [8], PBE [9], LYP [10] and so on. (See
e.g. [1] for more details and comparison) These functionals give us better results
than LDA functionals for some systems, mainly for molecules. But generally
speaking, they still are not enough accurate for counting of binding energy with
smaller error than 1 kcal/mol (so called chemical accuracy) [11].

1.2.4

Numerical Implementations

1.2.4.1

Introduction

In next two chapters we will describe the main numerical aspects for solving
Kohn-Scham equations.
1.2.4.2

Pseudopotentials

The core electrons of atoms are involved merely in chemical reactions. They are
practically intact when atoms form a solid state. So we can dispose of the core
states by means of pseudopotentials in the calculations. The main advantage of
pseudopotentials is in speeding up calculations, due to reducing the electronic
problem only to valence electrons. Thus the original Schrödinger eq. for valence
electrons [11]:
Hψiv (~r)

!

n
1X
= −
▽2 + V (~r) ψiv (~r) = εvi ψnv (~r),
2 i=1

(1.30)

where V (~r) is the total effective potential, can be changed into [11]:
H ψev (~r)
i

!

i
1X
▽2 + VP S (~r) ψeiv (~r) = εvn ψeiv (~r),
= −
2 i=1

(1.31)

where ψeiv is pseudo-valence eigenfunction and VP S (~r) is pseudopotential, that can
be obtained from ab-inito calculations, or an empirical pseudopotentials can be
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used. Theempirical pseudopotentials are fitted to reproduce experimental data
[11].
The pseudopotentials can also include the relativistic effects that are appreciable for large atoms as tungsten. Another advantage of pseudopotentials is that
they enable us to decrease the number of basis set functions so then calculations
of larger systems are possible. On the other hand, pseudopotentials can make
the calculations less accurate, due to ’freezing’ of core eigenenergies εcn and core
wave functions ϕcn . Once the pseudopotential is made from them, it becomes
fixed and therefore it cannot respond to any changes of the environment. Second
disadvantage is that all the information about core states is lost. [12, 11]
1.2.4.3

Basis sets

Numerical solution requires us to express the wave functions in basis set. There
are several approaches; each possesses its advantages and drawbacks. In case
of usage of one electron approximation, the one electron wave function ϕi is
represented by coefficients cki in its basis µk [11, 12]:
ϕi =

N
X

cki µk .

(1.32)

k=1

The plane waves are very popular in the solid state physics (see [12] for more
details), but in this work I will focus on the linear combination of atomic orbitals
(LCAO) method [11].
The concept of the linear combination of atomic orbitals was introduced in late
1920’s. The one electron wave function ϕi - called molecular orbital - is comprised
~ α ). The original index k has four parts now:
of atomic orbitals µk = µαnlm (~r − R
α, n, l and m. α signs that the orbital belongs to α-th atom, that has its centre
~ α . The other indices n, l and m correspond to principal, azimuthal and
in R
magnetic quantum number of orbital respectively. Any orbital function µα,n,l,m
can be decomposed into its radial Rnl (r) and spherical part Ylm (θ, φ). If we make
~ α = ~0, then
an assumption that the α-th atom is in the centre of coordinates - R
it can be written [11]:




~ α = µnlm (~r) = Rnl (r)Ylm(θ, φ),
µαnlm ~r − R

(1.33)

where Ylm (θ, φ) are the spherical harmonics. Unlike the spherical harmonics,
which are clearly defined, several types of the radial functions Rnl can be used.
Analytical radial functions as Slate Type Orbitals, or Gaussian Type Orbitals
(see [1, 4] for more details), are quite often used. But the radial functions can be
obtained numerically from solving Schrödinger equation for single atom, too [11].

1.3

Periodic systems - Bloch’s theorem

In any periodic system, the atoms are periodically organized, so the electrostatic
potential of the nuclei have to fulfil the condition [13]:
U(~r) = U(~r + T~ ),
12

(1.34)

where T~ is any translation vector of the periodic (Bravais) lattice. Schrödinger
equation for a single electron in the periodic potential can be written [13]:
!

n
1X
Hψn = −
▽2 + U(~r) ψn = εn ψn .
2 i=1

(1.35)

Bloch theorem tells us that the solution of eq. (1.35) for the electron’s eigenstates is the Bloch wave [13]:
~

ψn~k (~r) = eik~r un~k (~r),

(1.36)

where n is principal quantum number and ~k is so called wave vector. The wave
function un~k (~r) is also periodic [13]:
un~k (~r + T~ ) = un~k (~r).

(1.37)

When the Bloch wave is substituted into Schrödinger eq. (1.35) it can be
easily derived that the eigenenergies εn depend on the wave vector ~k. Therefore
wave vector ~k is a quantum number. The energy εn,~k for fixed n is called electron
band and set of these energies for periodic system is called a band structure [13].
The example of the band structure for Si bulk can be found on figure 1.2.

Figure 1.2: The band structure of Silicon. On the x axis are different ~k of the
first brillouin zone. Figure taken from P. Hofmann [14]

1.4

The Fireball code

The Fireball code [15] is an ab-initio computational package based on DFT, which
can calculate atomic and electronic structure of clusters and periodic systems. It
uses the formalism of norm-conserving pseudopotentials [16] and LCAO with the
localized pseudo-atomic orbitals basis sets. This pseudo-atomic orbitals called
Fireball orbitals have the same form as it was introduced in eq. (1.33) but these
13

F ireball
numerical orbitals have numerical radial functions Rnl
(r) with a radial cut
in some distance from nuclei rc , that means [17]:
f ireball
Rnl
(r ≥ rc ) ≡ 0.

(1.38)

Due to radial cut the Fireball orbitals are slightly excited in comparison with
the real atomic orbitals, that become zero for r → ∞. Example of the Fireball
radial functions for oxygen can be found on figure 1.3. The main advantage of
the fireball orbitals are that an overlap of two orbitals is zero, when the centres
of the orbitals are in distance bigger than sum of their radial cuts. Then their
interaction becomes zero, too [17].

Figure 1.3: The local pseudo-atomic orbitals for oxygen. The basis shown is double
numerical in s and p, with a d polarization state. Figure taken from J. Lewise et
al. [17]
The core of the Fireball code is an approximate self-consistent extension of
Harris-Foulkes functional [17]:
Harris
Etot

=E

BS



+ U

ion−ion

 

ee

− U [ρin (~r)] + U

XC

[ρin (~r)] − v

XC



[ρin (~r)] . (1.39)

The main difference between the Harris-Foulkes functional and the Kohn-Sham
functional is that the first is defined entirely in the terms of an input electron
density - ρin (~r), while second one is defined in terms of both, input and output
density. The term E BS in eq. (1.39) is an energy of band structure [17]:
E BS = 2

X

εi ,

(1.40)

i

where i runs through all occupied energy levels εi , which were gained as eigenvalues from one-electron Schrödinger equation [17]:


1
1
− ▽2 +Vext (~r) + µXC [ρin (~r)] +
2
2

Z
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ρin (~r) 3 ~′
d r ψi (~r) = εi ψi (~r),
|~r − r~′ |

(1.41)

where µXC is the exchange-correlation potential of one electron, that can be
obtained from the exchange-correlation energy of one electron εXC [1]:
µ

∂εXC [ρin (~r)]
=
.
∂ρin (~r)

XC

(1.42)

U ion−ion in eq. (1.39) is the coulombic interaction between nuclei [17]:
U ion−ion =

1 X Zi Zj
,
~i − R
~j |
2 i,j |R

(1.43)

whereas U ee is the coulombic interaction between electrons [17]:
U

ee

1
=
2

Z

ρin (~r)ρin (r~′) 3 3 ~′
d ~rd r ,
|~r − r~′ |

(1.44)

The last two terms of eq. (1.39) are the exchange-correlation’s correction, given
by [17]:


U

XC

ρin (~r)] − v

XC



[ρin (~r)] =

Z



ρin (~r) ε

XC

[ρin (~r)] − µ

XC



[ρin ] d3~r.

(1.45)

The correction is necessary, because eigenenergies gained from the one-electron
Schrödinger equation (1.41) depend on the exchange-correlation potential µXC ,
but the correct exchange-correlation energy is obtained from εxc [17].
The exchange-correlation energy is evaluated in Fireball by the McWEDA
method, which was proposed by Jelı́nek et al. [18]. This method enables us
to calculate exchange-correlation energies of up to three interacting atoms and
store them in a table. These pre-calculations and advantages of fireball orbitals
speed up calculations and make calculations of large system composed of thousand of atoms possible. The McWEDA method can be adopted for any type
of the XC-functional; but in this work I will use LDA with the Perdew-Zunger
parameterisation [19] of the correlation energy of a homogeneous electron gas
calculated by Ceperley-Alder [20].
To obtain the real ground state of any calculated structure the geometry
optimization is needed. To find an optimal geometrical structure, Fireball moves
the atoms in the direction of forces, obtained by [21]:
∂Etot
F~α =
,
∂ R~α

(1.46)

where F~α is the force that affects atom α sitting in position R~α . For the derivation
Hellman-Feynman theorem is used (see [21] for more details). This approach
enables us to pre-calculate the forces and store them, too [17].
More information about the Fireball can be found on the Fireball web site
[15].
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2. Si (111) surface
2.1

Introduction to surfaces

While in ideal mono-crystal are 3D periodic conditions and every atom has its
constant number of nearest neighbours (four in the case of silicon), on the surface
one dimension of periodicity is lost, because of cutting of crystal in a plane. Also
at least one layer of atoms is disrupted by the fact that its atoms lost minimally
one neighbour. These circumstances induce new electronic states different from
bulk states and they cause energetic unfavourableness of bulk terminated surfaces.
That leads to relaxations - usually connected with changes of inter-layer distances
of the surface and few under-surface layers - and reconstructions when the atoms
reorganize themselves so much that the original periodicity of the surface is lost.
Some reconstructions can affect only few topmost atoms, whereas other like 7×7
DAS (see chapter 2.3.3) are more complex and affect more than four layers [22, 23].
In the case of semiconductors, especially silicon, the atoms are strongly bond
in the bulk by covalent bonds. When one of the atoms loses one of its nearest
neighbours, then the covalent bond is broken and the so called dangling bond
appears, with one non-pair electron in it. The dangling bonds are very local and
they bind the Fermi Level on themselves (Fermi Level pinning). So, all the nonreconstructed semiconductors’ surfaces are extremely reactive due to the presence
of at least one dangling bond on the topmost atoms. The dangling bonds cause
metallic behaviour of the surface atoms and they are energetically unfavourable.
Thus the semiconductors surfaces are almost in all cases reconstructed in order
to get rid of the dangling bonds [22, 23].
Under different conditions different reconstructions can appear. Because these
reconstructions have different periodicity and also they might be some vacancies
or extra atoms, there is no straightforward way how to compare their energetic
favourableness. Even, if the surface is composed of one element. In the literature
there have been proposed few formulas, but in this work I will use the formula,
that was used e.g. by A. A. Stekolnikov et. al. [24]. This formula gives us
favourableness αm×n of a m × n reconstruction versus a bulk terminated surface
- imaginary surface in which are the atoms on the same positions as they are in
crystal [24]:
αm×n





E T OT
Nm×n
T OT
= m×n − E1×1
−γ
− N1×1 ,
m×n
m×n

(2.1)

T OT
T OT
where Em×n
is the total energy of the m × n and E1×1
is the energy of one unit
cell of the bulk terminated surface. If there are any vacancies or extra atoms,
then αm×n depends on chemical potential γ of the atom (in this work it is silicon
atom). The chemical potential of atoms on the surface has to be bigger than the
energy of one atom in the bulk and at the same time smaller than the energy
of a single atom in the vacuum. The term Nm×n is the number of atoms in the
m × n reconstruction, while N1×1 stands for the number of one unit cell of the
bulk terminated surface. So if α is lower than zero, that means the reconstruction
is more favourable than the bulk terminated surface [24].
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2.2

Bulk terminated Si (111) surface

If the atoms of the silicon surface, which was cut in the Müller plane (111), would
not change their positions, then it would be ended by a layer, in which every Si
atom has only three neighbours and one dangling bond. Such surface is called the
bulk terminated Si (111) surface and its atomic structure is shown on the figures
2.1 and 2.2. The dangling bonds are oriented perpendicular to the surface, as
you can see on the figure 2.2 [22, 23].

Figure 2.1: Top view of the bulk terminated Si (111) surface. The topmost atoms
are coloured red, the atoms of second layer are coloured green.

Figure 2.2: Side view of eight layers of the bulk terminated Si (111) surface with
real-space projections of the dangling bonds (blue).

In the electronic structure of the bulk terminated surface, there are several
differences compared to the bulk of Si. Together with the half-filled dangling
bonds, which are situated on the Fermi level, also some back-bond resonances
appear. These resonances try to compensate the loss of bonds across the cleavage
plane and they are localized between first few atomic layers of the Si (111) surface.
The back-bonds also strengthen the attachment of the surface atoms to their
subsurface neighbours [22].
18

(a)

(b)

(c)

(d)

Figure 2.3: Top view of (a) the left chain isomer and (b) righr chain isomer
of 2×1 reconstruction. Side view of (c) the left chain isomer and (d) the right
chain isomer of the 2×1 reconstruction. The up atoms are red; the down atoms
are the green ones.

2.3
2.3.1

Reconstructed surfaces
2×1 Pandey chain

As mentioned previoulsy, the dangling bonds make the bulk terminated surface
unstable, so the clean silicon (111) surface is always reconstructed, even after
cleavage. The one of the most energetically favourable reconstructions, but still
only metastable, is the 2×1 Pandey chain reconstruction. This reconstruction can
be observed on the surface, even after cleavage of the surface at low temperature,
due to a very low activation barrier for reconstructing of the surface [23]. The
2×1 Pandey chain reconstruction was first proposed by Pandey in 1981. [25].
Especially two surface silicon layers are affected by the reconstruction, as you can
see on the figure 2.3. Its topmost atoms are arranged into the chains with double
bonds - σ and π - with each other. There are two isomers of this reconstruction.
Each isomer has different direction of the buckling of the atoms of the chains. The
buckling causes the charge transfer from the down atom (green in the figure 2.3) to
the up atom (red) and the splitting of the bonding and the anti-bonding π-bands.
Thus this arrangement eliminates the dangling bonds and it also causes that 2×1
Pandey chain reconstruction has a gap, that depends on the isomerization. In
the literature [26, 24] there can be found, that the left chain reconstruction is
slightly energetically favourable, with a gap of about 0.3 eV, while the right
chain reconstruction has a gap of about 0.7 eV, that much better corresponds to
the experimental observations. DFT-LDA calculations made by Garleff et al. [26]
and Stekolnikov et al. [24] show that the energetic difference between left and
right chain is about 0.01 eV that is much lower value than the accuracy of DFTLDA. The difference of the height between up and down atoms was calculated as
0.51 Å for the right chain isomer by Garleff et al. [26]. Stekolnikov et. al. [24]
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computed this height difference to be 0.53 Å for the right chain isomer and 0.63
Å for the left chain isomer.

Figure 2.4: The experimental STM maps of 2×1 Pandey chain reconstruction of
Si (111) surface taken with constant current mode for bias voltages and currents:
a - +1.4 V; 0.5 nA. b - + 0.6 V; 0.5 nA. c - -0.4V; 0.1 nA d - -1.1V; 0.2 nA.
Figure taken from Garlef et al. [26]

(a)

(b)

Figure 2.5: The experimental and simulated STM maps of 2×1 Pandey chain.
Left collumn - (a) - shows the maps for negative bias voltages (filled states) 0.7 V (atop) and - 1.0 V below. Right column (b) shows the maps for positive
bias voltages (empty states) + 0.7 V (atop) and + 2.0 V below. The experimental
maps are marked as E, while the simulations are market as T. Figure taken from
Garlef et al. [26]

The STM (see chapter 3) experiments and simulations show, that in the negative bias voltages (the filled states of the sample) the up atoms seem always as
bright spots in the STM maps, while in the low positive bias voltages (the empty
states of the sample) the bright spots corresponds with down atoms. However
when the voltage is over 0.7 V the tunnelling to up atoms starts to dominate
again - see figures 2.4 and 2.5 [26].
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(a)
(b)
√
√
Figure 2.6: The 3 × 3 R30◦ reconstruction with one vacant atom in the top
layer - vacancy reconstruction: (a) Side view of one unit cell; (b) Top view of
four unit cells. The green topmost atoms arrange themselves into the same height
as the atoms of the second layer during reconstruction.

2.3.2

√

3×

√
3 R30◦ reconstructions

√
√
The 3 × 3 R30◦ is quite common reconstruction of any modified Si (111)
surface by metals; e.g. silver [27], lead [28], gallium [29] and so on. Whereas for
the clean surface this reconstruction is quite uncommon. In the literature only
two experimental observations can be found [30, 31].
The first of them was observed after intensive bombarding of the surface with
argon ions and then it was rapidly heated up to 1000◦ C and
there for
√
√ maintained
5 sec. Then the surface was rapidly cooled to 20◦ C. The 3 × 3 R30◦ pattern
was observed by the low energy electron diffraction (LEED). The atomic structure
was proposed by fitting of LEED I-V curves. The observed reconstruction has
one vacant top layer atom in the unit cell, as you can see on the figure 2.6 [30].
In this work I will call this reconstruction vacancy.
The second observation was made by the STM, after depositing of 0.05 ML of
the silicon onto the disordered
√
√ ”1×1” surface. After this procedure, quite large
areas of the so called 3 × 3 adatom reconstruction were found [31]. In this
reconstruction there is extra atom added. This extra atom called adatom can sit
in two stable positions - T4 and H3 . In the second case the adatom has just three
neighbours below it, as you can see on the figure 2.7 (b), while in the first one
there are already mentioned three atoms plus one another atom of the second
layer just under the adatom - the figure 2.7 (a). Solares et al. [32] has shown,
that the T4 position is much more energetically favourable, due to much larger
delocalization of the highest occupied molecular orbital (HOMO), than in the
case of the H3 .
√
√
There is also one theoretical work about 3 × 3 R30◦ reconstruction by
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Figure 2.7: The schematic drawings of models of adatom sitting in T4 position
(a) and in H3 position (b). The figure is taken from D. Solares et al. [32]

(a)
(b)
√
√
Figure 2.8: The 3 × 3 R30◦ buckled reconstruction: (a) Side view of one unit
cell; (b) Top view of four unit cells. Up atoms are red; Down atoms are the green
ones.

Figure 2.9: Calculated LDOS of buckled reconstruction for Up atom (full line)
and down atom (dashed line) . Figure taken from F. Ancilotto et al. [33]
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F. Ancilotto et. al. [33], that proposed a reconstruction called buckled. In this
reconstruction is one of three atoms of top layer raised up - upatom - while the
other two are moved slightly down - downatom, as you can see on the figure
2.8. F. Ancilotto et. al. computed that the buckled reconstruction is more
energetically favourable then the vacancy structure, but the 2×1 Pandey chain
reconstruction is still the most favourable of this three reconstructions. In order
to found the stability of the buckled reconstruction F. Ancilotto et al [33] used
dynamical simulations. They found out, that the buckled reconstruction is not
even metastable, because there is no barrier against turning into the 2×1 Pandey
chain. On the other hand they observed, that one vacancy per many unit cells
(four unit cells in this case) makes the buckled reconstruction metastable. They
also calculated the local density of states (LDOS) for the up and down atoms as
you can see on the figure 2.9 [33].
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(a)

(b)
Figure 2.10: The atomic structure of 7×7 DAS reconstruction:(a) Top view of
7×7 unit cell; (b) Side view of 7×7 unit cell.

2.3.3

7×7 DAS

The 7×7 dimer-adatom-stacking-fault (DAS) reconstruction (or the 7×7 for short)
is the most stable reconstruction of the Si (111) surface. The atomic structure is
shown in the figure 2.10. Its structure was proposed by Takayanagi et al. in 1985
[34] for the first time. Later this model was corrected many times. The stability
of the reconstruction is caused by the very effective treatment of the dangling
bonds. The stacking fault, that occurs in the first two layers in one half of the
7×7 unit cell leads to the dimers on the borders of the stacking fault and only 42
dangling bonds in the first layer. In addition 36 of these dangling bonds are fully
saturated by added silicon atoms - adatoms. The total number of dangling bonds
per the 7×7 unit cell is 19 [23]. Twelve of them are situated on adatoms, six
are situated on restatoms and one is on the corner hole atom. The adatoms (the
zero layer) sit in the T4 position, while the restatoms are the highest atoms of
the first layer. The corner hole atom is the atom of the third layer surrounded by
a twelve-membered ring of atoms of the first and second layer [32]. The faulted
and the unfaulted halves of the unit cell are distinguished by mentioned stacking
pattern. Some of the energy gained from reduction of the dangling bonds is con24

Figure 2.11: Constant height STM images together with dI/dV maps for different
bias voltages. Figure taken from Švec et al. [37].

Figure 2.12: Obtained dI/dV spectra of important surface atoms of 7×7 reconstruction. Figure taken from Švec et al. [37]

sumed by the stacking fault [22]. Depending in which half-cell are the adatoms
and restatoms situated they can be classified as faulted and unfaulted. For the
adatoms other classification can be made, according to where are they situated in
the half-unit cell - see figure 2.10. So the adatoms are named faulted corned - fc,
faulted edge (or centre) - fe, unfaulted corner - uc - and unfaulted edge (centre)
- ue [22, 32]. In this work I will label restatom in the faulted half unit cell as fr
and in the unfaulted half unit cell as ur.
To decrease the energy even more, there are significant changes in the electronic structure. The charge transfer from the adatoms to the the restatoms fills
the restatom dangling bond. Due to the stacking fault, the halves of the unit
cells differ from each other also in the electronic structure and reactivity. The
faulted half unit cell is slightly more reactive and its adatoms are brighter in the
STM images, when positive bias voltage is applied, as you can see on the figure
2.11. [35, 36, 37].
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Figure 2.13: The atomic structure of the benzene molecule.

2.3.4

The chemisorption of benzene on 7×7 DAS

In this work I also studied reactions of adsorbate with the silicon surface. The
chosen adsorbate is the benzene molecule. The studied system was benzene
chemisorbed on the most stable reconstruction of Si (111) surface - the 7×7
DAS.
The benzene molecule - C6 H6 - is a ring with a conjugated system of π bonds
(see figure 2.13), that makes the molecule chemically stable. Benzene is the
smallest and simplest aromatic molecule with a gap of about 13 eV [38].
The adsorption of benzene on Si(111) has been studied extensively during past
two decades by wide variety of surface analysing techniques [39]-[50]. These studies shown, that at low temperature (≤ 120 K) the benzene adsorbs without any
changes of its geometry, thus it physisorbs. However, at room temperature, the
benzene is strongly bonded with the substrate - it chemisorbs. This was proved
by the thermal desorption spectroscopy (TDS). Two different bonding energies
were found for the chemisorbed benzene - 0.91 eV and 0.94 eV [40]. The results
of the high-resolution electron energy loss spectroscopy (HREELS) shown, that
two of carbon atoms changed their hybridization from sp2 to sp3 . This corresponds with change of the benzene to the 1,4 cyclohexadiene-like structure when
it is chemisorbed on the surface. Thus the HREELS proved the chemisorption in
di-σ-bond bridge position like ethylene. The atomic structure of the chemisorbed
benzene can be found on the figures 2.14-2.17. Benzene binds with silicon via
two σ bonds: adatom-carbon atom and restatom-carbon atom. Taking into account that the 7×7 reconstruction has four types of the adatoms, there are four
inequivalent positions on which benzene can chemisorb. In this work I shall use
the following naming convention: If the benzene binds with the fc adatom and
the restatom then the structure will be called b-fc(see figure 2.14). Following the
same rule the the b-fe (figure 2.15), the uc (figure 2.16)and the b-ue (figure 2.17)
structures are defined).
The evidence of the di-σ-bridge chemisorption was found by the photoelectron
spectrosopy, too [41, 42]. The STM experiments also proved the occurrence of
the adatom-carbon σ bond by disappearance of the adatom from STM map. The
disappearance is caused by the saturation of the dangling bond that eliminates
the state at the Fermi Level located on the adatom [45, 43, 46, 39, 44].
In addition to the experimental evidence, presented above, a number of the26

(a)

(b)
Figure 2.14: Atomic structure of chemisorbed benzene on 7×7 in di-σ-bridge configuration. So called B-FC structure, due to benzene binds to fc adatom.:(a) Top
view of on 7×7unit cell; (b) Side view of one 7×7unit cell

oretical studies confirm the thermodynamically preferred 1-4-di-σ attachment
geometry. The majority of the theoretical investigations use Si clusters, that frequently incorporate a single Si rest atom and a single adatom with three or five
atomic layers of Si, to model the surface/adsorbate system [47, 48, 49, 50].
In all the above mentioned experiments, there were no real-space observations
of the restatom-carbon bond.Also there is a possibility that in the STM experiment, the adsorbed benzene can be mistaken for the adsorbed hydrogen atom on
the adatom [51] or the vacant adatom [52].
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(a)

(b)

Figure 2.15: The atomic structure of chemisorbed benzene on 7×7 in the diσ-bridge configuration. So called B-FE structure, due to benzene binds to fe
adatom.:(a) Top view of on 7×7unit cell; (b) Side view of one 7×7unit cell

(a)

(b)

Figure 2.16: The atomic structure of chemisorbed benzene on 7×7 in the diσ-bridge configuration. So called B-UC structure, due to benzene binds to uc
adatom.:(a) Top view of on 7×7unit cell; (b) Side view of one 7×7unit cell

(a)

(b)

Figure 2.17: The atomic structure of chemisorbed benzene on 7×7 in the diσ-bridge configuration. So called B-UE structure, due to benzene binds to ue
adatom.:(a) Top view of on 7×7unit cell; (b) Side view of one 7×7unit cell

28

3. STM
3.1

Theoretical introduction

All equations are in SI units.
The scanning tunnelling microscopy (STM) is based on the quantum effect of
tunnelling of electrons through a potential barrier, as you can see on the figure 3.1.
One of the electrodes, from which (or into which) the electrons are tunnelling,
is very sharp metal tip, and second one, into which (or from which) electrons
flow is the sample that we want to examine. Direction of the current depends on
the applied voltage. The potential barrier between tip and sample is caused by
interfaces tip-vacuum and vacuum-sample [53].

Figure 3.1: The schematic drawing of one dimensional tunnelling from the tip
into the sample, or back. The potential barrier Φ mainly depends on the work
functions of the sample and the tip, but other effects as screening can affect its
height. Figure taken from E. Meyer, H. J. Hugos and R. Bennewitz [53]

As the initial guess for tunnelling current, when the tip is far away from the
sample, the two independent systems can be considered. Then for an independent
surface with interface z = 0 and with work function Φ the electron wave function
ψ(z), located on an energy E, decays exponentially into the vacuum [54]:
ψ(z) = Ψ(0) exp −

q

2m(Φ − E)z
h̄

,

(3.1)

where Ψ(0) is the amplitude of wave function on the interface; m stands for the
mass of electron and h̄ is the reduced Planck constant. If the current flows between
two identical metal substrates with small applied voltage V between them, and
if the density of states (DOS) ρ(E) around Fermi level does not change so much,
then simple assumption for tunnelling current It can be made that the tunnelling
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current depends only on the overlap of the surface wave functions and on the
density of states [54]:
√
2mΦz
It ∼ V ρ(EF ) exp −2
.
(3.2)
h̄
First experiments with tunnelling current and with well defined gap between
the electrodes were made on the metal-insulator-metal tunnelling junctions in
1960. In the same year Bardeen, came up with the time-dependent perturbation
approach, which was successfully used for describing a wide variety of effects on
them. This approach can be used for a tip-vacuum-sample system, too. Like in
the initial guess, the Bardeen approach considers two independent subsystems the tip and the sample. The tunnelling current between them is calculated by
the Fermi golden rule [54]:
It =

4πe
h̄

Z

∞

−∞

[fs (EF −eV +ε)−(ft (Ef +ε)]ρs (Ef −eV +ε)ρt (Ef +ε)M 2 dε, (3.3)

where e is the charge of electron, indexes s and t mean that the quantities are
related to the sample and the tip respectively. The Fermi-Dirac f (E) distribution
is defined [54]:
1
.
(3.4)
f (E) =
(E−E
F )/kb T
1+e
M in eq. (3.3) is the tunnelling matrix obtained by [54]:
h̄
M=
2m

Z 



∂ψt∗
dS,
− ψs
∂z
∂z

∂ψt
ψs∗

(3.5)

where the integration goes over whole surface; ψs and ψt are the wave functions
of the sample and the tip respectively [54].
If kb T is small, in comparison to resolution required in the measurement,
than the Fermi-Dirac distribution in eq. (3.3) can be approximated by the step
functions. In this case, the tunnelling current can be obtained by [54]:
4πe
It =
h̄

Z

0

eV

ρs (Ef − eV + ε)ρt (Ef + ε)M 2 dε.

(3.6)

Tersoff and Hamann made another approximation of the Bardeen theory.
They considered only a s-wave tip. Their approximation results into a simple
formula [54]:
dIt
∼ ρs (Ef − eV ),
(3.7)
dV
which tells us that, for the same height of the tip above the surface and for the
constant voltage, the current depends only on a local density of states (LDOS)
of the sample [54].
For the STM simulations in this work I will use the STM code, which is
described by Blanco et al. [55]. This code is based on the improved Bardeen
approach.
The main problem of the original Bardeen approach is the bad decay of tunnelling current in far distance, because of the assumption of the square barrier
between the sample and the tip [55]. In the STM code the barriers for the tunnelling between different orbitals of atoms are pre-calculated by Fireball. In these
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pre-calculations a basis set with big radial cuts (see chapter 1.4) are used. These
barriers are then used for computing matrix elements of M.
Also, when high voltages are used, the electrons can tunnel from different
energy states. The tunnelling barrier is different for the states near the Fermi
Level and for the states far away from it. Thus, these changes of the barrier can
be approximated by exponential damping. The height of the barrier Φ(ε) then
will be varied with the energy ε [55]:
ε

Φ(ε) ∼ Φ0 e− W ,

(3.8)

where Φ0 is the height of the barrier on the Fermi Level and the energy window
W is an empirical parameter. When this exponential damping is substituted into
eq. (3.6), then the tunnelling current is obtained by [55]:
It =

4πe
h̄

Z

0

eV

ε

ρs (Ef − eV + ε)ρt (Ef + ε)M 2 e− W dε.

(3.9)

The STM code uses eq. (3.9) for calculations of tunnelling current.

3.2

The technical solutions and operational modes
of a STM

The experimental arrangement of any STM consists of three mutually perpendicular piezoelectric transducers. If the voltage is applied on them, they will move
with the tip in x,y and z direction above the studied sample. The sample must
be fixed in such position so the x and y movements of the piezo-positioners are
parallel with the surface (as much as possible). A very sharp probe tip is often
made from W or Pt-Ir alloy by the electrochemical etching. To obtain atomic
resolution the whole STM system has to be isolated from vibrations. Depending
on a particular arrangement, the STM can work in different ambiences: in air, in
inert gas, in liquids and ultra high vacuum (UHV). The operating temperature
can be also varied depending on type of STM used. The low temperature STM
works in temperatures around absolute zero, while the high temperature STM
works in few hundred degrees of Celsius [54].
So far, there are a couple of operational modes in which STM can work:
In the constant height mode is the height of the tip maintained during whole
measurement. The information obtained from the experiment is the tunnelling
current - I(x, y). This operational mode is not very popular, because there is the
possibility that the tip can crash into a bumps on the surface [54].
The most common STM mode is constant current mode. In this mode the
required current is maintained by feedback loop. The loop is changing the height
of the tip above the surface, which is the measured quantity - z(x, y) [54].
While working in the constant height mode, it is possible to gain local density
of states (LDOS) in so called dI/dV mode. In this mode the LDOS is obtained by
using eq. (3.7). The derivation can be made experimentally by lock-in amplifier,
if high frequency oscillations of voltage are used. For more details see [36].
Quasi constant height mode bypasses the problems with the crashing of the
tip into the sample by applying a small amount of feedback, that responds to
the average current. As the topographic height of the surface increases, the
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tunnelling current is also significantly bigger and therefore the tip slowly moves
further from the surface. Also, when the height of the surface decreases then
the current decreases for some time and the tip moves towards the surface. This
circumstances lead to shadowing effect of bigger structures as islands, that is
typical for the quasi constant height mode [56].
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4. Results and discussion
4.1

Experiment - the

√

3×

√
3 reconstructions

All the stated bias voltages are applied to the sample.
The experiment made by Dr. Pavel Kocán. started with the 7×7 reconstructed Si (111) surface on which one monolayer of thallium was adsorbed in order
to cancel the 7×7 reconstruction. The result of the adsorption of Tl was a bulk
terminated-like silicon substrate with Tl in T4 adatom position. But the structure
of the silicon was not ideal due to some remaining borders of the original 7×7 cells.
After heating the sample up to 350 ◦ C the thallium desorbs. When the sample
was heated up to the 450 ◦ C then LEED showed that the surface
was chiefly 2×1
√
√
Pandey chain reconstructed, but some small areas
3 × 3 R30◦ recon√ were
√
structed. After following heating the portion of 3 × 3 reconstruction started
to grow. If the
of the sample reached 550 ◦ C then almost the whole
√ temperature
√
surface was 3 × 3 R30◦ reconstructed. On the other hand after reaching temperature 600 ◦ C the surface was reconstructed only 2×1 Pandey chain. If the
surface was heated up to temperature higher than 650 ◦ C then the transition to
5×5 DAS and later to 7×7 DAS reconstruction was observed. The changes in
portions of reconstructions observed by LEED can be seen in the figure 4.1. This
whole procedure was repeated many times and its results were fully reproducible.

Figure 4.1: Structural changes of the Si (111) surface observed by LEED.
√
√
The STM map of the surface with coexisting 3 × 3 and 2×1 phases can
be found √in the
√ figure 4.2. The line profiles (see figure 4.3) proved, that the
observed 3× 3 reconstruction was not the adatom reconstruction, because the
adatom reconstruction has the highest atom located about 1 Åabove the highest of
the 2×1 Pandey chain reconstruction. In the experiment the maximal measured
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height of the tip above the vs reconstruction was lower than the maximal height
of the tip measured above the 2×1 Pandey chain reconstruction.

√
√
Figure 4.2: The STM map of Si (111) surface showing areas with 3 × 3 and
2×1 Pandey Chain reconstructions. The map was obtained at room temperature
in the quasi-constant height mode with applied bias voltage + 2.0 V. The maximal
temperature reached during heating of the surface was 500 ◦ C. The LEED pattern
of the surface is in top right corner.

Figure 4.3: STM constant
√
√ current line profile of Si (111) surface taken above
areas reconstructed 3 × 3 and 2×1 Pandey Chain. The bias voltage was + 1.5
V.
In the section 4.3.2 the possible structure of this unknown
construcion will be discussed.
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√

√
3 × 3 R30◦ re-

4.2

Experiment - Benzene on the 7×7 DAS

The experiment bearing on the chemisorption of benzene on 7×7 DAS was performed by Prof. Alastair McLean. The submonolayer of benzene was evaporated
onto 7×7 reconstructed clean silicon surface via the precision leak valve at room
temperature. After that STM observations of the surface were done at room temperature. The chemisorbed benzene was found in all the mentioned di-σ-bridge
positions - b-fc, b-fe, b-uc and b-ue (see figure) 4.5. From the figure 4.5 you can
see, that the chemisorption of benzene causes disappearance of binded adatom
from the STM maps in empty states of the sample (positive bias voltages) as
well as in filled states (negative bias voltages). However, in filled states there can
also be seen significant increase of brightness of adatoms closest to the adsorbed
benzene. This feature will be discussed later.
Simultaneously with the STM maps, the dI/dV maps were measured in order
to find an evidence of the restatom-carbon atom bond. The STM and dI/dV map
of the area with at least four adsorbed benzenes can be found in the figure 4.4.
The dI/dV map proved the presence of the restatom-carbon atom bond by the
disappearance of the restatom in the map.
These features mentioned above will be explains by means of the DFT calculations and the STM simulations in the chapter 4.3.3.

Figure 4.4: The constant current map of the 7×7 reconstructed Si (111) surface
with the chemisorbed benzene on it in different adsorption positions (left). The
dI/dV map of the same area (right). Both the STM and dI/dV maps were taken
with applied bias voltage - 0.9 V, The positions of the benzenes are marked by
the green arrows. The black circles in dI/dV mark disappearance of the restatoms
due to the σ bond with a carbon atom of the benzene.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4.5: The STM constant current figures of the benzene adsorbed on 7×7for
bias voltage + 0.6 V (left column) and bias voltage - 0.6 V (right column). The
benzenes are adsorbed in different positions: (a), (b) Benzene in position b-fc;
(c), (d) Benzene in position b-fe; (e), (f) Benzene in position b-uc; (g), (h)
Benzene in position b-ue.

36

4.3
4.3.1

Theoretical calculations
Introduction

All my DFT calculations were made with the Fireball code and with usage of the
norm-conserving pseudopotentials, thus only the valence electrons were taken into
account. For all my calculations I used the basis sets of s and s* orbitals for H,
s,p and d orbitals for C and s,p and d orbitals for Si. The radial cuts of the
orbitals are in the table 4.1. The basis set and pseudopotentials give us the total
energy of a single silicon atom in a vacuum as 99.98 eV and a single silicon atom
in the bulk as 106.67 eV. The computed ideal lattice constant of the crystalline Si
is slightly longer, than the real value - 5.48 Å from the calculation vs. 5.43 Å from
the experiment [13]. This difference causes, that sizes and distances in this work
can be slightly bigger than in an experiment or other calculations.
All the Si (111) slab calculations were made with total eight layers of silicon,
passivated by one layer of hydrogen underneath, in order to prevent problems
caused by the remaining dangling bonds on the bottom of the slab. There were
used 3D periodic boundaries with ∼ 90 Å of the vacuum between the individual
slabs. For the Brillouin zone sampling the Monkhorst-Pack grid method [57] was
used. I used 64 k-points
√ for the 1×1 unit cell, 32 k-points for the 2×1 unit cell, 16
√
k-points for the 3 × 3 R30◦ unit cell and 4 k-points for the 7×7 unit cell. By
means of additional total energy calculations with more k-points than mentioned
above I made sure that the number of k-points was sufficient.
Table 4.1: Radial cuts rc of the orbitals in the used basis set.
Atom
H

Orbital
s
s∗

rc [ab ]
3.8
3.8

C

s
p
d

4.0
4.5
5.4

Si

s
p
d

4.8
5.4
5.6

ab - Bohr radii: ab = 0.529 Å.
∗ - excited orbital.
All my simulations of STM maps were done in the constant current mode,
which is much easier to compute. For these simulations I have used a pyramidal
tungsten tip with single atom on its top. The atomic structure and the density of
states of the tip can be seen in the figure 4.6. Because the approach of the STM
code is only approximative and it does not take into account the resistivity of the
sample and the tip, the STM maps cannot be reproduced quantitatively, they
can be reproduced only qualitatively. Therefore the current range is not shown
in the simulated STM maps.
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Figure 4.6: (a) - The atomic structure of the apex of the tungsten tip used for
STM simulations. (b) - The PDOS of the apex atoms of the tip.

4.3.2

Si (111) reconstructions

4.3.2.1

Energetic favourableness of studied reconstructions

For the comparison of reconstructions of Si (111) surface I made total energy
calculations of the reconstructions I wanted to compare. Namely it were relaxed the bulk terminated surface (1×1 relaxed for short), the nonrelaxed bulk
terminated surface (bulk terminated for short), the left-chain isomer of 2×1
Pandey
chain (2×1-r ),
√ chain
√ (2×1-l ), the right-chain isomer
√ of√2×1 Pandey
◦
the 3 × 3 R30◦ vacancy (vacancy), the 3 × 3 R30√
T4 adatom
(adatom),
√
the 7×7 DAS (7×7) and two
structures of the 3 × 3 R30◦ buckled
√ different
√
reconstruction and one new 3 × 3 R30◦ reconstruction that I called a Pandey
like, which will be discussed later (see chapter 4.3.2.3). The buckled reconstructions differ in the arrengement of the first layer: the buckled (1) reconstruction
has one up atom and two down atoms, while the buckled (2) has two up atoms
and two down atoms.
The comparison of the energetic favourableness according to the eq. (2.1) of
all the mentioned reconstructions can be found in the table 4.2 and the graphical
comparison (for the most interesting of them) can be found in the figure 4.7. If
there are no extra atoms or vacancies in the reconstructions, then the comparison
of their energetic favourableness can be made by comparing their normalized
T OT
total energies - En×m
/(n × m). This concerns the bulk terminated, the 1×1
relaxed, the 2×1-r, the 2×1-l, the buckled (1),the buckled (2) and the Pandey
like reconstructions. If there are some extra atoms or vacancies, then the eq.
(2.1) hat to be used. The only unknown parameter in the eq. (2.1) is the chemical
potential of the silicon µ. The atoms on the surface are not bound so strength
as in the bulk, but on the other hand the energy of the Si at. in the vacuum
is probably far away from the true value, because every atom on the surface
has at least three neighbours. Thus assumptions that the chemical potential is
somewhere near the energy of the Si at. in the bulk (-106.67 eV) can be made.
From the table 4.2 and from the figure 4.7 you can see, that if the chemical
potential µ is around energy of Si at. in bulk, then the 7×7 is the most favourable
reconstruction, which is in the good agreement with other theoretical calculations
eg. [32, 24] and experimental observations [22].
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Table 4.2: Energetic comparison of the calculated reconstructions.

T OT
En×m
[eV
n×m

Reconstruction

T OT
En×m
[eV ]

bulk terminated
1×1 relaxed

-866.51
-866.66

-866.17
-866.66

2×1-r
2×1-l

-1733.70
-1733.68

vacancy
adatom
buckled (1)
buckled (2)
Pandey like
7×7

]

Nn×m
n×m

− N1×1

α(µ = −106.67eV )[eV ]

-866.84
-866.84

0
0

-0.68
-0.67

-2492.95
-2707.49
-2600.32
-2600.09
-2600.36

-830.98
-902.50
-866.77
-866.70
-866.79

-1/3
1/3
0
0
0

-0.37
-0.77
-0.61
-0.54
-0.62

-42914.72

-875.81

4/49

-0.93

0
0

0.00
-0.49

The second most stable reconstruction is the adatom reconstruction. The
reason why this reconstruction was not much observed is probably in the reconstruction kinetics. The experiment made by Minoda et al. [31] probably moved
the chemical potential to the higher energies, by means of evaporating silicon
onto the surface, and therefore they got to the energy areas where the adatom reconstruction is the most stable.
The stability of the 2×1 Pandey chain was already discussed in the chapter
2.3.1. The buckled and the Pandey like reconstructions and their stability will be
discussed in the chapter 4.3.2.3.
On the other hand, the vacancy reconstruction was even less stable than just
relaxed surface. So this reconstruction is unlikely to appear on the surface unless
the surface is subjected some special procedure like ion bombardment, like it was
in the experiment of Fan et al. [30].
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Figure 4.7: The comparison of energetic favourableness of studied reconstruction
of Si (111) depending on the chemical potential of Si at. µ: (a) Dependence
of the favourableness on the chemical potential, for all the possible values of the
chemical potential; (b) Detail of the dependence for the chemical potential near
the energy of Si in the bulk.
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4.3.2.2

The 2×1 Pandey chain

My total energy calculations also proved, that the 2×1-l is more favourable than
the 2×1-r. But the energetic difference between the 2×1-l and the 2×1-r was
slightly higher than in the calculations of Garlef et al. [26] and Stekolnikov et al.
[24]. The difference calculated by myself is 0.15 eV. The calculations showed that
a gap of the 2×1-l is 0.5 eV, which is more than in the mentioned calculations (0.3
eV) and the height difference between up atom and down atom is much bigger 0.75 Å vs. 0.63 Å taken from calculations of Stekolnikov et al. My results of the
2×1-r reconstruction assign bigger height difference between up atom and down
atom, too. The height difference calculated by me is 0.7 Å vs. approximately
0.5 Å from calculations of Garlef et al. [26] and Stekolnikov et al. [24]. From
my previous calculations [4] I know, that the Fireball code gives a quite larger
buckling and height differences, than other computations. On the other hand the
calculated gap of the 2×1-r - 0.6 eV - was in quite good agreement with previous
calculations [26, 24] - 0.7 eV. The partial density of states per atom (PDOS) for
the topmost atoms for both isomers of the 2×1 Pandey chain is shown in the
figure 4.8.
The bigger height difference between the up and the down atom might be the
reason why I did not manage to reproduce the STM maps for the low positive voltages (empty states). The experiments and calculations of Garlef et al. show the
down atoms as the bright protrusions, however in my calculations the up atoms
are the brightest in all simulated voltages. The only exception is the simulation
with the applied voltage + 0.5 V, where the whole chain looks equally bright (see
figure 4.9). I made simulations of both 2×1 Pandey chain isomers, in this work
only the results for the 2×1-r are shown, because its gap is much closer to the
experimental observations [26]. The difference might be also caused by usage of
tungsten tip for the STM simulations. Garlef et al. [26] used Tersoff-Hamann
approximation only. In the experiment there is no chance how to examine the
apex of the tip. The Fermi level in the experiment can differ from the calculations. The reason for this is that the examined samples in the experiment are
doped with other elements.
The difference of the gaps and the row directions in the low voltage-STM
simulations between my calculations and the calculations of Garlef et al. can be
caused by the fact that Garlef et al. used much more precise method for the
electronic structure calculations [26].

41

1.2

0.8
0.6
0.4
0.2
0.0
-2

Up atom
Down atom
HUp+DownL
Fermi Level

1.2
PDOS @atomic unitsD

PDOS @atomic unitsD

1.4

Up atom
Down atom
HUp+DownL
Fermi Level

1.0

1.0
0.8
0.6
0.4
0.2

-1

0

1

0.0
-2

2

-1

0

E - EF @eVD

E - EF @eVD

(a)

(b)

1

2

Figure 4.8: Density of states of the up atom and the down atom of the 2×1-l (a)
and the 2×1-r (b).

(a)

(b)

(c)

(d)

Figure 4.9: Constant height STM simulations of the 2×1-r reconstructed Si (111)
surface for bias voltage: (a) - 0.5 V, (b) + 0.5 V, (c) + 1.0 V, and (d) + 1.5
V. The height of the tip was 5 Å above the up atom. The up atoms are red, down
atoms are green.
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Figure 4.10: The vacancy reconstruction: (a) legend for the PDOS. (b) the PDOS
of the topmost atoms.

(a)

(b)

Figure 4.11: Constant height STM simulations of the vacancy reconstructed Si
(111) surface for bias voltage: (a) + 1.5 V, (b) + 1.8 V.
√

√
3 × 3 R30◦ reconstrucions
√
√
For each of the 3 × 3 R30◦ reconstructions I will show simulations of the high
positive bias voltages only, because they can be compared with the experimental
data obtained by Dr. Pavel Kocán. The height of the tip in the simulations was
specified 4.0 Å above the up atom of the buckled (1) reconstruction. This means
that height of the tip in the simulations was 5.2 Å above the top of vacancy reconstruction, 3.1 Å above the adatom reconstruction and 4.0 Å above Pandey
like reconstruction. The height of the tip was estimated this way in order to
simulate the experimental data observed by Dr. Pavel Kocán. as realisticly as
possible.
The simulations of the vacancy reconstruction showed, that the remaining
two topmost atoms moved down onto the level of the atoms of the second layer
during the relaxation - green atom no. 2 in the figure 4.10 (a). By this shift
4.3.2.3

The
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Figure 4.12: The adatom reconstruction: (a) the PDOS of the adatom. (b)
The STM simulation with applied bias voltage + 1.5 V. Only the positions of the
adatoms are shown.

they changed their hybridization from sp3 to sp2 . The atoms near vacancy moved
0.4 Å towards the missing atom. On the PDOS in the figure 4.10 you can see, that
this reconstruction has states on the Fermi Level and there is not big difference
between the two types of atoms of the topmost layer in the PDOS.
The STM simulations of the vacancy reconstruction can be seen in the figure
4.11. As you can see, STM simulations show positions of the atoms of the topmost
layer with the same brightness independently on the type of atom. The lack of
contrast in STM simulations is caused by the lack of distinctive differences in
PDOS.
The results of calculations concerning the adatom reconstruction did not show
anything unexpected. The adatom sits in T4 position 2.66 Å above the the atom
of second layer. The height difference between the adatom and the atoms of the
first layer is 1.45 Å. The PDOS of the adatom (see figure 4.12 (a)) shows states
on the Fermi level caused by the dangling bond. The states far from the Fermi
level can be assigned to the backbonds between adatom and atoms of the first
layer. The STM simulations for any applied voltage show just adatoms. That is
because of the dangling bond situated on the adatom and because of the height
difference between the adatom and other atoms. In the figure 4.12 (b)) is shown
the simulation for applied bias voltage + 1.5 V.
The buckled (2) reconstruction is much more energetically unfavourable in
comparison to the buckled (1) reconstruction. Thus in this work I will focus only
on the buckled (1) reconstruction. The relaxation of the atomic structure ended
with the up atom 0.7 Å higher than in the case of the relaxed bulk terminated
surface. The down atoms moved 0.5 Å down almost onto the height level of
the atoms of the second layer during relaxation, therefore they changed their
hybridization to sp2 , as in the case of the vacancy reconstruction. Together with
44

1
2
3
Fermi Level

1.4

PDOS @atomic unitsD

1.2
1.0
0.8
0.6
0.4
0.2
0.0
-2

-1

0

1

2

E - EF @eVD

(a)

(b)

Figure 4.13: The buckled reconstruction: (a) legend for the PDOS. (b) the PDOS
of the topmost atoms.

(a)

(b)

Figure 4.14: Constant height STM simulations of the buckled reconstructed Si
(111) surface for bias voltage: (a) + 1.5 V, (b) + 1.8 V.

the changes in the atomic structure also some charge transfer appeared. One
electron from the down atoms fully saturates the dangling bond located on the
up atom. So there are no states on the Fermi Level located on the up atom.
The down atoms with one non-pair electron, cannot directly interact with each
other so they have states on the Fermi level, as you can see in the figure 4.13.
The comparison, with calculations of F. Ancilotto et al. [33] showed a buckling
of 0.9 Å in contrast with my results - 1.2 Å. This overestimation was already
discussed. In the densities of states you can see, that the state on the up atom
is situated somewhere around - 1.0 eV in my calculations, in comparison to - 0.5
eV from the calculations of F. Ancilotto et al. This difference can be caused by
the different buckling or different exchange-correlation functional or basis set. F.
Ancilotto et al. [33] did not write out details about used method.
Although there are almost no empty states located on the up atom, since the
45

calculated height difference between up atom and down atom is 1.2 Å the up
atom is the brightest in the STM simulations in empty states. But as you can
see in the figure 4.14 the down atoms are seen as less bright protrusions in the
simulations.

(a)

(b)

(c)

(d)

Figure 4.15: The Pandey like reconstruction: (a) Side view of one unit cell; (b)
Top view of four unit cells; (c) Side view of two unit cells showing five member
and seven member ring, that can be observed in the first four layers; (d) Four
isomers of the Pandey like reconstructions.
Because the results of the buckled reconstruction are in a quite good agreement with the experiment I made also dynamic simulations at room temperature
in order to find out if this reconstruction is stable. But these simulations showed
me even more favourable reconstruction. In the simulations the buckled reconstruction turned almost immediately into structure, which I called Pandey like.
This reconstruction can be seen in the figures 4.15. I called this reconstruction
Pandey like because there are five and seven member rings from side view (as
you can see in the figure 4.15 (c)), which are typical for 2×1 Pandey chain reconstruction. The Pandey like developed from buckled by exchange of one bond
between atoms of the third and second layer into new bond between the same
atom of third layer and down atom. This exchange of bonds leaves one atom of
second layer (the orange one on figure 4.15) with only three bonds. This atom
changes its hybridization from sp2 to sp3 and makes double bond with neighbouring down atom. The double bond leads into small gap as you can see in the
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Figure 4.16: The Pandey like reconstruction: (a) legend for the PDOS. (b) the
PDOS of the topmost atoms.

(a)

(b)

Figure 4.17: Constant height STM simulations of the Pandey like reconstructed
Si (111) surface for bias voltage: (a) + 1.5 V, (b) + 1.8 V.

figure of PDOS of the structure 4.16. The elimination of states on the Fermi level
makes this reconstruction more favourable than the buckled reconstruction.
As you can see in the figure 4.17 the changes in the geometry, that make
the structure less symmetrized than the buckled reconstruction, make less symmetrized also its STM simulations. On the other hand these simulations do not
differ so much from the simulations of the buckled reconstruction.
The dynamic simulations at room temperature showed that this reconstruction changes its isomerization. During the simulation the up atom did not change
its position, while the down atom, the orange atom on figure 4.15 and atom of
second layer changed their positions once in approximately 5 ps. All four possible isomers are shown in the figure 4.15 (d). The transition state between two
isomers of the Pandey like reconstruction is the buckled reconstruction. That
means, that the barrier of the change of isomerization is about 0.47 eV.
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Taking into account the dynamical changes of isomerization, I simulated the
STM at room temperature (RT) by averaging current from all the isomers. The
resulting STM maps are much more symmetrized, as you can see in the figure 4.18.
These maps differ from simulations of buckled geometry. In the RT simulations
of Pandey like reconstruction are bright only up atoms only and there are no
traces of other atoms in them.

(a)

(b)

Figure 4.18: Constant height room temperature STM simulations of the Pandey
like reconstructed Si (111) surface for bias voltage: (a) + 1.5 V, (b) + 1.8 V. The
current was obtained by averaging current from STM simulations of all Pandey
like isomers. The shown geometry of the buckled reconstruction is just for better
orientation.
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√
√
The 3 × 3 reconstructions - comparison with the experiment
√
√
The proof that the observed 3 × 3 reconstruction is not the adatom reconstruction was already
in the chapter 4.1. The line profile, which
√ mentioned
√
was lower above the 3 × 3 reconstructed area than above the 2×1 Pandey
chain reconstructed area, does not correspond to the atomic and the electronic
structure of the adatom reconstruction. The adatom reconstruction has the highest atom about 1 Å higher than 2×1 Pandey chain , and it also has the dangling
bond, which induced high current. To estimate the
height of the line
√
√ maximum
profile I calculated maximal current for all the 3 × 3 reconstructions and
2×1-r reconstruction with the constant height of the tip (see table 4.3). The
maximal current for the adatom reconstruction is one order of magnitude higher
than maximal current for the 2×1-r reconstruction. Also the STM simulations
do not correspond well with the experimental observation.
4.3.2.4

Table 4.3: Maximal simulated current above the 2×1-r and the
structions.
Reconstruction
2×1-r

√

3×

√

3 recon-

Highest atom [Å] (0 is arbitrary)
3.4

Maximal current [µA]
3.3

2.3
4.5
3.6
3.6

0.8
15.2
1.4
2.8

vacancy
adatom
buckled (1)
Pandey like

Note: The height of the tip was 7.6 Å above arbitrary 0.
The applied bias voltage was + 1.5 V.

The vacancy reconstruction
can be expelled from the list of suitable candidates
√
√
for the observed 3 × 3 reconstruction, due to its energetic unfavourableness
and disagreement between STM simulations and the experiments.
The STM simulations of the buckled reconstruction fits to the experiment quite
well (see figure 4.19 (a)) and the maximal current simulated above the buckled reconstruction is slightly lower, than the maximal current simulated above 2×1-r.
This is also in good agreement with measured line profile. However, according
to the dynamic simulations and the total energy calculations the most probable
would be the continuous Pandey like → buckled → Pandey like swithing at room
temperature. During this transition the Pandey like reconstruction would probably change its isomerization, how it was observed in the dynamic simulations.
The STM simulations of the Pandey like reconstruction at room temperature,
which are in good agreement with the experiment, too, also support this option
(see figure 4.19 (b)). The maximal current simulated above the Pandey like reconstruction is bigger than in the the case of the buckled reconstruction, but it is
still lower than the maximal current simulated above 2×1-r.
The energetic favourableness of the buckled and the Pandey like reconstruction
is lower than the favourableness of the 2×1 Pandey chain. This might support
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the fact that after heating of the surface up to the temperature 600 ◦ C all the
surface is√2×1 √
Pandey chain reconstructed. On the other hand it does not clarify
why the 3 × 3 reconstruction grown on the surface.
√ The
√ thorough analysis of
obtained experimental STM maps pointed out that 3 × 3 reconstructed areas
have always some dark spots inside the area. Those dark spots could be vacancies,
that can stabilize the buckled or the Pandey like reconstruction according to the
calculations of F. Ancilotto et al. [33].
To sum up all these facts, the dynamical
√
√Pandey like → buckled → Pandey
like swithing is highly probable the 3 × 3 reconstruction observed in the
experiment.
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(a)

(b)
Figure 4.19: The comparison of the experimental STM map (right) with simulations of buckled reconstruction (a) and RT simulations of Pandey like reconstructed surface (b). The experimental STM map was obtained with applied bias
voltage + 2.0 in the quasi constant height mode. The simulations were made at
constant height mode (4 Å) above reconstructions with applied bias voltage +1.8
V. For better comparison the STM simulations of 2×1-rare shown in the bottom.
The simulated and experimental figures have different ratio.
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4.3.2.5

The 7×7 DAS

The properties of the clean 7×7 reconstruction were studied in order to compare
them with the properties of the 7×7 reconstruction with the chemisorbed benzene
molecule on it.
The resulting geometry of the 7×7 reconstruction is shown on the figure 2.10
and the main results√are summarized
in the table 4.4. This table shows, that a
√
single adatom of the 3× 3 adatom reconstruction is higher above the atoms of
the first and the second layer, than the adatoms of the 7×7 reconstruction. The
proposed height difference between the adatom and the atom of the second layer
by S. D. Solares et al. [32] is 2.50 Å. But S. D. Solares et al. did not specify the
position of the adatom in the 7×7 cell. The values obtained from my calculations
are around their proposed value (see table 4.4). The length of the bond between
the dimer’s atoms in my calculations ranges from 2.42 Å to 2.44 Å depending
upon the site. According to the calculations of S. D. Solares et al. the bond
length between dimer atoms ranges from 2.43 Å to 2.46 Å. The longer bonds
in the results of calculations of S. D. Solares et al. are in agreement with their
calculated ideal length of Si-Si bond in the bulk, that is 2.35 Å in calculations of S.
D. Solares et al., in contrast to 2.30 Å in my calculations. The ideal bond length
is influenced primarily by used basis set and also by used exchange-correlation
functional. S. D. Solares et al. used the basis set of the gaussian functions and
The GGA functional PBE [32].
Table 4.4: The geometrical position of the adatoms and the restatoms in the
7×7 reconstruction: The height of the adatoms and the restatoms above the hole
atom of the 7×7 reconstruction - z. The height difference between the adatom
and the atom of the first layer (or the second layer in the case of the restatom) dz1 - and between the adatom and the atom of the second layer - dz2 .
Atom
fc adatom
fe adatom
uc adatom
ue adatom
fr restatom
ur restatom
√
√
3 × 3 adatom

z [Å] dz1 [Å] dz2 [Å]
3.86
1.31
2.52
3.79
1.29
2.48
3.74
1.30
2.48
3.71
1.26
2.45
3.12
3.18

1.15
1.21

-

-

1.45

2.66

The density of states of the adatoms and the restatoms (see figure 4.20) are
in good agreement with the measured dI/dV spectras by M. Švec et al. [37] (see
figure 2.12). The PDOS (figure 4.20 (a) and (b)) shows us that the adatoms have
states on the Fermi level, however the dangling bond on the restatom is saturated
by charge transfer of an electron from up atoms. So the restatoms have no states
on the Fermi level. The density of states together with the geometry give us the
first guess how the STM simulations could look like. Because the adatoms are
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about 0.6 Å higher then the restatoms and because the adatoms have states on
the Fermi level, they are the brightest in the STM figures. However, the restatoms
can be very barely seen in the STM maps at all bias voltages. The restatoms
can be observed only at the high negative bias voltages, but they are less bright
than the adatoms. In the filed states the DOS of the adatoms does not differ
so much, therefore the height of the adatoms determines their brightness in the
STM figures. Thus, in negative bias voltages the fc adatoms are the brightest
and the fe adatoms are the least bright. On the other hand, in the empty states
the DOS compensates the height difference, which means, that all the adatoms
are equally bright in the STM maps obtained with positive applied bias voltages.
The STM simulations of mine, are shown at the figure 4.21 and they fulfil all
the mentioned properties quite well. They are in very good agreement with the
experiment (figure 2.11), too.
The graphical representation of the PDOS (figure 4.20 (c)) should correspond
with dI/dV of the clean 7×7 reconstruction as seen in the figure 4.4 and 2.11
according to eq. (3.7). As you can see in this graphical representation the atoms
with highest DOS at the energy - 0.9 eV bellow the Fermi level are the restatoms.
The adatom has no states located on them at this energy. Thus, the PDOS is in
very good agreement with the measured experimental data.
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Figure 4.20: PDOS of the most important atoms of the 7×7 reconstruction: (a)
PDOS of the faulted corner adatom - fc; the faulted edge adatom - fe - and the
faulted restatom - fr. (b) PDOS of the unfaulted corner adatom - uc; the unfaulted
edge adatom - ue - and the unfaulted restatom - ur. (c) Graphical representation
of the PDOS of the topmost atoms of the 7×7 at energy - 0.9 eV below the Fermi
Level. The dark blue bubbles around the atoms mean, that no states are located
on the atoms, while the red bubbles represent a maximal density.
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(a)

(b)

(c)

(d)
Figure 4.21: The STM constant height (5 Å) simulation of 7×7 reconstruction
for bias voltage + 0.5 V : (a); bias voltage - 0.5 V: (b); bias voltage - 1.0 V: (c)
bias voltage - 1.5 V: (d).
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4.3.3

The benzene molecule on the 7×7 DAS

In this chapter I will show the results of the calculations concerning the chemisorption of the benzene molecule on the 7×7 reconstruction in the di-sigma-bridge
position. The obtained adsorption energies - 2.21 eV or 2.15 eV if the benzene
molecule is chemisorbed in the faulted or the unfaulted half unit cell respectively
- is far away from the desorption energies obtained from the TDS - ∼ 0.96 eV
[40], due to the basis set super position error [58] in my calculations.
The chemisorption of the benzene molecule changes not only the geometry
of the molecule (the transition: benzene → 1,4-cyclohexadien), it also affect the
geometry of the atoms to which is the benzene molecule bound. The adatoms
nearest to the adsorbed molecule are influenced, too. The adatom to which is
bound the benzene molecule always moves upward during the adsorption, however the bound restatom is shifted downward. The nearest adatom also moves
upwards, that makes them brighter in the STM maps in the negative bias voltages
(this feature will be discussed later). The positions of other atoms are almost intact by the adsorption. The bound adatom is shifted 0.08 Å, 0.15 Å, 0.17 Å and
0.19 Å upward in the case of b-fc, b-fe, b-uc and b-ue adsorption respectively. The
bound restatoms change their position 0.48 Å, 0.48 Å, 0.52 Å and 0.50 Å downward in the case of b-fc, b-fe, b-uc and b-ue adsorption respectively. If the benzene
molecule chemisorbs in the b-fc position then the nearest adatoms - fe adatoms move 0.15 Å up. If the benzene molecule is in the b-fe position then the nearest
fc adatom is shifted 0.18 Å upward and the fe adatom moves 0.11 Å upward. In
the case of b-uc chemisorption the nearest ue adatoms are shifted 0.11 Å upward.
When the benzene molecule is in the b-ue position then nearest the uc adatom
moves 0.11 Å up and the ue adatom moves 0.10 Å upward.
Together with the changes in the geometry of the 7×7 reconstruction, also the
differences in the electronic structure of the 7×7 with chemisorbed benzene can
be found. These changes for all the calculated benzene positions are shown in the
PDOS in the figure 4.22. The adatoms, which have bond with carbon atom, lose
the states on the Fermi level located on these adatoms. That means, the adatoms
disappear from the STM maps in all voltages as you can see in the experimental
maps (figure 4.5) and the simulated maps (figures 4.23 and 4.24). The states
around - 0.7 eV bellow the Fermi level located on the restatoms that bind to
the benzene molecule are eliminated, too. So these restatoms disappear from the
dI/dV maps (see picture 4.4); it is shown in the graphical representation of the
PDOS, too (figure 4.25). The one electron that came onto the restatoms from
the adatoms is transfered primarily onto the adatoms nearest to the adsorbed
benzene molecule. This charge transfer causes more states on these adatoms
and the upward shift of these adatoms mentioned above. Therefore the adatoms
nearest to the benzene molecule are brighter in the STM maps in the negative bias
voltages. If the adatoms binds to the edge (center) adatom, then the nearest edge
adatom in the neighbouring half unit cell loses almost all states bellow the Fermi
level. Thus they are less bright in the STM maps than the other edge adatoms in
the neighbouring half cell, as you can see in the experimental observations (figure
4.5) as well as in the simulations (figures 4.23 and 4.24).
In the positive bias voltages (empty states) are all the adatoms equally bright,
except the adatoms that are bound to the benzene molecule, in the STM experiment (figure 4.5) and almost equally bright in the simulations (figure 4.5). In the
56

empty states the DOS compensates the height differences between the adatoms as
in the case of the clean 7×7, except the adatom bounded to the benzene molecule.
The small differences between the experimental and the simulated STM maps can
be caused by the absence of the thermal motion of atoms in the simulations or it
can be caused by the used approximations in the DFT calculations.
Although, the theoretical simulations correspond to the experimental observations very well, there is a possibility that the adsorbed benzene molecule can
be mistaken for an adsorbed hydrogen atom on the adatom or an vacant adatom.
The adsorbed hydrogens on the adatoms were observed by means of STM by
S. Bulavenko et al. Their results showed, that the hydrogen chemisorbed on the
adatom is only the metastable position (the most stable position is the chemisorption on the restatom), but the barrier for the transfer of the hydrogen from the
adatom to the restatom is about 0.15 eV, thus the hydrogen remains on the
adatom enough long time, so it can be observed in the STM maps. In the STM
maps of S. Bulavenko et al. the hydrogen atom adsorbed on the adatom is indicated by disappearance of the adatom in the STM pictures in all bias voltages. On
the other hand, other adatoms were not affected by the adsorption [51]. I did the
calculations of the hydrogen adsorbed on the fc adatom and uc adatom. I leave
out the positions of the hydrogen on the edge atoms, because the calculations
are very time consuming and because I did not expect that this adsorption would
significantly differ from the cases I studied. My results are in very good agreement with the mentioned experiment of S. Bulavenko et al. The dangling bond
on the adatom is fully saturated by the adsorption of the hydrogen, while the
other atoms are intact by the adsorption. The STM simulation of the hydrogen
adsorbed on the fc adatom is shown in the figure 4.26 (a). The STM simulation
for the hydrogen adsorbed on the uc adatom look the same, except that in this
simulation disappears the uc adatom. Therefore the hydrogen adsorbed on the
adatom can be distinguished from the adsorbed benzene molecule by brightness
of the adatoms nearest to the disappeared adatom in the STM maps obtained
with negative bias voltages.
The vacant adatom in the 7×7 cell was studied experimentally and theoretically by L. Chen et al. [52]. Their STM experiment showed, that the vacant
adatom in 7×7 behaves similarly as the adsorbed benzene molecule on the 7×7.
That means, that the adatoms nearest to the vacancy are brighter in the negative
bias voltages. The vacant adatom also causes that the peak in the PDOS at ∼
- 0.8 eV bellow the Fermi Level moves onto the energy ∼ - 0.5 eV bellow the Fermi
level. Thus the restatom disappears from the dI/dV maps obtained at bias voltages around - 1 V [52]. My calculations of the vacant fc adatom and the vacant uc
adatom in the 7×7 reconstructions are in quite good agreement with calculations
of PDOS performed by Chen et al. The PDOS of the restatom nearest to the
vacant adatom is in the picture 4.27. But on the other hand my STM simulations
do not show the adatoms nearest to the vacant atom more bright than the other
adatoms in the unimpaired 7×7 reconstruction (figure 4.26. This can be caused
by the used tungsten tip in the simulations or by the already mentioned thermal
motion.
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Figure 4.22: PDOS of the most important atoms of the 7×7 reconstruction with
the chemisorbed benzene molecules on it in comparison with the PDOS of the
atoms of the clean 7×7 (dashed lines): (a) PDOS for the b-fc chemisorption;
(b) PDOS for the b-fe chemisorptio; (c) PDOS for the b-uc chemisorption. (d)
PDOS for the b-ue chemisorption. The † marks the atoms that are bound to the
benzene molecule. The adatom nearest to the adsorbed molecules are labeled ∗. If
the benzene molecule binds with any edge adatom, then the PDOS of the nearest
edge adatom in the neighbouring half unit cell is also changed. This atoms are
labeled ♠.

58

(a)

(b)

(c)

(d)
Figure 4.23: The STM constant height (5 Å) simulation of the benzene adsorbed
on 7×7 for bias voltage + 0.5 V (left column) and bias voltage - 0.5 V (right column). The benzenes are adsorbed in different positions: (a) Benzene in position
b-fc, bias voltage + 0.5 V; (b) Benzene in position b-fc, bias voltage - 0.5 V; (c)
Benzene in position b-fe, bias voltage + 0.5 V; (d) Benzene in position b-fe, bias
voltage - 0.5 V.
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(a)

(b)

(c)

(d)
Figure 4.24: The STM constant height (5 Å) simulation of the benzene adsorbed
on 7×7 for bias voltage + 0.5 V (left column) and bias voltage - 0.5 V (right column). The benzenes are adsorbed in different positions: (a) Benzene in position
b-uc, bias voltage + 0.5 V; (b) Benzene in position b-uc, bias voltage - 0.5 V;
(c) Benzene in position b-ue, bias voltage + 0.5 V; (d) Benzene in position b-ue,
bias voltage - 0.5 V.
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(a)

(b)

(c)

(d)
Figure 4.25: Graphical representation of PDOS of the topmost atoms for different
structures at the energy - 0.9 eV below Fermi Level.: (a) b-fc ; (b) b-fe ; (c) buc ; (d) b-ue. The dark blue bubbles around the atoms mean, that no states are
located on the atoms, while the red bubbles represent a maximal density.
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(a)

(b)
Figure 4.26: The constant height (5 Å) STM simulations of : (a) H adsorbed on
the fc adatom; (b) The 7×7 with the vacant fc adatom. The backbone atoms are
buckled. Two up backbone atoms are represented red, one down backbone atom is
represented green in the model shown in the STM simulation.
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Figure 4.27: (a) The PDOS of the nearest fr restatom to the fc vacant adatom in
comparison with the PDOS of the restatom of the clean 7×7.(b) The PDOS of
the nearest ur restatom to the uc vacant adatom in comparison with the PDOS
of the restatom of the clean 7×7..
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The STM maps from the experiment and the simulations of the adsorbed
benzene or the adsorbed hydrogen on the adatom or the vacant adatom do not
differ from each other. They only show the dissapeared adatom, while the others
adatoms are equally bright [51, 52].
To make sure, that the observed features in our experiment are really related
to the chemisorbed benzene molecule I performed the STM simulation of the
height profiles of the clean 7×7, the 7×7 with chemisorbed benzene in all studied
positions, the 7×7 with chemisorbed hydrogen in all studied positions and the
7×7 with vacant fc or uc adatom. These height profiles are compared with the
height profiles obtained from the experiment on the figures 4.28 and 4.29. The
adsorbed benzene molecule can be differentiated from the vacancy by the height
of the line profiles obtained above the adatoms nearest to the adsorption or the
vacancy. This height of the line profile is higher in the case of the adsorbed
benzene, than in the case of vacancy or the adsorbed hydrogen. As you can
see on these figures (4.28, 4.29)the simulated height profiles of the 7×7 with
the chemisorbed benzene molecule are in excellent agreement with the simulated
curves. Thus, the observed features in the experiment of Prof. Alastair Mclean
shown on the figure 4.5,are almost certainly related to the chemisorbed benzene.

(a)

(b)
Figure 4.28: The constant current STM height profiles of the benzene molecule
adsorbed in the b-fc position: (a) - The height profile obtained from the experiment; (b) - The simulated height profile. The starting point for the simulation
was directly above the hole atom with height 5 Å above the adatoms. O is arbitrary in the z-scale in the simulation and in the experiment. The lineprofiles are
compared with the clean 7×7 reconstruction, with the hydrogen adsorbed on the
fc adatom and with the 7×7 with vacant fc adatom.
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Figure 4.29: The constant current STM height profiles of the benzene molecule
adsorbed in the positions: (a),(b) - b-uc, (c,d) - b-fe and b-ue. (a),(c) - The
height profile obtained from the experiment; (b,d) - The simulated height profile.
The starting point for the simulation was directly above the hole atom with height
5 Å above the adatoms. O is arbitrary in the z-scale in the simulations and in
the experimental profiles. The height profiles of the b-ucadsorption are compared
with the clean 7×7 reconstruction, with the hydrogen adsorbed on the uc adatom
and with the 7×7 with vacant fc adatom.
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Conclusion
In my diploma thesis I concerned the theoretical calculations of the atomic and
the electronic structure of the reconstructions of the Si (111) surface and the
interaction of this surface with an adsorbate. The calculations
√ √ followed up the
experimental STM measurement in which an unknown 3 × 3 R30◦ reconstruction of Si (111) surface was observed and the STM experiment that examined the
chemisorbed benzene molecule on the 7×7 reconstructed Si (111) surface at room
temperature.
In the first part I did DFT-LDA calculations with the Fireball code, in order to compare energetic favourableness of several different reconstructions of the
Si (111) surface. These calculations reproduced the known fact, that the most
stable reconstruction is the 7×7 DAS reconstruction. The DFT results together
with the following STM simulations performed
√
√ by means of the STM code, found
appropriate candidate on the observed 3 × 3 reconstruction in the first mentioned experiment. This candidate was the reconstruction, whose topmost atoms
are buckled - one is the up atom, two are the down atoms.
However, the dynamic simulations at room temperature result into more
favourable reconstruction, which I call the Pandey like. This reconstruction is
formed by rebonding of the buckled reconstruction. The following dynamic simulations have showed that the Pandey like reconstruction would change its isomerization at room temperature. The STM simulation concerning the changes
of isomerisation are in good agreement √
with the
√ experimental STM maps. Thus,
the highly probable model of observed 3 × 3 reconstruction was found.
The STM maps of the 7×7 with the adsorbed benzene molecule on it, reproduced the features published in the literature. The simultaneously measured
dI/dV maps, which were performed for the first time for this system, shown the
evidence of the carbon-restatom bond.
I calculated the atomic and the electronic structure of the 7×7 reconstruction
with the benzene molecule adsorbed in the so called di-σ-bridge position, when
the benzene molecule binds to the adatom and the restatom of the 7×7. The
changes in the structures caused by the chemisorption of the benzene molecule
indicated that the features observed in the STM and the dI/dV match with the
calculated models. The simulations of the STM maps and the line profiles excellently agree with the experiment. So the experiment together with the DFT
calculations proved that the benzene molecule chemisorbs in the di-σ-bridge positions at room temperature on the 7×7 DAS. The DFT calculations also suggest
how to distinguish the adsorbed benzene molecule from adsorbed hydrogen on
the adatom or from vacant adatom.
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