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Reésume (max 200 mots)

Le silicéne est 1’équivalent du graphéne pour le silicium avec une structure bidimensionnelle (2D).
Il est supposé avoir des proprietés électroniques intéressantes comme les fermions de Dirac sans
masse et présentant une grande mobilité des électrons. L’existence du silicéne a été montrée
récemment sur des substrats de métaux nobles comme 1’argent. Cependant les résultats montrent
des interactions fortes entre la couche de silicéne et le substrat métallique, ce qui a pour conséquence
de détruire les propriétés électroniques intrinseques du silicéne.

Dans le but de résoudre ce probléme, nous proposons dans ce travail d’explorer d’autres substrats
potentiels présentant de faibles interactions avec le silicene. Nous avons étudié la croissance de
couches 2D de silicium sur un film mince isolant de NaCl.

Nous avons etudié les propriétés structurales et électroniques des couches de silicium 2D déposées
sur un film mince de NaCl, lui-méme déposé sur un substrat d’Ag (110). L’absorption d’atomes de
silicium sur les films de NaCl révele 1’existence d’une couche de silicium 2D superficielle avec une
structure tres ordonnée en forme de nids d’abeilles. Cette couche présente une interaction faible
avec le substrat tout en étant analogue au silicéne.

Mots-clefs (5) : Science des surfaces, microscope a effet tunnel, silicéne, LEED, XPS

Abstract (max 200 mots)

Silicene, the silicon-based analog of graphene which has a two-dimensional (2D) structure. It is
expected to have attractive electronic properties such as massless Dirac fermions and high electron
mobility. The existence of silicene has been shown recently on noble metal substrates such as Ag
and Au. The results present strong interactions between the silicene ad-layer and the metallic
substrate which destroy the intrinsic electronic properties of silicene.

In order to solve this problem, we propose in this work to explore other potential substrates that
have weaker interactions with silicene. We studied the growth of a 2D silicon layer on insulating
NaCl thin film.,

We studied the structural and electronic properties of 2D silicon layer grown on a NaCl film
deposited over Ag (110) substrate. The adsorption of silicon atoms on NaCl films reveals the
existence of a 2D silicon sheet ad-layer with a highly ordered honeycomb-like structure. The silicon
ad-layer has weak interactions with the substrate and it mimics the structure of silicene.

Key Words (5): Surface science, tunneling microscope, silicene, LEED, XPS
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Abstract

Silicene, the silicon-based analog of graphene which has a two-dimensional (2D) structure. It
IS expected to have attractive electronic properties such as massless Dirac fermions and high
electron mobility. The existence of silicene has been shown recently on noble metal substrates
such as Ag and Au. The results present strong interactions between the silicene ad-layer and

the metallic substrate which destroy the intrinsic electronic properties of silicene.

In order to solve this problem, we propose in this work to explore other potential substrates
that have weaker interactions with silicene. We studied the growth of a 2D silicon layer on
insulating NaCl thin film. Indeed, Alkali metal halides such as NaCl offer a great solution as
an alternative surface because they behave as a dielectric layer, allowing characterization of

silicene material.

We studied the structural and electronic properties of 2D silicon layer grown on a NaCl film
deposited over Ag(110) substrate. A combined experimental investigation was performed
with a large number of techniques which are used in surface science such as: low energy
electron diffraction (LEED), auger electron spectroscopy (AES), scanning tunneling
microscopy and spectroscopy (STM/STS), extended x-ray absorption fine structure (EXAFS),
x-ray photoelectron spectroscopy (XPS) and angle resolved photoemission spectroscopy
(ARPES). The adsorption of silicon atoms on NaCl films reveals the existence of a 2D silicon
sheet ad-layer with a highly ordered honeycomb-like structure. The silicon ad-layer has weak
interactions with the substrate, and it mimics the structure of silicene. Finally, preliminary
experiments on the growth of silicene on dissociated NaCl films are presented. The effect of
electron irradiation on the NaCl film and initial ARPES measurement on the silicene

intercalated-Na atoms system are presented.



Table of Contents

INEFOAUCTION ...t b et b et e et sb e n e e nnen s 1
1o [ToTo =T o] 1Y 2SRRI 4
Chapter 1. Experimental Techniques and Methods.............cooeieiiiiiiniiinneeees e 6
1.1. Low Energy Electron Diffraction (LEED) .........ccccooiiiiiii i 6
1.1.1 General ASpects Of LEED THEOIY ........cciiiiiiiiieeeeee e 7
1.1.2 General Aspects of LEED EXPEIIMENT.........ccooiiiiiieiiiiiiie ettt 15

1.2. Auger Electron SpectroSCOPY (AES) ..ot 17
1.2.1 General ASpPects Of AES THEOIY .....ccoviiiiii ettt sttt sre st sre s 17
1.2.2 General Aspects 0f AES EXPEIMENT .......ccooiiiiiiiiieieeses e 19

1.3. Scanning Tunneling MicroSCOPY (STM) ...cv ittt 21
1.3.1 General AspPects Of STIM THhEOIY ......cuiiiiie e e 22
1.3.2 General Aspects Of STM EXPEIMENT.........ccoiiiiiiiiiieics e 25

1.4. Scanning Tunneling SPectroSCOPY (STS) . uiiiiiiiiiie et s re s 30
1.5. SYNCNrOtroN RAGIATION. ......ccviiiiitiiiieieieee ettt 30
1.6. Extended X-Ray Absorption Fine Structure (EXAFS) ..o 32
1.6.1 General ASpects Of EXAFS TREOIY .....cviiiiiiiiiee s 33
1.6.2 General Aspects 0f EXAFS EXPEIMENT .......ccovciiiiieiiiiiiie et 35

1.7. X-Ray Photoelectron SpectroSCOPY (XPS).......cuiiiiiiriiiriiiieisise st 36
1.7.1 General ASpPects Of XPS TREOIY.......coi ittt sttt st sre s 36
1.7.2 General Aspects 0f XPS EXPEIIMENT .......c.coiiiiiiiecc ettt 38

1.8. Angle Resolved Photoemission SpectrosCopy (ARPES) .......ccociiiiiiienieicise e 41

T 10] [ToTo =T o] )Y 2SR P P SRS 44
Chapter 2. Growth of NaCl Ultra-Thin Film on Ag(110) Metallic Substrate..........c..ccccceevenrnenn. 48
B2 I |V [0 1 1A T o PSSRSO 48
2.2. NaCl Thin Film Growth: State of the Arf.......cccoiiii e 49
2.3. SAMPIE PreParation.........cccoiieiiiieeieee sttt sttt st sne e saeeeeseeere et nneas 52
2.4, LEED MEASUIEIMENTS ...cvviiiiiiiietiesteesieesite et e steesteesieesteessaessbeasbeesbeesbesstaesseeassnesseesseesssesssssnsennses 54
2.5. AES MEASUIEIMENTS .......viiiiiieeiiiti ettt r e r e n e e nenn e nresre e renne s 57
2.6. STIM ODSEIVALIONS. ......uiititeiteteeeieee ettt bbbt s et et e bt bt bbb nn e 59

2.8. STS MEASUIBIMENTS .....coeieieeeeeeeeeeeee ettt 67



A A R R\ [ R VT (] 0 01T L 69

2.10. ARPES MEASUIEIMENTS .......viviiiieiieiisiisiis st 72
2. 11, CONCIUSTON ...ttt b bbb bttt b bbb e n e 74
11 0] [ToTo =T o] 1Y 2SS S 76
Chapter 3. Growth of 2D Silicon Layer on an NaCl Ultra-Thin Insulating Film ......................... 80
3.1. Silicene: State Of THE ATt ....c..ciiiiiii s 80
3.2, SAMPIE PrePAratioN. .........civiieiieiieeeeee sttt nn e 85
TR 1 £ AN 1 (1011 o] £SO SRSPSOSN 87
3.4, LEED ODBSEIVALIONS. ... .ccutitiitiieieeeeee ettt b e nnenn e 89
3.5. AES MEASUIEIMENTS ...ttt sr e nr s nre s 91
3.6. STM ODSEIVALIONS. .......eititiititeiee ettt bbb et e bbbttt nnen e 92
3.7, STS IMEBASUIBIMENTS .....c.eeiiiiiieiriirisie ettt nr e sresr e nrenre s 96
3.8. XPS MEASUIBIMENTS ......eveiiitieitesieee et see ettt b e r e e b e sb e s e e nesreeneane e e e snesreenenreas 97
3.9. ARPES ODSEIVALIONS ..ottt sttt bbbttt bbb e 100
3.10. EXAFS MEASUIEIMENTS ..ottt ittt st nne s 101
311, CONCIUSTON ...ttt bbb b bbbttt b bbb ren e 103
11 0] [ToTo =T o] 1Y 2SSOSR SSSPOSN 104
Chapter 4. Growth of Silicene on a Dissociated NaCl Ultra-thin Film..............cccoccooeiininiene. 108
4.1. NaCl Alkali Halide Electron Irradiation.............ccoeoiiciiriiineiiiiceccee e 108
4.2. Silicon Deposition on NaCl Dissociated Film..........ccoeiiiiiiiiecee e 110
4.3, CONCIUSTON ...ttt bbbt b bttt ns 113
BIDIIOGIAPNY ... e 114
Conclusions & Perspectives 115

Résumé Détaillé 118






Introduction

Introduction

Silicene, the silicon-based counterpart of graphene has a two dimensional (2D) structure. It
shows interesting electronic properties such as charge carriers that behave as massless
relativistic particles with high electronic mobility [1]. Silicene is considered a particularly
promising material for nanotechnology because it can be integrated into industry-based silicon
electronics [2]. The existence of silicene has been achieved by epitaxial growth of silicon
atoms on noble metal substrates such as Ag [3-5], Au [6,7] and Ir [8]. Most studies were
focused on Ag surfaces, given that 2D silicon layer self-assembled to form silicene
nanoribbons (NRs) on Ag(110) with a (2x5) superstructure and silicon layer sheet on Ag(111)
with a dominant (4x4) superstructure. Both 2D silicon layers show a highly ordered

honeycomb-like structure.

The fact that silicene has been synthesized only by epitaxial growth over metallic surfaces
results on strong interactions between the silicene ad-layer and the metallic substrate. These
interactions can alter the electronic properties of silicene. Indeed, it has been demonstrated [9]
that in case of silicene grown on Ag surfaces, a hybridization state rises between the Si (3p)
and Ag (4d). Another study [10] reported the existence of strong electrostatic interactions
between the silicene and the Ag substrate due to charge transfer between the metallic surface
and the 2D silicon ad-layer. Based on experimental and theoretical investigations [11,12], it
has been proven that those interactions affect the electronic properties of silicene. As a
consequence, no intrinsic linear crossing bands near the K point of silicene (Dirac cone) were
observed. Indeed, a hot debate has been rising through the years about the electronic
properties of silicene. A linear dispersion in the electronic band structure of silicene grown on
Ag(111) has been reported [13]. This report proved to be incorrect as it raises more questions
about the real potential of silicene compared to graphene and about the future of silicene as a

promising material for nanotechnology applications.

In order to solve this problem we suggest in this work to explore other potential substrates
having weaker interactions with silicene. To be more specific, we aim to grow and

characterize 2D silicon layer on insulating thin films of alkali halides deposited on an
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Ag(110) surface. As a result, we will be able to decouple the silicene states from the substrate

which will allow us to access its intrinsic properties.

Alkali metal halides films such as sodium chloride (NaCl) offer an interesting solution as an
alternative surface because it can behave as a dielectric layer, allowing characterization and
integration of adsorbed nanostructures such as Silicene. Furthermore, the growth of such
insulating films can be obtained by molecular beam epitaxy (MBE) as it has been
demonstrated from NaCl deposition on metallic substrates such as Cu [14,15], Al [16] and Au
[17]. On the other hand, we should note that working with insulating thin films instead of
bulk insulators provides a great advantage when using electron-based surface characterization
techniques due to weak charging effects. Indeed, it has been shown that using scanning
tunneling microscopy with NaCl thin films allows probing individual molecular orbitals

[18,19] and manipulating single ad-atoms [20].

This thesis focuses on the study of the structural and electronic properties of 2D silicon layer
grown on ultrathin insulating film deposited over an Ag(110) metallic substrate. To our
knowledge, the observed silicon sheet identified in this work represents the first observation
of 2D silicon layer assembly on insulating material. Although this is a fairly new avenue, we
believe that the new output obtained from this work would contribute in understanding the
fundamental features of silicene. A combined experimental investigation was performed with
a large number of techniques which are used in surface science such as: low energy electron
diffraction (LEED), auger electron spectroscopy (AES), scanning tunneling microscopy and
spectroscopy (STM-STS), extended x-ray absorption fine structure (EXAFS), x-ray

photoelectron spectroscopy (XPS) and angle resolved photoemission spectroscopy (ARPES).

In chapter 1, we describe the basis and practical features of the experimental setup and

techniques used in our experiments.

In chapter 2, an overview about the interest in insulating ultrathin films is given. Furthermore,
we report the crystallographic and electronic properties of NaCl films grown on Ag(110)
surface. We show that upon optimizing the growth conditions we were able to cover almost

completely the metallic substrate with an insulating NaCl film.

In chapter 3, we investigate the adsorption and self-assembly of silicon atoms deposited over
the NaCl film. The experiments reveal the existence of a 2D silicon sheet with a highly

ordered honeycomb-like structure. Furthermore, we show that this silicon ad-layer has weak
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interactions with the substrate and that it mimics the structure of silicene grown directly on

Ag surfaces.

In chapter 4, we present preliminary experiments investigating the growth of silicene on
dissociated NaCl film. The effect of electron irradiation on the NaCl film and initial ARPES

measurement on the silicene intercalated-Na atoms system are presented.

The last part of this manuscript is devoted for general conclusions and perspectives.
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Chapter 1. Experimental Techniques and Methods

The experimental investigation performed in this thesis has been realized using:

e Low Energy Electron Diffraction (LEED)

Auger Electron Spectroscopy (AES)

e Scanning Tunneling Microscopy (STM)

e Scanning Tunneling Spectroscopy (STS)

e Extended X-ray Absorption Fine Structure (EXAFS)

e X-Ray Photoelectron Spectroscopy (XPS)

e Angle Resolved Photoemission Spectroscopy (ARPES)

In this chapter a brief description about the basis and practical features of these instrumental

techniques is presented.

1.1. Low Energy Electron Diffraction (LEED)

Low energy electron diffraction (LEED) is considered one of the most used techniques in
materials science research to investigate crystallographic structures of surfaces. Though
discovered in 1927 by Clinton Davisson and Lester Germer, LEED did not become a popular
instrument for surface investigation until the 1960s. The main reasons were that observing
spots of diffracted beams and construction of clean metal surfaces were a problematic

experimental procedure because of the weak vacuum techniques.
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1.1.1 General Aspects of LEED Theory

By the laws of wave-particle duality, the beam of electrons may be considered as a series of
electron waves incident on the sample. These waves will be scattered by the atoms of the

surface. The wavelength of the electrons is given by the De Broglie relation:

A=h/p (1.1)
Where,
p = (2mE,)"/? (1.2)
A= h/(2mE,)"/? (1.3)
As a result,

f 150.4
A= 5en (14)

In the relations above, m is the mass of the electron, h is the planck’s constant and E_ is the
kinetic energy of the electron. For low kinetic energies between a few ten and a few hundred
electrons volts (20-200 eV), the electrons wavelengths are of the order of 0.1 nm, i.e. similar
to the regular interatomic spacing of crystals. Apart from the suitable wavelength, a short
penetration depth of the low energy electrons of LEED is considered as a crucial aspect in

researching the crystallographic structure of ordered surfaces.
LEED’s Kinematic Theory

To understand the essential features of LEED experiment, kinematic theory of diffraction [1]
is needed. Kinematic theory describes the situation when only “single scattering” exists, in
which circumstance an electron that has been scattered once by a surface atom will not be
scattered again by another surface atom.

.. f 2 - 2
For an incident electron beam with wave vector k; = A—” and diffracted wave vector k; = A—”
d

the rule for constructive interference and therefore diffraction of scattered electron waves is
given by the Von Laue equations, which are considered as a substitute theory to the Bragg’s
law for diffraction. The interaction between the atoms of crystalline system and the incident

electrons is most conveniently illustrated in reciprocal space.
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Bragg’s Law

Bragg’s law was given by the English physicist W.H Bragg and his son W.L Bragg in 1913 to
demonstrate X-ray diffraction (XRD) [2]. The Braggs were awarded the Noble Prize in
physics in 1915 for their work. Despite the fact that Bragg’s law was used first to interpret
patterns of X-rays scattered by crystals, it has been sufficient when investigating the
crystallographic structure of crystals with different kind of beams, e.g. neutrons, ions,
electrons. As illustrated in figure 1.1, Bragg’s diffraction takes place when a beam with
wavelength similar to the interatomic spacing is scattered by the atoms of a well-ordered
crystal with an inter-planar distance d. In order to achieve a constructive interference, the path
difference between two waves must be equal to an integer multiple of the wavelength.

Bragg’s law is given by the equation:

2d sinf = nA (1.5)

Where, A is the wavelength of the incident wave, n is an integer and 6 is the angle of

incidence.

\6‘ reflected

atomic
plane

atomic
plane

- r o Ld "'
8
dsiné

Fig. 1.1: lllustration shows Bragg’s diffraction on crystal surface

From the perspective of VVon Laue’s theory, the difference between the wave vectors k; and
k, must be equal to a reciprocal lattice vector, where:

- o

k; — kg = Ak (1.5)
Here Ak is the scattering vector.

According to figure 1.2, the condition for constructive interference would be as follows:

8
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d cos® +d cos®’ = d. (n—n') (1.6)
d.(A —A')=mA (1.7)
21

k = Tﬁ (1.8)
d. (El - Ed) = 2mm (1.9)

For 3D lattices
R.(k; — kq) = 2mm (1.10)

Or equivalently
ei(ki—ka)R — 1 (1.11)

In crystallography, the reciprocal lattice of a Bravais lattice is the set of all vectors G such that

el(GR) = 1 (1.12)

Therefore, the equation (1.5) can be defined as a reciprocal lattice vector such as:

ﬁl — ﬁd =G (1.13)
Where,
Gpr = ha™ + kb* + Ic* (1.14)

In other words, this means that constructive interference will take place only if the scattered

vector is a vector of the reciprocal lattice.
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Fig. 1.2: Elastic scattering in terms of wave-vectors

Because of the short penetration depth of the low energy electrons of LEED [3], only the first
few atomic layers contribute to the diffraction, this means that there are no diffraction
conditions in the direction perpendicular to the crystal surface. As a result the reciprocal
lattice of a surface can be described as a 2D lattice with rods extending perpendicular from
each lattice point. Thus, the above equation is replaced by a two-dimensional equation such

as:

k' — ki) = Guy = ha* + kb (L.15)

Where, k!l presents the wave vector parallel to the sample surface.

The Ewald Sphere

The Ewald construction has been established as a great convenient approach to anticipate the

occurrence of Von Laue’s condition in equation (1.13), in which the scattering vector
(momentum transfer) Ak must be a reciprocal lattice vector G, and the energy conservation
condition | E| = | §d| = |E| for elastic scattering must be realized. This can be expressed
graphically in reciprocal space by the requirement that a reflection will happen only if a
reciprocal lattice point intersects with the Ewald sphere (see figure 1.3). The Ewald’s

10
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construction can be defined then as the sphere with radius |E| and origin at the center of the
incident wave vector. By construction, every wave vector centered at the origin and
terminating at an intersection between a rod and the sphere will then provide the Laue’s law
and thus produce an allowed diffracted radiation. As the incident energy is increased, the

Ewald sphere radius will increase. Therefore, we will observe much bigger reciprocal space.

k-Space: Ewald Sphere for LEED

LEED spots Dif:)racted]
e-beams £
78

4

Ewald Y

Sphere

Reciprocal
Lattice Rods

IS\

Incoming e-beam k

2mn
Ak, =

a

SN/

sample

a

Fig. 1.3: Ewald sphere for elastic scattering for a 2D lattice

Two-Dimensional Periodicity and the LEED pattern

In Crystallography, the Bravais lattice, conceived by Auguste Bravais, is an infinite array of
discrete points in three-dimensional space. Each point should have the same number of
neighbors as every other point and the neighbors must always be found at the same distances
and directions. In the case of diffraction from crystalline surfaces, the concept of infinite
periodicity is accepted in two dimensions, but obviously not in the third dimension with
direction perpendicular to the surface plane which is truncated by the existence of the surface

itself. For 2D periodicity there are five two-dimensional lattices, as shown in figure 1.4.

11
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Fig. 1.4: lllustration shows two-dimensional Bravais lattices.

Interpretation of diffraction pattern

A two dimensional diffraction pattern can be illustrated in terms of the two dimensional
reciprocal space. This allows identifying the real space lattice which should have generated
the viewed diffraction pattern. The equations below present the relationship between the basis

vectors in reciprocal and real space:

a,.a; =2m.a,.a, =2% (1.16)
a,.a, =0; a,.a; =0 (1.17)

As a result of these equations @;  and @, must be perpendicular to @, and a;, respectively.
Furthermore, in real space, as the length of the basis vector in any direction is increased, the
reciprocal lattice vector will decrease. Figure 1.5 illustrates the corresponding reciprocal
lattices for simple 2D structure of the (110) and (111) surfaces according to the equations
above.

12
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Fig. 1.5: Direct (left) and reciprocal (right) lattices for (110) and (111) surfaces of a simple

face centered cubic crystal.
Superstructures

Superstructures (or superlattices) produce further spots in the LEED pattern. They could be
due to an intrinsic reconstruction of the clean surface in which atoms at the surface form a
different structure than that of the bulk or the existence of an ordered atomic overlayer
(adsorbates). The nomenclature of the overlayer structure in terms of the underlying structure
of the substrate is given by means of the relationship between the lattice vectors of the

superstructure, b, and b,, and the substrate, a, and a,, is given by:

E =my,a; + my,a, (1.18)
E = m21a_1) + mzza_z) (1.19)

m;; are coefficients of the superlattice matrix M = [my, my,; my1 my,], wWhich presents the

translational vectors of the real space lattice of the overlayer in relation with that of the
substrate. According to the numbers m;; on whether they are integers, rational or irrational
numbers, the superstructure is either labeled commensurate or incommensurate.
Commensurate lattices can be seen in situations in which the superlattice generates a unit cell
that is linked to the substrate lattice. While, incommensurate lattices present situations in
which in the case of molecules weakly bonded to a substrate for example, the unit cell they
maintain could be independent of the underlying structure of the substrate. There are two
methods for characterizing the superstructure. In the matrix notation, the superstructure

(substrate and overlayer) can be written as follows:

13
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Substrate(hkl) — M — Overlayer (1.20)

Here, (hkl) refers to the crystallographic plane of the substrate.

Wood notation [4] is a different notation alternative to the above matrix notation. This
formulation is the simplest and most usually employed method for describing a surface

crystallographic structure. Still, it only works if the two unit cells have identical symmetry

(the angle between Ff and b_z) must be the same as that between a; and a). In this situation,

the superlattice can be labeled as:

by b
Substrate(hkl) — i (a_l X —2> Rp° — Overlayer (1.21)

1 a2
In the notation above, i is either “p” (primitive) or “c” (centered) depending in how the unit
cell of the overlayer is selected. Also, Rg® is the rotation angle between the structure axis of

the surface and the ad-layer.
Temperature effects

During LEED experiments it’s very important to monitor the surface temperature which can
affect the electron diffraction procedure [5]. As the temperature of the sample increases in a
LEED experiment many changes can be seen on the diffraction pattern. The most observed
changes are: decrease of the spots intensity and increase of the background intensity. These
changes are due to the thermal vibrations of surface atoms (momentary shift of atoms from
ideal periodicity). The loss of the intensity of spots is due to destructive interference between

waves diffracted by disordered atoms, it is quantified by the Debye-Waller factor exp(—2M)
[6]:

I = lyexp(—2M) (1.22)

The Debye-Waller factor can be expressed as:

 3(8k)?T

7 1.23
2mkg03 (1.23)

Where, T presents the temperature, m the mass of the surface atoms, kg the Boltzmann
constant, and 6, is the Debye temperature, which determines the rigidity of the lattice vis-a-

vis of the vibration.
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1.1.2 General Aspects of LEED Experiments

In principle the LEED experiment is pretty simple. A beam of mono-energetic electrons with
energy in the range of 20 and 200 eV is focused onto a crystal surface at a fixed angle. The
sample must be a well-ordered surface structure. Several diffracted beams of electrons with
identical energy (elastic scattering) as the incident beam are produced as back-scattered
electrons. Those electrons assist in the diffraction pattern. A typical four-grid LEED system

is presented below in figure 1.6.

a) b)
Fluorescent screen
(collector)

Fluorescent
screen » Grid

i]l—

Diffracted beam

Electron Gun

Samplc
benm

_—— Igrid

Blectron gu \\Qﬁ::—' Jasi }Selection grids ‘/}
X

-V \\((\——‘_’——‘ 3 grid

~+3kV =

Fig. 1.6: a) Schematic of four-grid LEED, b) Image of the LEED instrument

The instrument parts of a LEED experiment are located in a vacuum chamber and consist of a
hemispherical fluorescent screen (display system) and a fixed electron source (electron gun)
adjusted along the middle of the screen. We should note that the electron beam used in the
diffraction could be deflected by magnetic fields. As a result the beam becomes curved.
Usually, an unavoidable magnetic field comes from the earth. This magnetic field may be

canceled by building the vacuum chamber from a metal with high permeability.
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The electron gun

The typical structure of an electron gun is illustrated in figure 1.7. Generally, heating a hot
cathode will produce an electron-beam. The heating material is mostly a tungsten filament.
There are two kinds of hot cathode. The first one is a directly heated cathode, where the
tungsten filament plays the role of the cathode and provides the electron-beam. The second
one is an indirectly heated cathode, in which the filament heats a separate metal cathode
which emits the electrons. The produced electron-beam from the cathode should be
accelerated to an anode. The energy range of the electrons, from around 20 to 200 eV for
LEED, is established by the potential between the cathode and the anode. The gun lens

system containing focus and shield allows the electron beam to stay in focus.

Anode

Filament
%—- Cathode

L x
£ \—
\ Deflection
Focus

Lens system

Shield

Fig. 1.7: simplified illustration of a LEED electron gun

The Display System

The electron beam diffracted from the crystal surface will impinge on a hemispherical
fluorescent screen (collector). This mechanism has the benefit of creating a pattern that can be
observed by eye (visual advantage). Preferably, the sample should be placed at the center of
the hemispherical screen. With this adjustment, diffraction beams coming out from the sample
travel radially towards the collector. Generally, the collector is metallic and coated with a
fluorescent material. The metallic aspect of the screen is required in order to allow the
electrons to be conducted away, preventing the charging effects [7]. It has to be biased
positively to 3-5 kV in order to obtain a final acceleration of the coming electrons. In addition

to elastic scattering, inelastic scattering also takes place at the surface of the crystal [8].
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To solve this problem, a series of three or four hemispherical grids placed just before the

fluorescent screen will block the inelastically scattered electrons from reaching the collector.

The first grid is generally grounded so that the diffracted electrons travel in field free space.
The second and third grids are maintained at a potential a few volts below the incident
electron beam. As a result, electrons which have lost a few volts (inelastic electrons) cannot
reach the collector because they have insufficient energy to cross through these grids. The
fourth grid is normally grounded, to isolate the collector potential from the energy selection
potential.

1.2. Auger Electron Spectroscopy (AES)

Auger electron spectroscopy (AES) is a common analysis tool in surface science. It is used
mostly to:

e Verify the cleanliness of a newly prepared surface under UHV conditions.
e Investigate the surface chemical composition

e Study the surface ad-layer growth mode

Typically, AES is an electron core-level spectroscopy and it can be used for many surface
materials and all elements except for hydrogen and helium as at least two electron shells are

needed.

1.2.1 General Aspects of AES Theory

Auger electron spectroscopy (AES) is based on the Auger effect discovered by Auger in 1923
[9]. The principle of the Auger process can be explained by means of the diagram of electron
energy levels as illustrated in figure 1.8. Basically, the primary ionizing electron can generate
an initial hole by ionization of a deep core atomic shell (K in figure 1.8). Then, the primary
electron and core electron will be ejected. An electron from an energetically higher shell will
replace the emitted core level electron. Atomic relaxation can be achieved by the emission of
an x-ray photon (fluorescence phenomena [10]), or there can be another process where the de-
excitation could be radiation-less where another electron gain the extra energy and is emitted
from the atom, it is the Auger electron. The ejected Auger electron can be characterized by a
kinetic energy that corresponds to differences in core-level energies. Therefore, measurement
of the Auger Kinetic energy can be used to characterize the investigated surface elements. It
has been demonstrated that for heavier elements, x-ray fluorescence relaxation process

becomes dominant over the Auger process [11].
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eAuger

vacuum

Eauger = Ex—ELT EL,—JG(I)

Fig. 1.8: lllustration of the energy level diagram showing the origin of the Auger electron for

a KLqL, 3 transition.

The nomenclature of Auger transitions corresponds to the atomic shells associated with the
process (see figure 1.8). For single energy levels, if the primary beam ejects electron from the
K shell, the Auger transition will be maintained by an electron from the L shell, such an Auger
transition is called a KL, L, 5 transition. The measurement of the characteristic energy of an

Auger emitted electron can be illustrated by the following equation:

Ekin = EK - EL1 - EL2,3 - ed) (124)

Ex, EL, and Ey, , are the bonding energies of the K, L, and L, 3 atomic shells. ¢ is the work

function.

The source energy of the primary electron beam used during AES experiment is typically 5
keV. In this case, electrons have a short mean free path in a solid resulting in an extreme

surface sensitivity [12].
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1.2.2 General Aspects of AES Experiment

The standard AES equipment consists of an electron gun irradiating the sample surface, and
an electron energy analyzer to collect, and analyze the emitted Auger electrons. The most
popular analyzers are the cylindrical mirror analyzer (CMA) [13], and the concentric
hemispherical analyzer (CHA) [14]. Typically as illustrated in figure 1.9, CMA analyzers are
composed of two concentric cylinders, the inner cylinder at ground and the outer cylinder at a
negative potential. Electrons arriving at the CMA analyzer will have been focused through the
concentric cylinders. The transmitted electrons are then collected by an electron multiplier.
During AES experiment, the energy resolution and accurate electron detection is highly

affected by the sample/analyzer horizontal position and separation.

——— = —

-7 electron gun T~ a
C:D1 "7 71 Borskev) v detector
sample; ~ o ’_,—’I

cylindrical B

mirror analyser

Fig. 1.9: Simple schematic illustration of an AES experimental setup using a cylindrical
mirror analyzer (CMA).

The detected Auger electrons by the electron multiplier are presented as a function of energy
variation across predefined values. Auger spectra are generally produced by two modes. The
counting mode N (E), can be plotted as shown in figure 1.10. But, because of the small Auger
signals that can be perturbed by the noise of the secondary electron background spectrum,

AES is commonly performed in the derivative mode dl;—f) in order to eliminate the

background noise and then highlight only the Auger signals. The derivative mode is achieved
by modulating the electron collection current via the application of a small voltage to the

spectrometer energy (sinusoidal energy modulation):
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vV = v, sin wt (1.24)
As a result, the collection current can be given as follows:

IV+v,sinwt) = I, +I'(V + v, sinwt)) + 0(I) (1.25)

Thus, detecting the signal at a given frequency (w) will give a value for I’ which is related to
dN_(E)

dE
After recording the AES spectra, in order to analyze and identify the chemical nature of each
Auger peak produced we use a handbook of Auger electron spectroscopy [16] in which Auger
energies are tabulated and presented as a function of each element. Our AES spectra results
are recorded using a CMA analyzer with a primary electron beam of 3 keV, an emission

current of 5 pA and the Auger electrons are collected in the derivative mode.
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Fig. 1.10: Auger spectra taken from [15]. The upper spectrum is performed in counting mode,

and the derivative mode is presented in the lower spectrum. The most benefit of using the

derivative mode is that background slope is removed.
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1.3. Scanning Tunneling Microscopy (STM)

Scanning tunneling microscopy (STM) is an extremely powerful instrument developed at the
IBM Zurich Research Laboratory in 1981 by Gerd Binnig and Heinrich Rohrer [17]. Five
years later, these two researchers were awarded the Nobel Prize in physics for their pioneering
work. After that STM quickly proved to be one of the most promising experimental

techniques for studying and investigating surface materials.
Today, STM has three main applications:

e Imaging instrument to study the topographic aspects of a given surface starting from
several pum down to a highly atomic resolution (nm).

e Spectroscopic tool to analyze the electronic properties of the surface (scanning
tunneling spectroscopy).

e Lithographic device to customize surfaces on the nano-scale [18].

The STM principle is very simple, a sharp metal tip (usually from tungsten) is brought close
to a given metallic or semi-metallic sample and a small bias potential U is applied between
the tip and the surface (see figure 1.11). As a result, electrons can “jump” or “tunnel”
between the two electrodes. This mechanism is a purely gquantum mechanical phenomenon

and it is known under the name of tunneling effect.

‘¢l) ’ z b)

®

-

tunneling

tip atoms

voltage scanning
direction
®
——

tungsten tip

sample atoms @

Fig. 1.11: Schematics of STM work principle on (a) macroscopic scale (b) atomic scale in the

constant current mode.
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Here, the tunneling current is the most important physical value measured in the STM
experiment. Based on this value the STM can be used in two modes (see figure 1.12). The
constant current mode is the commonly used one. In this mode, the tip scans over the sample
and a regulation system (feedback loop) maintains a fixed current parameter by modifying the
tip/surface separation (z). The changes of the tip height z are recorded and an image of the
scanned area of the sample can be created by plotting z(x,y) in real space. The second mode is
the constant height mode, the tip will scan the sample at a constant height (z) and this time the
tunneling current is monitored instead of the tip height. The measured current as a function of
lateral position presents the scanned surface area topography. Here, the feedback loop should
be deactived. In our STM experiments, all the scannings were done in the constant current
mode, given the fact that the constant height mode is very risky for the tip and should be used

only for atomically flat surfaces.

STM experiments can be performed in air [19] or in a vacuum chamber [20], at high
temperature [21] or at low temperature (lower than 80 K) [22]. As stated before, since the
tunneling current is the most important measured parameter in STM, the conductivity of the

sample is an essential condition to carry out such experiments.

I =cste = Image = 2(z, y) z=cste = Image= I(z, y)

Fig. 1.12: Schematic of STM operating modes (a) constant current (b) constant height.

1.3.1 General Aspects of STM Theory

The Tunneling Effect

The principle of electron tunneling was first proposed by Giaver [23]. Electron tunneling

takes place when two electrodes (tip/sample) come into near contact, separated by an
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insulating barrier such as vacuum, air or liquid. Studying this effect under quantum theory
perspective, the electrons can be seen as a wave function. If the tip and sample are close
enough, their wave functions can overlap. The application of a bias voltage will result in an
offset between the two electrodes Fermi levels generating a current in which its direction

depends on the polarity of the applied voltage.

The theoretical description of the STM tunneling process was given by Tersoff and Hamann
[24]. In this theory, the tip, the vacuum and the sample are considered as a single system in
which each subsystem interact strongly with the others. Here, the tip and sample potential

energies are inserted into a time dependent Schrddinger equation:

ih% = (T + Us(t) + Ur(t) )Y, (1.25)

Where,

T corresponds to the kinetic energy, Us and U, are sample and tip potential energies,

respectively. ¥, is the wave function of the complete system and # is the Planck constant.
Using,
W(x,t) = P(x)exp(—) (1.26)

As a solution for the wave function, the transition probability of an electron tunneling

between u and v states can be given as follows:

21 2
B == |M,,| 8(E, —E,) (1.27)

Here, M, presents to the matrix element of the transition probability. Using the theory of
Bardeen [25] in which each subsystem is supposedly weakly interacting, the matrix element is

presented as follows:

(1.28)

h: o, .
My, = —%de(‘Pv VY, — V¥,
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Where, m is the mass of the electron and dS is the surface element.

Using the density of states (DOS) (ps, pr) of the sample and tip near the Fermi level, the

tunneling current can be written as:

4me?

I:h

Upps(Er)pr(EF) |M|2 (1.29)

U, is the applied bias potential between the two electrodes. Considering the classical problem
of a single electron tunneling through a 1D potential barrier, the solution of the Schrodinger

equation is given by:

Y(x) = ¥(0)e ke (1.30)

Where d is the tip/sample separation distance. As a result, the transmission probability of an

electron can be written as:

|M|?~ |W(0)|2e™2ka (1.31)

Here, k is the decay coefficient of the wave function and is given as a function of the tunnel

barrier height ¢ as follows:

k= (1.32)

In their theory, Tersoff and Hamann describe STM tip model by means of only s-like wave
functions which can be seen as a spherical potential with a radius R. Supposing a point-like
tip (atomic apex) where usually p; = const and that only the sample electronic states at the
center of the tip curvature contribute to the tunnel effect, the tunneling current can be written

as:

I ~ Upps(Ep)e2kd (1.33)

The tunneling current here is in function of the bias potential U, and the density of states ps

near Fermi level. For a typical metal (¢~5 eV) and from the exponential dependence on the
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separation d, one can conclude that the current will decrease by a factor of 2 as the distance is
increased by 0.2 nm between the electrodes. This demonstrates that the tunneling current is
very sensitive to the variation of the tip-sample separation, which also explains the STM
instrument vertical high spatial resolution.

1.3.2 General Aspects of STM Experiment

Mainly, as can be seen from the figure 1.13, the STM consists of 3 main parts: the
piezoelectric driver which drives the movement of the scanner in three dimensional space
(x,y,2), the preamplifier circuit for the tunneling current and the tip which plays a huge role on
the STM topographic and spectroscopy quality. Furthermore, we should note that it is
necessary to have a vibration isolation system [26] which will help to eliminate most of the
external mechanical perturbations and also a coarse positioning device [27] which will

approach the tip to the surface.

Control voltages for piezotube

Tunneling Distance control
current amplifier  and scanning unit

with electrodes

Piezoelectric tube

Tunneling
voltage

&

Data processing
and display

Fig. 1.13: A simplified schematic of an electronic network of STM

Piezoelectric driver

The extremely small movements needed to scan a surface using a sharp atomic wire (tip) can
be conducted using piezoelectric materials. A piezoelectric material is a special material that

elongates or compresses when certain voltages are applied across the crystal. Usually,
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piezoelectric scanners are polycrystalline solids based on ceramics and the most used one is
lead zirconate titanate (PZT) Pb[Zr,.Z1,_,]05 [28].

V; (inner electrode)

O

Fig. 1.14: Drawing of a) tripod scanner b) tube scanner

In STM instruments there are mostly two types of piezoelectric drivers, the XYZ tripod
(figure 1.14a) and the tube scanner (cylindrical tube) (figure 1.14b). The tripod was used in
the first made STM by Binnig and Rohrer, it has three independent displacements of
orthogonal axes (x,y,z), while in the tube scanner proposed by Binnig and Smith [29], few
years later, four external electrodes were used. By applying potentials to the various
electrodes, a mechanical three dimensional movement is achieved. Their piezoelectric scanner

has a response of 5nm/V in each orthogonal direction.

Assuming that the same equal and opposite voltages are applied on the opposite piezo
electrodes (-X; +X) or (-Y; +Y) we can measure the X and Y movement /volt using the

equation given below [30]:

AX = 2d31VXL/(0D - ID) (1.34)

Where,

AX presents the scanner piezo response along X-axis, ds; is the transverse piezoelectric
coefficient (m/V), L presents the length of the cylindrical scanner, Vy is the applied voltage
along X-axis., I, corresponds to the inner diameter of the cylindrical scanner and Oy, is the

outer diameter of the cylindrical scanner.
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If we take for example: d3;=-171 102 m/V for PZT5A [31] and applying Vi, =1V
With, L =20 mm, Ip,=5 mm and Op,= 6 mm

Therefore, if we apply a voltage of 1V we anticipate a response in the piezo tube scanner in
the X direction of 6.8 nm/V.

STM electronics

STM control and data acquisition electronics consist of common elements such as: a high-
gain low-noise current amplifier [32], a proportional-integration (Pl) digital feedback
controller [33] and a set of high-voltage amplifiers that control the piezo-tube scanner.
Electronics are needed to monitor the current and digitize this information into a form that we
can present as an STM topographic image. STM software such as MATRIX from OMICRON
(used in this thesis) is also of great help to control and handle various STM instrumentation

and parameters.
Tip Preparation

During STM scanning, a high quality sharp tip is essential to achieve good STM images or
spectroscopic signals. In this manner, taking great care at the tip preparation is an extremely
important experimental factor in STM before starting the actual experiment. Mostly, metallic
materials are used as a wire to make the STM tip. Despite the huge selection options only a
limited number of metals are really ideal for such a task. Based on the experiments of Chen
[34], only d-band metal tips can achieve atomic resolution. If the tip is made of noble metals

(Cu, Ag, Au) or alkali metals, high resolution cannot be obtained.

On the other hand, tungsten (W) is the most used material for tip fabrication because of its
strong mechanical properties and d-band electronic structure [35]. As shown in figure 1.15,
using W tip including a d,2 dangling bond could behave like a filter since its charge-density
distribution is narrower than that of an s-state. As a result, clearer atomic resolution features

can be obtained.
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Fig. 1.15: Simple drawing of a tip with a) s state b) d - state

Generally, the tungsten tips are prepared by electrochemical etching and the basic idea here is
to dip a small solid W wire into an hydroxide ion solution (electrolyte). As a result, a
dissolution reaction will start producing a sharp W tip shape at the end. It is possible to
fabricate tungsten tips under both alternating current (AC) and direct current (DC). For our tip
preparation, a tungsten wire is immersed in a sodium hydroxide electrolytic solution (Na,
HO") which acts as an anode. The second electrode, a stainless steel rod used as the cathode is
immersed in this solution. A potential is applied between these two electrodes (see figure

1.16). During this process the following chemical reactions take place:

Wsy + 8HO(q) = WOZGq) + 4H, 0y + 6e” (1.35)
6H20(l) + 6e” - 3H2(g) + 6H0(_aq) (136)

- 2—
W(S) + 2H0(aq) + 2H20(l) = W04(aq) + 3H2(g) (137)

From these reactions we can conclude that the tungsten metal undergoes an oxidative
dissolution to become tungstate anions which are soluble in water. Furthermore, reduction of
water and formation of hydrogen gas (Hg)) is also expected in which small bubbles will be
produced subsequently. Once the etching is done, it is important to clean the tip immediately

by washing it with distilled water. To verify if the etching process has been successful, the
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freshly made tungsten tip is observed under an optical microscope to check the length and the

tip head shape.

For our tip preparation, we did use AC and DC voltages for the etching process. Generally, an
AC applied voltage will produce a longer taper length which is more vulnerable to mechanical
vibrations resulting then in a bad STM measurements. In fact, when using AC voltage (10V
applied during 150 ms with a separation of 2.5 s) the amount of hydrogen bubbles increases
which will cause the etching to extend above the air/solution interface [36]. On the other
hand, a DC voltage (3V) produces better, sharper W tips. It is recommended to use lower DC
voltages since the high chemical reaction rate can etch the bottom of the wire even before a

good necking effect is completed [37].

b)

W

OH" ) ( OH~

W03 flow

Fig. 1.16: Illustration of an electrochemical station showing the experimental tip-etching
method where a) small tungsten wire is immersed in NaOH solution b) beginning of the drop-

off mechanism.

Before using the tip in actual STM experiments, it should be degassed in UHV by indirect
heating in order to remove any contaminants (H,0, O,, and tungsten oxide W 05) that cannot
be removed by rinsing in water or ethanol. Generally, other cleaning methods [38] could be
used for the etched tungsten tip such as: Ar-ion sputtering, heating by electron bombardment
or applying a low reverse voltage. The process of cleaning the etched tip before starting the
actual scanning is very important because any contaminants or oxide can cause an unstable

tunnel junction which leads to irregularities in STM topography and spectroscopy. After the
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cleaning, in order to make sure that the STM tip is suitable for scanning experiment, usually a
scanning tunneling spectroscopy (STS) test is performed as a sign of the presence of any
contamination on the tip. When using a metallic sample, if the W tip is oxidized the STS data
will show a gap-like electronic structure instead of the metallic tunnel junction, i.e. the I-V

curve would not be linear.

1.4. Scanning Tunneling Spectroscopy (STS)

Scanning tunneling spectroscopy (STS) can provide complementary information to the
topographic profile obtained by STM imaging. With STS the local electronic structure of a
surface can be accessed. Most of the STS experiments are performed in I(U) mode in which
the tip/sample separation is kept constant by turning the feedback controller off. Then, the
bias voltage is ramped over the chosen limits from U, to —Us,; and the tunneling current
I(U) is recorded during the voltage ramp. Theoretically, Tersoff and Hamman [24]
(assuming that the tip density of states (DOS) is constant) suggested that the ratio of the
differential conductivity dI/dU to the total conductivity I/V should be proportional to the

local density of states of the investigated surface:

dl
7~ ps(Ep — eV) (1.38)

Another mode to perform STS is I(z) spectroscopy. Here, starting from the tunneling current

in equation (1.33) we can evaluate the apparent barrier height as follows:

2
din({/;;)
_| 1L /U, (1.39)
1.025 dz

The measured value of ¢ presents the work function of the surface. As a result, it can be used

to characterize the chemical nature of the sample surface.

1.5. Synchrotron Radiation

Synchrotron radiation is an electromagnetic radiation produced mainly in synchrotrons, which
are sophisticated instruments built to perform physics experiments. Their main objective is to
accelerate charged particles up to relativistic speeds, i.e. the particle velocity become closer to
the speed of light. The type of charged particles used in synchrotrons is generally electrons,
which emit radiation more easily than the more massive protons [39]. Accelerating radially,

30



Chapter 1. Experimental Techniques and Methods

the electrons produce electromagnetic radiation, and they do so as they are focused around
curved paths by magnetic fields using bending magnets, undulators or wigglers [40]. These
magnetic devices bend, undulate or wiggle the direction of the electrons as long as they turn
around the storage ring of the synchrotron. As a result, the electrons emit an intense radiation.
The electrons which orbit around the storage ring and produce the light beam are at first
provided by an electron gun. Here, a high voltage cathode considered as an injection system is
heated under vacuum, giving the electrons. A linear accelerator is used to increase the kinetic
energy of the primary emitted electrons by passing groups of these electrons called “bunches”
through a metallic chamber that contains confined resonant electromagnetic waves called
radiofrequency (RF) cavity [41,42]. Electrons going through the RF cavities sense the
electromagnetic force which gives them a push forward into the circular accelerator (booster).
Before transferring the electron beam to the storage ring, boosters accelerate the electrons
using dipole bending magnets. In the storage ring, big electromagnets (bending magnets) [43]
are used to change the path of the electron beam in the zone between the straight sections.
Anytime the path of the electrons bends, they decelerate, and as a result they produce
synchrotron radiation. On the other hand, insertion devices (undulators/wigglers) are inserted
in straight sections between the bending magnets. They also generate synchrotron radiation

(see figure 1.17a for visual illustration of the work principle of synchrotrons).

As can be seen on figure 1.17b, undulators/wigglers consist of a sequence of magnets of
opposite polarity (dipole magnets) in a row. Electrons going through such device undergo a
magnetic field of alternating polarity which makes them follow a wavy path. So for N poles,
the quantity of photons generated is enhanced by the factor N, giving off more x-ray or UV
radiation than in the case of a single bending magnet is used. Radiation polarization is
possible, i.e. if the electrons wavy trajectory is confined to a plane the radiation will be
linearly polarized. If the oscillation of the electrons is helical the radiation will be circularly

polarized.

The main difference between undulators and wigglers is that the deflections caused by an
undulator are small enough that radiations emitted at each of the poles can then overlap and
interfere with the photons produced at the other poles. This generates a much more focused,

brilliant beam of radiation.
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Fig. 1.17: Schematic illustration of a) synchrotron facility showing the key components to
generate synchrotron radiation, b) undulator with magnetic poles of alternating polarity. The

ring parameters of synchrotron SOLEIL are: linear accelerator “Linac” (100 Mev), the booster

(2.75 GeV), the ring (2.75 GeV) with 354 m circumference [44]

1.6. Extended X-Ray Absorption Fine Structure (EXAFS)

EXAFS is a powerful technique for investigating the atomic structure of elements in a
material. The EXAFS is integrated from x-ray absorption spectroscopy (XAS) technique
which is based on measuring the x-ray absorption coefficient u(E), which characterizes the
quantity of x-rays absorbed as a function of x-rays energy. By changing the energy of the
incoming photons, a spectrum is produced as shown in the figure 1.18. Typically, u(E)
smoothly diminishes as the energy increases which means the Xx-rays become more
penetrating.

The x-ray absorption spectrum is generally composed of two regimes: x-ray absorption near-
edge structure (XANES) and extended x-ray absorption fine-structure spectroscopy (EXAFS).
Even if the two regimes share the same physical cause (XAS), the interpretations and
conclusions extracted from both are different [45]. XANES in one hand is more sensitive to
oxidation state and coordination environment of the absorbing atom, while on the other hand
EXAFS is more convenient to measure the inter-atomic distances, coordination number of the

surrounding atoms and the nature of the neighbor atoms around the excited atom.
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Fig. 1.18: X-ray absorption spectrum of Silicon wafer showing the near edge (XANES) and
extended (EXAFS) regions.

1.6.1 General Aspects of EXAFS Theory

As explained in the previous paragraph EXAFS is a result on the x-ray photoelectric process,
in which an x-ray photon incident on an atom within a material is absorbed and releases a
photoelectron. The photoelectron can be seen as a wave radiating and interacting with all the

neighbors of the absorbing atom, with a wavelength A given by:

A= — (1.40)

Where, p is the momentum of the electron and h is Planck’s constant.

The photoelectron wave can scatter and interfere constructively or destructively with the
backscattering waves created by the surrounding atoms when returning to the absorbing atom.
This interference leads to a relation between the photon energies and the x-ray absorption
probability y(k), which is related to the X-ray absorption coefficient. If it is correctly

interpreted the y (k) oscillations give structural information about the surrounding atoms.

Based on the model in which the photoelectron is a sinusoidal plane wave, the probability of

absorption could be given as follows [46]:
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x « sin(2Ak) (1.41)

Where, A is the distance between the excited atom and scattering ones.

Giving that
p = hk (1.42)
2
T=2 (1.43)
2m,

The kinetic energy of the photoelectron is given by the difference between the energy E of the

incident photon, less the binding (ionization) energy, which we call E,:
T=E - E, (1.44)

k= %JZme(E —E,) (1.45)

Where, k is the wave number and A is the distance between the absorbing atom and the

surrounding atoms.

EXAFS equation

The EXAFS oscillations can be defined by an equation generally called the EXAFS equation
[47]:

ZSONR VUN sinfakr + 6o aw o2 (1 4g)

Where,

f (k) and 6 (k) are the backscattering amplitude and the phase shift of the surrounding atoms.
R is the distance to the surrounding atoms.

N is the coordination number of surrounding atoms.

a? presents the thermal motion or structural disorder. Typically 0.003 < ¢2 < 0.03.

S2 is the amplitude reduction factor generally varies between 0.7 and 1.0.
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A(k) is the mean free path of the emitted photoelectron. This term guarantees the local
behavior of EXAFS.

1.6.2 General Aspects of EXAFS Experiment

In order to perform EXAFS experiment, we need to select an x-rays domain with energies
able to excite the investigated atom. For example to study a system with silicon atoms, a
range between 1800-2400 eV can be used. To achieve this, a monochromator is required. This
device based on diffraction from crystals can ensure that only x-rays with the good energy are
used to probe the sample. The type of the materials used for the monochromator and their
geometrical considerations ensure that only a range of usable energies will reach the sample.
The experiments presented in this manuscript were carried out on the LUCIA beamline [48]
of the synchrotron SOLEIL facility. The schematic view of LUCIA beamline is given in
figure 1.19.

Fluorescence ssssssssss Total Electron Yield
Detector o :
e Transmission
e = — Detector
e, - sonp
[l maenisd ——P— — Focusing mirror A
Focusing mirror Horizontal focusing | o o.cc civee  Monochromator Exk sits (WL.G) A
Undlator (Apple 1052) Shaping sits DCM:  Si(111) :
A InSb

: KTP
L T L T e U e T O PO LT O PP T e ) Befyl

Multi-Layer Grating

Fig. 1.19: Schematic view of LUCIA beamline [48] at SOLEIL which can generate photons in
the energy range between 0.8 and 8 KeV. Several double crystal monochromator can be used
to obtain various energy domains and a focusing system in “Kikpatrick-Barz” (KB)

configuration is used to focuse the x-ray beam down to 3x3 um2.
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During EXAFS experiments, there are three frequent approaches by which the quantity of

absorption is measured:

1. The transmission mode: evaluating the X-ray flux before and after crossing the
sample. In this case, the relation between the transmitted and the flux is given by the
beer-lambert law I = I,e #E* A simple plot of In(lo/I) allows us to obtain XAS
spectra.

2. The fluorescence mode: in this case, after absorbing an incident x-ray, the decay of the
excited atomic states results in fluorescence photon carrying low energy. The
fluorescence energies emitted are characteristic of the excited atom, and can be used to
identify the atoms in a sample and to determine their concentrations.

3. The total electron yield mode: rather than releasing a fluorescence photon, the excited
atom can relax by emitting a high energy electron (Auger electron) resulting from
refilling the vacancy at the core-hole. The number of electrons released can be
quantified by measuring the charge compensation with a multi-meter which means
that a non-insulator sample is mandatory. Next, the quantified intensity should be
compared to the one of the incident x-rays. Generally, this mode is more convenient
for light elements (Z<30) [49]. The results presented in this thesis have been collected

by using the TEY mode.

1.7. X-Ray Photoelectron Spectroscopy (XPS)

Currently, XPS [50] is considered an essential spectroscopic technique to the study of the

physics of a surface material. Its popularity comes from its capability to:

e Identify and quantify what elements are present within a sample surface

e Check the contamination state of a sample material

e Reveal the chemical state and environment of the elements in the investigated material
and provide information about the bonding energy and bonding mechanism of surface

atoms

1.7.1 General Aspects of XPS Theory

In XPS, the most important mechanism is the photoemission process [51] (figure 1.20), i.e.,
the emission of an electron from a core level of an atom by x-ray photon energy higher than
the binding energy of that electron. The energy of the ejected photoelectrons is then resolved

with the help of an electron spectrometer [52] and the produced data is presented as a graph of
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two axes: intensity (number of counts) versus the electron binding energy (E). In general, the

principle and most important equation of XPS is the one given by A. Einstein [53]:

Eg =hv—E,—e¢p (1.47)

With, hv the incident photon energy, E} is the kinetic energy of the emitted photoelectron and
¢ is the work function of the investigated material which presents the necessary energy an
electron requires to travel from the Fermi level to the vacuum. However, in the actual
experiment, the energies of photoelectrons are measured by the electron analyzer. Thus, the
measured Kinetic energy is relative to the work function (¢) of the analyzer, which can be

measured by calibrating the photoemission data [54].

Ejected K Electron
(1s Electron)
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Vacuum X

Fermi
Valence Band 7/ / A/ / /7 /7 /

L. Incident
L X-ray

” (hv)
K S

Fig. 1.20: Schematic illustration of photoemission process in XPS experiment showing

ejection of 1s electron from a K shell.

For XPS, the soft x-ray radiation with energies varies from 50-1500 eV allows to reach a
value of low inelastic mean-free path (1,,) between 5-20 A. However, the real escape depth
(A) of the ejected electrons is related also to the angle of emission to the surface normal (8)
such as [55]:

A=A, cosb (1.48)

As a result, photoelectrons emitted perpendicular to the surface (6 = 0°) will be associated to
the maximum escape depth (bulk), while in the case of (6 =~ 90°) the emitted photoelectrons

will be related to the outermost surface layers.
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1.7.2 General Aspects of XPS Experiment

As shown from figure 1.21, surface analysis by XPS requires irradiating a solid in an ultra-
high vacuum (UHV) chamber with monochromatic soft X-rays and analyzing the energies of
the photoelectrons. In general, there are two kinds of electron energy analyzer, the cylindrical
mirror analyzer (CMA) and the hemispherical sector analyzer (HSA). Typically, HSA
analyzer is more used in XPS experiments because it can provide higher energy resolution
[56]. The hemispherical analyzer is shown in figure 1.22, it contains mainly a transfer lens
that serve to maximize the collection angle and to retard and decrease the energy of emitted
photoelectrons, which helps to achieve better resolution and sensitivity. Also, the HSA
analyzer contains two concentric hemispherical electrodes (inner and outer hemisphere) with
a gap between them in which the photoelectrons pass while traveling. The addition of a multi-
channel detector to the analyzer provides a tool to count the number of the emitted
photoelectrons (intensity) during the acquisition of a spectrum.

Electron Energy Analyzer
(measures kinetic energy)

Photo-electrons (escape only

from the top surface) Eleciron

Collection
lens

Electron Detector
(counts the electrons)

Focused beam of

Krays (1.5 Kev Electron N &
Take-Off angle g E,E

| Si(2p) i

..... i .

sample . Ly

samples are usually solid because -
XP'S requires ultra-high vacuum Si(2p) XPS spectrum

Fig. 1.21: Schematic illustration of a typical XPS instrumentation with photon source

(synchrotron radiation), electron optics (transfer lens), hemispherical energy analyzer and an
electron detector, and computer system to convert the detected data into a readable spectrum.
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Fig. 1.22: Simple schematic showing the components of a hemispherical energy analyzer.

The XPS experiments reported in this thesis have been performed at the TEMPO beamline
[57] at SOLEIL synchrotron. The beamline (see Figure 1.23 for visual illustration) is
equipped with an undulator “Apple II” with two periods 44 mm (high energy) and 80 mm
(low energy) and can generate circular, linear polarization. High resolution photoemission
measurements in the 50 to 1500 eV range were conducted using a SCIENTA SES2002

electron spectrometer.
Analysis of XPS Spectrum

In general, raw XPS spectrum can provide only some generic information. To reveal the
chemical state and environment of the elements in the investigated solid material, the XPS
raw data should be decomposed to a sum of different environments for each element. This is
also true for a perfect pure element, because the atoms located on the outermost surface does
not possess the same environment as the atoms located in the bulk. Each peak in an XPS

spectrum could be characterized with several parameters:

e Binding energy.

e Intensity.

e Spin-orbit splitting, only possible for orbitals with angular momentum quantum
number [ > 0.

e Branching ratio, used in the case of spin-orbit splitting. This parameter gives the

occupation ratio between the spin-orbit components when performing a peak fitting.
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Fig. 1.23: Schematic view of a typical photoelectron spectroscopy synchrotron beamline that
consists mainly of an undulator, optical components (mirrors and slits), sample, hemispherical

analyzer and finally a detector.

Each component could be defined by a Voigt function, a convolution of Gaussian and a
Lorentzian. Full width at half maximum (FWHM) of a Gaussian represents the instrumental
contribution, phonon excitation and inhomogeneity of the surface. The effect of phonon could
be reduced by cooling down the sample. On the other hand, FWHM of the Lorentzian is
associated to the intrinsic life-time broadening of the core level hole state. Moreover, In the
case of a metallic sample, the photoelectron when travelling can excite some valence band
electrons that are just below Fermi level and loose a part of its energy. This mechanism of
energy loss shows as a small shift of the principal peak in the XPS spectrum towards higher
binding energies giving an asymmetric peak. In this case, the XPS spectrum fitting is better

performed with a Doniach-Sunjic function [58].
The Doniach-Sunjic function is given as follows:

cos[ﬂz—a + (1 — @) arctan %]

(1.49)

st(AE) =A 1a
((AE)*> +y2) 2
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Where, a is the asymmetry parameter, A is the amplitude and y is the full width at half
maximum parameter. When analyzing our raw XPS data, the fitting of the peaks was done
with components that are defined with a convolution of Doniac-Sunjic and Gaussian function:
(AE)?
fea(AE) = A exp(—4In2—=5) (1.50)
(IGa)
With I, is the Gaussian FWHM. Using IGOR software tool to analyse the data, the function
(1.50) is given by:

(AE)?
fea(AE) = Aexp <_ (W)2> (1.51)
. _ lga _
With W = Wi = 0.6 Iz, (1.52)

Generally, analyzing an XPS peak is a matter of adjusting and fitting the experimental peak
with the theoretical one by changing the parameters listed above. Then, assign each

components of fitting to a certain chemical environment of the investigated element.

1.8. Angle Resolved Photoemission Spectroscopy (ARPES)

ARPES is an extension to the classic photoemission spectroscopy and is based on the same
equation (1.53) given above. In general, ARPES provides information about the distribution,
direction and speed of valence electrons within a solid material [59]. In ARPES experiment,

the momentum of photoelectrons that reach the angle resolved electron energy analyzer is

given by:
p =+ 2mE, (1.53)
p = hk (1.54)
Kk = @ (1.55)

Here, m is the mass of electron. This equation can be used to get information about the band

structure and establish an energy-momentum dispersion relationship.

The momentum of the photoelectron is composed of two components, perpendicular and

parallel to the sample surface:
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ky = kx+ky (1.56)

and k, =k, (1.57)

For each component the momentum-energy relationship can be given as follows:

\/2mEj, sin @ cos
k, = k . 4 (1.58)
v/ 2mE) sin 8 sing (1.59)
y = h '

_ \fszk cos 0 (160)
z
h
6 and ¢ rotation angles are illustrated in Figure 1.24. The parallel part of the momentum is

given by:

_ y2mEj sin® (1.61)

[— A

Whereas, the perpendicular component k, is more problematic because of the existence of a
surface potential (V) that arises between the surface of the solid and the vacuum. k, can be

written as:

k, =
L h

In general, when investigating 2D systems k, can be ignored and only k; considered [60].
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Fig. 1.24: Schematic diagram of emitted photoelectrons in an ARPES setup
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Chapter 2. Growth of NaCl Ultra-Thin Film on
Ag(110) Metallic Substrate

In this chapter the growth and characterization of insulating films of NaCl grown on Ag(110)
surface is reported. The brief overview presented here shows the interest in insulating ultra-
thin films which has been rising in the last decade. A great part of this thesis is devoted to the
investigation of NaCl insulating films. Specifically, scanning tunneling microscopy (STM),
scanning tunneling spectroscopy (STS), x-ray photoelectron spectroscopy (XPS) and low
energy electron diffraction (LEED) have been used to investigate the morphology,
crystallography, electronic and chemical properties of the grown NaCl films. Significant
consideration has been given to different growth conditions allowing us to prepare a metallic
substrate that is almost covered with insulating films in order to study the adsorption of
silicon 2D layer in the next part of the thesis.

2.1. Motivation

In the last decade a huge interest has been devoted to thin insulating films because of their
promising applications in the field of surface science and nanotechnology. Furthermore, the
improvement of many surface experimental techniques led researchers to investigate more
and more on insulating materials. This is due mainly to the fact that the majority of surface
investigation instrumental techniques such as STM, LEED, PES, AES work only on

conductive surfaces.

To overcome such limitations when working with insulators, the idea of using insulating thin
films rather than bulk insulating material is very interesting. One of the key advantages of
using such an alternative is that electron-based surface characterization techniques will work
for thin insulating layer due to the weak charging effects. For example, scanning tunneling

microscopy investigations of these surfaces are possible because the electron wave function
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can penetrate through the ultra-thin dielectric layers (1 nm thick or less) allowing the current
to flow [1].

One of the most promising applications that drive us to use NaCl alkali-halide insulating films
in this thesis is the fact that they are an ideal solution to the problem of decoupling the
electronic states of adsorbed nanostructures or atomic-molecular species. This will also help
to avoid charging issues that one can face when using the bulk insulator. Indeed, it has been
demonstrated recently by Husseen and coworkers [2] that, NaCl and KCI thin films can be
used with STM, since the electrons can tunnel through the films into the underlying
conducting substrate. Reported studies show that such 2D insulating surfaces have been
employed successfully to study and enhance the intrinsic features of atomic-scale structures.
In another study, thin insulating films have been used as atomically controlled spacers
allowing individual molecular orbitals to be probed, e.g. decoupled pentacene molecules from
metallic Cu(111) using NaCl films [3]. This NaCl layer on metallic Cu(111) surface allows to
access important information related to molecular spectroscopy that could be complementary
to the one acquired on metal substrate. In fact, due to the weaker interactions with the
substrate, the intrinsic molecular states can be investigated with or without weak perturbations
that can cause strong distortion of the molecular states [3,4]. The same approach can be

applied on 2D systems such as silicene or graphene.

In addition, ultra-thin insulating films can also be used to develop new charge manipulation
scheme or to stabilize the charge states of ad-atoms [5]. An experimental work performed by
Steurer et al. [6] on Au ad-atoms on NaCl films deposited on metallic substrate shows that by
attaching or detaching electrons from the Au atoms using an atomic force microscope tip, the
lifetime of the neutral and positive charge state of Au ad-atoms increases with NaCl film
thickness. This allows a longer and better charge manipulation experiment. Other advanced
experiments performed by Nilius et al. [7] showed that ultra-thin films can have an influence
on the catalytic activity of metals and on the spatial distribution of ad-atoms or molecular

systems.

2.2. NaCl Thin Film Growth: State of the Art

The reason of using alkali-halide NaCl as an insulator material is due to the small mismatch
between the NaCl (100) plane and Ag(110) surface lattice parameters as will be seen from the
LEED results in section 2.4 of this chapter. Obviously, rock-salt NaCl offers a great

flexibility when selecting the surface on which the insulating layers can be grown. Various
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substrates have already been used for the growth of NaCl insulating films including metals
surfaces such as Cu(111) [8], Cu(100) [9], Ag(100) [10], Ag(111) [11], AI(100) [12] and
Au(111) [13], as well as semiconductors such as Ge(001) [14] and Ge(111) [15].

In the majority of the reported studies, NaCl films are obtained using simple physical vapor
deposition (PVD) process. Generally, NaCl crystal melts at 800 °C [16] and it can easily be
sublimated at a comparably lower temperature in ultra-high vacuum conditions (Pressure <10
10 mbar). In these conditions, the formed insulating layers have been investigated using
multiple surface-sensitive techniques such as STM [17-18], STS [19], non-contact atomic
force microscopy and Kelvin probe force microscopy [20]. It was reported by Cabailh et al.
[20] that the size of NaCl islands could be increased by annealing the substrate during the
growth (see figure 2.1). Indeed, the annealing induces NaCl molecules diffusion on the

surface.

Fig. 2.1 nc-AFM (top) and KPFM (bottom) images of 0.75 ML NaCl deposited on Ag(001)
surface showing the influence of the substrate temperature on the size and morphology of

NaCl islands. Image from [20].

It is also interesting to note that, generally NaCl growth is not altered by the substrate. This is
due to the strong ionic bond of rock-salt NaCl (cohesive energy of 6.62 eV per ion pair [21])
that strongly dominates and drives the NaCl film formation. Furthermore, due to the strong
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Coulomb interaction between Na* and CI', the crystallographic structure which minimizes the

energy for the NaCl film should mimics the (100) plane of the bulk salt [22].

Fig. 2.2 NaCl crystal bulk structure showing its ionic cubic symmetry in which chlorine has a
negative charge (CI") and sodium has a positive charge (Na*). The NaCl bulk lattice parameter
is 0.564 nm and its neutral facet (100) has a CI-Cl distance of 0.399 nm. Each ion (CI" or Na*)

on the bulk crystal has six neighboors with opposite charge in a cubic packed (ccp) structure.

NaCl film growth on different substrates shows a common relaxation effect of the 2D film
where a layer buckling of the Na-Cl in-plane is reported on Cu(111) [23]. This relaxation
effect is due mainly to the high compressibility of alkali halides (NaCl crystal modulus is 0.24
10! N/m? [24]) and not the effect of the underlying substrate. Another remarkable
observation associated with NaCl insulating film growth on metallic substrates is the so called
carpet-like growth mode. Such growth mode has been observed on substrates such as Al(100)
[12] and Ag(001) [2] in which step edges seem to be the preferred nucleation sites for the
NaCl islands growth. In this case, the formation of these NaCl “carpets” extending across two

adjacent terraces appears to be energetically favorable.
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2.3. Sample Preparation

NaCl ultra-thin layers have been deposited on the metallic substrate Ag(110). The crystal has
a cylindrical shape with diameter of 8 mm and height of 1 mm. It has been prepared according
to regular surface science procedures using multiple cycles of Ar® ion bombardment
(sputtering) and thermal annealing. Before each new deposition, the substrate has been

cleaned again with two Ar* sputtering-annealing cycles:

e Sputtering is obtained by bombardment of the Ag(110) surface with Ar* energetic ions
in order to remove contamination and previously deposited film residue. For
sputtering we used the following parameters (Ar* ions energy = 650 eV, chamber
pressure ~ 10 mbar, substrate at room temperature and a continuous 45 min of
bombardment).

e Annealing: after sputtering, we use thermal annealing mainly to recrystallize the
atomic structure of the Ag(110) substrate. The annealing is performed at 480 °C for 15
min by heating the sample by Joule effect using a tungsten filament located 2 mm

behind the sample.

The sample preparation described here, allows to produce an atomically flat and clean
metallic Ag(110) substrate. The quality of the clean surface has been periodically verified
using STM, LEED and AES (see figure 2.3). STM topographic images reveal atomically flat
terraces. The atomic resolution images show a perfect crystallographic structure of the
Ag(110) substrate. The surface has been crosschecked using LEED which reveals a clear
rectangular diffraction pattern which characterizes the plane (110) of the Ag substrate. The
absence of contamination on the newly prepared substrate has also been verified using the
AES technique. Further analysis of the recorded Auger spectrum shows the existence of the
Ag element peaks only at 351 and 356 eV and the absence of any other contaminant such as

carbon at 272 eV or oxygen at 503 eV (see figure 2.3).
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Fig. 2.3 Clean Ag(110) substrate investigated after applying the sample preparation described
above showing a) LEED diffraction pattern b) Auger electron spectroscopy c¢) STM
topography recorded at LT-STM with the tunneling parameters (100x100nm2, V,= -0,3V,
[;=1,15 nA) and d) Atomically resolved STM image showing the rectangular structure of the surface
(110) with 5x5nm2, V= -0,04V, 1,=2,5 nA).

For the insulating film growth, we used rock-salt sodium chloride (NaCl) powder of 99.99%
purity. After cleaning the substrate using the parameters mentioned above, we evaporated the
NaCl powder from a Knudsen effusion cell. Prior to NaCl deposition, cycles of degassing of
the Knudsen cell were performed in order to remove water and other contaminants. The
degassing was made by heating the cell gradually until reaching 200 °C. Simultaneously, the

vacuum pressure inside the chamber was kept below 108 mbar. The deposition rate was
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controlled using a quartz microbalance placed a few centimeters away from the manipulator
holding the sample and the vapor pressure upon heating the NaCl cell was kept below 107
mbar. Prior to NaCl deposition, we kept the evaporation shutter closed until reaching the
NaCl powder sublimation temperature. Different evaporation rates have been tested but, for
the majority of the results presented in this thesis, NaCl films have been prepared using the

following parameters:

e Deposition rate of ~ 0.04 NaCl monolayer per minute
e Cell temperature = 520 °C (before opening the shutter) and 500 °C (after opening the
shutter)

During deposition, the sample temperature can be controlled by resistive heating of the
sample manipulator using a thermocouple. For our experiments, thermal annealing during
evaporation and post-annealing proved to be an important factor to control the quality of the
grown film. The thermal annealing increases the diffusion of the NaCl molecules and allows
to control the size of the islands which cover the Ag(110) surface. The optimal temperature of
the substrate we used during the NaCl growth is 140 °C as will be seen from the experimental

results.

2.4. LEED Measurements

Figure 2.4 shows the recorded LEED pattern of the substrate before and after the deposition
of ~ 1 Monolayer (ML) of NaCl with an evaporation rate of 0.04ML/min. During the
evaporation the substrate was kept at room temperature (RT). Figure 2.4a clearly shows the
expected rectangular symmetry of the Ag(110) surface without any spots indicating the
cleanliness and homogeneity of the surface. After NaCl deposition, the LEED pattern starts to
show a new (4x1) superstructure, which can be explained by means of a small lattice
mismatch between the structural parameters of Ag(110)-(1x1) and NaCl(100)-(1x1) surfaces.
Indeed, if we consider the substrate [1-10] direction, we find that 4X a,4(1—19) =1.155 nm is
very close to 3X aygci[100)=1.196 nm, with a small lattice mismatch of 3.55%. As for the
other substrate direction Ag[001], the NaCl lattice parameter ayqcijo1-1] = 0.4 nm is close to

A4g(001] = 0.408 nm with a small lattice mismatch of 2.00%.

From the LEED pattern, a lattice constant of 0.54 nm for the NaCl film has been measured
using the Ag diffraction spots as a reference. It is quite close to the bulk lattice constant of
NaCl of 0.564 nm. In addition to the mismatch and the periodicity between the two surfaces,
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we can also conclude from this result that the epitaxial growth of NaCl on Ag(110) forms

with a (100)-surface symmetry. NaCl films present a parallel orientation with respect to
Ag(110) directions where NaCI[011]//Ag[1-10] and NaCI[0-11]//Ag[001] as shown in the
LEED pattern (see figure 2.4b).

Fig. 2.4 LEED patterns of (a) clean Ag (110) surface, (b) after NaCl deposition at room
temperature. The white dashed rectangle shows the Ag-(1x1) and the yellow one shows the
new (4x1) superstructure of NaCl/Ag(110).

The preferred NaCl (100)-surface growth has also been observed on other metallic surfaces
and has been found to be independent of the substrate plane symmetry [25,26] because the
surface energy of the (100) plane is lower than that of the (111) plane [27]. In addition to the
lower surface energy, NaCl (100) is electrically neutral in contrast to the (111) plane which is
polar due to the alternation of the Na and ClI planes in the NaCl [111] direction.

We should note that during our first NaCl evaporation experiments we did find that lower
coverages in the 0.2 — 0.7 ML range result in the same crystalline (4x1) superstructure, and
that only the intensity of the spots changed with the amount of surface area as it will be shown

with STM topographic images of the surface.
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The substrate temperature for the evaporation process is also an important factor in the growth
process. Figure 2.5 presents LEED patterns of NaCl film grown at 140 °C, NaCl film grown
after a post annealing of ~220 °C for 10 min and NaCl bulk crystal. From figure 2.5a we can
notice that “3/4” spots (highlighted by yellow circles) in the Ag[1-10] direction are more
intense than Ag diffraction spots (highlighted by white circles).

E=68 eV

Fig. 2.5 LEED patterns recorded at room temperature of (a) ~IML NaCl deposited on
Ag(110) surface held at 140°C, (b) ~1ML NaCl deposited into Ag(110) with a post annealing
at 220°C for 30 min, (c) NaCl (100) surface recorded from NaCl crystal bulk. The white and

yellow circles refer to Ag and NaCl diffraction spots, respectively.

During our experiments we found that not only the amount of NaCl coverage affects the
diffraction spot intensity but also the annealing temperature used during the deposition
process. This is due to the coalescence effect resulting from the heating of the substrate. In
figure 2.5a the coalescence effect is partial and only the “3/4” spots are intense. These*3/4”
spots have a square symmetry which shows that the NaCl films start to form a NaCl bulk-like
structure. Furthermore, when applying a post annealing on the surface at ~220°C the NaCl
films coalesce completely and the Ag substrate diffraction spots disappear (see figure 2.5b).
Figure 2.5c shows a LEED pattern recorded on the NaCl bulk crystal, in which the square
diffraction symmetry of the NaCl (100) surface is observed and can be compared with the
pattern of figure 2.5b. The LEED patterns of both these surfaces look fuzzy and blurry due to

the charging effect of the sample.
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2.5. AES Measurements

We use Auger electron spectroscopy to check the cleanliness of the substrate, investigate the
surface chemical composition and estimate the necessary time in order to grow ~1ML of
sodium chloride. Figure 2.6 shows two Auger spectra before and after deposition of NaCl on
the Ag(110) substrate kept at 140 °C. The first spectrum in figure 2.6a shows that the surface
is perfectly clean after sample preparation without any contaminants such as oxygen or
carbon. In the second spectrum, the chlorine Auger peak appears at 181 eV. We can also note,
that the silver Auger Peak (356 eV) is attenuated by about 41% after NaCl deposition (the
measured Auger peak to peak intensity for Agsse ev (MNN) before and after NaCl deposition
is 8.0 108 and 3.3 108, respectively). This attenuation agrees with the theoretical value (38%)
expected from the empirical equation below [28] in which the intensity of the Auger electrons

emitted from a substrate, I, covered by a uniform over-layer film of thickness d is given by:

—) (2.1)

Where,

12 is the signal intensity from the bare substrate. For an over-layer film of 1 ML NaCl, the

theoretical thickness value is d = 0.28 nm.

a presents the geometric factor related to the CMA analyzer instrument, it is the angle of
emission of Auger electrons from the surface (with respect to the surface normal). For our

Auger spectroscopy instrument a = 42.1°.

A refers to the inelastic mean free path of Ag Auger electrons through an NacCl film which is

given by the empirical law as follows [29]

A=+E/2 (2.2)

Here, E is the peak energy position of the substrate chemical element. This estimation of the
inelastic mean free path is only wvalid for energies higher than 40 eV.
We should note that we were not able to detect the Na Auger peak in the spectrum in figure
2.6. This is because the Na Auger peak is located at higher energy (KLL transition around 990
eV) and the peak intensity of Na is four times smaller than the peak intensity of Cl according

to the Auger electron spectroscopy handbook [30].
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Fig. 2.6 Differential AES mode spectra recorded for a) clean Ag(110) substrate, b) after
deposition of ~1ML NaCl at 140°C.

AES can also be used to investigate and control the growth mechanism of adsorbates or
molecular films on surfaces. Figure 2.7 is a plot of the AES peak to peak intensity of Ag at
356 eV and Cl at 181 eV as a function of deposition time. We can see an increase of the ClI
Auger signal and a decrease of the Ag Auger signal without any breaks. This is a strong
indication of a Volmer-Weber-type growth, in which the nucleation of a second NaCl layer
will start even before the initial NaCl layer is complete. This NaCl growth mode on silver is
in agreement with the STM observations which will be shown in the next section. Generally,
in Volmer-Weber (VW) growth, ad-atom/ad-atom interactions are stronger than those of the
ad-atom/surface, leading to the formation of ad-atom clusters or islands [31]. Moreover, a
weak ad-atom surface interaction means a relatively low binding energy between the

adsorbate atoms and the substrate.
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Fig. 2.7 Peak to peak Auger intensity of Ag (356 eV) and CI (181 eV) as function of the
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deposition time. The substrate was kept at room temperature.

2.6. STM Observations

Generally, STM experiments on insulating materials are possible when one of the following

conditions is fulfilled:

Electron transport through the dielectric film is possible via tunneling, as the wave
functions of the underlying metal substrate penetrate the insulating material overlaping
with the tip electronic states. This conduction mechanism is only applicable on ultra-

thin dielectric layers with a thickness less than 10 A [1].

Thermal annealing of the insulating materials during measurement could provide a
sufficient conductivity to perform an STM imaging experiment. In fact, this has been
proven for wide-gap insulators such as NiO [32] when a small number of its valence
electrons are excited into the conduction band. These electrons behave like free

electronic charges that can contribute to the tunneling effect. With our experimental
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setup, performing elevated temperature scanning tunneling microscopy is not possible

as we are using an LT-STM microscope.

Scanning tunneling microscopy is used to investigate the geometry and morphology of the
ultra-thin NaCl films grown on the Ag(110) substrate. We note that deposition of NaCl at
room temperature (27 °C) results in small islands showing that the substrate temperature is
not sufficient to induce the formation of large islands due to the limited diffusion of NaCl
molecules on the surface (see figure 2.8a). Different substrate temperatures starting from
room temperature to 220 °C have been tested and the surface subsequently imaged with STM.
As discussed above, the LEED diffraction pattern shows a clear (4x1) superstructure in all
cases expect for temperatures around 220 °C where the deposited NaCl islands tend to form

an NaCl bulk structure due to the strong coalescence effect.
NaCl Films Grown At 140°C

Figure 2.8b presents an STM topography image of an ultrathin NaCl film grown on Ag(110)
at 140 °C after deposition of about LML of NaCl. It can be seen that the NaCl film consists of
islands with square or rectangular shapes ranging between 150 to 200 nm in size. The islands
have straight nonpolar edges and they often grow on the top of silver step edges indicating
that silver step edges are the preferred nucleation sites as has been demonstrated on other
metallic substrates [10-13]. Furthermore, the islands borders that are aligned along the [100]
direction can also lead to NaCl films with rectangular shape. This can be explained by the
surface energy which is favorable for NaCl molecules to rearrange in the [100] direction of
the substrate and which is unfavorable for the [111] NaCl direction [33].
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Fig. 2.8 LT-STM topography of NaCl deposited on Ag(110) a) 0.4 ML NaCl at room
temperature (200x200 nm? , -1.5V, 0.8 nA) and b) ~1 ML when substrate was held at 140 °C
(500x500 nm?, -1.05 V, 0.7 nA)

Figure 2.9 presents an STM topography that shows the atomic resolved lattice of the NaCl
film and the adjacent clean Ag(110) terrace. From the silver substrate lattice structure close to
the NaCl island (see figure 2.9a) we conclude that the well-known NaCl square unit cell is
aligned with the Ag[1-10] and Ag[001] directions. This is in agreement with the LEED
observations, in which it has been shown that NaCI[011]//Ag[1-10] and NaCI[01-1]//Ag[001].
This also could explain the epitaxial growth of sodium chloride films as NaCl(100) plane on
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the Ag(110) surface. From figure 2.9a we can also notice some atomic-size vacancies in the
NaCl film. These small defects have been reported previously [3] for NaCI(100) films on

Cu(111) and they were identified as missing CI™ ions in the NaCl ad-layer, which are labeled
Cl vacancies.
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Fig. 2.9 STM images recorded at low temperature (78 K) of (a) ~0.3 ML NaCl film grown on
Ag(110) with tunneling parameters (13.5 x 13.5 nm? U, = -1.0 V, I, = 0.4 nA), (b) ~1IML
NaCl imaged with (366 x 366 nm?2 U, = -1.0 V, I, = 1.0 nA), (c) apparent height profiles

along the lines in the STM images (a) and (b). During NaCl deposition the Ag(110) was held
at 140 °C.

The local thickness of the NaCl islands could be estimated from the apparent height measured
by STM. From figure 2.9a, the height profile measured on 0.3 ML coverage of NaCl film is
~0.11 nm which corresponds to one NaCl atomic layer. As can be seen from figure 2.9b, upon
further deposition, the measured apparent heights of NaCl overlayers (mono-, bi-, and tri-
layer) are 0.11, 0.10 and 0.08 nm, respectively. The observed decrease of the measured height
is due to the increase of the number of NaCl ad-layers and it has already been found on NaCl
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grown over Cu(311) substrate [25]. From the small value measured on the 0.3 ML NaCl
coverage we conclude that the initial thickness of NaCl islands is one atomic layer. This
observation is in agreement with the results of the growth of NaCl films on Al(111) and
Al(100) [12], in which it has been demonstrated that the initial thickness of NaCl islands is
one atomic layer and that the growth of the second and third ad-layers starts when depositing
more than ~ 0.4 ML.

However, this conclusion disagrees with the case of NaCl grown on Ge (100), in which the
growth mechanism is quite different because it has been found that the initial thickness of
NaCl islands is two monolayers [34] without the need to reach a given amount of coverage.
This difference is probably due to the different preparation conditions such as the substrate

temperature.

We should also note that the measured apparent height for the NaCl layer of 0.11 nm is much
smaller than the expected interlayer separation in bulk NaCl of 0.282 nm. This could be
explained by the fact that, for insulating films such as NaCl, the tunneling barrier is not only
determined by the vacuum between the tip and the NaCl film but also that the NaCl ad-layer
itself should be taken into consideration as a barrier. The insulating character of the NaCl
layers can perturb the tunneling between the STM tip and the Ag(110) metallic surface.
Therefore, NaCl film grown over Ag(110) combined with the vacuum gap can be seen as a

double barrier tunnel junction [35].

Figure 2.10a shows an atomic resolved STM image recorded on a NaCl island. The imaged
atomic structure consists of a square lattice. We observe that NaCl consists of two
configurations presenting the same (4x1) superstructure cell indicated by the dashed
rectangles. The detail inside the (4x1) cell for each of the configurations is shown in figures
2.10a.1 and 2.10.a2 where we observe that the atomic pattern of intensities is different. The
configuration in figure 2.10.a2 is the most commonly observed. In this configuration the
measured distance between the first nearest neighbor bright spots is 0.395 nm along both [1-
10] and [001] directions. This corresponds to the distance between the same ionic species in
the NaCl(100) plane.
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Fig. 2.10 (a) Atomically resolved STM image of NaCl island on Ag(110) surface recorded
with the tunneling parameters (21.5 x 21.5 nm?, U, = -1.0 V, I, = 0.4 nA); (a.1) and (a.2) (5 x
5 nm?) showing parts of STM image (a); (b) line scans extracted from (a.1) and (a.2). The

superstructure (4x1) is presented by the rectangular cell with black dashed line.

Our observation fits very well a previous assumption where it has been suggested that Na*
and CI" ions arrange on the metallic surface in the same way as on the (100) plane of NaCl
bulk. The atomic measured distance of NaCl films grown on Ag(110) indicates a lateral
contraction of around 1.5% compared to the (100) plane NaCl lattice constant that can be

angci __ 0.564

V2 V2
(100) surface reconstruction. From the analysis of the STM images of the figure 2.10, we

calculated as follows nm = 0.4 nm. This lateral contraction can be due to NaCl
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conclude that in STM, one type of ions (Na* or CI) in NaCl film is imaged as protrusion,
whilst the second atom is imaged as depression. That is in agreement with what is reported in
the literature [36].

Based on the STM topography alone, it is not possible to determine which one of the two
atoms of NaCl is imaged as a protrusion or depression. One can assume here that the imaged
bright spots are CI ions as their van der Waals radius is much bigger than the radius of Na*
(R¢i- = 181 pm while Ry,- = 95 pm) [37]. This assumption is in agreement with DFT
calculations performed by Hebenstreit et al. [12] where it has been confirmed that the imaged
protrusions are the anions (CI") considering the higher total density of occupied states at the
chlorine sites.

Further density functional theory (DFT) calculations [38] have been performed to support the
experimental results in this thesis. The theoretical investigation has been performed with and
without van der Waals effects for four suggested NaCl/Ag(110) surface models, where one of
the Cl atoms (labeled Cly) sits :

a) On atop site (see configuration 1 from figure 2.11)
b) On bridge site (see configuration 2 from figure 2.11)
c) On top site of the second silver layer (see configuration 3 from figure 2.11)

d) On bridge site of the second silver layer (see configuration 4 from figure 2.11)
The four optimized structures of NaCl monolayer on Ag(110) are shown in figure 2.11.

Analyzing the relative atomic positions of the silver, chlorine and sodium atoms resulting
from the DFT calculations [38] it has been found that the NaCl monolayer grown on Ag(110)
shows a buckling effect with an inter-layer CI-Na separation around 0.26-0.27 A for the
configuration 1 and 2. Here, the Cl layer atoms sits higher than the Na layer about 2.8 A
above the Ag surface while the Na layer is about 2.6 A above the substrate. The effect of Cl
film buckling and its location higher than the Na layer may also support our assumption

regarding that the atoms imaged with STM are the Cl atoms and not the Na atoms.
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Fig. 2.11 Top and lateral view of the optimized four configurations of NaCl monolayer on
Ag(110) used in DFT calculations. Dark gray, light gray, dark purple and green spheres
correspond to Ag atoms in the first layer, Ag atoms in second layer, Cl atoms and Na atoms,

respectively.

Further analysis of NaCl layer STM atomically resolved images in figure 2.10al and figure
2.10a2 shows clearly two configurations which we assign to the (4x1) superstructure already
observed by LEED diffraction which demonstrated that the 4x1 Ag(110) surface can
accommodate a slightly deformed 3x1 NaCl (100) surface. The two configurations are
indicated by dashed rectangles and as can be seen, the spot intensities inside each
configuration are different. Simulated STM images of NaCl film grown on Ag(110) surface
agree with the experimental observations (see figure 2.12) and show two configurations in

which the first one has a very bright spot (Cl. atom sits directly above an Ag substrate atom)
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followed by two spots of lesser brightness (the other Cl atoms are near a bridge site). As for
the second configuration, the simulated STM image shows a spot with weak brightness (Cl1
atom on a bridge) and two very bright spots (the other Cl atoms sit nearly on top of the Ag

surface atoms).

We should note that upon further STM surface imaging of NaCl films we noticed that these
configurations looking like a Moiré pattern disappear for thicker islands. In fact, thicker
islands will contribute to decrease the strain between the insulating ad-layer and metal
substrate. As a result, the small lattice mismatch “3/4” between the Ag(110) surface and the
NaCl(100) ad-layer will be reduced.

Configuration 1

Fig. 2.12 calculated STM images using Hamman-Tersoff approach of NaCl on Ag(110)
showing two configurations as observed with the atomically resolved STM topography. Dark
gray, light gray, dark purple and green spheres correspond to Ag atoms in the first layer, Ag
atoms in the second layer, Cl atoms, and Na atoms, respectively.

2.8. STS Measurements

Figure 2.13 shows a differential conductance ;—; spectrum as a function of Upias recorded in

constant height mode at low temperature (78 K) and taken with the tip positioned above a
1ML NaCl island. For tunneling out of occupied electronic states (negative sample bias), the

density of states increases at -0.75 V, while for tunneling into the unoccupied states (positive
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sample bias), a small LDOS peak is observed around +0.25 V. Between -0.75 and +0.25, the
j—:] is essentially flat, which could be assigned to a small band gap of about 1 eV related to the

thin film of NaCl grown on Ag(110). We should note that the measured gap value is lower
than the expected band gap of bulk NaCl 8.7 eV [39]. However, it is known that the band
structure of wide band gap materials such as NaCl or KCI could be strongly reduced when
their size is changed from the macroscopic single bulk crystal to an ultra-thin film [40]. The
peak around +0.25 V detected in STS for 1 ML NaCl could be associated to NaCl-Ag
interface states or to the pure electronic states of the NaCl film.. In addition, the STM results
presented above, in which the atomic resolution of the NaCl layer can be achieved at low
tunneling parameters (U, = 1V, I, = 0.4 nA) may indicate the existence of localized metal-
induced gap states at the NaCl-Ag interface which would allow imaging the insulating NaCl

film even at low tunneling parameters [41].
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Fig. 2.13 Differential conductance STS spectra of ultrathin NaCI/Ag(110) film. Tip placed
above 1ML NaCl island with tunneling parameters 1:=0.4 nA, Up= -1V in open-loop

conditions.

Through extensive STS investigation, it has been shown that upon deposition of NaCl ad-
layers on Ag(001), the field emission resonances of the metallic substrate which occur at
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energies > 4.5 eV on bare surface will shift to lower energies [2]. The field emission
resonances originate from image-potential states, i.e. unoccupied states which are above the
metallic surface and have a free electron like dispersion. The shifted lower energy of these
states is due to the reduction of the work function of the clean Ag surface upon adsorption of
insulating films [42]. Our DFT calculations for NaCl grown on Ag(110) are in agreement with
the previous reports and shows that upon NaCl deposition a reduction of Ag surface work

function in the range of 0.4-0.7 eV is measured.

2.9. XPS Measurements

To provide chemical insights into the NaCl films, X-ray photoelectron spectroscopy has also
been used as a complementary tool. By analyzing XPS spectra, the stoichiometry of the
insulating film and the presence of potential contaminants can be inspected. High-resolution
photoemission measurements were carried out on the TEMPO beamline at Synchrotron
SOLEIL using a SCIENTA SES2002 electron spectrometer for variable incident x-ray photon
energies. Photoemission spectra were collected with a high energy resolution of 50 meV
resolving power, between 60 eV and 1100 eV. Figure 2.14 shows the Ag 3d core level spectra
recorded at normal emission before and after deposition of the NaCl film. For the clean
Ag(110) substrate, the Ag 3d spin-orbit split pair are located at binding energies of 368.27 and
374.2 eV for the 3ds2 and 3das, respectively, and are very close to that reported in literature
(367.9 and 373.9 eV) [43]. As seen, after the deposition of NaCl the Ag 3d peaks are still
located at the same energies with a negligible energy shift of ~0.08 eV. The unchanged
position of the spin-orbit pair demonstrates that the Ag(110) surface atoms interact weakly
with NaCl ad-layer atoms. Indeed, the DFT calculations [38] performed on NaCl/Ag(110)
shows low binding energy between Ag surface and NaCl film in the range of 0.18-0.19 eV.
Furthermore, the red circles in figure 2.14 indicate the plasmon loss peaks of silver. Those
peaks are associated with a loss of a specific amount of energy as a result to the interaction
between the photoelectron and other electrons (conduction band electrons). In this case the
incident photoelectron will excite collective oscillations in the conduction band of the metal
(free electron gas). After deposition of 1ML of NaCl, the plasmon peaks can still be detected.
This can be seen as an indication of weak binding between the Ag(110) surface and the NaCl

ad-layer.
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Moreover, we should note the reduction of the silver XPS signal in figure 2.14 is due to the
limited electron escape depth in the material (the loss of electrons travelling through the NaCl
film).

Ag 3d
hv=700 eV

0=0°
;k , NaCl/Ag(110)
j [
| |
13 Ag(110)-(1x1)
S jl .\
| 365

I 1
385 380 375 370

Binding Energy (eV)

Intensity (a.u.)

360

Fig. 2.14 XPS spectrum for Ag 3d peak measured on clean Ag(110) surface and after

deposition of NaCl insulating films. Red circles indicate the plasmon loss peaks of Ag.

From a detailed analysis of the Na and Cl XPS spectrum (see figure 2.15) the following
positions of the peaks can be obtained: Na2s 65.17 eV, CI2pi, 201.6 eV. These peak
positions are different from the ones expected for each pure element (Na2s 63.5 eV and
Cl2p12 202 eV) [44]. The chemical shift of the Na2s peak toward higher binding energy and
Cl2py» toward lower binding energy is clearly in favor of a positive and negative charging of

the Na and ClI, respectively, as expected for an ionic crystal such as NacCl.
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Fig. 2.15 XPS spectrum for ClI2p (top), Na2s (bottom) peaks measured on the 1ML NaCl
deposited on Ag(110) sample.

The NaCl core level photoemission lines are analyzed with Doniach-Sunjic function line
shape as described in the methods chapter (chapter 1). The parameters listed in table 2.1 are

used.

71



Chapter 2. Growth of NaCl Ultra-Thin Film on Ag(110) Metallic Substrate

Na(2s) Cl(2p)
Gaussian width 0.53 eV 0.83 eV
Lorentzian width 0.55eV  0.45% 0.79° 0.12eV 0.105° 0.126¢
Asymmetry parameter 0 0
Spin-Orbit splitting 1.63 eV
Branching ratio 0.49

Table 2.1 Fitting parameters used for NaCl core levels Na(2s) and Cl(2p). Other reported
values are a[45], b[46], c and d [47]. There are no spin-orbit splitting or branching ratio for s

orbitals.

The fitting with one spin-orbit split component located at 201.6 eV and 199.99 for Cl(2p1/2)
and Cl(2pazr), respectively, indicates one Cl environment within the NaCl film. Its full width
at half maximum (FWHM) is 0.56 eV which is in good agreement with other reported values
[48]. On the other hand, fitting the Na(2s) spectra with one component (single peak) located at
65.17 eV and with a FWHM of 1.5 eV (in comparison with 1.65 already reported in [49])
demonstrates that Na ions have only one chemical environment which is the Cl ions. The best
fit for both elements is obtained when the asymmetry parameter is set to 0. This is a clear
evidence of the insulating behavior of NaCl given the fact that the asymmetry parameter
characterizes the asymmetry contribution for a metal-like material

We should note that due to the highly ionic character of NaCl, adsorption is often governed by
electrostatic interactions [22]. This adsorption often involves a charge exchange between the
metallic substrate and ionic NaCl films in order to strengthen the Coulomb interaction. This
charge transfer between the NaCl film and Ag surface has been demonstrated from DFT
calculations of NaCI/Ag(110) [38] in which a small charge transfer value has been determined

of around 0.24e from the ad-layer to the substrate.

2.10. ARPES Measurements

ARPES band mappings were made on a clean Ag(110) substrate and after deposition of 1ML

NaCl. They were recorded at room temperature at low photon energy (60 eV) along the T — X
direction of the substrate and were acquired simultaneously at an angular range of +10°. On

the bare Ag(110) we observe the Ag sp band as indicated in figure 2.16a. Moreover,
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Shockley-type surface states with a parabolic dispersion shape are localized close to the Fermi
level. In general, any modification of the surface will be reflected on the existence and
intensity of such Shockley states. Figure 2.16b shows the same ARPES measurement after the
deposition of 1ML NaCl over the metallic surface. As we can see, the Ag sp band is still
observed but we notice the absence of Shockley surface states. This indicates that the metallic

surface is almost fully covered with NaCl layer.
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Fig. 2.16 High resolution ARPES measurements on a) clean Ag(110) and b) upon deposition
of 1ML NaCl. The experiments were performed at room temperature at low photon energy of
60 eV.

Figure 2.17 shows the valence band photoemission spectra recorded at normal emission in the
region close to the Fermi level for both the clean Ag substrate and after deposition of about
1ML NaCl. The peak with a binding energy around 0.3 eV in the upper curve corresponds to
the Ag(110) Shockley-type surface state with the well-known nearly free-electron-like
parabolic dispersion shape. In the subsequent spectrum we observe that the silver surface state
has completely vanished. This indicates that deposited NaCl islands are covering the Ag(110)
substrate which prevents the metallic surface state detection. Moreover, no extra states close
to the Fermi level can be found and a decrease of the measured spectra intensity was observed
(see figure 2.17). This could be due to the effect of the NaCl insulating film. Furthermore, if

we assume that the Fermi level is located at the middle of the band gap of our insulating film
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a small band gap around 2 x 0.28 = 0.56 eV can be estimated from the valence band spectra.

This value is in the range of the measured band gap values using STS.
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Fig. 2.17 Normal emission photoemission spectra obtained using low photon energy (60 eV)
at room temperature for clean Ag substrate and after deposition of 1ML NaCl. The clean
Ag(110) spectrum shows the Shockley-type surface at a binding energy around 0.3 eV. For
1ML NaCl deposition the peak corresponding to the Ag(110) surface state vanishes. Binding

energies are referred to the Fermi level.

2.11. Conclusion

In this chapter, the experimental procedure, topography and electronic structure of epitaxial

NaCl insulating films grown on Ag(110) substrate are studied.

We demonstrated that by optimizing the deposition parameters, large NaCl islands can be
obtained. Indeed, keeping the Ag surface at 140°C during NaCl deposition produces NaCl
islands large enough to start covering the metallic substrate. LEED pattern shows that the
grown NaCl film have a (4x1) superstructure. This indicates a long range order for the NaCl
film on Ag(110). The AES experiments reveal a VVolmer-Weber growth mode for the NaCl
islands. In such mode the growth of a second NaCl layer will start even before the initial NaCl
layer is far from being complete. The STM images agree with the AES data and shows that
the initial thickness of the NaCl film is one atomic layer and that the nucleation of the second
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layer starts when reaching coverage of about 0.4 ML. A band gap of about 1 eV was
measured using STS. This demonstrates the insulating character of the grown NaCl film. The
XPS measurements reveal a weak interaction between the Ag surface and the NaCl film. The
DFT calculations based on the calculated low binding energy between NaCl/Ag of about 0.18
eV support this observation.
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Chapter 3. Growth of 2D Silicon Layer on an NaCl
Ultra-Thin Insulating Film

As reported in the previous chapter NaCl ultra-thin insulating films can be grown to cover the
metallic substrate of Ag(110). An important purpose set for this thesis was to investigate the
adsorption and self-assembly of silicon atoms on these insulating films in order to obtain
silicene or 2D silicon layer grown over them. In the next sections, silicene: state of the art and
a detailed description of the experiments and studies that we made on this novel system are

presented.

3.1. Silicene: State of The Art

The structural and electronic properties of the material that we now call silicene were studied
for the first time in 1994 by Takeda and Shiraishi [1]. Using first principles calculations, they
demonstrated that a buckled 2D silicon layer is more energetically favorable than a planar

one.

In 2007, Verri and Voon [2] used for the first time the name “silicene”. Upon their
investigation on planar silicon nanostructures using tight-binding Hamiltonians they showed
that the planar structure of silicene would possess linear crossing bands around the Fermi
level. Their reported results helped silicene to receive more attention across the nanomaterials
community. Still, it was not accurate enough given the fact that the silicene planar structure
that was used in their investigation was not the most energetically favorable configuration for
the 2D silicon layer as had been shown before. This was confirmed later in 2009 by
Cahangirov et al. [3]. Their calculations demonstrated that the flat silicene configuration have

imaginary frequencies suggesting that this configuration is unstable. On the other hand,
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buckled silicene shows positive phonon modes indicating the existence of restoring forces that

can be generated in the case of any possible deformation.

After the Nobel Prize in physics was assigned to Geim and Novoselov for their work on
graphene, silicene has been considered as the “next big thing” that may surpass the potential
of graphene. Still, on the experimental side, the absence of a layered crystal counterpart such
as graphite presents one of the biggest issues when aiming for 2D silicene synthesis. This
form needed a more advanced nanofabrication process than the simple bottom-down method
such as exfoliation used for graphene. For silicene, the bottom-up method by growing the 2D
silicon layer on top of a substrate by means of physical vapor deposition (PVD) approach is

considered the best growth method.
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Fig. 3.1 Energy versus hexagonal lattice constant of 2D silicon layer is calculated for buckled
and planar honeycomb structures. Black and dashed green curves of energy are calculated by
LDA using PAW potential and ultra-soft pseudopotentials, respectively. Here planar (PL),
low-buckled (LB), and high-buckled (HB) honeycomb structures correspond to distinct

minima Image from [3].

One of the most used substrates for silicene growth was silver. The interest in this metallic

material as a substrate comes from reverse system studies showing that when silver atoms are
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deposited over silicon surfaces, an interface is produced without any silicide compounds [4].
Moreover, inspired by the theoretically reported results of the silicon 2D system and also their
interesting physical properties, Aufray et al. [5] and De Padova et al. [6] published the first
papers on the experimental synthesis of a silicene layer on Ag(110), forming what we call
today silicene nanoribbons (NRs) (see figure 3.2). Angle resolved photoelectron spectroscopy
(ARPES) investigations of silicene NRs revealed linear band states near the K point of
silicene separated by a small gap of 0.5 eV located below the Fermi level [6]. The observed
bands were assigned to  and 7* states corresponding to the Si 3p; orbital. As for the shifted
measured gap, it was assigned to the effect of the interaction between the silicene NRs and the
Ag(110) substrate.

Fig. 3.2 Atomic structure of silicon NRs grown on Ag(110): (a) high resolution STM image
showing honeycomb structure and (b) ball model of the silicene NRs layer where blue balls

represent Ag atoms and green, red balls represent Si atoms. Images from [5].

By the end of 2010, Lalmi et al. [7] reported for the first time experimental evidence of a
silicene sheet with a honeycomb lattice grown by epitaxy on Ag(111). Later, Vogt et al. [8]
and Jamgotchian et al. [9] reported the existence of a new structure made by silicene sheet on
Ag(111). The observed silicene sheet has a (3x3) superstructure which match (4x4) supercell
of Ag(111) plane.

ARPES experiments conducted by Vogt et al. [8] on this 2D silicon layer suggested the

existence of a Dirac cone resulting from linear dispersion of the 7 and 7* bands states near
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the K point of silicene. A small gap (0.6 eV) was observed and was interpreted as a result of
silicene monolayer interaction with the metallic surface of Ag(111). An estimation of the
Fermi velocity from the ARPES results gave 9z = 1.3 10~ ms~! which is close to the one

already reported for graphene [10].

Fig. 3.3 Atomically resolved STM topography of silicene grown on Ag(111) showing an area

on the sample which contains two silicene reconstructions known as (v13 x v/13)R13.9¢ and

(4 x 4). Image reproduced from [11].

The silicene growth was not only limited to silver substrates as has been shown in 2012 by
Fleurence et al [12]. In their paper they reported for the first time the growth of buckled
silicene on ZrB»(0001) surface. Following this work, Meng et al. [13] reported the growth of
silicene on another metallic surface Ir(111). Their STM and LEED measurements show well-
ordered buckled (v/3 x v/3) silicon layer. Gold also was used as a substrate for silicene growth
studies, Enriquez et al. [14] reported the adsorption of silicon Au(110) and the formation of
an ordered two dimensional surface alloy. Later on, the work of Sadeddine et al. [15]
demonstrated the existence of Dirac cone in the electronic structure of a 2D silicon layer

grown on Au(111).
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Fig. 3.4 STM images of silicene on ZrB»(0001) [12], Ir(111) [13] and Au(111) [15]

While scientific groups were looking to enhance the quality of the silicene monolayer, others
were still questioning the reality behind the observed linear bands of silicene. Lin et al. [16]
claimed that the observed linear bands cannot be a concrete proof of the Dirac cone and that
more studies were needed to clarify the electronic properties of silicene on Ag substrates. In
other words, they stated that investigating the Landau levels by measuring the current-voltage
I(V) using scanning tunneling spectroscopy under different magnetic fields could be a strong
evidence for the Dirac cone [7]. The Landau level or Landau quantization is a quantum
mechanics phenomenon in which charged particles (electrons) can only occupy orbits with
discrete energy values when a magnetic field is applied. The number of electrons per level
will be proportional to the value of the applied magnetic field. From these measurements, they
concluded that silicene on Ag(111) does not possess the Dirac cone feature, and they assigned
the observed linear bands to the Ag (sp) bands along the I'- K direction. In this context, based

on DFT calculations, Johnson et al. [8] suggested that the origin of the linear bands is
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hybridized states between the Si(3p) and Ag(4d) localized at the surface. The reason behind
the absence of silicene Dirac cone was assigned to silicene/substrate (silver) electronic
interactions in which DFT showed that the hybridization between Si and Ag leads to a
symmetry breaking which suppresses the Dirac quasiparticles [16]. It was also suggested that
a weak charge transfer from the silicene layer to the silver surface would create slightly
positively charged silicon atoms and a silver surface with Ag atoms that carries a negative
charge. As a result, an electrostatic interaction between the silicene and the substrate would

alter the intrinsic electronic properties of silicene and suppress the Dirac cone [19].

Other groups were interested in silicene growth beyond one monolayer for which it has been

found that a new (V3 x V3) reconstructed structure of silicene can be grown on top of the
(3x3) superstructure already grown over the (4x4) supercell of Ag (111) plane. These islands

were interpreted as silicene multilayer [20].

Meanwhile, silicene functionalization started to get more attention because silicene oxidation
was anticipated to alter strongly the structural and electronic properties of the 2D silicon
layer. ARPES experiments showed that upon silicene oxidation (more than 600L) the Si-Ag
hybridization can be broken. As a result the metallic Ag surface states can be observed again
[21]. Silicene functionalization was not limited only on using oxygen and different ad-atoms
have been explored [22]. Based on DFT calculations, it has been found that alkali metals such
as Li can be adsorbed above the center of the hexagonal rings of silicene. Its binding energy
to silicene is 2.4 eV. Using DFT calculations, a small charge transfer from the alkali ad-atom
to silicene conduction band was calculated around 0.8 e. In this case, silicene could have a
metallic behavior. On the other hand, alkaline-earth metals like Mg are adsorbed on bridge
sites. Upon their adsorption, silicene starts to behave like a semiconductor with a narrow gap.
At the opposite, transition metals such as Fe show a very strong chemical bonding with

silicene (4.79 eV) due to their high electronic density of states in the d orbitals.

In the next sections, a detailed description of the experiments investigating the silicon layer

growth on insulating films of NaCl grown over Ag(110) metallic surface is given.

3.2. Sample Preparation

The chemical vapor deposition (CVD) of silicon using a gaseous precursor like silane (SiHa4)
is the typical mechanism used by manufacturers in order to make silicon-based photovoltaic

85



Chapter 3. Growth of 2D Silicon Layer on an NaCl Ultra-Thin Insulating Film

solar cells [23]. However, molecular beam epitaxy (MBE) has until now been the most
efficient deposition method used for epitaxial silicene growth. In this method, we have a piece
of silicon wafer of 1.5 x 0.5 cm? mounted in an ultra-high vacuum chamber (Pressure<10
mbar). The silicon wafer is attached to two poles of a vacuum feedthrough connected to an
external power supply and fixed with tantalum plates able to resist high temperature. We heat
directly the silicon wafer at 1100°C to start the silicon sublimation and the deposition on the

substrate. A basic illustration of the PVD setup of epitaxial silicene is presented in figure 3.5.

UHV (~10°mbar)

Power | 1
Supply | | d |

b Tk

Filament

Fig. 3.5 Simple schematic of the PVD setup of epitaxial silicene used to prepare the surface in

our experiments.

Since the silicon wafer is vulnerable to oxidation, Si source degassing has to be performed
each time before use. Here, the degassing is achieved by slowly increasing the current through
the wafer then performing multiple “flash degassing” at even higher current than the one used
for sublimation (6.5 A at 5V). Prior to each silicon deposition the sample was prepared as
described in the previous chapter (I1.3). First cleaning the Ag(110) substrate by multiple
cycles of sputtering to remove contaminants or any residues from previous preparations and
then annealing at 480°C to allow surface recrystallization and provide a monocrystalline
substrate (1x1)-Ag(110). Next, we let the substrate cool down by thermal radiation until
reaching 140°C and then we start 1ML NaCl deposition with an evaporation rate of ~0.04
ML/min. After the NaCl deposition, we perform Si deposition for 40 min with an evaporation
rate of ~0.02 ML/min and a post annealing for 3h at 140°C.
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We should note that during our experiments, we found that silicon 2D growth on insulating
films is not trivial. In fact, having to deposit in sequence NaCl films and then silicon ad-layer
enhances the difficulties of the sample preparation.

3.3. First Attempts

LEED diffraction and STM images of the first silicene growth where 0.2 ML of silicon was
deposited on 0.3 ML of NaCl films are presented in figure 3.6. During the silicon deposition
process the substrate was kept at 100°C. As can be seen from figure 3.6¢ and figure 3.6d, it is
clear that Si atoms prefer to adsorb on the bare Ag(110) surface by forming silicene
nanoribbons with a periodicity of (2x5). This is observed in the LEED pattern (see figure
3.6a). The same silicene structure has been reported for Si/Ag(110) by several research groups
[24,25]). NaCl islands show no evidence of Si atoms adsorption. The atomic vacancies
observed in the NaCl islands in figure 3.6e correspond to defects and are labeled Cl vacancies

and they are not due to Si deposition.

Figure 3.7 presents an STM image obtained after the deposition of 0.2 ML of silicon on 0.7
ML of NaCl. During the silicon deposition the substrate temperature was kept at 60°C. As can
be seen, an interesting feature is observed on the NaCl islands in which silicon atoms tend to

arrange as of Si dimers to form 1D stripes oriented along Ag[1-10].

We should note that more studies on the initial results obtained for Si/NaCl is not
straightforward. This is due to the fact that clean metallic surface areas covered with Si
ribbons with the (2x5) structure coexist with the new Si/NaCl structure. This is limiting its

intrinsic characterization.
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Si/NaCl/Ag

Fig. 3.6 LEED and STM images: (a) (2x5) and (4x1) LEED patterns assigned to
silicene/Ag(110) and NaCl/Ag(110), respectively. (b) (2x5) LEED pattern of silicene on
Ag(110) (¢) STM image (105x105nm?, V,= -1,06V, [;=1,01nA), (d) STM image
(33,5x33,5nm?, V,,= -1,06V, 1,=1,01nA) and (e) STM image (25x25nm?, V,,= -1V, [;=0,8nA)
filled states topography revealing silicene NRs and clean NaCl islands. Image (b) is adapted
from [25].
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Fig. 3.7 STM image showing 0.2 ML silicon atoms self-assembled to form Si dimers on the
NaCl islands (20x20nm?, V,= -1,16V, 1;=1,02nA). During the deposition the substrate

temperature was held at 60 °C.

In the next sections, we present the results corresponding to the effect of increasing the NaCl
and Si coverages and performing an annealing and a post-annealing at 140 °C. Here, more

ordered silicon structure can be observed.

3.4. LEED Observations

Following this sample preparation:

Q) Increasing the coverage of NaCl to ~1ML and the Si to ~0.7ML
(i) Annealing the substrate at 140°C during the silicon deposition

(iii)  Performing a post-annealing at 140°C for 3hrs

We are able to obtain the LEED patterns shown in the figure 3.8, where figure 3.8a presents a
clean Ag(110) surface with rectangular symmetry and figure 3.8b presents the characteristic
(4x1) superstructure of NaCl grown on Ag(110). Figures 3.8c and 3.8d show the LEED
diffraction pattern after silicon deposition over the NaCIl/Ag(110) surface. As can be seen, a

new (3x4) superstructure is observed with a periodicity of 3 X a,g4[1-10) = 0.86 nm and 4 x

Qagloo1] = 1.6 nm. Figure 3.8d presents the LEED pattern of the surface after decreasing the
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reciprocal space of the system. This helps to resolve more diffraction spots by using lower
beam energy. The fact that the silicon (in red) and NaCl (in blue) diffraction spots do not
match would suggest an incommensurate superstructure (see figure 3.9). Such
incommensurate growth may indicate that the adsorbate layer is weakly bonded to the thin
film [26].
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Fig. 3.8 LEED diffraction patterns of (a) clean Ag(110) substrate (b) after 1ML NaCl
deposition (c) after deposition of 0.7 ML of silicon (d) after using lower beam energy (e)
illustration shows the diffraction spots of Si/NaCIl/Ag(110) system. The black, blue, and red
dashed rectangles show the unit cell of the (1x1), (4x1), and (3x4) superstructures of
Ag(110) pure, NaCl/Ag(110), and Si/NaCl/Ag(110) surfaces, respectively.
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Fig. 3.9 Illustration showing the difference between commensurate and incommensurate
structure.

3.5. AES Measurements

After deposition of Si/NaCl/Ag(110) following the process described above, Auger electron
spectroscopy (AES) is performed (figure 3.1) in order to investigate the surface chemical
composition. The spectrum is composed of peaks assigned to Ag (356 eV), CI (181 eV) and
Si (92 eV). The Na Auger peak cannot be detected due to its higher kinetic energy (KLL
transition at 990 eV) and to its weaker ionization cross section compared to Ag and CI [27].

From the spectrum we can also note the absence of any contaminants such as carbon (272 eV)
or oxygen (503 eV). The silicon peak located at 92 eV demonstrates that silicon is not
bonding with other chemical components such as chlorine or oxygen. In this case a shift
towards lower kinetic energy would be seen for silicon (e.g. Si peak at 76 eV for SiO2 [27]).
This is a strong indication on the purity of the new formed silicon structure for which no

oxidation or carbonization takes place.
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Fig. 3.10 Differential AES mode spectrum recorded from Si/NaCl/Ag(110) sample

3.6. STM Observations

To investigate the silicon 2D ad-layer in real space, we use STM to study its morphology and
electronic structure. All the STM images were taken after the system had been cooled down to
room temperature. Figure 3.11a shows large square shaped NaCl islands covering the
Ag(110) surface. Figure 3.11b shows the same surface after silicon deposition (0.7 ML). The
silicon ad-layer appears in quasi-continuous films with large areas extending over tens of
nanometers. As can be seen, the grown silicon films mimic the square shape of the NaCl
islands. Some free areas of Ag(110) surface are observed but no silicene (2x5) nanoribbons

are found.
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Fig. 3.11 STM images recorded at 77 K (a) 1ML NaCl islands covering Ag(110) substrate
(800800 nm2, V,,= -1,05V, I,= 0,95 nA), (b) 0.7ML of silicon deposited over the NaCl films
(100x100 nm?, V= -1V, I, = 0,8 nA)

A further zoom-in gives us a better understanding of these films. The figure 3.12b shows an
atomic resolved STM image obtained at high current (2.6 nA) and low bias voltage (-0.04 V).
This image shows a highly ordered honeycomb-like lattice silicon structure. The measured
line profile from this 2D silicon ad-layer agrees well with the expected superstructure from
the LEED pattern and gives a distance of 0.86 nm that matches the periodicity of 3 x a

aagr1-10] = 0.864 nm. The line scans presented in figure 3.12c and figure 3.12d show that the

unit cell of this honeycomb structure has a width of ~1.6 nm, which corresponds to 4xa
Ag[001] = 1.63 nm. Furthermore, using the calculated atomic distances and the large size of
the bright protrusions within the silicon nano-sheet, it is obvious that the bright spots
observed in the STM images do not correspond to neighboring Si atoms and that the
observed silicon honeycomb arrangement is indicative of a quasi-atomic resolution.
From figure 3.12b it can be seen that the large atomic resolved spots have a triangular shape.
The same pattern was observed on silicene/Ag(111) [8] and was interpreted as three Si atoms
which form the so called “flower pattern”. Here a 3x3 reconstructed silicene matches 4x4
supercell of the Ag(111) surface.
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Fig. 3.12 Zoom-in for silicon ad-layer shown on Fig. 3.11b where (a) (20x20 nm2, V, = -0.7
V, I, =0.8 nA), (b) High-resolution STM image (6.5x6.5 nmz2, V,,=-0.04 V, ;= 2.6 nA)
showing the atomic structure of the deposited silicon self-assembled to form a honeycomb

structure. (c) and (d) are line scans that belong to A and B, respectively. The triangles in

black show the “flower pattern” of these structures.

To obtain a better understanding of the atomic geometry for the silicon superstructure, surface
modelling and DFT calculations would be required. One can assume that the new ordered
silicon structure could be a result of the mismatch (~ 2.8%) between the lattice parameters of
the NaCI(100) and Si(111) planes. Given the fact that 3 X ayac; = 1.194 nm {ay.c = 0.398
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nm is the first CI-Cl or Na-Na distance in the NaCI(100)} surface and 3 X ag; = 1.155 nm
{as; =0.385nm is the second Si-Si neighbor distance in the Si(111) plane }.

Figure 3.13 shows the 2D silicon layer alongside the NaCl under-layer. The hexagonal lattice
is not observed in the figure because of the tunneling parameters used to record the STM
image. In order to atomically resolve the NaCl square symmetry, a low tunneling current
should be used, whereas, the current must be higher for 2D silicon hexagonal atomic

resolution.

The line scans from the figure 3.13a confirm the presence of two superstructures on the
Ag(110) surface. Indeed, the line scan (A) shows a distance between NaCl spots of 0.4 nm
corresponding to the square symmetry of NaCl(100) plane, and the line scan (B) shows the
second structure related to silicon with a lattice distance of 0.86 nm as already shown in the
LEED patterns. The key point of this STM image is to prove that the deposited silicon atoms
are indeed adsorbed on top of the NaCl film. The Si atoms self-assemble to form a slightly
distorted hexagonal structure on top of the insulating layer. To our knowledge, the observed
silicon ad-layer represents the first observation of an extended 2D silicon assembly on an

insulator material.
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Fig. 3.13 (a) STM image of a silicon layer deposited on NaCl film (7.7x7.7nmz?, V,= -0,6V,
[,=0,87nA). (b) and (c) are the lines profiles obtained along the black lines (A) and (B),

respectively. The blue square shows the NaCl unit cell.

3.7. STS Measurements

In figure 3.144, the curves obtained by STS are presented with the current versus voltage (I-

V) on the NaCl film and silicon ad-layer.
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Fig. 3.14 Scanning tunneling spectroscopy measurement recorded at 77 K. (a) I-V curve
registered on NaCl and silicon. We observe a straight line around the Fermi level (located at
0.0 V) showing the metallic character. (b) Local density of states (dI/dV) of silicon sheet in

(a). Before recording the curve, the tip-surface distance is adjusted by closing the feed-back
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loop and setting the current set point and V the sample bias voltage to 1 nA and 0.6 V,

respectively.

From the STS spectra in figure 3.14a it is clear that the silicon 2D network has a metallic
character. Figure 3.14b presents the local density of states (LDOS) calculated from the (I-V)
curve which can be related to the electrical conductivity. Besides the pronounced filled states
at -0.48 eV, -0.33 eV, -0.17 eV and empty states at 0.23 eV, 0.33 and 0.44 eV, the LDOS
shows a finite density at the Fermi level with a minimum close to the Fermi level. The small
V-shaped dip (see red circle in figure 3.14b) located near Er at about 0.07 eV could be seen as
an indication of a Dirac cone of silicene. A similar STS spectrum feature was reported for
silicene on Ag(111) [16]. The dip in the dI/dV curve is not very clear compared with that of
graphene [28] but it is more intense and clear than the one observed on silicene/Ag(111). The
reason why the dip is smaller in the case of silicene/Ag(111) was interpreted as a result of the
pronounced electronic density of states of the underlying metallic Ag(111) substrate
superimposed in the dI/dV spectra. We should note that the VV-shaped dip usually presents the
density of states originating from the Dirac cone structure, which was proved for graphene on
graphite [29]. However, this spectrum feature observed in the STS curve is not a solid

evidence of the existence of the Dirac cone.

However, we should note that our STS results are quite different from those reported by
Houssa et al. [30] in which their DFT simulation shows that depositing silicene on an
insulator having hexagonal symmetry such as AIN ultrathin insulating graphite-like films
enhances the sp2-hybridization of the silicon atoms. This will preserve the gapless
semiconducting (semi-metallic) behavior of its two-dimensional honeycomb network. The
difference between the two results could be due to the different crystallographic symmetries
of both surfaces, i.e., square and hexagonal symmetry for NaCl and AIN insulating film,

respectively.

3.8. XPS Measurements

In this part, we present high-resolution Si 2p x-ray photoelectron (XPS) spectra of epitaxial
silicene on NaCl(100) thin film. It is well established that such core level spectra are very
sensitive to the chemical environment of the excited atom. High-resolution photoemission

measurements are carried out on the TEMPO beamline at the Synchrotron SOLEIL using a
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SCIENTA SES2002 electron spectrometer for variable incident x-ray photon energies.
Photoemission spectra were collected with a high energy resolution (of the order of 50 meV
resolving power) between 60 eV to 1100 eV. After silicon deposition the measurements are
made at room temperature and the photon energy is set to 147 eV for Si (2p). Figure 3.15
shows the Ag (3d) core level spectra recorded at normal emission before and after deposition
of the NaCl film and Si ad-layer. For the clean Ag surface, the Ag (3d) spin-orbit pair are
located at 368.27 eV and 374.2 eV for 3ds. and 3dap, respectively. The measured binding
energies values are close to the values reported in literature (367.9 eV and 373.9 eV) [31]. No
major energy shift of the Ag (3d) peaks is observed after the growth of NaCl and the
deposition of silicon ad-layer. This observation could be interpreted as a weak bonding
between the elements of the sample (weak interaction between silver, NaCl and silicon).
Furthermore, figure 3.15 shows plasmon loss peaks of Ag indicated by the red circles. As can
be seen from the recorded Ag(3d) spectra for NaCl/Ag(110) and Si/NaCl/Ag(110), the
plasmon peaks are still observed. This indicates a weak interaction between the Ag substrate
and the adsorbate.

Ag 3d |
hv=700 eV

s
0=0° ; g| Si/NaCl/Ag(110)

|
NaCl/Ag(110)
|
: |;
U
| |
I 1$ Ag(110)-(1x1)

355 | 3;30 | 3|75 3|70 | 3'65 | 360
Binding Energy (eV)

Fig. 3.15 XPS spectra of Ag 3d peak measured on clean Ag(110) substrate, after deposition of
~1 ML NaCl and after deposition of 0.7 ML Si

Intensity (a.u.)
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Figure 3.16c and 3.16d show the Si (2p) core level spectra of the ad-layer silicon for 0°

normal emission (bulk sensitive) and 50° off-normal emission (surface sensitive),
respectively. We can notice that the Si peaks do not show any additional components or peak

energy shifts that can be raised due to oxidation processes (located between 101 and 103.5

eV) or due to carburization reactions to form Si(;_,,C(,, compounds [32].
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Fig. 3.16 Core level (HR-XPS) spectra (dots) and their de-convolution curves corresponding
to: (@) Na (2s), (b) ClI (2p), recorder after deposition of 1 ML of NaCl. (c)-(d) Si (2p) recorded
after deposition of 0.7 ML over NaCl/Ag, for normal and off-normal emission, respectively.

The spectra were collected at room temperature.
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The Si (2p) core level spectra are analyzed with the spin-orbit split Doniach-Sunjich (D-S)
function as explained in the methods chapter. The fitting parameters listed below are used.

e Gaussian Width : 255 meV

e Lorentzian Width : 70 meV

e Asymmetry Parameter : 0.13
e Spin-Orbit Splitting : 0.61 eV
e Branching Ratio : 0.48 eV

To obtain the best fit, it is necessary to include an asymmetry of 0.13 indicating that the Si ad-
layer possesses a metallic character. This metallic behavior is an agreement with the one
observed when analyzing the 1(\V) spectra recorded on the silicon ad-layer (see figure 3.14a).

From figures 3.16¢c and 3.16d, it is clear that the Si (2p) peak is composed of only one
component (spin-orbit splitted) located at 99.7 eV compared to 99.82 for Si (2p1/2) component
of silicon bulk [33]. The lower binding energy for the 2D silicon layer was also observed for
silicene on diboride thin films [34] and for silicene on Ag(111) [35]. The fact that only one
component was needed to fit the Si (2p) peak indicates that silicon atoms have only one
chemical environment (Si-Si). On the other hand, from the Si (2p) core level spectra fitting of
silicene grown directly on Ag (110) surface [36] it has been found that using two components
is necessary. This indicates that silicon atoms have two distinct chemical environments such
as Si-Si and Si-Ag.

3.9. ARPES Observations

We will describe now ARPES measurements of the valence band associated to the Si ad-
layer. The measurements are performed at room temperature with photon energy of 80 eV
along the direction I'-X of the substrate. In figure 3.17a the bands crossing the Fermi level are
attributed to bulk states (sp) bands of silver. Here, no evidence of a silicene Dirac cone can be
found from the ARPES spectra.

We observed, however, a silicene induced band (1) which is close to the Ag substrate bands. A
similar band was observed on silicene/Ag(111) and was identified as a = band modified by
the silicene buckled geometry and silicene-silver hybridization [37]. Meanwhile, other studies
disagree with this interpretation and argue that the observed band should be assigned to the
interface state of free-electron-like Ag substrate localized at the interface [38]. However, we
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should note that this band disappears when changing the photon energy indicating that it has a

surface or interface character.

Binding Energy (eV)

Fig. 3.17 Angle resolved photoemission maps for Si/NaCl/Ag(110) along I'-X direction
measured using photon energy of 80 eV.

3.10. EXAFS Measurements

In order to investigate the local structure of the 2D silicon ad-layer grown on NaCl/Ag(110)
surface, extended x-ray absorption fine structure spectroscopy (EXAFS) at the Si K-edge is

used. EXAFS spectra can help us to determine:

(i) The interatomic distance between the excited atom and its neighbors
(ii) The coordination number for the excited atom and

(iii) The nature of the neighbors

This information allow us to compare the structure of the silicon 2D layer and the silicon
crystal. The x-ray absorption spectra have been collected on the LUCIA beamline at
Synchrotron SOLEIL. X-ray incident photons are obtained by using a double crystal
InSb(111) monochromator. The EXAFS spectra at the silicon K-edge are collected in Total

Electron Yield (TEY) mode in ultra-high vacuum chamber (107*° mbar), using variable
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energy steps (2 eV between 1820 and 1830 eV; 0.2 eV between 1830.2 and 1872 eV; 1 eV
between 1873 and 2600 eV) for a counting time of 2 s per point. The analysis of the raw
experimental data was carried out using Athena [39] applying the following parameters: a
low-R filtering below 1.4 A has been used in order to remove the background oscillations and
a Kaiser-Bessel window spanning from k= 2 to 9.5 A= has been used before applying the
Fourier transform. Figure 3.18 shows the modulus and the imaginary part of the Fourier
transform of k3X(k) for bulk silicon crystal and for the 2D silicon ad-layer grown on
NaCl/Ag(110). As can be seen, high similarities between the two local structures is evident.
As a first result, we can notice that local order surrounding the Si atoms on the 2D silicon ad-
layer is highly ordered. We should note that the peaks located at 1.92 A and 3.4 A (see figure
3.18a) are assigned to the first and second interatomic distances of silicon bulk crystal and
that they are shifted compared to the well-known lattice parameters of 2.35 A and 3.83 A due

to the effect of phase shifts between the absorbing atom and the backscattering one [40].
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Fig. 3.18 (a) Modulus and (b) imaginary parts of the Fourier transforms of pure crystal silicon
bulk and 2D Si sheet deposited on NaCl/Ag.
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Taking into consideration the spectra of the imaginary part that holds information about the
nature of the silicon surrounding atoms we can assume a local structural ordered around the Si
atom in the 2D silicon layer. The first and second interatomic Si-Si distances found are very
close to those of the crystal in Si-(111) plane and for the 2D silicene grown directly on
Ag(110) or Ag(111) surfaces [41]. Compared to the result from Lagarde et al. [41], where the
authors found an interatomic distance around 2.7 A which was interpreted as Si-Ag bonding
for silicene layer on metallic substrate of silver, we notice in our EXAFS analysis the absence
of this interatomic distance around 2.7 A. As a result, taking into consideration the absence of
the Si-Ag bond and also the XPS data shown before we can believe that the new silicon ad-
layer grows on NaCl layer and not on Ag substrate. Moreover, our results allow us to
conclude that the Si layer made during our experiment on NaCl/Ag(110) has great similarities

with silicene 2D layer already published but without the substrate coupling effect.

3.11. Conclusion

In this chapter, the experimental procedure, morphology and electronic structure of silicon

layer grown on NaCl insulating film deposited over Ag(110) surface are studied.

We demonstrated that after covering the metallic substrate with NaCl islands, the deposition
of silicon atoms by molecular beam epitaxy evaporation process produces silicon ad-layer
sheet. The LEED shows a new (3x4) superstructure assigned to the silicon new structure.
From STM images, we have found that the deposited silicon atoms self-assembly form a
silicon sheet with highly ordered honeycomb-like structure. The EXAFS experiment reveals
that this silicon sheet grown on NaCl films have similarities with Si(111) plane and silicene
grown directly on Ag surfaces. In addition, the EXAFS demonstrates the absence of an
interatomic distance around 2.7 A. This particular interatomic distance was described as Si-Ag
bonding distance for silicene/Ag. This observation can confirm the absence of
silicene/substrate coupling effect. Moreover, the XPS measurements agree with this result

showing only one silicon chemical environment interpreted as Si-Si bonding.
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Chapter 4. Growth of Silicene on Dissociated NaCl
Ultra-thin Film

In this chapter, we report preliminary experiments investigating the effect of electron
bombardment on an NaCl film deposited on Ag(110) metallic surface and the growth of

silicene on the electron irradiated NaCl surface.

4.1. NaCl Alkali Halide Electron Irradiation

The dissociation of sodium chloride (NaCl) has been reported for the first time by Tokutaka et
al. [1] and Friedenberg et al. [2]. They have shown that upon electron irradiation using low
energy electron diffraction (LEED), Auger electron spectroscopy (AES) and reflection high-
energy electron diffraction (RHEED) tools, new defects are induced on NaCl crystal bulk due
to the effect of the incident electrons. The defects were assigned to halogen vacancies where
the halogen atoms (CI) are ejected out of the surface and the alkali metal atoms (Na) remain.
These alkali metal atoms can diffuse and self-assembled to form aggregates of metallic
clusters [3]. In the case of ultrathin films of NaCl, it has been found that exposing the
NaCl/Ag(110) sample to electron bombardment the NaCl film dissociates resulting on an

ordered alkali metal atoms structure (Cl ejection and Na diffusion) [4].
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Fig. 4.1 LEED pattern shows the effect of electron bombardment on a 10 ML NaCl film
deposited on Ag (110) recorded at 63 eV in the very first stages (a) and its evolution as a
function of LEED exposure time: (b) 1 min, (c) 2 min and (d) 10 min. Adapted from [4].

Figure 4.1 shows the effect of LEED exposure on a NaCl films. As can be seen, within a few
minutes the (4 x 1) superstructure of NaCl disappears and a new periodic structure of Na
atoms appears with a (2 x 1) surface reconstruction. We should note that the same atomic
arrangements were found when Na atoms are directly deposited over the Ag(110) surface [5].
On the other hand, similar Na surface reconstruction was reported on the Ag(001) substrate
[6]. The new Na atomic arrangement is assigned to a missing row reconstruction of the
Ag(001) surface. Figure 4.2 shows the effect of electron bombardment using LEED and AES
on 1ML of NaCl grown on Ag(110). As can be seen, the intensity of the Cl peak decreases

indicating the Cl ions depletion.
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Fig. 4.2 Differential AES showing NaCl dissociation upon surface irradiation with the
electron beams of a LEED (primary electron energy 65 eV) and an AES (3 keV)

4.2. Silicon Deposition on NaCl Dissociated Film

Figure 4.3a shows an AES spectrum after deposition of ~1LML of silicon over a completely
dissociated NaCl film. In order to completely dissociate the NaCl surface, the sample was
kept 30 min under low energy electron beam at 65 eV. Figure 4.3b presents a LEED pattern of
the surface. As can be seen, the LEED diffraction reveals a clear c(2x2) superstructure

indicating a long range order on the surface.
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Fig. 4.3 (a) Differential AES mode spectrum recorded on the sample after depositing of about

1 ML of silicon on a dissociated NaCl film. (b) LEED pattern corresponding to ~1 ML silicon

deposited over a dissociated NaCl surface grown on Ag(110).

In figure 4.4, the ARPES spectra are shown upon deposition of silicon over Ag(110) with the
remaining residual Na atoms from the NaCl film using a photon energy of 60 eV along the T-
X direction of the substrate. As can be seen from the ARPES data, two bands are prominent:
sp band of Ag bulk and a conical dispersion band which could be attributed to the silicene
Dirac cone. The apex of the band cone is shifted below the Fermi level of about 0.3 eV. From
the ARPES data only the = band is detected which means that gap opening m-m* should be at

least around 0.3 eV.

However, we should note that freestanding silicene is expected to have zero gap which means
that the observed Dirac cone should be assigned to silicene layer that still has some interaction

with the substrate due to 7-7* opening.
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Fig. 4.4 Angle resolved photoemission spectra for Si/NaCl(dissociated)/Ag(110) along I'-X
direction measured using photon energy of 60 eV.

We should note also that these experimental observations agree with the theoretical work of
Quhe et al. [7]. They have demonstrated that the destroyed Dirac cone of silicene can be
effectively restored with linear dispersion by intercalating alkali metal atoms such as K or Na
between silicene and the metal substrate. Based on their calculations they have found that the
intercalated alkali metal atoms prefer being located beneath the hollow center of the Si

honeycomb where Na atoms penetrate Stone-Wales defect in silicene [8,9].

Comparing our experimental ARPES spectra with the calculated band structure [7] in figure
4.5 we find that the band structure of alkali metal K-intercalated interface silicene/K/Ag in
which a near linear energy dispersion close to the Dirac point has been found [7].
Furthermore, a band gap of ~0.3 eV is opened between the = and 7* bands. The same gap
opening has been observed on our ARPES measurements. This band gap is explained by
inversion symmetry breaking between the two silicene sub-lattices [10]. The breaking of the
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sub-lattice symmetry is due mainly to the build-in electric field vertical to the silicene plane

induced by the charge transfer between the silicene layer and the substrate [11].

/S|I|cene/K/Ag

K M

Fig. 4.5 Calculated band structures show epitaxial silicene/K/Ag bands in red and

freestanding silicene intercalated K atoms in green. Adapted from [7].

4.3. Conclusion

In this chapter, we demonstrate the effect of electron irradiation on the NaCl film. Indeed, we
show that exposing a metallic surface of Ag(110) covered with NaCl islands to electron
bombardment of LEED and AES induces Cl atoms ejection. The remaining Na atoms form
an alkali metal atoms structure. After deposition of silicon over the new dissociated NaCl
film, the ARPES data revealed the existence of a linear dispersion crossing bands that
resemble the silicene Dirac cone.
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Conclusions & Perspectives

The aim of this PhD study was to investigate the silicene formation/properties on an insulating
surface. This approach is very interesting in order to decrease the interaction between the
silicene and the metallic substrate. Here we proposed to study the silicene growth on NaCl
insulating film which was grown on Ag(110) metallic surface. The first point was to
determine the condition in which NaCl film cover the Ag(110) surface.

We demonstrate that several parameters had to be severely constrained. The optimization of
the substrate temperature and the evaporation time are key points to obtain large NaCl islands
on Ag(110). For instance, we are able to produce very large NaCl islands that cover the

metallic surface only when the sample was kept at 140°C.

The grown NaCl film reveal a clear (4x1) superstructure in which the NaCl mesh parameter is
close to the Ag(110) one with a mismatch of about 3.55 %, as has been demonstrated in
chapter 2. This superstructure indicates the presence of a long range order for the NaCl film
on Ag(110). The analysis of the STM images suggest that the initial thickness of the NaCl
film is one atomic layer and that the growth of the second and third layers starts after reaching
a coverage of about 0.4 ML. We have characterized the obtained thin film by investigating the
insulating character of the NaCl layer in which a band gap value of 1 eV was measured using
STS. From the XPS measurements, we concluded that the interaction between the NaCl film
and Ag(110) substrate is weak. Indeed, the plasmons associated to the bare substrate did not
disappeared after growth of NaCl on the surface. A low binding energy of NaCl and Ag(110)
was calculated in the range of 0.18 eV. The NaCl core level photoemission reveals also the
presence of only one chemical environment for Na and Cl atoms. Indeed the corresponding

spectra present only one component in which Na atoms bond with CI atoms, and vice versa.

After controlling the NaCl film growth, we studied the growth of silicon on NaCl film. The
silicon deposition was performed on a sample kept at 140°C followed by a post-annealing at
140°C for 180 minutes. We have characterized the growth of silicon by LEED. The results

show a new (3x4) superstructure related to silicon deposition.

With the STM images, we determined that the new 2D silicon sheet mimics the square shape

of the NaCl islands. Further zoom-in on this sheet shows an ordered honeycomb-like lattice
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silicon structure. The analysis of the STM is in agreement with the formation of a silicene

structure on a NaCl film.

In order to investigate the local structure of this silicon layer, we used EXAFS technique
which is very sensitive to the local order around the study atom (here the silicon). The results
showed high similarities with the local structures of Si(111) plane and silicene grown on
Ag(110) and Ag(111) surfaces. More precisely, the EXAFS results allow us to find as for
previous study, the first and second Si-Si interatomic distances at 2.35 A and 3.83 A,
respectively. Furthermore, the analysis of EXAFS spectra reveal the absence of an interatomic
distance around 2.7 A which was interpreted as Si-Ag bonding for silicene layer on metallic
substrate of silver. This result is very important because we can conclude that the absence of
this distance at 2.7 A indicate the absence of substrate coupling effect with the silver. The
XPS measurements are in agreement with this result, in which only one silicon chemical
environment was found presented by Si-Si bonding. We may conclude from these
observations that the observed 2D silicon layer represents the first extended silicene sheet on

insulator without strong silicene/substrate coupling.

In Addition, the initial ARPES investigations didn’t show any intrinsic Dirac cone that can be
assigned to the observed silicon ad-layer. We believe that further ARPES measurements are
necessary in order to understand the electronic properties of this silicon sheet. In addition,
DFT calculations which can provide great insights are expected to be conducted in the near

feature in order to gain more info about the structural properties of the silicene/NaCl interface.

In the last part of this thesis, preliminary experiments on the growth of silicene on dissociated
NaCl films are conducted. The effect of electron irradiation on the NaCl film and initial

ARPES measurement on the silicene intercalated-Na atoms system are presented.

We showed that due to electron irradiation, the Cl atoms are ejected from the surface. The
remaining Na atoms self-assembled to form an ordered alkali metal atoms structure. After
deposition of silicon ad-layer, the ARPES measurements shows the existence of a Dirac cone
with a gap opening m-m* of about 0.3 eV. More analysis using other surface science
techniques such as STM would be necessary. We believe that this silicene-Na-substrate
system may open a promising route offering an important opportunity to investigate the

electronic properties of silicene without the need to use insulators.
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For the future, we believe that investigating the growth of silicene on NaCl bulk insulator is
required in order to better understand the silicene/insulator system. Here, the atomic force
microscopy (AFM) and DFT calculations would be very helpful to describe and characterize

such surfaces.
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Résumé Détaillé

Le but de cette étude était d'étudier la formation et les propriétés de la croissance silicene sur
une surface isolante. Cette approche est trés intéressante pour diminuer 1’interaction entre le
silicéne et le substrat métallique. Ici, nous avons proposé d’étudier la croissance du silicium
sur un film isolant de NaCl qui a été développé sur une surface métallique d’Ag (110). Le
premier point consistait a déterminer les conditions dans lesquelles un film de NaCl recouvre
la surface de Ag (110).

Nous démontrons que plusieurs parametres ont di étre sévérement contraints. L'optimisation
de la température du substrat et le temps d'évaporation sont des points clés pour obtenir de
grands Tlots de NaCl sur Ag (110). Par conséquent, nous avons réussi a produire de tres grands
flots de NaCl qui couvrent la surface métalliqgue uniquement lorsque I'échantillon a été

conservé a 140 ° C.

Le film de NaCl formé révéele une superstructure claire (4x1) dans laquelle le parameétre de
maille de NaCl est proche de celui de Ag(110) avec un décalage d'environ 3,55. L'analyse des
images STM suggeére que I'épaisseur initiale du film de NaCl est une couche atomique et que
la croissance des deuxiéme et troisieme couches commence apres avoir atteint une couverture
d'environ 0,4 ML. Nous avons caractérisé le film mince obtenu en recherchant le caractére
isolant de la couche de NaCl dans laquelle une valeur de bande interdite de 1 eV a été
mesurée a l'aide de STS. A partir des mesures XPS, nous avons conclu que ’interaction entre
le film de NaCl et le substrat Ag (110) est faible. En effet, les plasmons associés au substrat
n'ont pas disparu apres la croissance de NaCl a la surface. Une faible énergie de liaison de
NaCl et Ag (110) a été calculée dans I’ordre de 0,18 eV. La photoémission au niveau du
noyau de NaCl révele ¢galement la présence d’un seul environnement chimique pour les
atomes de Na et de CI. En effet, les spectres correspondants ne présentent qu'un composant

dans lequel les atomes de Na se lient aux atomes de ClI, et inversement.

Apres avoir controlé la croissance du film de NaCl, nous avons étudié la croissance du
silicium sur un film de NaCl. Le dép6t de silicium a été effectué sur un échantillon maintenu a
140 ° C suivi d'un post-recuit a 140 ° C pendant 180 minutes. Nous avons caractérisé la
croissance du silicium par LEED. Les résultats montrent une nouvelle superstructure (3x4)

liee au déepdt de silicium.
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Utilisons le STM, nous avons déterminé que la nouvelle feuille de silicium 2D imite la forme
carrée des ilots de NaCl. Un zoom sur cette feuille montre une structure ordonnée en silicium
a réseau en nid d'abeille. L'analyse du STM est en accord avec la formation d'une structure de
silicéne sur un film de NaCl.

Afin d'étudier la structure locale de cette couche de silicium, nous avons utilisé la technique
EXAFS, qui est trés sensible a I'ordre local autour de I'atome etudié (ici le silicium). Les
résultats ont montré de fortes similitudes avec la structure locale du plan de Si (111) et du
silicéne sur les surfaces Ag(110) et Ag(111). Plus précisément, les résultats EXAFS nous
permettent de retrouver, comme pour 1’étude précédente, les premiére et seconde distances
interatomiques Si-Si a 2,35 A et 3,83 A, respectivement. En outre, I'analyse des spectres
EXAFS révéle I'absence d'une distance interatomique autour de 2,7 A, interprétée comme une
liaison Si-Ag pour une couche de silicéne sur un substrat métallique d’argent. Ce résultat est
trés important car nous pouvons conclure que I'absence de cette distance a 2,7 A indique
I'absence d'effet de couplage du substrat avec le silicene. Les mesures XPS sont en accord
avec ce résultat, dans lequel un seul environnement chimique de silicium a été trouveé présenté
par liaison Si-Si. Nous pouvons conclure de ces observations que la couche de silicium 2D
observée représente la premiere feuille de silicéne étendue sur un isolant sans couplage fort

silicium / substrat.

Dans la derniére partie de cette thése, des expériences préliminaires sur la croissance de
silicene sur des films de NaCl dissociés sont présentés. L'effet de l'irradiation électronique sur
le film de NaCl et la mesure initiale d'ARPES sur le systéme d'atomes de silicéne-Na-substrat
sont présentés. Nous avons montré qu'en raison de l'irradiation électronique, les atomes de Cl
sont €jectés de la surface. Les atomes de Na restants pour former une structure ordonnée
d'atomes de métal alcalin. Aprés le dép6t de silicium, les mesures ARPES montrent

I’existence d’un cone de Dirac avec une ouverture d’ouverture de gap d’environ 0,3 eV.
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Reésume (max 200 mots)

Le silicéne est 1’équivalent du graphéne pour le silicium avec une structure bidimensionnelle (2D).
Il est supposé avoir des proprietés électroniques intéressantes comme les fermions de Dirac sans
masse et présentant une grande mobilité des électrons. L’existence du silicéne a été montrée
récemment sur des substrats de métaux nobles comme 1’argent. Cependant les résultats montrent
des interactions fortes entre la couche de silicéne et le substrat métallique, ce qui a pour conséquence
de détruire les propriétés électroniques intrinseques du silicéne.

Dans le but de résoudre ce probléme, nous proposons dans ce travail d’explorer d’autres substrats
potentiels présentant de faibles interactions avec le silicene. Nous avons étudié la croissance de
couches 2D de silicium sur un film mince isolant de NaCl.

Nous avons etudié les propriétés structurales et électroniques des couches de silicium 2D déposées
sur un film mince de NaCl, lui-méme déposé sur un substrat d’Ag (110). L’absorption d’atomes de
silicium sur les films de NaCl révele 1’existence d’une couche de silicium 2D superficielle avec une
structure tres ordonnée en forme de nids d’abeilles. Cette couche présente une interaction faible
avec le substrat tout en étant analogue au silicéne.
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Abstract (max 200 mots)

Silicene, the silicon-based analog of graphene which has a two-dimensional (2D) structure. It is
expected to have attractive electronic properties such as massless Dirac fermions and high electron
mobility. The existence of silicene has been shown recently on noble metal substrates such as Ag
and Au. The results present strong interactions between the silicene ad-layer and the metallic
substrate which destroy the intrinsic electronic properties of silicene.

In order to solve this problem, we propose in this work to explore other potential substrates that
have weaker interactions with silicene. We studied the growth of a 2D silicon layer on insulating
NaCl thin film.,

We studied the structural and electronic properties of 2D silicon layer grown on a NaCl film
deposited over Ag (110) substrate. The adsorption of silicon atoms on NaCl films reveals the
existence of a 2D silicon sheet ad-layer with a highly ordered honeycomb-like structure. The silicon
ad-layer has weak interactions with the substrate and it mimics the structure of silicene.
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