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Introduction






Nanotechnologies have attracted a lot of attention these past few years. It is mainly due
to the explosion of the use of electronic devices such as cell phones or computers. These
products are made of integrated circuits with the major part composed of semi-conductor
devices such as transistors. The efficiency of an integrated circuit being proportional to the
number of transistors, the reduction of their sizes therefore increases their performances and
at the same time reduces the production costs. More recently, new interests are emerging in
the use of nano-objects in other domains such as nanosensor in biochemistry.

There are two different approaches to build nanostructures. The first one is called the
“top-down” approach and consists in sculpting the material in the desired shape and size.
This approach is however sometimes limited when one wants to reach very small sizes as
the techniques used, even if they are very precise, create defects that affect the properties of
the object. The second approach is called “bottom-up” as the object is built almost atom by
atom. In this case, the aim is to find some methods which can lead, by using well-controlled
experimental conditions driving the processes, to the self-organization of the atoms. In both
cases, the new features displayed by these objects are dominated by surface effects at the
origin of the new properties.

In this context, semi-conductor nanowires (NWs), which can be seen as one-dimensional
objects, exhibit unique optical, mechanical or electronic properties. More precisely, Si NWs
are one of the most studied one-dimensional semi-conductors and are expected to be unavoi-
dable components in new applications such as solar cells, sensors or new electronic devices.

Even if new ways to produce them have been discovered, the historical and the most
studied process remains the one proposed in 1964 by Wagner and Ellis [Wagner and Ellis,
1964]. This process, presented in the first chapter of this work, requires the help of liquid gold
which serves as a catalyst to organize the silicon atoms in the form of a NW. Even if such
catalytic mechanisms are highly investigated, many fundamental questions in crystal-growth
behaviour remain unanswered or/and controversial. As the state of the catalyst is of prime
importance to control growth parameters (kinetic, orientation, morphology...) on which will
later depend NMs properties, we need to investigate in details this mechanism.

This PhD work has been carried out at the SP2M-NRS' laboratory of the CEA Gre-
noble which is in charge of a beamline dedicated to the characterization of the growth of
nano-objects on surfaces at the ESRF . It is however only recently that the group has been
equipped with the required elements to perform the growth of NWs. The work presented in
this manuscript does not deal with NWs growth, but results from an unexpected measure-

ment : the existence of the catalyst in its liquid state at unusually low temperatures.

i. Their length is much larger than their diameter.
i. Service de Physique des Matériaux et Microstructures-Nanomatériaux et Rayonnement Synchrotron.
ii. European Synchrotron Radiation Facility.
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The existence of an element as a fluid phase in a metastable liquid state below its melting
temperature is a phenomenon called supercooling. Despite it is a well-known phenomenon,
the understanding of the mechanisms governing it is incomplete. Their are two complemen-
tary theories to explain this effect. The first one, which is often reported to be the “classical”
one, adopts a macroscopic point, of view to describe the supercooling behaviour. Using ther-
modynamical concepts, cooling down a liquid below its melting point, in order to crystallize
it, is necessary as it enables the formation of a stable solid nucleus. This nucleus serves as a
seed for the atoms still in the liquid phase that attach to it and allow the growth of the solid
phase. As the size of the stable nucleus is inversely proportional to the degree of supercooling,
the more the liquid is supercooled the easier it solidifies. This description is widely used in
material science to predict and control solidification processes.

The second theory adopts a more atomistic point of view. It explains the supercooling
behaviour by the fact that the liquid atoms locally form clusters displaying structures incom-
patible with those of solid crystals. As a consequence, the liquid-solid transition is slowed
down because the atoms are already ordered, presenting a stable configuration of low energy,
and thus have to deeply reorganize their arrangement to adopt the crystal structure. These
special clusters are assumed to present a five-fold symmetry, such as icosahedra, that pre-
vents the formation of an ordered crystal'. This kind of ordering in liquids has already been
observed but remains very difficult to characterize experimentally . It is even more difficult
to make the link between the development of a five-fold ordering in liquids and their super-
cooling behaviour. However, the improvement of the characterization techniques now allows
to study in more details this still unclear organization which is at the heart of an intense
research in the field of condensed matter.

The complexity of supercooling phenomena is increased when it concerns the solidification
of alloys. This is however the case in this work into which the Au-Si system is investigated.
Moreover, the Au-Si liquid alloy forms a eutectic liquid which means that for a certain com-
position, the AuSi liquid phase is already stabilize down to low temperatures. Below this
eutectic temperature, the eutectic liquids are expected to undergo very small supercooling
and to crystallize after the separation of the different components. In the present work this
is therefore the observation of the AuSi eutectic liquid well below its eutectic temperature
(under the form of nano-droplets in contact with a Si substrate) that led us to investigate
its atomic structure using surface X-ray diffraction. The understanding of the interactions
between the AuSi liquid and its substrate are of prime importance as they are the bases of

the different parameters that govern the growth of nanowires.

i. A crystal presenting an order at long distances adopts a three, four or six-fold symmetry.
ii. Evidences of this kind of ordering has been demonstrated by simulations.

Xiv



The different aspects of this work concerning the formation and the supercooling beha-

viour of the AuSi eutectic droplets are presented as follows in the manuscript :

e Chapter I : State of the art. In this part are presented the physical concepts required
to understand the following results. Some particular features concerning surface science
are described, the materials used in this work and the process in which they are used
for the growth of nanowires are presented. As this process is based on solidification, a
large part of this chapter is dedicated to the structure of the liquids and the liquid-
solid transitions. We briefly recall some general concepts on solidification processes but
linger on the specific alloys studied in this work. Some features concerning these liquid

alloys brought to the nanoscale and the specific cases of nanowires growth are described.

e Chapter II : Methods and experimental set up. Our experiments consist in an
in-situ study of substrates’ surfaces, in Ultra High Vacuum, by the use of synchrotron
radiation. In this chapter are therefore recalled some bases concerning surface X-ray
diffraction and the properties of the synchrotron light. We present in details how the
measurements are performed as well as the experimental set up for a good understan-

ding of the results.

e Chapter IIT : Growth of Au on Si(111). Before investigating the liquid droplets,
we focus on how they form on the substrates via the deposit of a thin gold film that
turns into islands and then into droplets by increasing the temperature. This chapter
aims to measure the morphological parameters of the islands as well as the evolution

of atomic structure of the gold-silicon interface with annealing.

e Chapter IV : Au-induced reconstructions of Si(111) : (6x6) and (v/3x+/3)R30°
. The formation of the gold islands and the droplets takes place in the presence of a
gold wetting layer inducing a surface reconstruction with a very peculiar structure. In
this chapter we present our experimental results concerning the formation of this re-

construction and the determination of its atomic structure.

e Chapter V : Supercooling in AuSi droplets. In this PhD work, particular su-
percooling effects have been observed in the AuSi eutectic droplets in interaction with
different structures of the Si substrates. This chapter is dedicated to the presentation

of the results dealing with the solidification processes and the structure of the liquid.

e Chapter VI : Case of other systems and inert substrates. The major part of
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xvi

this work consists in the investigation of the Au-Si system. However, some experiments
in other systems that are used for the growth of semi-conductor nanowires have been
studied using the same experimental conditions. The results obtained on the Au-Ge

and Al-Si systems are presented in this chapter.

Chapter VII : Discussion and synthesis. Although this PhD work is in line with
the very intense research dealing with the Au-Si system, the concepts tackled here
concern some specific questions raised in the last decade due to the appearance of new
experimental conditions and new means of characterization. In this last chapter, we
compare our results to the recent literature and propose an overview of the different

concepts that are still under debate.
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1.1. Nanowires production

This chapter presents the general concepts that have been encountered during this work.
This overview contains the bases on the growth of nanowires, the description of the materials
used in this study as well as specific features concerning the physics of surfaces. A consequent
part is dedicated to the liquid state, the solidification processes and the problems linked to

the presence of interfaces.

I.1 Nanowires production

The topic of this section is a short introduction to the Vapour-Liquid-Solid (VLS) process
as well as some considerations concerning epitaxial growth. In this study, attention was
paid on the physical interactions of the deposited metal with the underlying substrate to
understand the very first events arising in this process. The studied systems were not exposed
to vapour flux and no nanowire has been formed. The VLS process is however presented here
because it is at the heart of nanowire growth and highlights the different physical parameters
arising in this field of nanoscience. Some particular features concerning growth will also be
introduced in this chapter to get a clear understanding of the purpose of this work. For rather
complete descriptions concerning the growth of nanowires, the reader is advised to refer to
recent reviews of Wang et al. [Wang et al., 2008, Schmidt et al. [Schmidt et al., 2010] and

Ross et al. |Ross, 2010] as well as references therein.

1.1.1 The Vapour-Liquid-Solid process

Figure 1.1 illustrates the successive steps describing the VLS mechanism :

— First, the metal catalyst is deposited on the substrate, for instance at room temperature
(RT), in the form of a thin film.

— Then, the sample is annealed, the film dewets (see section 1.3.3) and liquid droplets
form at the eutectic temperature T, of the given system (see section 1.3.1)

— Finally, the catalyst droplet is exposed to a semiconductor (SC) vapour flux. The in-
coming SC atoms diffuse inside or at the surface of the droplet due to concentration
gradients. A typical VLS growth experiment is performed between 700 K and 900 K.
With respect to the phase diagram of the concerned system, the SC atoms crystallize
at the droplet-substrate interface and nanowires start to grow. The growth is thus per-
formed by a constant arrival of new SC atoms at the interface between the droplet and

the newly-formed nanowires, its diameter depending on the lateral size of the droplet.



Chapter 1. State of the art
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Figure 1.1 — Scheme of the Vapour-Liquid-Solid process in the case of Si nanowires growth catalyzed
by Au islands.

I1.1.2 Molecular Beam Epitaxy (MBE) and growth modes

As we have just seen, the deposit of the catalyst on the substrate is a prerequisite to VLS
experiments. Epitaxial’ growth is a very common field of surface science, beyond the field
of nanowires studies. For example, the growth of Ge on Si substrates has been extensively
studied |Voigtlinder, 2001; Zhou et al., 2011; Gossmann et al., 1985; Kohler et al., 1991].
Typical epitaxial growths are performed by Molecular Beam Epitaxy which consists in heating
a material source which provides a flux of atoms orientated towards the desired substrate.
Depending on experimental parameters ! many atomic processes can take place at the surface,
as represented in Figure 1.2. Controlling the flux as well as the deposition time makes possible
the formation of thin films of several Angstroms.

The crystalline growth performed through MBE creates a solid-solid interface. At the
thermodynamical equilibrium there exists three different growth modes (see Figure 1.3) :

— the Frank-Van der Merwe mode, corresponding to a complete wetting of the successive

deposited layers. The growth mode is thus achieved layer by layer.

— the Stranski-Krastanow mode for solids presenting a lower wettability with respect to

i. The word “Epitaxy” comes from a combination of Greek words : “emt” and “7a&” which mean “on” and
“arrangement”, respectively.
ii. such as nature of materials, temperature, flux, etc...
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Figure 1.2 — Illustration of the different physical process that can arise during Molecular Beam
Epitaxy.

the substrate. In this case a few atomic layers can wet the substrate (called wetting
layers (WL)), the following atoms form solid islands on top of it.

— the Volmer-Weber mode for which no wetting layer can form. The growth consists in

the formation of islands directly on the substrate.

Basically, these different growth modes depend on the difference between the surface
energies of the two materials. For example, metal atoms deposited on a ceramic would very
likely grow following the Volmer-Weber growth mode. However if the surface energies are of
the same order, it is quite difficult to predict the growth mode, the difference between two
modes being sometimes very small and the equilibrium conditions rarely achieved. A more
detailed discussion on growth mode is presented in Chapter III in the case of Au on Si(111).
Precisions will also be given concerning surface energies when dealing with wetting properties

(see section 1.3.4).

Frank-van
der Merwe

I N

Figure 1.3 — Presentation of the three typical growth modes. The Frank-van der Merve mode
consisting in a layer by layer growth, the Stranski-Krastanow mode for which 3D objects form on a
wetting-layer and the Volmer-Weber mode displaying direct island nucleation.

Stranski-Krastanov Volmer-Weber
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I.2 Semi-conductor substrates and metal catalysts

In this work, we have studied mostly the Au-Si system as well as the Au-Ge and Al-Si

systems. A quick introduction to these materials is given in this section.

1.2.1 Substrates and surfaces : Silicon and Germanium

Silicon ' (Z=14) is the second most abundant element in the earth’s crust (the first
one being oxygen) and is found naturally under the form of oxides but also in minerals.
Pure silicon, easily available commercially, is extracted from its oxide form by reaction with
graphite. Tt belongs to the semi-conductor class (narrow gap between the valence and
conduction bands) and its photoabsorption properties are used in everyday life, for example

in solar panels.

[001]
| a=s543A
111
[ Y. ]

——[010]

4

)
\\Q

Figure I.4 — Silicon crystal in its diamond-type structure consisting in two face centered cubic
(fce) crystals translated by a (1/4,1/4,1/4) vector. In transparency is printed the (111) plane which
corresponds to the orientation of substrates studied in this work.

It crystallizes in a diamond structure’ (see Figure 1.4), with a lattice parameter of
5.4309 A, into which each atom is located in the center of a tetrahedral site and shares
four bonds with the nearest neighbours.

Germanium (Z=32) " is also a semi-conductor with properties very similar to the ones

iii. The discovery of silicon is generally attributed to Jons Jacob Berzelius (in 1824), its name coming from
the Latin word “silicis” which means “flint”.

iv. Si05+2C—Si+2CO

v. Groupe number : 227 ; Space groupe : Fd3m

vi. The Germanium element was predicted by Mendeleev in 1871 and discovered by Clemens Alexander
Winkler in 1886. Its name comes from “Germania” meaning “Germany” in Latin.

4
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of silicon. It crystallizes in the same structure, with a lattice parameter slightly larger :
5.6575 A(+4% compared to Si). Tt is however much rarer.

@ 151 (6™M) layer
@ 2? (31) layer
@ 3¢ (4 layer

} 1st bilayer
[111] ), .

. A ' 2nd pilayer
} 3rd bilayer

Figure 1.5 — Top view and side view of a silicon (111) orientated substrate.

In surface science, the interesting features do not really concern the bulk behaviour of
the material. It is therefore more relevant to present some surface properties encountered in
this field and particularly in this work. One of the most relevant property of surfaces is their
possibility to rearrange their atomic surface structure to reduce their surface energy. The
resulting structure is called surface reconstruction.

The Si(111)-(7x7) reconstruction is a nice example to understand how surface atoms
change their configuration to create an energetically favourable surface order. It is the first
reconstruction that has been imaged by Scanning Tunneling Microscopy (STM) [Binnig et
al., 1983). A detailed description can be found in [Takayanagi et al., 1985] and |[Voigtlinder,
2001].

The Si(111) surface reconstruction arises because under pure conditions* the surface
atoms of the bulk-terminated (111) crystal present a lack of neighbours and therefore display
dangling bonds. The more dangling bonds, the higher the surface energy, therefore surface
atoms try to reduce the number of dangling bonds. How do they achieve this ?

Figure 1.5 shows that Si atoms in (111) planes are arranged in bi-layers. If the surface is
composed of the lower part of the first bi-layer (blue atoms in first bi-layer), it is clear that the
surface presents three dangling bonds per surface atom. However, if the crystal is terminated

by the higher part of the bi-layer (red atoms), the surface dangling bonds are reduced to one

vii. In the case of Si(111), the sample must be outgased for several hour around 900 K and then flashed at
about 1500 K under Ultra High Vacuum.
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per surface atom. This explains why, experimentally, a Si(111) surface is always terminated
by a bi-layer.

In addition, atoms of the first layer also lower the number of dangling bonds by changing
their configuration. This is achieved by the creation of new bonds with surface neighbours and
leads to a new surface unit cell which is seven times larger than the one of the bulk-terminated

(111) crystal (see Figure 1.6).

adatom

1st layer
2nd layer
3rd layer
4th layer

b
=)
-—
- |
e200

dimer \

stacking fault

Figure 1.6 — Top-view and side-view of the Si(111)-(7x7) reconstruction structure [Voigtlinder,
2001]. The rearrangement of atoms creates a surface unit cell seven times larger than the theoretical
one.

The rearrangement of surface atoms leads to the appearance of :

— adatoms, sharing three dangling bonds with underlying rest atoms and

— dimers, which form around adatom regions (at the edges of the half unit cell) and also

reduce the number of dangling bonds.

The formation of dimers creates stacking faults and yields one half of the unit cell that
is faulted (F) and the other half that is unfaulted (U), with respect to the bulk stacking
sequence. It also creates empty sites where six (7x7) unit cells meet, which are called corner
holes Vi, This arrangement allows the structure to reduce its number of dangling bonds from
49 to 19 and therefore to reduce its surface energy [Stich et al., 1992|. As a reconstruction is a
consequence of local electronic density adjustment, it highly depends on the crystallographic

orientation. For example, the Si(001) surface atoms form a (2x1) surface reconstruction and

viii. The complete transformation process from the unreconstructed Si(111) surface to Si(111)-(7x7) struc-
ture can be seen via the nice animation performed by Yan Liang from the Department of Chemical Engineering
and Materials Science, University of Minnesota : http ://vimeo.com /1086112 .
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its energy is higher than the one of the Si(111) surface.

Following the same philosophy, a non polluted Ge(111) surface is also reconstructed. Sur-
prisingly, although Si and Ge are very similar materials, they do not present the same surface
reconstruction : the most stable surface structure of Ge(111) is the ¢(2x8) reconstruction
presenting adatoms and restatoms without dimers, corner-holes or stacking faults [Becker et
al., 1989).

I[.2.2 Catalysts : Gold and Aluminum

Gold (Z=79) is certainly the first metal studied in human history. Nobody knows who

discovered it first but the reason might be that it was shiny .
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Figure 1.7 — Gold crystal unit cell illustrating its fcc structure.

Gold is a soft, ductile metal; a good conductor of heat and electricity and is inert to air
and most reagents. It is historically widely used in jewelery for its color. Its bio-compatibility
(malleability and corrosion resistance for instance) makes it relevant for its use in dentistry.
More recently, with strong advancements made in the field of nanomaterials, gold nanopar-
ticles were found to be valuable candidates in diverse medical applications |Boisselier and
Astruc, 2009]. Its crystal structure is face centered cubic (fcc)* with a lattice parameter of
4.0782 A, as represented in Figure I1.7.

Aluminum (Z=13) and almost all the possible Al-based alloys were also prone to studies.
However aluminum was isolated only in 1825 and is a nonmagnetic and nonsparking metal.
It is not found pure in nature but has to be extracted from bauxite. It can easily be cast and

is used, mostly under the form of alloys, in a wide range of applications (from cans or foil

ix. The first traces of gold manipulations go back to about 3600 BC in Egypt.
x. Group number : 225 Space group : F'm3m



Chapter 1. State of the art

to aerospace industry). Like gold, its crystal structure is fcc with a lattice parameter slightly
smaller : 4.0495 A.

1.3 Interactions

In the previous section (I.2), we have briefly presented the general properties of the
materials studied in this work. In this section we focus on several phenomena that arise from

potential interactions between the deposited metal and the SC substrate.

I.3.1 Phase diagrams

A thermodynamical phase diagram displays the different domains (phases) into which the
binary alloy, or the pure elements, form a specific structure in the solid state. It also shows
the domains where the alloy is liquid or where the liquid phase is in equilibrium with a solid
phase. The different domains depend on the concentration as well as on the temperature ™.

Figure 1.8 displays the equilibrium phase diagram of the Au-Si system which is at the
heart of the present work. It is rather simple, with only 5 different phases : the homogeneous
liquid phase (M), the two domains into which pure solid Au (") or Si (') coexist with a liquid
alloy and the two solid Au-FCC and Si-Diamond structures.

§1000- Liquid + <Si>

T,=636 K

0
— AU 1F8¢6CA) Si_Diamond —

Liquid

0 10 20 30 40 50 60 70 80 90 100
Si (at.%)

Figure 1.8 — Gold-Silicon phase diagram.
Two remarkable features can be pointed out :

— the presence of a very low eutectic point (xg;=~19 at.%, T.=636 K) which shows that

for a given composition, the alloy can stay in its liquid state at a very low temperature

xi. [], () and < > stand for gas, liquid and solid phases, respectively.
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compared to the melting temperatures of each component taken seperately.
— the absence of stable bulk crystalline alloy : silicon is not soluble in the Au solid phase
(and inversely).

The study of the Au-Si phase diagram allows us to give here some precisions on the
VLS process presented in section I.1.1. At the eutectic temperature the system is composed
of a droplet which is assumed to be at the eutectic composition. If one wants to perform
the growth of nanowires at 700 K, annealing the system to the desired temperature leads
to dissolution of the substrate Si atoms into the droplet following the Si liquidus line. At
700 K the Si concentration in the droplet is about 21 at.% and is almost tantamount to the
eutectic one due to the very steep liquidus line. Then, when the droplet is exposed to the Si
vapour flux, the Si atoms enter the liquid phase and diffuse to the interface. Following the
phase diagram, the droplet concentration is shifted to the right hand side of the liquidus line
and the system enters the grey area corresponding to the two-phases <Si>-+(AuSi) domain.
Following the Shell-Gulliver rules, the silicon in excess (compared to the liquidus composition
at 700 K) crystallizes to form the solid phase. The solidification arises at the droplet-substrate
interface because it offers perfect nucleation sites to the Si atoms. Ideally, the nanowire can
keep growing as long as the Si vapour flux is maintained. Note here that the system is out of
equilibrium but remains in a stationnary process consisting in incorporation, diffusion and
solidification of the Si atoms.

The Au-Ge and Al-Si phase diagrams, represented in Figure 1.9(a) and 1.9(b), respectively,
also display eutectic points which differ in composition and temperature. The VLS growth
can also be performed using these systems (as well as many others [Schmidt et al., 2010]).
However, for these two systems, a small fraction of the SC phase is soluble in the solid
structure of the respective metal. This is illustrated by a small domain at the left hand side

of the diagram, often noted « in literature.

9 1600 ..
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2 1200 Liquid 1400 {
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£ 800 1\'iquid { oa1k g 1000 T.=850K
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—_—
Au._FC:C T diadioeh r a 600 f—AI_FCC Si_Diamond —
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(a) (b)

Figure 1.9 — (a) Gold-Germanium phase diagram.(b) Aluminum-Silicon phase diagram. The «
phase corresponds to the metal-SC bulk solid phase in both cases.
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The phase diagrams presented above are consistent when considering the given systems in
their bulk structure, which consists in neglecting surface effects. As it will be presented later
(see section 1.7), some considerable gaps from the bulk behaviour can arise when systems are
brought to the nanoscale .

In the field of surface science, a specific feature that has been intensely studied is the

reconstruction of a substrate’s surface upon deposition of a small amount of metal.

1.3.2 Deposit-induced surface reconstructions

We have seen in section 1.2.1, that the atoms at the surface of the Si(111) substrate
rearranged themselves because of the lack of neighbours. This reorganization being a mean
of decreasing the energy per surface atom. A similar process takes place at the very early
stages of metal deposit. The deposited material induces rearrangement of the surface atoms
in a surface structure that has a periodicity larger than the bare surface.

Figure 1.10 is an arbitrary example of a (2x2) reconstruction. The deposited atoms form
a surface unit cell which is twice larger than the surface unit cell of the substrate. Moreover,
some specific reconstructions periodicities can sometimes require to be turned with respect
to the substrate surface lattice. The angle is therefore added to the notation : for example, a
(\/§>< \/§)R30° reconstruction would refer to a surface unit cell v/3 times larger with a mesh
turned by 30° with respect to the substrate one.

O Deposit
@ sSubstrate

0-9°0.0°0.0°0.0
Substrate surface lattice “(1x1)”
Figure 1.10 — Illustration of a (2x2) reconstruction. The surface unit cell displayed by the deposited

atoms (yellow) contains in this case 5 atoms (4 x 1/4 4+ 4) and is twice as large as the surface unit
cell of the underlying substrate (black).

For the metal-SC systems presented in this work, several reconstructions are known to
exist. For deposited Au atoms on a Si(111) substrate, the most commonly observed recons-
tructions are the (5x2), the (v/3x+/3)R30° and the (6x6) reconstruction. A more detailed

description of these reconstructions is given in Chapter I1I . Other less studied reconstructions

xii. This is perfectly illustrated in the case of the carbon element : the physical properties of a single sheet
of graphite (under the form of graphene or nanotube, or even fullerene) differ a lot from the ones of bulk.

10
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of gold on Si(111) such as (2x2) [Seifert et al., 2001], (2v/3x2v/3) or (2/21x2v/21)R410.9° [Sa-
kai et al., 1998] have so been reported.

In the same way, Au forms a (v/3x+/3)R30° reconstruction on the Ge(111) substrate
which is supposed to be similar to the one on Si(111) [Howes et al., 1993]. Note here
that no (6x6) reconstruction is known to form in the Au-Ge(111) system. As far as Al
is concerned, pioneering work of Lander and Morrison revealed the formation of surface
reconstruction of Al on Si(111) for submonolayer range and at high temperatures [Lander
and Morrison, 1964). The Si(111)-(v/3x+/3) -Al reconstruction was subsequently studied in
more details by several techniques [Northrup, 1984; Yamada et al., 1984; Huang et al., 1990;
Horio, 1999

Surface reconstructions are therefore most of the times two-dimensional structures and are
studied for coverages of the order of one monolayer . For higher coverages, typically above
2 ML, the formation of thin crystalline films (or islands depending on the growth mode, see
section 1.1.2) starts to be favoured. These thin epitaxial solid films can undergo morphological

transformations that turn them into islands. This is the topic of the next section (1.3.3).

1.3.3 Dewetting of thin films : formation of islands

Throughout the literature, it is often mentioned that the liquid catalyst droplets are ob-
tained by increasing the temperature, which induces the dewetting of the solid film previously
deposited at RT by MBE. This precision is useful because the droplets could have been ob-
tained using other methods. For instance, a deposit performed at higher temperature can
lead to direct islanding according to the Wolmer-Weber or the Stranski-Krastanow growth
modes. It is even possible to directly lay down Au microdroplets on the substrate |Ferralis
et al., 2008|. If the dewetting process is often used, it is rarely described in details. Before
the Au deposit transforms into liquid catalyst droplets that can be used for the growth of
nanowires, the solid film first dewets in the solid state, ¢. e. it undergoes structural changes
upon annealing leading to the creation of solid islands. We give here a brief description of
this process to introduce the results presented in Chapter III.

Pioneering work of Rayleigh [Rayleigh, 1878], as well as following studies of Mullins [Mul-
lins, 1957] allowed more recent authors to derive models concerning the dewetting process
through the study of the stability of thin solid films [Srolovitz and Safran, 1986a; 1986b;
Jiran and Thompson, 1992|. These solid films present a high surface-to-volume ratio so that
the system tries to reduce its surface area. This reduction can be achieved via diffusion of

atoms which tend to agglomerate. Obviously, the agglomeration is easier at high temperature

xiii. The case of Ge-(2xN) reconstruction on Si(001), with N depending on the coverage (1-3 ML) has been
reported [Zhou et al., 2011].

11
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as atomic diffusion is enhanced. The dewetting is therefore a consequence of annealing but
annealing is not the driving force (which is the reduction of the surface energy). Figure .11
illustrates the dewetting process which occurs in two steps : the creation of voids in the film
((a), (b)) and their subsequent growth ((c), (d)).

Grain Intersection
boundary with substrate

N
Film -— —>
" _
@) ®) ©

)

Contactangle - Diffusion - Propagation

Figure 1.11 — Side view illustrating the two steps dewetting process. (a) The polycrystalline film
is flat with the presence of a grain boundary. (b) Fluctuation due to thermal activation sets in at
the position of the grain boundary (c) The created voids is large enough to create a contact angle
(d) The void starts to grow.

If a stable thin solid film is annealed, small amplitude fluctuations appear :¢. e. the film
gets rougher. The creation of voids is the consequence of fluctuations large enough to create
a deep groove that can reach the substrate. In polycrystalline films, it is reasonably assumed
to arise at grain boundaries (Figure I.11(a), (b)). A contact angle is created between the
substrate and the solid if the groove intersects the surface. Then, mass transfers occur via
surface diffusion to reduce the curvature of the film edge resulting in the growth of the
voids (Figure I1.11(c), (d)). Due to an inhomogeneous repartition of the removed atoms (see
Figure 1.12), some regions are thicker (A) than others (B). As a consequence, the void grows
faster in front of B areas and the result is a non-planar propagation of the voids. At some

point the thick area of type A detaches from the film and a solid island remains.

Film

Figure 1.12 — Top view showing the non-planar propagation of the void. This results in the presence
of thicker areas (A) which detach from the solid film and become islands.

This simple model well describes the general trends concerning the dewetting of solid
films. A nice example concerning the dewetting of Au films can be found in [Shaffir et al.,
2009|. However for the description of more complex phenomena, more precise models have
been derived [Wang and Schaaf, 2011; Pierre-Louis et al., 2009] (and references therein).

12
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I.3.4 Wetting droplet on a solid surface

Because of the dewetting process, thin metal solid films form solid islands on the un-
derlying SC substrate. When the system temperature is increased up to the eutectic one,
the solid-liquid transition takes place and a liquid droplet remains. The morphological equi-
librium linking the droplet to the substrate can be expressed using the Young’s equation

presented hereafter.

a Young’s equation

The wetting properties of a liquid droplet (i. e. its shape) in interaction with a solid
substrate depends on an energetic equilibrium described by the well-known Young’s equation
proposed in 1805 [Young, 1805 :

Vig—vap COS(Q) = Ysol—vap — Vsol—liq (11)

With Yiig—vap, Vsol—vap and Ysor—iiq the liquid-vapour, solid-vapour and solid-liquid surface
tensions, respectively and 6 the contact angle (measured in the liquid phase), as represented
in Figure [.13. However, although a contact angle is quite easy to measure, the three surface
energy terms, which are fundamental parameters in material science as they are related to
the binding force between atoms, are difficult to obtain experimentally. The study of surface
energies is a scientific field dealing with many facets of material science and can not be
introduced here. However, several specific features concerning the present work are presented

briefly hereafter.

’y . Vapour-Vacuum
vap-liq

’Yvap-sol D) Liquid
< >

’Yliq-sol

Solid

Figure 1.13 — Scheme representing the wetting of a liquid droplet in interaction with a solid
substrate.

b Precisions relative to surface energies

A first remark has to be made here on the definitions used for the surface energies that

are surface stress, surface free energy or surface tension. For clarity, we only remind here that

13
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surface stress is a quantity described by a tensor and is related to the work needed to deform
a solid surface elastically, whereas surface energy is related to the work needed to create a
new surface area (in J.m™2). The surface tension term is the liquid analogue of the surface
energy for solid. In material science it is common to use the surface tension or the surface
energy term equally for both phases.

In this study, attention was paid on the wetting behaviour of AuSi droplets on Si sub-
strates. It is therefore important to have an idea of the different surface energy values concer-
ning this system for which the surface energy of solid Si needs to be known as well as the

different surface tension terms of gold.

Si substrate surface energy

Using experimental cleavage techniques [Jaccodine, 1963| or, more recently, indentation
techniques coupled to molecular dynamic simulations |[Tanaka et al., 2006] as well as theore-
tical calculation using the Modified Embedded Atom Method (MEAM) [Zhang et al., 2003]
it is possible to evaluate the Si crystal surface energy. The surface energy of solid silicon
depends on its crystallographic orientation with the low index planes presenting the lowest

energies and :

Vi) ~ 1.2 Jm ™ < ygi10) ~ 1.5 Jm ™ < ygi100) ~ 1.9 Jm ™2 (1.2)

Gold surface energies

The case of gold seems to be a bit more complex, as illustrated by Table 1.1 which gathers
the different v values encountered in literature. It reveals that for the liquid-vapour and
solid-liquid energies, the comparison between the different papers are in good agreement and

provides the commonly used values :

= Yiig—vap ~ 1.2 Jm~2 and

- Wsolfliq [ad 013 Jm_2

For the value of the solid-vapour surface energy vsoi—uvqp, the dispersion is larger and must arise
from the different assumptions used in the simulation techniques as well as the experimental

uncertainties.

In addition, s —yap is temperature dependent and, as for Si, crystallographic orientations
also influence the result. However, in most metal, the difference in 5,44y between 0 K and
the melting temperature T,, do not exceed 10 % [Tyson and Miller, 1977|, the error thus
remains quite low.

The mean value of all the 75—y, of Table 1.1 is 1.54 £ 0.19 J.m~2. Tt compares well
with the value of the studies that do not take into account crystallographic orientations
effects [Tyson and Miller, 1977; Mezey and Giber, 1982]. One can also note here that, as for

14
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Table 1.1 — Surface energy values found in literature for pure gold. The temperature and the method
are indicated when explicitly mentioned.

v(Au) | Energy (J.m™?) Technique Reference
Yaeary | 1.28 (0 K)
Y Au(001) 1.63 (0 K) DFT [Vitos et al., 1998]
Y Au(110) 1.70 (0 K)
YAu(111) 1.38 (0 K) Tight binding
Y Au(001) 1.49 (0 K) total-energy [Mehl and Papaconstantopoulos, 1996]
Y Au(110) 1.85 (0 K) method
7Au(111) 1.61 (0 K)
Y Au(001) 1.71 (0 K) Ab-initio [Skriver and Rosengaard, 1992]
Yauuro) | 1.79 (0 K)
Pseudopotential

Vsol—vap 1.25 (0 K) energy [Needs and Mansfield, 1989]

method

Surface
Vsol—vap 1.5 (0 K) entropy |Tyson and Miller, 1977]

~1.35 (1336 K) estimation
Calculation
Ysol—vap | 1.62 (300 K) from enthalpy [Mezey and Giber, 1982]
1.36 (900 K) of atomization

Viig—vap 1.15 Thermodynamic model [Vinet et al., 2002]
Viiq—vap 1.18 [han, 2010]
Viiq—vap 1.3 (300 K) Levitated droplet |[Egry et al., 1995]
Vsol—lig 0.13 Thermodynamic model [Vinet et al., 2002]
Vsol—lig 0.13 Droplets on glass [Turnbull, 1950a]

all fcc metals, close packed surfaces (low indexes planes) of the crystal are the most stable :
YAu(111) < YAu(001) < YAu(110)-

Beyond pure gold, the interest of this work lies in the Au-Si alloy. As it has been shown
above, surface energies of pure elements are already difficult to evaluate. Obviously, it is even
harder in the case of alloys and very few studies deal with them. As pointed out by Schmidt et
al. in their recent review on nanowires, the wetting properties of the catalyst strongly influence
the shape of the nanowires. It is therefore relevant to attempt an evaluation of the different
energy terms in the case of the AuSi alloy.

Taking Ysoi—vap = 1.25 J.m ™2 for the Si(111) surface energy, Vig—vap = 0.85 J.m~? for the
AuSi liquid alloy [Naidich et al., 1975, and 43° as a contact angle [Ressel et al., 2003], the
Young’s equation provides an evaluation of the interface energy between the droplet and the
substrate (V<gi>—(ausi) of 0.62 J.m™? [Schmidt et al., 2010].

In the case of a droplet at the tip of a nanowire and for which wetting properties are

different, the thermodynamical process proposed by Roper et al. yields 7ig—ypap = 0.91 J.m ™2
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and Yso—1iqg = 0.8 J.m~? [Roper et al., 2007]. This agrees well with the proposed values of
Ysol—tig = 0.75 J.m~2 by Nebol’sin et al. [Nebolsin and Shchetinin, 2003].

Moreover, the observation of the melting process of pure gold by incorporation of Si atoms
allowed Kim et al. to calculate the interface energy between the solid Au and the AuSi liquid
alloy : Ve aus—(ausiy = 0.3 J.m~2, at 800 K [Kim et al., 2009].

I.4 Description of the liquid state : the pair-correlation

function

The study of liquids requires to devise mathematical concepts in order to describe the
atoms behaviour in this state of matter. The first picture that comes in mind is that in a
liquid, the atoms are distributed randomly. However some statistics can be derived to picture
the arrangement at a given time. This static description can be done through the use of the
pair correlation function which describes the variation of the atomic density as a function of
the distance from a distinct particle. This function is important in the studies of liquids as
it can be determined using X-ray or neutron scattering techniques.

This function, usually noted g(r), is plotted on the graph in Figure I.14. In this case is
represented the radial correlation function which measures the independence between the
positions of the particles. The function equals zero at the origin (where an atom is placed)
because of electronic repulsions and then presents several maxima corresponding to the dif-
ferent groups of atoms defined as first, second, third, etc... neighbours. For large values of
r, the function tends to unity as the liquid is disordered at long range : the position of the
atom located at large r is not influenced by the position of the reference atom.

Using a simple idea, the correlation function can be seen as the probability of finding an

atom in a ring of finite thickness Ar centered on the reference particle. It is given by :

4 n(r)
9(r) = N drr2Ar

(1.3)

with N the number of identical particles located in a space of volume V and n(r) the
number of atoms located between r and r + Ar.
It therefore allows one to calculate the mean number of atoms present at a distance R

around the atom at the origin, which is called the coordination number N :

R>
N = 47Tp/ r2g(r)dr, for r limited to the shell of first nearest-neighbours (I.4)
Ry

N corresponds to the red area under the curve of g(r € [Ry, Ry]) and is of the order of
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3

2"d nearest neighbours

1st nearest neighbours

Figure I1.14 — Pair correlation function g(r) and the corresponding groups of nearest neighbours
responsible for the different peaks.

12 for most liquids, which is compatible with a compact arrangement.

During an X-ray or neutron experiment for characterizing liquids, the measured quantity
is the structure factor S(Q) (with Q the momentum transfer defined in section I1.1.2), which

is related to g(r) by :
S@ =140 [ (o) = 1)@ ar (L)

A simple Fourier transform of S(Q) therefore allows us to deduce the experimental pair

correlation function.
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I.5 Liquid-solid phase transition

Now that we have seen what is a liquid and how it is possible to describe it, we will discuss
some theoretical aspects of the solidification process, i. e. the creation of a solid phase from a
liquid phase. An important concept in the study of liquid-solid transitions is the fact that a
liquid does not transform into a solid as soon as the melting point is reached. A liquid needs
to be cooled below its melting point in order to form a stable aggregate. This phenomenon
is called supercooling or undercooling. This behaviour was pointed out by Fahrenheit in
1724 who recorded the first supercooling experiment on liquid water*" |[Fahrenheit, 1724].
It has been clearly shown that a liquid needs to overcome an energetic barrier to transform
into a solid phase. This is described within the classical nucleation theory briefly presented
hereafter. This theory, based on early works of Becker [Becker and Doring, 1935; Becker,
1938], has been developed further by Turnbull [Turnbull and Fisher, 1949; Turnbull, 1950d]
in the case of metals by describing the conditions of formation of solid clusters from the melt

and how the size of these clusters evolves with time.

I.5.1 Supercooling : thermodynamic and classical model

A phase transition, solidification for instance, of a pure element is driven by the variation

of the free enthalpy G given by *V :
AGy,=AH, —TAS, (1.6)

with T" the temperature (K), AH the enthalpy variation (related to the energy of the
chemical bonds) and AS the entropy variation (related to the structural organization). At
the melting temperature 7,,, the continuity of the function G implies that G = Gliguid

and it comes :

 AH,

AGs =0 = AS; T (1.7)
So, the equation (1.6) becomes for T' # T, :
AH, AH, AH, : .
AG, =T, T~ T T = AG,=AT T =, with AT the supercooling value. (I1.8)

xiv. It is worth mentioning here that even for water, the most common liquid, the solidification process in
not completely understood.
xv. the index ’s’ stands for “solidification”
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A quick look at the sign of AG; allows us to know whether or not the transition can be

achieved. With AS; negative for a solidification process (creation of order) :

T>T, = AT <0 = AG, >0 = solidification impossible (19)
T<T, = AT >0 = AG, <0 = solidification possible .

The first thing to note here, is that the liquid must be supercooled to have a chance
to solidify. Nevertheless, the thermodynamic only acquaints the possible existence of the
solid phase but does not explain how this latter is created from a microscopic point of
view. For T' < T,,, the variation of free enthalpy AG of a group of atom which is about to
form a spherical solid nucleus of radius r depends on the energetic competition between the

creation of a solid/liquid interface ys,—1;, and the variation of free enthalpy per volume unit

Agy(=AT AH,/T,,) :

AGvolume AGsurfaCG

4 4 2 ‘
AG(nucleus = §7T’f’ AgV + 4mr Vsol—lig (110)
This equation shows the different forces driving the solidification process.
We now present the results deriving from this statement, which concern the potential

formation and the stability of a created nucleus in two different cases : homogeneous and

heterogeneous nucleation.

a Homogeneous nucleation

Thermodynamics of nucleation :

The process of homogeneous nucleation consists in the creation of a stable nucleus by
aggregation of atoms somewhere in the liquid phase. Equation (I.10) shows that the stability
of this nucleus depends on its size r.

In Figure 1.15(a) are plotted the surface and the bulk part of the free enthalpy as a
function of the radius r to highlight their respective contribution to the total variation. This
latter presents a maximum at r*, called the critical radius, corresponding to the energetic

2 surface term

barrier that has to be overcome to create a stable nucleus. If » < r*, the r
dominates (“creating surface costs too much”) and the solid returns in the liquid state. If
r > r* the bulk term is preponderant, the nucleus is stable and the solid can start to grow.
This process is illustrated in Figure 1.15(b) for the case r = r*. In this configuration, there
are equal chances for the nucleus to be stable or not.

The calculation of the value of r* is done for :

dAG * _273017%(1 _ZPYsolfliq Tm 2

e so it comes : r Agv AT AZL AT (I.11)
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Figure 1.15 — (a) Plot of AGyoiume and AGgyy face as well as their sum (AGpyelens) as a function
of r. The maximum of the AGyeens function is obtain for a nucleus of size r*. (b) Illustration of
two scenarios 1 (starting growth) and 2 (returning to liquid state) that can follow when a nucleus
reaches a size of 7* (at t=0).

with I' = =011 T /AHs being the Gibbs parameter. In the case of pure gold, with
Ysol—tig = 0.13 J.m~? (see section 1.3.4), AH,=-12.5 kJ.mol'=-1.2210° J.m 3 and 7,,=1336 K,
the Gibbs parameter I'is 1.45 1077 K.m*"!, Therefore the more the liquid is supercooled (large
AT), the smaller the critical radius is hence the easier it is for the liquid to solidify. The cri-

tical radius as a function of the supercooling value is plotted on the graph in Figure 1.16.

1E-7-

1E-8+

r*(m)

1E-9-

0 50 100 150 200 250 300

AT

Figure 1.16 — Supercooling dependence of the critical size of a forming nucleus for pure Au.

xvi. I' ~ 1077 K.m for most metals.
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1.5. Liquid-solid phase transition

Kinetics of nucleation

In the case of a cluster of critical size r* (i. e. containing n* atoms), the addition of another
structural unit will lower its free energy (see previous section). It is however reasonable to
assume that there exists an energetic barrier that has to be overcome due to the incorporation

process (AGyy.), as illustrated in Figure 1.17.

4 Liquid Solid

Rejectiono

Incorporation

Free energy G

Figure 1.17 — Plot of the free energy variation undergone by a solid which grows by addition of a
structural unit. An energetic barrier has to be overcome for each new addition.

The nucleation rate corresponding to the incorporation of new atoms in the solid cluster
is thus :
AG* +AG .
J = Ae  FBT (I.12)
with A a term encompassing the shape factor of the nucleus, the number of available
nucleation sites at the liquid-solid interface and the vibrational frequency of the particles
that try to overcome the barrier.

The conditions of formation of a stable nucleus as well as its capacity to grow in the
liquid therefore depend on thermodynamical conditions but also on diffusion processes. This
is why for example, it is possible to form solids presenting no crystalline structure (glasses)
by quenching them. The cooling rate being very high, the atoms do not have enough time
to diffuse and form a crystal : these particular solids can be seen as a frozen picture of the
liquid state in a first approximation.

Until the 1950s, no large supercooling tendency had been observed in monoatomic liquid

metals, most of them presenting a solidification temperature T reduced by 15 to 20% com-
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paring to T}, [Turnbull, 1950b|. This suggested that the energetic barrier for nucleation was
small. This assumption was supported by the fact that the coordination number for an atom
in the liquid is ~ 12 (see section 1.4) and hence led to the idea that the liquid phase, of
similar density, presented a short range order very similar to the future crystal structure. In
other words : the liquid was supposed to be “ready to crystallize”.

However, Turnbull himself showed that the supposed small barrier actually came from
the heterogeneous nucleation : the formation of the solid phase is catalyzed by the presence
of walls which serve as seed (i. e. as nucleus) [Turnbull, 1950c]. The quantitative influence
of these seeds on the nucleation process is explained in the next section. They can be for
instance impurities or more generally the inner wall of a crucible. For example, Turnbull
showed that the supercooling of mercury droplets can range from 10 to 80 K depending on
the material used for the crucible [Turnbull, 1952].

b Heterogeneous nucleation

In the case of heterogeneous nucleation, the nucleus is represented by a spherical cap in

contact with a particle (i. e. the substrate) and the liquid phase (see Figure 1.18).

/Yqu-soI Liquid

Figure 1.18 — Picture of a solid spherical cap in contact with a substrate and its liquid.

The vectors in Figure 1.18 represent the surface energies (in the same way as in sec-
tion 1.3.4) arising with the creation of the solid-liquid (Ysei—iiq), the solid-substrate (Vso—sub)
and the liquid-solid (7;is—sub) interfaces. The variation of free enthalpy of the nucleus needs

in this case to account for these different surface terms :

AC7Ynucleus == AGvolume + AG(surface Wlth AG(surface = f(ﬂysolfliqa Vsol—subs P)/liqfsub) (113)

The important feature is to compare how the creation of the nucleus is influenced by the
presence of the solid substrate. Equation 1.13 describing how the variation of free enthalpy of
the nucleus in the heterogeneous case (AG,yceus(het)) is related to the one of the homoge-

neous case (AGpyeieus(hom)) through the function f that only depends on the wetting angle
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1.5. Liquid-solid phase transition

1
AGucieus(het) = AGyeeus(hom) x f(0) with f(0) = 1(2 —3cosf + cos® 0) (I.14)

For heterogeneous nucleation, the value of the critical radius r* is still —27s5_s;/ATAS;
(due to its definition) but the number of atoms in the nucleus, and even more important the
nucleation rate, have changed in the same proportion as AG. With n and J the number of
atoms present in the nucleus and the nucleation rate for the homogeneous case, the number

of atoms and the nucleation rate in the heterogeneous case for the same value of r* are
Npet =1 f(0) and Jper = J f(0).
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Figure I.19 — (a) Plot of the function f(6), the contact angle 6 is taken in the solid phase. (b)
Zoom on the low 6 values highlighting the large influences undergone by good wetting solids.

The variation of the function f(€) is plotted on the graphs in Figure 1.19. This factor
can extremely decrease the number of atoms of the nucleus as well as the nucleation rate
needed to form a stable structure when the solid wets the substrate : f(0) = 1.3 1072 for
0 = 30°). The case 8 = 180°, corresponds to a non-wetting solid and thus the homogeneous
case (f(0) = 1) is recovered.

In the light of these considerations on heterogeneous nucleation, experimental set-ups
were devised to avoid heterogeneous nucleation. This could be achieved by the emulsification
technique in which the liquid metal is separated into multiple droplets surrounded by an inert
liquid (organic fluid) or through magnetic levitation (containerless technique) [Perepezko and
Paik, 1984]. By use of these processes, it was found that liquid metals could be supercooled
down to 20—30% of their melting temperatures before crystallizing.

The thermodynamic models described above (very briefly) are widely used to understand

solidification processes or phase transition/equilibrium from a macroscopic point of view.
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They can also be extended for example to the case of alloys and predict phase formations by
the exploration of the phase diagram.

However, it is the observations of large undercooling of some elements that solidify into
close-packed structures as well as the existence of intermetallic eutectics that led F.C. Frank

to propose that the liquid structure itself must be responsible for its metastable behaviour.

1.5.2 Beyond the classical model : the icosahedral order
a Frank hypothesis

The Frank postulate, expressed in 1952 [Frank, 1952, pointed out that there exist three
possible ways to put 12 spheres in contact with a common 13", The first two atomic arrange-
ments are the well-known close-packed crystal structures (fcc and hep). The third one, which
he thought was even more trivial as he suggested that it “comes to the mind of any good
schoolboy”, consists in placing the atoms at the center of each face of a dodecahedron, i. e. at
the vertex of an icosahedron (see Figure 1.20). With this assumption, Frank proposed that as
metallic liquids cool, local atomic structures containing icosahedral short range order (ISRO)
develop in the liquid phase. With a description using this ISRO model, the liquid presents
an average coordination number of 12 but is a bit denser **!! indicating that the liquid state
is, at least locally, more stable.

This energetically favorable environment was confirmed by molecular dynamic simulation
at the beginning of the 1980s by Steinhardt et al. in a simulated supercooled liquid with
a simple Lennard-Jones potential [Steinhardt et al., 1981; 1983]. Subsequently to the work
of Frank, Mackay |[Mackay, 1962] developed this idea. He showed that an association of dis-
torted fcc tetrahedra can build icosahedron clusters (of more than 13 atoms) presenting 20
external {111} facets. The relation between the number of shells (L) in the cluster and the
number of atoms N is given by N = (10/3)L® + 5L* + 3L + 1. For L = 1, we obtain the
13 atoms icosahedron (Figure 1.20 shows the cases for L = 2). These clusters have already
been observed experimentally [Ascencio et al., 1998|. However their stability with increasing
number of atoms remains unclear and strongly depends on the material.

The model proposed by Frank therefore deviates from the classical theory by the fact that
the energy of the liquid is locally minimized by the formation of clusters with fivefold sym-
metry. Moreover, this pentagonal order il is incompatible with a translational periodicity so
that long range order can not be achieved : it is impossible to tile a 2D space with pentagons

nor a 3D space with icosahedron without creating defects (see Figure 1.21). As a consequence,

xvii. It is known that the mean distance between neighbouring atoms is slightly smaller in the liquid than
in the solid phase
xviii. An icosahedron belongs to the m35 point group.
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FCC close-packed HCP environment
environment

Icosahedral
environment

Mackay clusters

Figure 1.20 — Top : Representation of two atoms (black) in different local atomic packings (red).
Both are surrounded by 12 other atoms but one is in a FCC close-packed structure (left) and the
other in a hexagonal close-packed environment. Both present a three-fold symmetry. Bottom : (left)
In this case the black atom is also surrounded by 12 neighbours but is located in an icosahedral
environment which presents five-fold symmetry highlighted by the two pentagons plotted in red.
(right) Hlustration of the Mackay cluster for L=2.

if a large number of atoms in the supercooled liquid are arranged in an icosahedral environ-
ment, the liquid-solid transition can take place only through deep configurational changes
acting as a natural energetic barrier and the liquid state is favoured. The appearance of this

new concept for the description of matter led Nelson and Sachdev to propose a mathematical

v

4P

B

Figure 1.21 — The tilling of the sheet plane with pentagonal pieces (in red) cannot be performed
without the creation of empty areas (in white).
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theory to model pentagonal order and defects in liquids and glasses [Nelson, 1983|. This des-
cription led to the conclusion that for a liquid presenting a pronounced ISRO, its classic pair
correlation function should be modified by presenting a shoulder on the second peak [Sachdev
and Nelson, 1984]. The description of this short range order also soon required a particular
framework to distinguish between several local environments. This can be achieved by the
use of four integers proposed by Honeycutt and Andersen in 1987 [Honeycutt and Andersen,
1987].

b Description of short range order (SRO) :

The description of the short range order consists in analyzing the distribution of the
neighbours surrounding a reference atom. These clusters can have different geometries and
the method consists in a nomenclature composed of four indexes. It allows one to distinguish
between various local structures such as fcc, hep, bee and icosahedral environments by trans-
lating into numbers how two atoms are related to each other in a group of atoms. The four
indexes are expressed as follows :

— the first indicates whether or not atoms composing the pair studied are near-neighbours,

— the second one corresponds to the number of common nearest neighbours shared by

the reference pair,

— the third one is the number of bonds between common nearest neighbours,

— and the last one is used to distinguish structures with the same first three indexes but

having different topologies.
Considering this, the fcc structure is described by pairs with 1421 indices whereas 1661 and
1441 pairs are typical of bee configurations. Five fold symmetries are represented for example
by pairs noted 1551 or 1541 and 1431 (for distorted structures) (see Figure 1.22).

1441 1551 1541

Figure 1.22 — Schemes of different local atomic structure using the Honeycutt and Andersen indexes.
1441 (bcc), 1551 (pentagon) and 1541 (distorted pentagon).

The icosahedral order and common-neighbour analysis have been at the heart of many
ab-initto molecular dynamics simulations studies to understand the structure of undercooled

metallic liquids [Jonsson and Andersen, 1988; Jakse and Pasturel, 2003; Wang et al., 2004;
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1.6. Particular liquid behaviour :

Celino et al., 2007; Kim and Kelton, 2007] and more recently the structure of metallic
glasses |Sheng et al., 2006; Jakse and Pasturel, 2008]. Nowadays, these models based on
ISRO, already observed in metallic solid alloy AIMn [Shechtman et al., 1984] and being a
basic element of quasi-crystal description, are widely accepted as the origin of supercooling
in metals.

However, experimental evidences of their existence in a metallic liquid phase only arose
after long efforts as they are randomly orientated and are thus hard to reveal with scatte-
ring techniques. Formation of pentagonal clusters has first been observed in liquid lead at
the interface with a silicon substrate [Reichert et al., 2000]. In 2002, Schenk et al. revealed
their existence in levitated Ni, Fe and Zr liquids by neutrons scattering [Schenk et al., 2002].
Kelton et al. confirmed this by the use of X-rays and made the link between the increasing
number of pentagonal clusters and the degree of supercooling, confirming Frank’s theory [Kel-
ton et al., 2003; 2006]. Recently, simulations showed that in addition, icosahedral clusters can
self-assemble in organized arrangements leading to the formation of defects in the growing

crystal [Karayiannis et al., 2011].

The liquid state as well as the solidification processes presented in this section from a
general point of view are phenomena that play a significant role in the growth of SC nanowires
and have to be controlled to create the desired object. Indeed the VLS growth is based on
the use of a metal catalyst that can form a liquid alloy with the SC. Using the particular
properties of the metal-SC alloys forming an eutectic, it is possible to grow nanowires at
very low temperatures. However, the simple idea that the growth is only governed by the
thermodynamic equilibrium composition given by the liquidus line ¥, which is very attractive
and true from a macroscopic point of view, seems to be much more challenging to understand
when looking a bit closer. The next section presents the difficulties encountered in the studies

concerning the formation of eutectics and their use in SC growth.

I.6 Particular liquid behaviour :

Mixing two different materials can lead to many different phases. These different phases
depend on the concentration of each element as well as the temperature and can be represen-
ted using a phase diagram. A good example of the complexity arising from the study of alloys
is given in Figure 1.23 which displays the phase diagram of the extensively studied Fe-Fe;C.
This system presents a large variety of different compounds with lots of particular points and

equilibrium lines separating the different phases (and only for a Fe;C concentration ranging

xix. at constant temperature.
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Figure 1.23 — Fe-Fe3C phase diagram [Pollack, 1988.

Here, we are not going to present all the features that can be present in a phase diagram,
as it could fill an entire book. However the particular eutectic point already mentioned is of

high importance in this study and is presented below in the case of the studied systems.

1.6.1 Thermodynamic and structure

It has already been introduced that the systems studied in this work (mostly AuSi but
also AuGe or AlSi) display phase diagrams that are at the same time very simple and very
complicated. For instance, the AuSi phase diagram (Figure 1.8), is simple because it is only
composed of five phases :

— the (AuSi) liquid phase,

— two domains into which the solid <Au> or <Si> and a liquid (AuSi) co-exist,

— and the two distinct fcc <Au> and diamond-like <Si> phases.

Interestingly no AuSi solid alloy exists in the bulk**. In the Au-Ge and Al-Si system ho-
wever, a crystalline alloys for small concentration ranges of the SC element can form (often
noted a phase).

Deep eutectic in liquid alloys attracted a lot of attention because of their surprisingly low
melting temperature compared to the ones of the pure elements. In a sense they can almost
be seen as very undercooled liquids. As we have seen, studying the structures of monoatomic
liquids is already very complicated. It therefore seems to be even more complicated to deal

with such particular eutectic alloys. The central question which still remains unanswered in

xx. Interactive binary phase diagrams can be found on this web page :
http ://www.crct.polymtl.ca/fact/Documentation/SGTE/SGTE _Figs.htm .
xxi. There is no mutual solid solubility of the two materials in bulk structure.
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the case of glass-forming metallic alloys is whether or not the liquid/glass structure differs
significantly from crystalline phases |Gaskell, 2011]. Many studies tried to answer this tricky
question since the discovery of Klement who obtained the first metallic glass by quenching
the AuSi eutectic liquid [Klement et al., 1960].

Hume-Rothery and Anderson [Hume-Rothery and Anderson, 1960] were the first to pro-
pose an explanation for the compositions observed in eutectic alloys. The Hume-Rothery
phases, assumed to form in the alloys, depend on the number of electron of each component
by defining the electron atom ratio between the two species.

In the 1970s, thermodynamical studies started to set the first ideas. Calculations ta-
king pure elements as starting points showed that the observed eutectic diverged a lot from
prediction and this was explained using the assumed existence of the AuzSi Hume-Rothery
phase [Castanet et al., 1978]. However the general theory proposed by Hume-Rothery et al.
has encountered quite many exceptions in the description of eutectics an thus can not be
taken as a prevailing criterion even if in certain cases their assumption seems to be veri-
fied [Tasci et al., 2010].

Models and experiments were combined to describe the atoms interactions and it was
proposed that metal-SC bonds were preferred to metal-metal bonds and SC-SC bonds [Wa-
ghorne et al., 1976]. They also pointed out that other models that tried to extrapolate solid
structures to predict the liquid one were inadequate as they failed to reproduce the density
variation between the two states.

This description is supported by recent ab-initio simulations showing the Si-alloying effect
in the liquid at the eutectic composition and the increase of the ISRO in the undercooled
region. A potential correlation between ISRO and the decrease of diffusivity would also ex-
plain the tendency for the Au-Si eutectic to create an amorphous alloy [Pasturel et al., 2010].
In addition, X-ray diffraction experiments yield the pair correlation function which was fit-
ted by reverse monte carlo analysis highlighting the breaking of the Au-Au bonds around
the eutectic temperature and the increase of the density of the liquid with decreasing tem-
perature [Takeda et al., 2007]. Using complementary neutron diffraction experiments and
numerical simulations, it was also found that the mean distance in Au-Si bond for its respec-
tive eutectic concentration is 2.4 A [Chirawatkul et al., 2011].

More recently, the structures of Ag-Ge, Ag-Si, Au-Ge and Au-Si eutectic liquids have been
explained through variations of the electrical resistivity which is believed to arise because of
concentration fluctuations. These results were obtained consequently to the study of GaSb
and InSn liquid alloys with the same technique |Aoki et al., 2002|. Figure 1.24 represents the
homogeneous eutectic alloy (3) into which concentration fluctuations of the metal (1) and

the SC (2) phases are supposed to form. Here, ®; and p; are the resistivity and the volume
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fraction of domain ¢, respectively. Assuming that domains 1 and 2 are very small, the rela-
tion between their volume fraction and the measured resistivity can be addressed at a given

concentration of the alloy [Itami et al., 2007] :

(L.15)

with Ap the difference between the reference resistivity for the homogeneous liquid (mea-
sured at high T, when no concentration fluctuations arise, for a given concentration) and the

measured resistivity at a lower temperature (for the same concentration).

— (®,,p1)

(®3,p3)
— (D,,p2)

Figure 1.24 — Illustration of the concentration fluctuations that are supposed to arise in eutectic
liquids from resistivity measurement. The major part of the liquid is composed of an homogeneous
metal-SC liquid but some regions present variation of concentration into which pure metal or pure
SC phases develop. The concentration fluctuations are larger near the eutectic composition.

Repeating the measurements for several alloy concentrations, it is possible to plot the
variation of ®; + ®, as a function of the alloy concentration for a certain temperature. This is
done for the Au-Si alloy at the eutectic temperature in Figure 1.25(a) which highlights that
the concentration fluctuations are maximum for the eutectic composition. However, although
concentration fluctuations are always maximum at the eutectic compositions, they also occur
in a wide range of temperature even if they are smaller far from the eutectic temperature.
This behavior is not fully understood to date.

It also seems that concentration fluctuations strongly depend on the “shape” of the eutec-
tic. Figure 1.25(b) displays the concentration fluctuations values at the eutectic point for seve-
ral system as a function of the parameter chosen by Tkeda et al. [Tkeda et al., 2002] :AT/A2z.
AT is the difference between the SC melting temperature and the eutectic temperature T,
Az corresponds to the eutectic concentration with the SC phase taken as reference (0.81 for
Au-Si and 0.72 for Au-Ge). It shows that a deep eutectic point (such as in the Au-Si system)
presents larger concentration fluctuations than other systems (almost twice the amount of
the Au-Ge system). This description therefore largely supports that a segregation process
(see next section) takes place around the eutectic point and claims for a supposed poor ten-

dency of these alloys to be supercooled below their eutectic point, as reported for the Ni-Nb
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Figure 1.25 — (a) Plot of the variation of ®; +®5 as a function of the gold content at T, : maximum
for the eutectic concentration. (b) Plot of the variation of ®; + ®9 as a function of Ikeda et al.
parameter [[tami et al., 2007] (see text).

system [Itami et al., 2010].

Through the different aspects described in this section, one can see that the structure of
eutectic alloys is very complex and still challenges atomistic descriptions as strong alloying
is known to arise in parallel to concentration fluctuations taken as the starting point of the

xxii

solidification process

1.6.2 Solidification of eutectic alloys

The understanding of the solidification process in eutectics and more generally in liquid
alloys is very complex and, depending on the parameters i as well as on the different
components, can lead to many different structures. Detailed studies can be found in [Kurz
and Fisher, 1998| and the references therein. Here we will very briefly present the basis of
the theory to introduce the parameters that influence the solidification.

The solidification of eutectics and their subsequent morphologies are particular because of
the simultaneous solidification of the different components present in the liquid. Let a binary
eutectic alloy be solidified from its liquid phase into two lamellar non-miscible solid phases
a and ( via a thermal gradient (see Figure 1.26(a)). The resulting solidification is equivalent
to moving the solid-liquid interface at a rate v through the liquid.

This situation, compared to the growth of a single phase that would lead to solute diffusion
and supercooling [Kurz and Fisher, 1998], is favourable since the unneeded atoms rejected

by one phase serve for the growth of the other phase by the establishment of diffusion fields

xxii. In addition, recent simulations led to the discovery of a potentially stable AuSi solid phase [Tasci et
al., 2010].
xxiii. such as the composition or the cooling rate.
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Figure 1.26 — (a) Picture of a solidification process from an homogeneous eutectic liquid into
two distinct solids separated by A/2. The solid-liquid interface, moving at a speed v presents a
temperature of solidification Ty differing from T.. (b) The supercooling values arises from diffusion
effects in the liquid in front of the interface and capillary effects at the a//f solid interface.

(see Figure 1.26(b)). This clearly highlights the fact that eutectic growth is governed by
mass transport in large solidification processes. Without going too much into details here,
it is worth to say that the growth rate v, the lamellar spacing A\ and the diffusion coeffi-
cients of the different components lead to different configurations of the liquid-solid interface
as well as concentration variations along the interface. The diffusion and the capillary ef-
fects (represented by different vectors in Figure 1.26(b)) are at the origin of undercooling
(AT = ATyis + ATLyp). However, their effects vary in opposite directions so that the resul-
ting AT value can be considered as constant for a given alloy. This kind of models as well
as more refined ones have been used in many studies to understand the casting of alloys,
especially in the Fe-C and Al-based system that present great practical uses.

However, despite the possibility of taking advantages of the composite properties of eutec-
tic metal-SC alloys and the understanding we have so far on their casting behaviour, many
fundamental questions remain unanswered, especially in their use in new fields such as in
nanoscience among which unexpected effects arise.

The case of Al-based alloys upon undercooling and glass forming ability has been stu-
died [Das et al., 2001]. Liu et al. reported the microstructural changes of the Al-Ge eutectic
for different solidification path |Liu et al., 2003] as well as solidification process in the Al-Si
system undercooled by levitation technique [Liu et al., 2004]. Eswaramoorthy et al. described
the symmetrical concentration changes arising between the solid and the liquid phase in an

AlSi-based commercial alloy melted in an ethanol solution [Eswaramoorthy et al., 2007].
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In the case of Au-Si and Au-Ge alloys, strong interests arise in the field of metallic glasses
since their discovery by Klement [Klement et al., 1960|, but also because of their use in nano-
materials production [Wagner and Ellis, 1964]. Gravity segregation experiments illustrated
the separation of the elements and the subsequent crystallization at the eutectic tempera-
ture [Andersen et al., 1971].

However, Chen and Turnbull studied the heat capacity and the enthalpy of the AuSi
eutectic system cooled in fused silica to reproduce homogeneous conditions and reported an
undercooling value (between T, and observed Ty) of 70 K. They also observed the tendency
of the liquid to be denser than the solid phase : when the liquid was quenched to create
an amorphous alloy, the crucible remained intact whereas it was found broken when slowly
cooled down due to the extension of the as-created crystal. At this time Chen and Turnbull
already attributed the deep-lying eutectic of this system to the tendency for unlike atoms to
associate when in the melts [Chen and Turnbull, 1967, in contrast with their separation to
form the solid owing to the high stability of silicon in its covalent crystalline state.

This general approach however seems to be fine to described “bulk processes”, whereas
unexpected phenomena discovered recently and described in the next section seem to need

further studies to be fully understood.

I.7 Specific features concerning nanowires growth

Although this work does not directly deal with nanowires growth, the study of their
growth enables the observation of the liquid state in very small liquid droplets as these
latter are required to grow small-diameter nanowires. In addition, several peculiar features
are typical of nanowire growth and have to be presented here as their existence and their

potential influence can be discussed throughout this manuscript.

I.7.1 Liquids in small dimensions
a Surface effects in small dimension

Designing objects at the nanometer scale leads to an increase of the surface-to-volume
ratio. Consequently, surface effects can occur and modify the properties of the material. In our
case, the important parameter is the equilibrium between the liquid and the solid phase for
a given alloy. This is revealed, in the case of bulk alloys, by the phase diagrams presented in
section 1.3. However, it is possible to calculate how the size of the droplet modifies the eutectic
temperature of the considered alloy. This size influence is presented in the work of Schmidt et

al. who included surface Gibbs free energy in thermodynamical calculations [Schmidt et al.,
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2010|. Their results, in the case of the Au-Si system, shows that a shift towards the low
temperatures of more than 15 K can be expected for droplets smaller than 20 nm in diameter
(for example : AT, = 30 K for a 10 nm droplet). The uncertainty of their expectations is
however quite large as the experimental parameter values, used in the calculation, are difficult
to measure. It is nevertheless commonly assumed that size effects have to be considered for

systems presenting typical sizes of 10 nm or less [Schwalbach and Voorhees, 2008].

b Experimental observations

In a recent paper, Adhikari et al. presented both a theoretical and experimental work
concerning the influence of size in the Au-Ge system [Adhikari et al., 2007|. Their calcula-
tions predicted a lowering of the eutectic temperature of 40 K for a 10 nm diameter AuGe
droplet at the tip of a Ge nanowire. However, their experimental observations revealed that
the droplets could be supercooled about 100 K below the eutectic point. Their experimental
results are comparable to those obtain by Kodambaka et al. who reported the growth of Ge
nanowires through Au catalyst well below the eutectic point [Kodambaka et al., 2007], as well
as those presented by Sutter et al. describing the modification of the Au-Ge phase diagram
for growth at nanoscale [Sutter and Sutter, 2008]. The explanations are however different
from a study to another. Kodambaka et al. claim for a thermal-history and/or gas pressure
dependence as well as a possible growth with a solid gold catalyst (see next section) whereas
Adhikari et al. assumed that the Ge supersaturation needed to drive the Ge solidification at
the interface, combined with an Au energetic homogeneous nucleation barrier due to size can
be responsible for large undercooling.

In the case of the Au-Si system, Kim et al. studied the growth kinetics of solid Si by
oversaturating an (AuSi) liquid droplet at a constant temperature on an amorphous mem-
brane [Kim et al., 2008]. In this study, they concluded that Si nucleation is a heterogeneous
process, occurring at the edge of the droplet with no observable size effect down to 12 nm.
In a similar subsequent study, 35 nm gold particles were exposed to disilane gas and the
transformation of pure <Au> system into the two-phases <Au>+(AuSi) system was follo-
wed |Kim et al., 2009]. In this case size effects were pointed out by the observation of a quite
instant shrink of the <Au> phase as soon as this latter reached a size of about 8 nm.

Through these few examples, one can see that size effects have to be considered when
examining phase transitions at the nanoscale. However, it is important to note here that
they are studied most of the time in the particular case of nanowires growth and represent
only the tip of the iceberg. Basically, these effects have to be studied in parallel with other
modified parameters such as for example capillary effects or modification of the energy of

the liquid/solid interface. The following brief presentation of special features about nanowire
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L7. Specific features concerning nanowires growth

growth serves as an illustration to show the difficulties encountered in this field as well as a

basis for further discussion.

1.7.2 In-situ SC-nanowires growth

a Case of the Vapour-Solid-Solid process
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Figure 1.27 — Tllustration of the domain where VLS ans VSS process can occur in the case of the
Au-Ge system phase diagram.

As already mentioned, it has been observed that Ge nanowires can grow below the eutectic
temperature in the presence of a solid catalyst [Kodambaka et al., 2007]. This suggests the
existence of a Vapour-Solid-Solid process (VSS). This particular process was also supposed
to arise during Si nanowires growth using an Al catalyst [Wang et al., 2006] as well as for the
tricky formation of sharp Si-Ge interfaces in nanowires heterostructures via a binary AlAu
catalyst [Wen et al., 2009]. The VLS process, simply uses the peculiar shape of the phase
diagram that is the phase boundary between the (metal-SC) liquid phase and the (metal-
SC)+<SC>. In the same way, the VSS process is related to the possible SC solubility in the
solid metal, 7. e. the existence of a <metal-SC> solid phase : increasing the SC content in
the solid solution modifies the equilibrium and leads to the precipitation of the SC in excess
(see Figure 1.27).

As no solubility of Si exists in solid <Au>, these processes can not take place in this
peculiar system. The advantages of the VSS process is the lowering of the growth temperature
as well as the lowering of the solubility of the SC in the catalyst particle leading to the slowing

down of the growth process.

b Equilibrium changes during growth

Figure 1.28 displays a very common observation that is the expansion of the nanowire’s

diameter at its base. This behaviour which seems to be rather insignificant at first glance,
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Figure 1.28 — SEM picture of a Si nanowire grown on a Si(111) substrate through an AuSi liquid
droplet and exposed to disilane. The scale bar is 100 nm [Zhou, 2011]

highlights an important characteristic : the interface energy equilibrium is not the same for
a liquid catalyst droplet in contact with the substrate and with the nanowire.

This phenomenon is easy to observe by comparing the wetting angle presented by the ca-
talyst droplet before growth and after. The catalyst droplet in contact with the flat substrate,
in the case of the Au-Si system, displays a wetting angle (measured in the liquid phase) of
about 43° [Ressel et al., 2003] whereas it presents a much more spherical shape at the top of
nanowire. This is due to successive equilibrium variations undergone by the interface as soon
as the nanowire starts to grow. This is illustrated in Figure 1.29 which shows the evolution
of the contact between the droplet and the growing nanowire. This effect is a clear example
of the difference that has to be accounted when comparing physical properties of a catalyst

droplet at the tip of a nanowire and on a flat substrate.

v
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/ (Ausi) TR <Si>

A

Figure 1.29 — Scheme illustrating the change in surface energies during the growth of a nanowire,
which can influence the physical behavior of the liquid catalyst.
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¢ Coarsening, tapering and faceting effects during growth

As the topic of this work only concerns the very first events of the interactions between
the metal catalyst and its underlying SC substrate, we will only mention here some remar-
kable features arising during growth. Using electron microscopy, Hannon et al. observed a
coarsening process, based on the mechanism of Ostwald’s ripenning. The surface diffusion
of the gold atoms from small to large droplets present at the top of Si nanowires leads to
different sizes and shapes of the nanowires (see Figure 1.30) [Hannon et al., 2006].

Another common observation is the tapering of nanowires during growth, as represented
in the middle of Figure I.30 [Kodambaka et al., 2006]. A tapered nanowire is the consequence
of atomic diffusion of the metal catalyst at the surface of the nanowire. Therefore, the dia-
meter of the droplet decreases as well as the one of the nanowire.

Finally, Figure 1.30 (bottom) illustrates the faceting behaviour occurring on the nanowires
sides [Ross et al., 2005; David et al., 2008]. This effect, mostly studied in the Au-Si system,
consists in saw-tooth faceting of the nanowires sides : the nanowires sides perpendicular to
the < 112 > substrate direction present alternative (111) and (113) orientated facets. These
preferred orientations are supposed to depend on geometry and surface energies as well as on

the droplet diameter and gold coverage.

Coarsening Vapour
Vapour / L\
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Figure 1.30 — Schemes representing different processes influencing the shape of the nanowires. Top :
the coarsening, middle : the tapering and bottom : the faceting. The associated pictures illustrating
each process are taken from [Hannon et al., 2006],]Kodambaka et al., 2006] and [Ross et al., 2005),
respectively.
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I.8 Liquid behaviour close to interfaces

I.8.1 Liquid-Vapour interfaces : layering effect

The layering phenomenon in liquids consists in the organization in the form of layers of
the atoms just below the surface of a liquid. It has been first observed in complex liquids
containing highly anisotropic molecules or liquid crystals and is supposed to arise because of
the high length of the structures composing the liquid. In metals, surface melting (liquid for-
mation at the surface of a bulk solid below T}, *) is a quite common phenomenon [Frenken
and van der Veen, 1985], whereas formation of a solid at the liquid /vapour interface, theore-
tically predicted in 1981 [D’Evelyn and Rice, 1981], is a more recently discovered feature.

The layering of liquid metals and alloys can be detected by X-ray reflectivity which dis-
plays a peak characteristic of the formation of organized layers perpendicular to the interface.
In the case of Ga [Regan et al., 1995|, In [Tostmann et al., 1999], Hg [Magnussen et al., 1995],
Sn and Bi liquids [Pershan et al., 2009b] as well as in eutectic liquid alloys BiSn [Shpyrko
et al., 2005] and AuGe [Pershan et al., 2009a/, reflectivity experiments revealed that the two
to three first liquid layers are well defined such as those at the surface of their respective
crystals. For all these cases however, no long range order parallel to the surface has been
reported.

In the case of the particular AuSi system, it has been recently reported that the layering
effect is much more pronounced and occurs in the first seven to eight layers, as represented
in Figure 1.31 [Shpyrko et al., 2006].

Dielectrics Metals and alloys Si

@
lodea

® Pe

Hing

N

Figure 1.31 — Representation of the electronic density variations reflecting the layering effect arising
at a vapour-liquid interface and decaying with depth. It is enhanced in the case of metals and
alloys (comparing the two first images) and even more pronounced in the case of the Au-Si liquid
alloy [Shpyrko et al., 2006].

In addition, contrary to other metals and alloys studied to date, the topmost layer exhibits

a lateral long-range crystalline order (2D crystal) (see Figure 1.32) whereas the underneath

xxiv. This phenomenon arises for example at the surface of ice makes it (more) slippery.
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layers lateral order is liquidlike. This 2D crystal, floating on the layered liquid, is found
to be stable up to 700 K and undergoes a solid-solid transition at 640 K between a low
temperature (630 K-640 K) and a high temperature (640 K-700 K) phase [Shpyrko et al.,
2007]. Further experiments using synchrotron radiation and a more precise model that takes
into account surface stiffness revealed that the low-T phase is a bilayer which transforms into
the monolayer high-T phase [Mechler et al., 2010].

7.386 A

Figure 1.32 — Unit cell of the low temperature 2D Au-Si crystal phase existing at the surface of
the eutectic AuSi liquid [Shpyrko et al., 2007].

It is worth mentioning here that other Au-SC alloys studied, such as Au-Sn and Au-Ge,
do not present 2D surface crystal structure nor enhanced layering. This confirmed the idea
that although Ge is very similar to Si, Au-Ge and Au-Si are very different alloys. This is
already highlighted by the fact that in spite of similar eutectic temperature, the eutectic
composition differs a lot and that a small fraction of Ge is soluble in solid Au.

A comparable situation has to be studied in the case of the liquid structure and concerns

the solid-liquid interface. This is the topic of the next section.

1.8.2 Liquid-Solid interfaces

In this section, processes that are known to arise at the interface between a liquid and
solid are presented from an atomistic point of view. Theses concepts will be very useful to
understand the influence of the substrate’s structure on the liquid droplet structure discussed
in the last chapter of this manuscript.

In 1975, Spaepen was the first who tried to establish a theory for the influence of the
solid’s structure on the liquid. His work was based on modeling of hard spheres. Assuming
that a certain topological continuity must exist between the solid and the liquid and that
the liquid must present a maximum of density via close-packing, he predicted the conditions

for placing atoms at the interface in the first two adjacent liquid layers. His results predicted
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Figure 1.33 — (a) Simulation results showing the variation of the planar-averaged density as a
function of the distance from the solid phase revealing a kind of transition slice of liquid into which
the atoms are ordered. The ordering being lost with the distance from the solid [Curtin, 1987]. (b)
Corresponding phenomenon in liquid Ga in contact with a diamond substrate [Huisman et al., 1997.

that the maximum of density found in the liquid and consistent with a long range order can
be achieved by filling the first two liquid layers with equal quantity of triangular, rectangular
and pentagonal structural units [Spaepen, 1975.

Without regarding the ordering parallel to the solid surface, simulations have predicted
that a transition area should exist between the perfectly ordered crystal and the disordered
liquid [Curtin, 1987]. As shown in Figure 1.33(a), this transition can extend over several
atomic layers. However, it has only been demonstrated experimentally in 1997 by Huisman et
al. [Huisman et al., 1997]. By choosing a low temperature liquid metal (Ga) on a (111)
diamond substrate which is transparent to X-ray, reflectivity measurements revealed the
organization of the atoms close to the surface into bi-layers (see Figure 1.33(b)).

A very nice work, performed by Oh et al. with electron microscopy techniques, made
possible direct observations of the ordering of liquid Al atoms in contact with a Al,O3 solid

as shown in Figure 1.34 [Oh et al., 2005]. This density fluctuation phenomenon is now widely
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accepted to occur and even if further studies are required, it seems reasonable to think that
this ordering triggers nucleation processes, the liquid phase starting to adapt the structure

of its respective crystal [Greer, 2006].

Figure 1.34 — Transmission Electronic Microscopy image revealing the layering of the first layers
in liquid Al in contact with the Al,O3 substrate [Oh et al., 2005]

However, despite continuous improvements of characterization techniques it is still hard
to depict clearly the atomic order, if it exists, within a liquid layer or what happens if the
liquid material is different from the underlying substrate. Reichert et al. reported the first
measurement of pentagonal lateral ordering at the interface of liquid lead and a Si(001) sub-
strate [Reichert et al., 2000]. Using extensive Monte Carlo simulations, Heni et al. studied
the influence of the substrate interface on the pentagonal short range order that can exist
in a liquid phase as presented in section I.5.2 [Heni and Lowen, 2002|. They report that an
attractive surface, leading to strong attraction between the atoms of the two phases, can
locally increase the density and therefore promote five-fold symmetry. These results therefore
suppose that if the ordering close to the interface is incompatible with crystal structure, the
liquid phase could still be stabilized whereas a solid in contact with the liquid is commonly

assumed to trigger heterogeneous solidification.

In this chapter, we have presented the different elements constituting the
scientific framework of this study. Before investigating the specific behaviour of
Au on Si substrates towards growth and dewetting (Chapter III), formation of
reconstruction (Chapter IV) and solidification (Chapter V and VI), we described
in the next chapter (Chapter II) the technical aspects constituting the experi-

mental framework.
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Methods and experimental set-up
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1I.1. X-ray scattering by a surface

The aim of this chapter is to explain the basic concepts that are essential to understand
the techniques presented and used later in this work. Beyond the results described in the
following chapters, it is important to know how they are obtained as well as under what kind
of experimental conditions. In a first section, we present some general characteristics on the
use of X-ray and give some precisions concerning the investigation of reciprocal space in this
particular framework (see section II.1). In a second one, the different techniques using X-ray
scattering to probe the matter are described (see section I11.2). The experimental set-up is

presented in the last section (see section I1.3).

II.1 X-ray scattering by a surface

Reflection and refraction phenomena of an electromagnetic wave at an interface are com-
mon for all wavelengths and are describe by Snell’s law and Fresnel equation. These pheno-
mena, arising at the interface between two media, result from their difference of refractive
indexes, which themselves depend on the wavelength. Total reflection happens when the in-
coming wave travels from a medium with a higher index to a medium with a lower index
of refraction. In the case of visible light, most of materials have a refractive index larger
than the one of air, therefore, total reflection happens at the material /air interface inside the
material. This is called total internal reflection and is widely used, for example, to transmit
information through optical fibers.

In the case of X-rays (shorter wavelength), the refractive index of most materials be-
comes slightly smaller than that of air so that total reflection can occur. We will see here

how probing surfaces and/or interfaces with X-rays justifies the use of grazing incidence.

I1.1.1 X-rays refraction at an interface

As we have seen, the important parameter is the index of refraction n. For X-rays in
condensed matter, n is written :
n=1—0+1if8 (I1.1)
- 2 SE ) .
1 e (Z; — [ 1 e !
§=———N, =L p)\° d = ——— N, &=L pN\? I1.2
P a p 2rme? Ty, Ai'o (1L2)

C2rmer Y YA
where N, is the Avogadro’s number, p the density (g.cm=) and A the wavelength (A).

For each atomic species i, A; (g.mol™!), Z;, f/ and f/ are the atomic mass, the scattering
factor (equivalent to f; in section 1I1.1.2), the dispersion factor and the absorption factor,

respectively.
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Figure II.1 — Scheme of the refraction of X-rays at an interface (with the polarization in the
incident plane)

Typical orders of magnitude are ~ 107° for § and ~ 107°¢ for 8 which implies that the
real part of n is slightly smaller than 1 for X-rays. If we apply the classical Snell-Descartes

law to the configuration presented in Figure I1.1, it comes :
ncosa; = cosa; which becomes, for small o; and o : of = af — 25 + 2i3 (I.3)

The critical angle «, is a peculiar value of «; below which total external reflection oc-

curs (i. e. ay—0). From equation (I1.3), we can deduce :
a. = V26 (11.4)

Therefore, o, as well as §, depend on the material and on the photon energy (i. e. on the
wavelength as 1/E ~ ), its value being of the order of a few tenth of degree. Let us now
have a look at the behaviour of the transmitted beam which serves to probe the sample. Its

wave vector takes the form :

cos oy
k; = ko 0 with ko= — (115)
A—iB

with, in the small angle approximation :

1 .\ 1 AN
A= NG <\/<a?—a2>2+462+ai —%) ; B = /2 <\/(a%—a2)2+462+ac —0@-)
(1L.6)
The amplitude of the transmitted wave (A4;) at a point r is proportional to e~™&T :
At x e—ik’o(wcosai-l—Az—iBz) o e—iko(a:cosai—l—Az)e—koBz x e—iRe(kz)Te—k’oBz (117)
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1I.1. X-ray scattering by a surface

We can thus write the expression of the transmitted intensity I; :

1A
2koB  4nB

[t _ AtA: x e—iQRe(kt).re—QkOBz x €—i2Re(kt)-r6—z/l with [ = (IIS)
The transmitted intensity decreases exponentially, with [ its penetration depth. Figure 11.2(a)
shows the variation of the penetration depth for different energies. For a;<a, [ is no longer

energy dependent, but only material dependent.

AA)

Figure I1.2 — Variations of the scattering depth (a) as a function of the incident angle for three
different energies, (b) as a function of the incident angle for exit angles equal to half, one and three
time the critical angle for a Si surface and an incident wavelength of 1.1 A (i. e. 11 keV, 6=4.03 1076
and 8=5.04 1078).

However, as the scattered intensity is measured outside the material, the same procedure
must be applied to the wave which goes through the material to the air. The Helmotz’s
reciprocity principle ensure a symmetrical solution so that «; can be replace by o for identical

formulations. The scattering depth therefore becomes :

A
A= m (I1.9)
where 7 and f indicate the use of o; and/or ay in all the previous formula. The variation of
the scattering depth as a function of the incident angle for several values of the exit angle is
plotted in Figure I1.2(b).

A convenient way to illustrate the propagation of X-ray in the material also consists in
neglecting the absorption, which means that =0 in the equations. With this assumption, for
a; < a., the real part of k, equals zero (i. e. a; becomes imaginary in equation (11.6) for A),
therefore k has a real component only along x. This means that the wave propagates only

along the interface with an amplitude decreasing quickly perpendicular to the interface. For
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incident and exit angles with values close to the critical angle, the propagation takes place
from 10 to 100 A below the interface (Figure I1.2(b)).
Still in the small angle approximation, we recall here the equations for the amplitude

reflection r (|E,| = r |E;|) and transmission ¢ (|E;| =t |E;|) coefficients :

(af—ZaiA—l—AQ%—BQ)l/Q 20
r =

t= I1.10
a? +20;A + A% + B2 (a? — 20;A + A% + B?)1/2 ( )

The square of these coefficients (R=r?, T=t?) illustrate the intensity variation during the

process. Their variations as a function of the incident angle are plotted in Figure 11.3.

0 1 2 3
o/o
| C

(a)

Figure II.3 — (a) Reflection and (b) transmission coefficients for the intensity as a function of the
incident angle for a Si surface and 1.1 A wavelength (11 keV).

For o;; < oy, R=1 which corresponds to total external reflection. At the same time, the
transmission coefficient reaches a maximum : t=2 (when neglecting absorption) for o; = ay
which means that the amplitude of the transmitted wave is twice its amplitude in vacuum.

All these considerations claim for the use of grazing incidence. When working with «;
and/or ay very close to the critical angle, the scattering by the surface atoms is enhanced
while the bulk signal is reduced to its minimum. With this technique, the atoms that are

probed are those contained between the surface and a depth of the order of A.

I1.1.2 Basic X-rays diffraction

In this section, we simply recall the basic equations governing the intensity scattered by a
three-dimensional crystal. We also present some specific features encountered in the specific
case of surface diffraction. A detailed description of X-ray diffraction is available in standard
textbooks [Warren, 1969; James, 1982].
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1I.1. X-ray scattering by a surface

a Diffraction by a 3D crystal

The intensity scattered by solid structure into which the atoms are distributed in Ny, Ny
and N3 unit cells along the three crystal directions defined by the vector a;, a; and aj is
given by :

1(Q) = CF(Q)S%,(Q - a1)8%,(Q - ,)5%,(Q - ay) (IL11)

where C' is a constant and :

N-1

Sn(Q-a;) = €T j=1,2,3 (IL.12)

n=0

The structure factor F/(Q) is expressed as :
FQ = Y feer (11.13)

J unit cell

where r; indicates the atomic position within the unit cell and f; is the scattering factor of

atom j. Moreover the interference function of N; diffracting units is given by :

_sin®(V;Q - a;/2)
~ sin®(Q-a;/2)

2
SNJ_(Q -aj) =1,2,3 (I1.14)

The intensity is therefore the combination of the structure factor which only depends on
the positions of the atoms within the unit cell, and the form factor representing the shape of
the crystal. With this description, it becomes clear that the intensity function (Q) presents

maxima (i. e. existence of Bragg peaks) for particular values, which are called the Laue

conditions :
Q A = 2mh
Q- a, =27k where h, k and [ € Z (IT.15)
Q cag = 27l

The intensity is therefore equal to zero unless Q is a vector of a lattice defined by basic
vectors (by,bg,bs) into which Q = hb; 4 kby+(bs. The diffraction process are thus measured
in the reciprocal space described by this new lattice called the reciprocal lattice, related to

the real lattice (a;,ag,a3) by :

as N a as N a a; N\ a
by = —2 04 o BOAM Ly AN (11.16)
al-ag/\a3 ag-ag/\al a3-a1/\a2

With this definition : Q = hb; + kbs + [bs = Q. For a 3D infinite crystal without
defect, the reciprocal space is thus composed of (h, k, [) points of intensity (called Bragg
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reflections) forming a periodic network. Each (h, k, [) reciprocal reflection corresponds to
a family of periodic atomic planes composing the crystal which interfere with the incoming
wave in a constructive way!. The distance dyi between two (h, k, [) planes of this family
is given by dpr = 27/ |Quri|- Moreover, Qi is perpendicular to the (h, k, [) plane and its

length is |Qpuu| = 4msin(0)/A'. From this we can extract the well known Bragg’s law :

When the Laue conditions are fulfilled (i. e. at the position of a reflection), the intensity is
thus given by :
I = CFAy N N; N (I1.18)

and the structure factor takes the form :

Fypy = Z femihzithy;tz) o= M; (I1.19)

7 unit cell

where z;, y; and z; are the fractional coordinates of the considered atom j in the unit
cell and M; its Debye-Waller factor.

b Diffraction by a reconstructed surface : rods of scattering

In the case of surface reconstruction (see section 1.3.2), the crystal is a quasi 2D structure
with a finite thickness. Taking the vector as equal to this thickness corresponds to set Nj
equal to 1 in equation II.18. Therefore, in the Laue condition Q - a3 = 27l, [ is now a
continuous variable as the intensity is no longer equal to zero for non-integer value of [. The
intensity becomes :

Iy = CF NNy (I1.20)

The variation of the intensity along the rod gives information on the structure in the z direc-
tion. The modulation period is related to the thickness whereas the modulation amplitude
indicates the normal atomic displacements. The diffracted signal recorded in the presence of
a surface reconstruction is therefore a mesh of rods perpendicular to the surface and located
at fractional order in between the bulk Bragg peaks (see Figure I1.4). The distribution of
the rods depends on the periodicity of the reconstruction compared to the unreconstructed

surface. For example, the Si(111)-(7x7) reconstruction displays 6 rods (7 intervals) between

i. We note here that the existence and the construction of the reciprocal lattice is not a mathematical
creation as often presented in many school courses but arises from physical process and describes the scattered
intensity distribution in space.

i. With 0 the scattering angle.
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two Bragg peaks (or crystal truncation rod).

¢ Diffraction by an ideal surface : Crystal Truncation Rods (CTR)

A semi-infinite crystal, ¢. e. a infinite crystal truncated by a sharp interface, can be seen
as a infinite crystal with one half of its volume presenting an electron density equals to zero.
The diffraction pattern therefore consists in the convolution of the 3D reciprocal lattice with
the Fourier transform of the step function. This convolution leads to a non-zero intensity
distribution between the Bragg peaks along the [ direction (see Figure I1.4). These crystal

truncation rods extend perpendicularly to the surface and connect bulk Bragg peaks.

A
Q, (or
= (0r]) 2D ROD

N

Bulk
+<— Bragg
peak

Qy (or h)

Figure I1.4 — Schematic representation of the continuous rods (shaded red) arising from a re-
constructed surface and the crystal truncation rods arising from a crystal truncated by a surface
(black), the maximum intensity is at the bulk Bragg positions and quickly decreases in between.
From [Renaud, 1998].

The intensity is given by replacing Sy, (Qsas) by S.7=" _ ¢@sasm3 Equation (I1.11) which

n3=—00

gives :

2 sinQ(%NlQ . al) sinQ(%NgQ . ag> 1

lw(CTR) = C [F(Q)] sin®(3Q - a;)  sin*(3Q-as) 2sin(1Q - ay)

(I1.21)

As the CTR therefore reflects the atomic organization at the surface of the crystal, an accurate
study of their intensity distribution gives important information on the surface structure such

as surface roughness, surface relaxation or the formation of a layer during growth.
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I1.2 Characterization methods

In the previous sections we have seen how X-rays interact with matter and the basis of the
diffraction phenomena. In this section we will now focus on a particular use of this concept

in order to extract structural information on surfaces and interfaces.

I1.2.1 Grazing incidence X-ray Scattering (GIXS)

Figure I1.5 is a scheme showing the Grazing Incidence X-ray Scattering geometry where «;
and ay are the incident and exit angles, respectively. In this configuration ¢ is the projection
of the scattering angle 26 (between k; and k) and w corresponds to the rotation of the sample
around its surface normal. The total momentum transfer () is composed of an in-plane Q) i
and out-of-plane @, " component. Therefore, in the grazing incidence geometry, Q) is almost
to Q) ((Q1) is very small) and ¢ ~ 26.

Figure I1.5 — Scheme of the GIXS geometry. The grey surface intersects the first atomic layer.

a Definitions of the different scans

Figure I1.6(a) represents what is usually called the sphere of reflection (the Ewald’s
sphere). Its construction allows an easy visualization of the conditions of diffraction. The
little grey sphere corresponds to an (hkl) nodes of the reciprocal lattice. This node has a
certain size due to the finite size of the diffracting object. The direction of the incident beam
is given by the vector k; which terminates at the origin of the reciprocal space. Its length
27/ A defines the radius of the sphere which passes through the origin. The diffracted beam
(represented by ky) is also represented so that Q=k-k; can be defined : it is thus a chord

i Qp =(47/)\)sin(5/2).

. Q1 =ko(sinay + sinay)
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11.2. Characterization methods

of the sphere. This construction immediately implies that the (hkl) nodes intersected by the
sphere satisfy the Bragg’s law (see I1.1.2).

hkl nodes

‘ . /I-scan

CTR——

a\

Radial-scans
’ /

Rocking-scan

h

»

reciprocal space k
(a) (b)
Figure II.6 — (a) Construction of the Ewald’s sphere.(b) Sketch representing several Bragg reflec-

tions (and one CTR) composing the reciprocal space. The arrows illustrate typical scans performed
in this work and are commented in the text.

The measurement of a reflection during an experiment is possible under two conditions :

— the Ewald’s sphere has to intersect the reflection. For a given «, this is done by turning
the crystal around its surface normal (rotation of w). It can also be done by changing
the energy (the radius of sphere is changed) but it is rarely done due to technical
considerations on our beamline.

— the detector has to be placed at the right position. This is done by changing the angles
0 and ay.

The peak intensity in the reciprocal space can therefore be measured along different
directions. This is illustrated in Figure I1.6(b) which presents typical scans performed in this

work, which are :

— radial-scans : which consists in scanning reciprocal space in a radial direction by varying
the length of Q, as a conventional 6-26 scan in which here 20 = § and 0§ = (w — wy). In
this study, all the radial-scans are performed in the plane (along Q) along an azimuth
specified for each scan;

— l-scans : corresponding to out-of-plane scans along Q| ;

— and rocking-scans performed at constant |Q| by rotating the sample around its surface

normal.
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Chapter 1I. Methods and experimental set-up

b Shape of a diffraction peak

The finite size of the crystal in the surface plane leads to the fact that the Bragg peaks
are not perfect Dirac functions but present a finite width. The Full Width at Half Maximum
(FWHM) of a Bragg peak (see Figure I1.7), is directly related to the average size D of the
scattering domains. In terms of variation of the momentum transfer, the FWHM for radial-
scans, l-scans and rocking-scans are AQ| , AQ | and Aw, respectively. A good approximation

of the domain size! in the direction of the measurement is given by :

2 2 2
Dra ial = N~ s D, = ; Droc ng — N A
“TAQ) 'TAQL 9T Q) Aw

(I1.22)

N

FWHM

A

Figure IL1.7 — Tllustration of the FWHM measurement of a Bragg peak.

Intensity (arb. u.)

The approximation on the value of the size comes from the fact that D corresponds to
the domains which scatter coherently. The measurement is therefore limited by the coherent
length of the incident beam in the direction parallel to the surface. The description of the peak
shape can be refined using a correlation function C(r) which takes into account the probability
of coherent scattering between two atoms separated by r : C,._o=1, C,_,,=0. The intensity
distribution of the peak can therefore be seen as the convolution of the theoretical perfect

Dirac function array and the Fourier Transform (FT) of the correlation function.

¢ In-plane reciprocal space map

As presented in section 1.2.1, silicon has the diamond-crystal structure so that the Si(111)

surface presents an hexagonal geometry (Figure I1.8(a)).

i. The potential mosaic spread (2) has to be included in the estimation of domain sizes in rocking-scans
by : Aw = /(AQ/Q)? + Q2. Q can be estimated by measuring several orders of a reflection.
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Figure I1.8 — (a) Image of the first layer of the Si(111) surface illustrating the hexagonal geometry.

(b) Representation of 60° of the in-plane reciprocal lattice for the Si(111) surface, the relationship
between experimental surface indexes and conventional bulk indexes are indicated.

In surface science, it is the convention to define two of the primitive lattice vectors parallel
to the surface and the last vector perpendicular. In the case of a (111) orientated surface of
a diamond-like crystal (such as Si(111)) the primitive lattice vector (with the bulk Miller
index) are (see Figure 11.8(a)) :

1 . 1
a1:§[101}b; ay=-[011],; a3:§[111]b (I1.23)

| —

The corresponding reciprocal lattice (by,bg,bs) can thus be calculated using equation (I1.16).

It comes :
2 11),; b2:§[1§1}b; by =[111], (11.24)

During the experiments it is even more convenient to define a reciprocal surface lattice :
([h 0 0]s, [0 k O]s, [0 0 ]s). The correspondence between the bulk and the surface indexes
is given in Figure I1.8(b) which depicts 60° of the reciprocal space for the Si(111) surface
at [=0. In this study, most of the radial-scans (or [-scans) are presented as a function of
the momentum transfer so that only the reciprocal direction expressed in bulk coordinate is
given. However in Chapter IV we present the scans as a function of the surface reciprocal
lattice unit as it allows to quickly remark the periodicity of special features such as CTRs or
reconstruction peaks.

The synchrotron powerful beam (see section 11.3.1) allows the acquisition of many scans

in a short period of time'l. We can therefore perform what we call extended reciprocal space

ii. compared to laboratory sources such as rotating anode.
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Chapter 1I. Methods and experimental set-up

maps which consist in mapping a part of reciprocal space. This is achieved by performing
many rocking-scans at different values of the momentum transfer. Plotting them together
provides a qualitative observation of the scattering distribution in reciprocal space. The
green area in Figure I1.9 illustrates a reciprocal space map for a variation of w of 60°, three
different rocking-scans are represented. The duration of acquisition and the accuracy of these
kinds of maps depend on the counting rate and the step between two () values. In general a

map covering 30° degrees for @ ranging from 0.5 A~ to 8 A~ is recorded in about 8 hours.
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Figure I1.9 — Illustration of the acquisition of an extended reciprocal space map. The green area
corresponds to the recorded surface by the acquisition of many rocking-scans.

I1.2.2 Surface X-ray diffraction (SXRD)

Surface X-ray Diffraction consists in a quantitative approach of GIXS. The aim is to
determine the positions of the atoms of the studied structure, as presented in Chapter IV
concerning the determination of the Si(111)-(6x6)Au reconstruction. The structural infor-
mation is contained in the structure factors which are obtained by measuring the integrated

intensity of each reflection.

a Integrated intensity

Highly resolved rocking-scans are performed on each reflection. The M points composing
the scan are separated in M,, points containing the noise (NN;) and M, points containing the

signal (5;). Considering a constant noise, the integrated intensity is given by :

M M My,
I = S —— N; I1.25
; Mn = J ( )

In addition, several corrections have to be applied to take into account the errors generated
by the apparatus and the measurement itself. They are presented in section 11.3.3 after the

presentation of the experimental set-up. For a detailed description of these corrections, the
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11.2. Characterization methods

reader can refer to [Vlieg, 1997; Robach et al., 2000]. A complete set of measurements consist
in integrating all the accessible reflections. The systematic error being deduced by recording

several equivalent reflections related by symmetry (see section IV.3.1).

b Structure factor analysis

From the measured structure factors, standard methods’ can be applied to obtain a
simple structure which can serve as a starting point. The theoretical structure factor of the
proposed model can be calculated and compared to the experimental ones. The classical way
to refine the model consists in a minimization of functions comparing the experimental and
the calculated structure factors. The functions that have to be minimized are :

2
o 1 (15| — [Fec]) _ a1 | = | Fe]
X = > - and R = = (11.26)
N—p Wil Ocxp thl | Ehi

2

where N is the number of measured reflections, p the number of parameter and o7,

the experimental uncertainties. R is called the reliability factor. In this study, minimiza-
tions have been performed (see section IV.3.2) using the ROD software for surface structure
analysis [Vlieg, 2000]. It consists in finding the smallest value of x? by fitting several parame-
ters’. More details on surface structure determination methods and examples can be found
in [Feidenhans’l, 1989).

I1.2.3 Grazing incidence small angle X-ray scattering (GISAXS)

GISAXS is GIXS except that all the considered angles are taken less than a few degrees.

The reciprocal space and the angular coordinates, represented in Figure I1.10 are linked by :

¢ =~ 0 because of small angles, the Ewald’s sphere curvature can be neglected
qy ~ kosin(20) ~ ky20 (I1.27)

q, ~ k’oOéf

with ky=27 /. In this configuration the scattered intensity is measured very close to the
origin of the reciprocal space.

At this position, the scattering comes from in-homogeneities of electron density : rough-
ness or presence of islands for instance. The scattering intensity and shape depend on the
morphology and the topography of the scattering object. It is therefore a way to study them.

GISAXS characterization has become a very powerful technique these past few years and

i. Such as Patterson or electron-density difference maps.
i. Typically : symmetry, domains, atomic positions, Debye-Waller factors and occupancy.
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Chapter 1I. Methods and experimental set-up

Figure I1.10 — Illustration of the GISAXS technique.

allows accurate studies in surface science. In this work, GISAXS experiments were used to
characterize the average morphological parameters (inter-islands distance, in-plane size and
height) of gold nano-islands spread on the silicon substrate. Here will be presented the essen-
tial basis to access these parameters from the study of the diffraction pattern. The complete
theoretical and experimental details of the GISAXS technique are described in [Renaud et
al., 2009].

Two dimensional GISAXS patterns are recorded with a 2D detector placed perpendicular
to the incident beam (see Figure I1.10). The intensity for an homogeneous group of nano-

objects on a surface can be written, in first approximation :

1Q) = F(Q) - 5(Q) (I1.28)

with S the Fourier transform of the island-island pair correlation function (also called the
interference function) and F' the Fourier transform of the island shape (the form factor). The
intensity is therefore a combination of a signal containing information on the average shape
of the objects (F) and a second one (S) describing how these objects are distributed on the

surface. S(Q) contains the information on the lateral positions of the islands :

S(Quy) = 1+ o0 [ o) = 1 e (11.29)

with p, the particle mean density and g(r) the island-island pair correlation function. The
form factor of an island can be written as the Fourier transform of the electron density p(r)
over the island’s volume :

F(Q)= /p(r)eiQWrdV (I1.30)

v
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11.2. Characterization methods

However a better description is given using the Distorted Wave Born Approximation
(DWBA) into which the form factor is the coherent sum of four terms taking into account

the different scattering paths represented in Figure I11.11 [Rauscher et al., 1999).

T———> \_ e

Ki K N S ~ S

Substrate

Figure I1.11 — Tllustration of the four scattering paths involved in the DWBA for X-rays interacting
with islands on a surface.

A quick analysis of the 2D GISAXS pattern allows one to obtain the lateral sizes d and
the height h of the islands : these parameters are inversely proportional to the spread of the
intensity along Q, and Q., respectively (see Figure I1.12). The mean distance D between two
islands is given by the inverse of the distance separating the main correlation peaks along the
parallel direction. In practice, to perform a quantitative analysis, we will see in section III.1
that we can use the IsGISAXS program [Lazzari, 2002].

rf (q,)

/D

NN
/

id

—20 (q,)

Figure I1.12 — Example of a 2D GISAXS pattern (right) onto which several information on the
droplets morphology (left) can be measured.

It includes a fitting procedure of parallel and perpendicular cross sections of the 2D pattern
to deduce the morphological parameters. The software provides many nanoparticle shapes
as well as several theoretical interference functions that are used to calculate the theoretical

GISAXS pattern/cross-section and compare it to the experimental one.
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Chapter 1I. Methods and experimental set-up

II.3 Experimental set-up

The experiments realized for this present work were carried out at the European Synchro-
tron Radiation Facility in Grenoble, France. Most of the experiments were performed on the
BM32 beamline and some others on the ID03 beamline. Both allow in-situ characterization
of surfaces and growth of nanoobject in ultra-high-vacuum. In this section, brief description
of the synchrotron is given, the BM32 beamline will be presented as well as the experimental

set-up.

I1.3.1 The synchrotron and the BM32 beamline
a The European Synchrotron Research Facilities

We present here only a very short description of the main qualitative features of the syn-
chrotron radiation. For additional information, the reader can refer to the ESRF website or
to textbooks such as [Als-Nielsen et al., |.

Synchrotron radiation is the electromagnetic field that is emitted by relativistic accelera-
ted charged particles. The acceleration is achieved by the use of the well known Lorentz force
iii

and consists in applying a static magnetic field to the charged particle™. For non relativistic

accelerated charges, the radiated flux is isotropically spread around the acceleration (see left
hand side of Figure I1.13). For relativistic particles, their energy is given by : E = ymc?
with v >> 1, with ¢ the speed of light and m the rest mass. Their velocity is v = ¢f with
B = (1—1/42)"2 which gives v ~ ¢ for ¥ >> 1. In this case the radiation is emitted in the
direction of the motion due to the relativistic space-time Lorentz transformations (see right

hand side of Figure I1.13).

Electron Orbit

~~_Arc viewed
by observer

Acceleration

v/c <<1 vic~1

Figure I1.13 — Illustration of the radiation emission of electrons in circular motion. Left : non-
relativistic case, right : relativistic case. From |Als-Nielsen et al., |.

ii. http ://www.esrf.fr
iii. F=evAB, with F the Lorentz force, B the magnetic field, e the charge and v the speed of the particle.
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11.3. Ezxperimental set-up

The light radiated at an angle 6’ with respect to the trajectory of the charge in its
associated frame is seen by the observer in the laboratory frame at an angle 6 given by the

relation :

1 /
tan§ ~ ;tan (%) (I1.31)

For ' = 90, 6 ~ tanf ~ 1/+. The opening angle of the radiation is thus of the order of 1/7.

At the ESRF, the electrons are accelerated to 6 GeV, as v = 1957 E GeV, the typical
aperture of the source is 80 urad. Figure I1.13 (right) shows the interaction between the
charged electron and a steady acceleration (perpendicular to the motion) provided by a
bending magnet (BM). In this case, the collimation is conserved only in the vertical direction.
There are beamlines using a bending magnet at the ESRF. To improve the collection of the
synchrotron radiation, the other beamlines use what is called multipole insertion devices (ID).
In this case, the electrons are submitted to successive opposite magnetic fields orientated
perpendicularly to the direction of motion. Therefore, the electrons oscillate, the collimation

is conserved in both directions which increases the photon flux® (see Figure 11.14).

"I

) a<liy
O

Figure I1.14 — Schematic illustration of the undulator regime. From |Als-Nielsen et al., |.

More than the photon flux, the relevant parameter when using the synchrotron light is the
photon density in the image spot, in unit of solid angle and in a narrow energy bandwidth.
This is call the brilliance, its evolution over the years and the technological advancements is
shown in Figure I1.15. A high brilliance offers great signal-to-background ratio and is thus a

perfect tools to probe object at the nanoscale.

b The BM32 beamline

The white beam created in the synchrotron by the interaction between the electrons and
the bending magnet is first collimated by a mirror coated with iridium. Then the beam
propagates through a double Si(111) crystal : the first crystal enables to choose the beam
energy (i. e. wavelength) from 7 to 30 keV, the second one focuses the beam in the horizontal
direction. A second mirror is then used to focus the beam vertically. With this configuration,
the resulting beam size would be 0.25 mm horizontally and 0.15 mm vertically at the sample
location with a flux of 5- 10! ph.s™! (at 20 keV). It is then better defined by the use of a

set of vertical and horizontal slits. The vertical slits allows to obtain a beam size of typically

i. If the angular deviation « is less than 1/, the different pulses interfere.
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Figure I1.15 — Historical evolution of the brilliance with X-ray photon sources. From [Als-Nielsen
et al.,|.

0.3 mm and the horizontal ones eliminate the scattering signal coming from the first slits.
The beam then goes through a set of filters and a Kapton foil which serves as a monitor as it
is connected to two diodes measuring its scattering. The as-defined incident beam can then

be used for the experiment which takes place in the UHV chamber.

I1.3.2 In-situ growth of Nanostructure on Surface (INS) : the expe-

rimental hutch

The UHV chamber, coupled to a diffractometer, is dedicated to in-situ characterization of
surfaces/interfaces. It consists in a complete equipment to prepare, control and study surfaces
and is fully described in [Renaud et al., 2004]. However, technical components are in constant
evolution so that some details can differ from the description and the existing set-up. Here
are presented the general components illustrating the principal characteristics of the set-up

used in the present work.

a The chamber

The ultra high vacuum is maintained in the chamber by a 200 1.s™! turbomolecular pump
combined with a 400 1.s™! ion pump and a LN, (liquid nitrogen)-cooled titanium sublimation
pump. The bake-out of the whole apparatus at 160°C enables a base pressure of 107! mbar.
The main chamber is coupled to a load-lock system composed of two parts : one part allowing
the introduction of the sample, a second in UHV equipped with a furnace used for long

degazing treatment without polluting the main chamber. The sample is transfered in the
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IXS Diffractometer
: Be
GISAXS - X window
“ 8\ RHEED
§_———" screen

Pyrometer Effusion cell

Figure I1.16 — Experimental set-up on BM32

X-ray chamber via a transfer rod. The molybdenum sample holder, onto which the sample is
stuck, is held on the furnace vertically. It can be heated by radiation (up to 1000 K) and by
electron bombardment (up to 1700 K). A narrow input Be window (for X-ray transparency)
allows the entrance of the incident beam which interacts with the sample, a wide part of the

scattered intensity can be collected thanks to the large output window.

For MBE deposit, the chamber is equipped with several evaporation Knudsen cell which
are calibrated using a quartz microbalance. The cleaning of surfaces can be carried out
with ion bombardment. In the present set-up, Reflection High-Energy Electron Diffraction
(RHEED) is used for a fast and qualitative characterization of the surfaces (roughness and
reconstruction) : the resulting diffraction patterns can be visualized on the fluorescent screen.
A quadrupole mass analyzer allows the detection of residual gases or even potential leaks.
The temperature of the sample is measured thanks to IRCON infra-red pyrometers placed
outside, behind a sapphire viewport. Their calibrations for accurate temperature control are
detailed in the next section. As already mentioned in Chapter I, the INS scientific interests
are moving toward the characterization of nano-objects grown through the CVD technique.
The chamber has thus been recently equipped with gaze sources of disilane and digermane.

As the Be windows and beamline components (slits and windows) induce background

scattering, several tools have to be placed to suppress this effect. To do so, anti-scattering
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slits (of 0.25, 0.3 and 0.35 mm) are added in UHV just behind the entrance Be window. A
set of horizontal and vertical slits are also placed outside the chamber between the exit Be
windows and the detector (0D or 1D) for the GIXS characterization for the same purpose. In
addition, as the sample is placed vertically and the incident angle is very low, the horizontal
beam size is larger than the projected sample size, a major part of the intensity must be
removed in this direction. The part on the back side is suppressed by the molybdenum
sample holder and the part on the front side is stopped by a tungsten knife-edge.

The 2D charge-couple device (CCD) camera is placed in the direction of the low angles, at
a variable distance from the sample (between 0.5 m and 4 m). To protect it from the incident
and specularly reflected beam, a tungsten beam stop is placed just before the exit windows.
To avoid scattering from the air a He-filled tube is also present between the exit window and
the CCD camera.

GIXS In-situ MBE (up to 6 sources)
X, Detector lon bombardment
Slits Temperature : RT to 1700 K
GISAXS ‘7 Auger electron spectroscopy
@ Residual gases analysis
CCD
Output beryllium

windows

\\

T

% RHEED gun

Anti-scattering

\ .
UHV Load-lock 4 % slits
T. Input slits

/@ Beam-sto
Sample —@ 1—] P T

AN

I
i

!~ RHEED screen

Sample % f Z?
—

i
Load lock system Deposition sources

UHV chamber

Input beryllium
windows

Figure I1.17 — Scheme of the experimental set-up on BM32
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b Temperature control

Based on the Planck relation describing the radiation of a black body! and the Wien

equation’, a fundamental relation in pyrometry can be addressed :

1 1 kX
_1_ s 11.32
. T e n(ex) (T1.32)

where k, h, A and c are the Boltzmann constant, the Planck constant, the speed of light and
the wavelength of the radiation emitted by the object, respectively. €, is the spectral emissivity
and T) the brightness temperature which is measured by the pyrometer. On Figure I1.18(a) we
can see that when the sample is heated at high temperature, its emission is in the orange~red
range. To calibrate the pyrometer for the silicon substrate we need to known its emissivity
in the experimental conditions.

To do so a wire of ultra pure lead has been fixed on the Molyblock, next to the Si sample,
in a way that the shadow of the wire can be seen on the RHEED screen. The sample was
heated very slowly while the temperature was measured. The emissivity was then fixed at a
value for which the pyrometers displayed the melting temperature of ultra pure lead (600 K)
as soon as the lead wire was observed to melt. This typical temperature was chosen to insure
an accurate measure in this range of temperature (around the AuSi eutectic temperature).
The accuracy of the temperature measurement is evaluated to £5 K. However the important
parameter in this study is more the relative temperature (for measuring supercooling for

instance) than the absolute one.

c Substrates preparation

The substrate preparation is an important step as we need to work with very clean
surfaces. The 10x10 mm? Si(111) sample is stuck on the sample holder by the use of a very
thin layer of liquid indium. The sample holder (Molyblock) is made in molybdenum which has
been previously chemically cleaned’ and outgassed on the furnace in the load-lock system.
The ensemble is then placed in the preparation chamber and outgassed at 500 K during 24

hours to remove organics impurities before being transferred into the growth chamber under

i. A black body is an ideal object that would absorb all the electromagnetic radiations without trans-
mitting nor reflecting them. The Planck’s law states that the spectral brightness [} of the black body only
depends on the wavelength A and the temperature as : [}(\,T) = (C1A7%)/(e“2/*T — 1), with C; = 2hc? and
Cg = hc/k

i. The Wien’s law derives from the Planck’s law and stipulates that the wavelength for which the
highest energy radiation is emitted by the black body is inversely proportional to the temperature :
ABmaz = he/4.965kT, with X in meters and T in K.

i. The Molyblock is placed in a bath of trichloroethane with ultrasonic sound and then washed with
acetone, then in ethanol. A chemical etch (in aqua Regia) may also be used to remove possible metallic
contaminants.
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Si sample  Sample holder (Mo)

(a) (b)

Figure II.18 — (a) Picture of the sample stuck on the sample holder and heated for de-oxidation.
(b) Picture of the RHEED screen for a Si(111) surface reconstructed (7x7) : between two Bragg
reflection, six fractional order reflections can be counted.

UHV. The sample is then slowly heated to 1200 K (Figure I11.18(a)) to be deoxidized for about
10 minutes. Upon cooling RHEED characterizations are performed : the diffraction pattern
reveals the formation a well-defined Si(111)-(7x7) surface reconstruction (Figure I1.18(b)),
a typical sign for a clean Si(111) surface [Mark et al., 1977].

The procedure to prepare Si(001) and Ge(111) are quite similar, the purity being control-
led by the presence of a (2x1) surface reconstruction RHEED pattern.

d The diffractometer

The UHV chamber described in the previous section is mounted on a 6-circle diffracto-
meter presenting a “z-axis” geometry with the sample positioned vertically (see Figure 11.19).
This configuration has been chosen to avoid signal extinction due to polarization factors equal
to zero for scattering angles of the order of 90° in the horizontal plane (see section (11.3.3))

The incident angle a; can be set by a rotation of the whole ensemble around the vertical
axis X. The two cradles x; and x, allow rotation of the sample around X and Y (£3°
with 0.001° resolution) to set its surface perpendicularly to the Z axis. The positioning of
the sample in the beam is done via a translation along Z with an accuracy of 10 um. The
detector position in the (X,Y,0) and (0,Y,Z) planes are enable by rotations of d and oy,
respectively. The § angle corresponds to the Bragg angle projection parallel to the surface
and the o angle to its perpendicular projection. A rotation of 360° of the sample around its

surface normal (rotation of w) is allowed by the rotation the whole goniometric head thanks
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Figure II.19 — Schematic representation of the main motions of the INS-Diffractometer. The
different colors refer to different part that can move independently from each other. All the angles
and axes are defined in the text.

to a differentially pumped rotary feedthrough.

11.3.3 Corrections factors

In sections II.1 and II.3, we focused on theoretical aspects of surface diffraction. We dis-
cuss now the factors that are generated by the experimental measurements (coming from the
detector, sample, etc...) and has to be corrected for a quantitative study and/or to compare
different experiments. These corrections depend on the characteristics of the incident radia-
tion, on the diffractometer geometry and even also on the sample used. They are presented
here in the case of a synchrotron radiation provided by a bending magnet and the z-axis

diffractometer geometry presented in the previous section.

a The resolution function

When performing a scan, it is useful to know what is the accuracy of our measurement.
This is done by determining the resolution function which depends on the angular divergence
of the incident beam, the energy resolution (AE/E = Ak/k) and the angular acceptance
of the detector. The in-plane divergence of the beam on BM32 is ~0.13 mrad whereas the
angular acceptance depends on the aperture of the slits used during the experiment. However
the angular acceptance is larger than the in-plane divergence of the beam and results in a

highly asymmetric resolution function presenting a parallelepiped shape tangent to the Ewal-
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d’s sphere (see Figure I1.20). As a consequence, the resolution of a rocking-scan is better than
the one of a radial-scan which is proportionally linked to the aperture of the detection slits.
This is the reason why the collection of the data for a quantitative analysis (see section IV.3.1)

is done by measuring the reconstruction rods through highly resolved rocking-scans.

Ewald sphere

Figure I1.20 — Sketch of the in-plane projection of the Ewald’s sphere construction and the reso-

lution function

b Sample correction

The integrated intensity must also be corrected from a geometrical factor corresponding
to the surface. The illuminated part is called the active surface and can be defined with the
opening of the slits placed before the sample and between the sample and the detector position

(see Figure 11.21). The in-plane illuminated surface area A is given by A = d;d,/ sin(9).

Output
slits

Input

Fo) Sample slits

A .
i Incoming
'{ beam

Active
area

Figure I1.21 — Illuminated area defined by the two sets of slits

i. This is not valid for small values of § for which better corrections must be applied.
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¢ Polarization factor

The polarization factor P is defined by the square cosine of the angle between the direction
of observation and the polarization direction. For synchrotron radiations, the polarization is
almost completely horizontal (95% for bending magnet) and we use a z-axis diffractometer

so that the vertical polarization can be neglected. The horizontal polarization is given by :

P, =1~ (sin a; cos & cos oy + cos oy sinay)’ (11.33)

~ 1 —sin? a; = cos® a; (sinay; ~ 0 and cosa; ~ 1 for grazing incidence)

For in-plane reflections (ay ~ 0), P is almost equals to one so that no polarization

corrections are needed.

d Lorentz factor

The Lorentz factor accounts for the scanning differences that arise in probing reflections
at different positions in the reciprocal space. Scanning a reflection means moving the sample
and the detector so that the reflection crosses the Ewald’s sphere. However, depending on
the reflection, the time for this latter to crosses the Ewald’s sphere changes. To compare
the integrated intensity measured at different locations in the reciprocal space, the measured
intensity must be multiplied by a factor L which represents the integrated volume (as a

function of the diffractometer angles) in the direction of the scan. For a rocking-scan :

1
sin 0 cos a; cos oy

Lrock:ing—scan = (1134)
For more details concerning the Lorentz factor, the reader can refer to [Vlieg, 1997;
Robach et al., 2000]

I1.4 Numerical simulations

In parallel to the experimental results obtained thanks to the combination of the UHV
chamber and the synchrotron light, ab-initio simulations have been performed on the Au-
Si system in the frame of a collaboration. This part of the work has been managed by
Alain Pasturel, Thomas Nogaret and Noel Jakse from the SIMAP-LPMMC laboratory, co-
directed by the Université Joseph-Fourier (UJF) de Grenoble and the Centre National de la

Recherche Scientifique (CNRS). For the ab-initio molecular dynamics simulations, canonical

i. Science et Ingénieurie des M Atériaux et Procédés - Laboratoire de Physique et Modélisation des Milieux
Condensés.
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NVT (constant number, volume, temperature) ensembles were used using the Vienna ab-initio
simulation package |Kresse and Joubert, 1999|. Projected augmented plane waves (PAWs)
with the Perdew-Wang exchange-correlation potentials have been adopted [Wang and Perdew,
1991; Kresse and Furthmullers, 1996; Kresse and Furthmuller, 1996]. The valence state of each
element has been previously defined in the provided PAW potentials. We do not describe here
further technical details concerning the simulation method as the large majority of this work is
experimental. The simulation results are simply displayed in addition to the experimental ones
to discuss the different key points so that technical details are not mandatory to understand

the purpose of this work.

68



Chapter 111

Growth of Au on Si(111)

Contents
IIT.1 GISAXS study for low coverage experiments . . . . .. ... ... 69
II.1.1 Growth at 570 K . . . . . . . .. oo oo 69
III.1.2 Deposit at RT and annealing . . . . ... ... ... ... .. ... 72
III.1.3 Comparison between the two growth modes . . . . . . . . . .. .. 76
II1.2 GIXS study of the interface epitaxial relationships . ... .. .. 77
IT1.2.1 Experimental results . . . . . . . ... ... .. ... ... .. ... 77
I11.2.2 Discussion on growth and dewetting of Au on Si(111). .. ... .. 83

[11.2.3 Atomic configurations of the interface . . . . . ... ... ... .. 84







HI1.1. GISAXS study for low coverage experiments

A important part of this thesis is the study of the interactions between the AuSi liquid
droplets and the substrates to improve our knowledge of the VLS process. However, a key
parameter is to understand in details how these droplets had formed on the substrate. To do
so, we present in this chapter the results concerning the deposition process and the annealing
of the sample to the eutectic temperature. In section I11.1, we focus on the morphological pa-
rameters of the small deposits (~2 ML) using the GISAXS technique whereas in section 111.2
we present the structural information obtained by GIXS measurements for thicker deposits
(~7 ML). A special attention has been paid on the structure of the Au/Si interface and its

evolution with increasing temperature.

III.1 GISAXS study for low coverage experiments

We have performed GISAXS measurements to shed light on the morphologies of gold
islands that form on the Si(111) substrates. The growth of gold nano-islands was achieved

by two different ways :

1. successive Au deposits (1.4 — 2.2 ML) at a constant temperature of 570 K, which is
60 K below T..

2. a single deposit of 2 ML at RT progressively annealed up to 7.

GISAXS probes regions with different electronic density than that of Si substrate. The GI-
SAXS patterns are characterized by two lobes originating from the constructive interferences
between the waves scattered by nearby particles. The width W and the height H of the is-
lands are derived from the width and height of the lobes, respectively (see Figure 11.12). The
inter-island distance D is derived from the distance between the lobes along the direction
parallel to the surface ¢,. A quantitative GISAXS analysis was performed with the [sGISAXS
software [Lazzari, 2002]. The interference function was modeled with the paracrystal theory

making the link between a regular lattice and fully disordered structures.

I11.1.1 Growth at 570 K

Figure I1I.1 shows the successive GISAXS patterns recorded at 570 K for increasing gold
deposit. At 1.4 ML, the presence of assymetrical lobes can be attributed to experimental
issues, however the intensity along ¢, is quite low and is assumed to be due to the creation of
the wetting layer at this coverage. Indeed the image at 2 ML shows a an increase of intensity
along ¢, as well as a change in the lobes shape indicating the formation gold islands.

From GISAXS images, parallel and perpendicular cuts were extracted at positions marked
by the dotted lines on the last picture of Figure III.1 and fitted with the IsGISAXS soft-
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-1 0 1
qy(nm)

Figure II1.1 — Evolution of the GISAXS pattern coming from Au deposit at 570 K with increasing
coverage.

ware |[Lazzari, 2002]. Figure II1.2 displays the two cuts for the deposit thickness of 2 ML. In
the STM study of Rota et al. , gold islands were elaborated under similar conditions (but on
vicinal surface) and were found to be 3D [Rota et al., 2006]. To compare to the experimental
measurements, the chosen model is thus an average island shape being a truncated sphere
on top of a wetting layer. The agreement between the model and the experimental curve is

very good and allows the extraction of the different morphological parameters presented in
Table III.1 for 1.4 ML and 2 ML.

D(nm) | W(nm) | H(nm) | 6(°) | Equ. thick. (nm) | Exp. thick. (nm)
1.4 ML | 5245 | 12.0£1.2 | 2.54+0.2 | 37.4+4 0.30 0.32
2 ML 3243 | 12.5+1.2 | 2.7+£0.3 | 38.7+4 0.45 0.45
2 ML~ 32 9 - - - -

Table III.1 — Average morphological dimensions of Au islands on Si(111) at 570 K for 1.4 and 2
ML. The dimensions D, W and H are obtained from a quantitative GISAXS analysis and represent
the inter-islands distance, width and height of the structures, respectively. The contact angle 6 and
the equivalent thickness (Equ. thick.) are calculated from the morphological dimensions and the
experimental deposited Au thickness (Exp. thick.) is indicated for comparison. * [Rota et al., 2006].

The inter-island distance decreases from 52 nm to 32 nm from 1.4 to 2 ML while the
islands size remains quite the same. This corresponds to the nucleation of new Au particles
on the WL, between the islands that have formed first, as previously observed by STM [Rota
et al., 2006]. The average shape is a truncated sphere with a contact angle in the island of
approximately 38°. Interestingly, the coverage of the surface by the islands can be estimated
from the inter-particle distance and the island width. For example, at 2 ML, the coverage
of the WL by the islands is 13% of the total surface. In addition, the equivalent thickness
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O e e ,
Best fit Best fit
O— Experiment —o— Experiment

™
1

log, () (counts/pixel)

0.2 0.4 oft_sl 0.8 1.0 05 10 . 15 2.0
q, (nm”) q, (nm”)
@ (b)

Figure II1.2 — GISAXS cut extracted along the dotted lines in Figure III.1 for the 2 ML deposit
(a) parallel to the surface at ¢.— 0.85 nm~' and (b) perpendicular to the surface at the position
of maximum intensity, 4. e. at g,= 0.15 nm~! for 2 ML at 570 K. The black (open circles) lines
correspond to the experimental data and the red (no symbols) line to the best fit with the IsGISAXS
software. The intensity is represented on a logarithmic scale.

of the islands can be deduced from the morphological dimensions obtained by GISAXS. The
total thickness of the islands plus the 1 ML WL well agrees with the experimental deposited
thickness (Table III.1). Moreover, the morphological dimensions can be compared with those
obtained by STM, when available |Rota et al., 2006]. At 2 ML, there is a very good agreement
for the inter-island distance and the islands widths obtained by STM and by GISAXS are
similar by taking into account the error bars.

Despite the lack of quantitative information for lower coverage (between 0 and 1 ML), the
growth of gold on Si(111) thus seems to follow a Stranski-Krastanow mode at relatively high
temperature (570 K), consisting in first the growth of a 1 ML-thick Au wetting layer and
then in islands nucleation on top of it by agglomeration of the following deposited atoms. For
2 ML the islands are 2.5 nm=0.2 nm high, 12 nm=+1 nm wide and separated by 32 nm=+2 nm
(see Figure II1.3).

a
v

e 12nm

Figure III.3 — Illustration of the gold islands morphology at 570 K for a 2 ML deposit.

We now focus on the annealing of a 2 ML deposit performed at RT to compare with the

results obtained in the case described above.
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IT1.1.2 Deposit at RT and annealing
a Morphological evolution with annealing

GISAXS images were recorded during the annealing of the deposit. Figure I11.4 displays
them at 480 K, 560 K, 600 K and 630 K to qualitatively illustrate the dewetting process.
Below 480 K, no measurement of the exact temperature is available' and the GISAXS images
from RT to 480 K do not present any difference unless a slight decrease of the intensity along
¢. which may indicate that the thin deposited film has already started to dewet. Above
480 K, the continuous shrinkage of the intensity along ¢, reflects the increasing height of the
Au particles. In this experiment, parallel and perpendicular cuts were extracted and fitted
from 480 K to 630 K (every 10 K) with the forming islands still modeled by truncated spheres.

ay (nm-)

Figure II1.4 — Evolution of the GISAXS pattern of a 2 ML-thick Au deposit on Si(111) performed
at RT, for increasing temperatures between 480 K and 630 K.

Figure I11.5(a) shows that, from 540 K to 630 K, the inter-island distance linearly increases
from 25 to 50 nm, indicating either the coalescence of the islands or the agglomeration of
atoms from a potential residual thin film leaving wider area in between. The island width
first increases, before being approximately constant from 490 K to 630 K while their height
increases from 3.7 nm to 6.2 nm (Figure II1.5(b)). The contact angle increases from 53° to
73° (Figure I11.5(c)) . At T, the melting of the system leaves droplets presenting an average
separation of ~48 nm, a width of ~17 nm, a height of ~6 nm, a contact angle in the liquid
phase of ~73°.

The dewetting process thus implies that the parameters W, H and 6 increase with tem-
perature. Moreover, a closer look to the slope of the curves in Figure II1.5(a), (b) (and (c))
reveals that this increase can schematically be seen as a two regimes process. Indeed, be-

low 560~570 K, the variation of each parameter is very small, almost constant, whereas the

i. The lowest accessible temperature of the pyrometers being about 470 K.
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slope becomes steeper above this temperature. In other words the deweeting process is en-
hanced above 560 K. This assumption is further supported by GIXS measurements during
the annealing of 7 ML (see section 111.2.1) and will be discussed in section II1.2.2.
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Figure IIL.5 — Morphological parameters deduced from the fits of GISAXS data for increasing
annealing temperatures, from 540 K to 630 K of a 2 ML-thick Au deposit. (a) the inter-island
distance, the dashed-red line is a linear fit illustrating the coalescence process (b) the width (red/open
circles) and height (black/squares) of the islands and (c) the aspect ratio as a function of the
temperature. (d) Calculated equivalent thickness for each fit in comparison with the experimental one
(dashed-blue line). The vertical green-dashed line marks the supposed critical temperature separating
the two dewetting regimes (see text). The arrows are guides to the eyes showing the abrupt change
of the slope.

b Estimation of the interface energy at 7,

In Chapter I, we have seen that the Young’s equation describes the relationship between
the contact angle and the different surface energies, which are key parameters to model the
epitaxial growth of NWs by the VLS process (see section 1.3.4). For micrometer-sized droplets,
the contact angle is approximately 43° [Ressel et al., 2003], while in the present study, the
contact angle is 73° for a droplet width of 17 nm at 7T,. It therefore confirms that the contact
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angle is inversely proportional to the cluster size |Li, 1996]. Hence, the contact angle of a
nanometer-sized droplet measured here can be used for an accurate determination of the
interface tension leading to a proper model of epitaxial NW growth.

Using the same surface energy values as in Chapter I, 4. e. Vsoi—vep = 1.25 Jm=? and
Viig—vap = 0.85 J.m™2, yields the liquid-solid interface tension of 1.0 J.m~2 for a contact
angle of 73° at T.. As expected, this value is larger than that of 0.62 J.m~? obtained for a
micrometer-sized droplet [Schmidt et al., 2010].

¢ Discussion on the calculated equivalent thickness

The equivalent thickness of the particles varies with the annealing temperature. It in-
creases above 560 K and is even larger than the experimental Au thickness between 570 K
and 620 K (Figure I11.5(d)). We suggest that this variation could be linked to an Au-silicide
on the surface of the islands.

Indeed, surface enrichment in Si may be driven by the lower surface energy of Si re-
lative to Au. The Au-silicide formation in similar experiments faced an intense debate in
literature [Yeh et al., 1993|. Calliari et al. applied spatially resolved Auger line shape ana-
lysis to 30 ML Au/Si(111) annealed up to 770 K and concluded to an intermixed Si-Au
skin on top of the islands [Calliari et al., 1984]. Ressel et al. studied microscopic liquid
droplets of the Au/Si(111) system with photoemission spectroscopy and showed that the
surface of the liquid Au-Si droplets is enriched with Si [Ressel et al., 2000]. X-ray photoe-
mission spectroscopy (XPS) supports the idea that for small deposit of Au,i. e. below 2 ML,
an Au-Si alloy film is formed at room temperature (RT). Subsequent deposition leads to
the nucleation of gold below the alloy with an abrupt Au/Si(111) interface [Yeh et al., 1993;
Hoshino et al., 2008]. This observation is supported by our GIXS experiment presented in the
next section (section I11.2), which highlights preferred epitaxial orientations of the Au(111)
crystal plane with respect to Si(111) and thus claims for the presence of a sharp interface. In
addition, above T,, X-ray diffraction revealed similar 2D crystalline gold silicide as presented
in Chapter I, floating below the surface of the liquid eutectic Aug;Siig alloy with a Si atomic
composition of approximately 70 at.% in the topmost surface layer [Shpyrko et al., 2006;
Mechler et al., 2010].

During the GISAXS experiment presented here, some GIXD measurements were also
performed. In particular, radial-scans at 300 K during the deposition (see Figure I11.6). For
0.6 ML, the scan displays no clear diffraction signal from Au but the Si(111)-(7x7) recons-
truction peaks are recorded. This may arise because in the sub-monolayer range, the gold
atoms occupy some special sites of the Si reconstruction which conserves its structure [Wu
et al., 2010]. For 2 ML, the substrate reconstruction peaks vanish and the Au(111) peak
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Figure II1.6 — Radial-scans along the Si[121] azimuth for 0.6 ML and 2 ML Au deposits at 300 K.
The peaks marked with a circle are Si-(7x7) reconstruction peaks, the ones marked with # are
unassigned peaks.

emerges. Interestingly, we observe the appearance of three unassigned peaks (marked with
#) : two peaks sitting at the (7x7) positions (at 2.15 and 3.25 A=!) but that are not suppo-
sed to be reconstruction peaks®, as well as a less intense one at 2.53 A~!. These peaks might
indicate the formation of a AuSi crystalline compound (see section V.2 and VI.1). Indeed,
in his PhD thesis, Agnus G. studied the self-organized growth of Au on Si(111) |[Agnus,
2007]. One of his interesting results concerns TEM pictures of some islands displaying atomic
plane spacing that do not correspond to any inter-planar distance in fcc gold. The author
explains this by the formation of islands composed of gold-silicides. Table II1.2 has been
taken from [Agnus, 2007| and lists some gold-silicide compounds reported in literature and
supposed to be metastable. The diversity of these structures is however not very helpful as
many inter-planar distances, from several compounds could be at the origin of the unassigned
peaks. For example, the best inter-planar distances corresponding to the # peaks at 2.18,
2.53 and 3.22 A, are the Aug 77Sip23(311), the AuzSi(400) and the AuySi(800), respectively.

In addition, GIXD in-plane and out-of-plane measurements were carried out at 620 K and
yield an average width and height of 15 nm and 4 nm respectively. These values correspond
to the largest crystallites in the islands. The corresponding GISAXS measurements yield
an average width and height of 17.841.8 nm and 6.7£0.7 nm respectively. These values

correspond to the whole island whatever its crystalline state. The comparison between the

i. Their shape are different than typical reconstruction peaks.
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’ Compound ‘ Symmetry ‘ Lattice parameters in A ‘
Au0.77Sig,23 Tetragonal a=9.6

AusSiy Hexagonal a=9.38; c=15.46
AusSi Tetragonal a=6.75

Au,Si Tetragonal a=19.50

Au,Si Tetragonal a—7.84

AusSi Orthorhombic | a=7.82; b=5.55; ¢=11.16
AuySi Tetragonal a=>5.55

Table II1.2 — Crystal structure of some gold-silicide compounds, from [Agnus, 2007] and references
therein.

two values claims for the major part of the islands being a single-crystal. The difference
might arise from the formation of the AuSi shell at the surface of the islands resulting from
the agglomeration of the atoms that compose the Au-silicide thin film that can potentially
forms at RT. The difference of sizes obtained by GISAXS and GIXD yields the maximum
thickness of the AuSi shell i.e. approximately 2 nm. A combined XPS and medium energy
ion scattering study estimated a thickness of 3-4 ML, i.e. approximately 1 nm, at the surface
for a nominal 2 ML coverage at RT |Hoshino et al., 2008|. Finally, the upper limit of 2 nm

at 620 K is of the same order as the estimation of 1 nm at RT.

I11.1.3 Comparison between the two growth modes

D (nm) | W (nm) | H (nm) | 6 (°)
Growth 3243 125+1.2 | 2.7+£0.3 | 38.7+4
Dewetting 31+3 16.14+1.6 | 4.14+0.4 | b4.54+4

Table III.3 — Morphological characteristics of the 2 ML Au/Si(111) at 570 K obtained either by
successive deposits at constant temperature (growth) or by a deposit followed by successive thermal
annealing (dewetting).

In the first Au/Si(111) series, the growth is made up to 2 ML at 570 K. In the second
series, the dewetting of the 2 ML deposit is performed at increasing temperatures with one
characterization step at 570 K. In both cases, the islands are truncated spheres. Remarkably,
in spite of different elaboration methods, the inter-island distance of both samples is the same
(Table II1.3). This is thus a stable configuration, which minimizes the energy of the system.
However, the island size obtained by dewetting is larger than that obtained by growth. During
the dewetting, Si atoms may agglomerate in the islands and get alloyed with Au atoms. The
difference in sizes between both processes is likely to be attributed to the minimum thickness
of the AuSi shell, approximately 1 nm at 570 K. Moreover, the contact angle is larger in case

of dewetting. A higher contact angle in the case of dewetting may arise because this process
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tends to reduce the surface-to-volume ratio and therefore leads to more round-shaped islands.

II1.2 GIXS study of the interface epitaxial relationships

In the previous section, the GISAXS study aimed at getting some morphological infor-
mation on the shape of the particles during the growth/annealing of Au on Si(111). In this
section, we focus on how thicker gold films and/or islands are related to the substrate from
an atomistic point of view. In other words, GIXS experiments here make possible the study

of the interface structure between the two solids.

I11.2.1 Experimental results
a Deposition at room temperature

A first step consists in characterizing the system after the gold deposit at RT. To do so
a radial-scan is performed along the Si[110] azimuth just after a deposit of 7 ML of gold
(Figure I11.7(a)). As expected it displays the two Bragg peaks of the silicon single crystal
found in this direction. In addition, all the allowed Bragg peaks of gold are recorded, which
indicates that the deposited thin film is a polycrystal. Along this direction, these peaks
can be gathered into three families corresponding to three types of interface orientation
perpendicular to the surface :

— Au(111)]|Si(111) (type A in red),

— Au(110)]|Si(111) (type B in green),

— and Au(001)||Si(111) (type C in blue).

Si(220) 1(111)
1(110)
1.(001)

(220)

Si(440)

Intensity (arb. u.)
Intensity (arb. u.)

QA%
(a)

Figure II1.7 — (a) Radial-scan along the [110] azimuth performed at RT after a deposit of 7 ML,
(b) Radial-scan along the [110] azimuth performed at RT after deposits of 2, 5, 7 and 20 ML.
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Obviously, some of them can belong to more than one type but it is impossible to distin-
guish between two types for a single peak. Here, we take the Au(220), Au(111) and Au(200)
peaks as signature of types A, B and C, respectively. We can also notice that the film is very
textured, the Au(220) peak being by far the most intense. In Figure I11.7(b) is plotted the
same radial-scan as in the Figure I11.7(a) but for different deposited amount : 2, 5, 7 and
20 ML. What is important here is to observe the evolution of the three out-of-plane epitaxial
relationships with the deposit. For 2 and 5 ML, only the Au(220) peak is present which
means that the gold crystallites present the A type epitaxy only. For 7 ML, the Au(111)
and the Au(200) peaks show up (i.e B and C types appear) but the Au(220) peak is still
the most intense (i. e. epitaxy A is preponderant). For higher coverage (20 ML) the three
modes coexist with still a majority of the gold structures in A-type epitaxy. This shows that
the out-of-plane epitaxy type depends on the coverage but with a dominant type A. The
critical coverage at which epitaxies B and C appear could not be determined accurately as
they were observed sometimes even at 5 ML. It is also important to note here that a Si-(7x7)
reconstruction peak is still recorded for samples onto which 2 and 5 ML were deposited. This
behavior can have different origins : either the surface is not completely covered by the gold
film, or the gold atoms sit on peculiar (7x7) reconstruction sites which preserve the positions

of the silicon atoms in the first layer of the substrate [Wu et al., 2010].

b Evolution upon heating

It is now interesting to have a look on how the epitaxial relationships evolves if we heat

the sample.
Si(7x7) —s— si[10], 620 K ‘Si(ZEO) (220)
— 1ot —e—sitaue0k )\ |
3 I ?
s v 8
3 W ")
> 2
g (111)  (200) %
= il " =
5ML
T T T T T 2.5 3.0 3.5 4.0
25 3.0 1,3.5 4.0 4.5 -
QA% Q (A%
(a) (b)

Figure IT1.8 — (a) Radial-scans along the [110] azimuth for a 2 ML and a 5 ML deposit at RT and
600 K,(b) Radial-scans along the [110] and [121] azimuths for a 5 ML deposit at 620 K. A radial-scan
performed at 630 K displaying a liquid structure signal is also plotted.
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On the radial-scans plotted in Figure I11.8(a) for 2 (top) and 5 ML (down) at 300 K, only
the A epitaxy is clearly identified. The corresponding radial-scans at 600 K (36 K below the
Au-Si eutectic point) show that, in both cases, the Au(111) and the Au(220) peaks intensity
increase and that for 5 ML, the Au(200) peak appears. Annealing of the samples thus induces
a better crystallinity and a modification of the epitaxial relationship. It is also interesting
to compare the difference between two scans performed along different Si azimuths. This
is done in Figure II1.8(b) which compares, for 5 ML, the scans along the Si[110] and the
Si[121] directions. The intensities of the peaks vary largely with the azimuth, revealing an
in-plane texture of the grains. Indeed untextured polycristalline gold composed of randomly
orientated grains would lead to a constant intensity along the Debye-Scherrer rings (i.e with

a rotation of the sample around its surface normal).

The suspected specific in-plane orientations for the different out-of-plane epitaxies can
be found and highlighted with a reciprocal space map such as that recorded at 620 K and
plotted in Figure I11.9(a). It has been recorded just before melting, by recording the intensity
in a sector located between the Si[110] and Si[121] axes. The Si(220) Bragg peak is clearly
visible, together with Debye-Scherrer rings of the polycrystalline gold (Au(111), Au(200) and
Au(220)). The intensity of the Au(220) ring presents maxima for different in-plane direc-
tions revealing a texture with additional favorable in-plane orientations with respect to the
ones observed by comparing the two Si azimuths in Figure II1.8(b). This indicates that for
the dominant A type epitaxy (Au(111)||Si(111)), different in-plane orientation relationships
(ORs) can be found. As far as the two other rings are concerned, corresponding to the other

out-of-plane epitaxies (B and C), the map also reveals intensity variations with w. However,

l-scan Si[111]
Si[121] ) 4 Q
Au(3T1) ‘
v OR2 -
| |
| |
n
—» OR3 .
' - Au(111)
| - N P Au(200)
+ Si[110]=OR1 AuR20) N Si(220)

Si(220)

Si [1IO] radialse a: _b rockingscan
QII
(a) (b)

Figure II1.9 — (a) In-plane Reciprocal Space Map covering 30° of the reciprocal space (red : high
intensity, blue : low intensity, yellow : intermediate) at 620 K. The white ring corresponds to a loss
of the synchrotron beam during the acquisition time. (b) Scheme of the measurements performed in
reciprocal space around the Au(220) peak.
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the in-plane orientation relationships for type B and C were observed only few times, with
no clear reproducible trend from one experiment to another. As it appears that the strongly
dominant out-of-plane epitaxy is by far of type A, we thus focus on the A epitaxy as the
measurements revealed a systematic behavior of the evolution of its in-plane OR with tem-
perature. By measuring the Au(220) ring in several ways (see Figure II1.9(b)) for different
temperatures upon annealing, it has been possible to follow several parameters such as the

solid dewetting or the in-plane orientation changes.

Gold thermal expansion

Figure I11.10(a) shows the radial evolution of the Au(220) peak with temperature. At
300 K, the peak is at Q| = 4.36 A=1 in reciprocal space, which is equivalent to a (220)
d-spacing of its theoretical position calculated by Q = (27v/h2 + k2 + 12)/a?%,, with ay, the
lattice parameter of gold at 300 K (4.079 A) and (h,k,) the Miller’s indexes ((2,2,0) in
this case). The corresponding Au crystals are thus not strained. Upon heating, the peak
shifts from 4.36 A~! to 4.33 A1 at 620 K illustrating the expansion of gold with increasing
temperature. A value of ay, = 15.107% K~! is deduced for the linear thermal expansion
coefficient of gold, in very good agreement with literature [Nix and MacNair, 1941]. The
Au peak also narrows and increases in intensity with increasing temperatures, reflecting the

growth of the crystallites thanks to higher atomic mobility.

Following the dewetting
l-scans (along @) at the @ value of the Au(220) peak are reported in Figure II1.10(b).
A peak around Q, = 2.5 A~! is found, corresponding to the Au(311) Bragg position, which
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Figure IT1.10 — (a) Radial-scans on the Au(220) peak along the Si[110] direction at 300 K, 520 K,
580 K and 620 K, the shift of the peak shows the expansion of gold with annealing. (b) l-scans (along
Q. ) crossing the Au(311) Bragg peak at 300 K, 470 K, 550 K and 620 K
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11.2. GIXS study of the interface epitazial relationships

confirms that the Au(111) planes are parallel to the Si(111) planes. At 300 K, the peak width
(FWHM=0.37 A=) and the oscillation period correspond to a film thickness of 16.8 A (~7
ML) with a low roughness. At increasing temperatures, the oscillations disappear and the
Au(311) peak becomes narrower, reflecting that the film first roughens before the dewetting
process takes place : the film turns into islands. At 620 K the FWHM of the peak is 0.09 A~
which corresponds to an average island’s height of about 70 A.

Evolution of the in-plane epitaxial relationships

The rocking-scans on the Au(220) Debye-Scherrer ring provide information on the in-plane
crystallographic orientation of the grains composing the gold film and/or the gold islands.
As shown in Figure I11.11, at 300 K the scan displays a large and broad peak centered on
the Si[110] direction and two narrow satellites peaks (which are equivalent because of six-
fold symmetry) at +19.1° corresponding to the Si[231] in-plane direction. This reveals two

preferred in-plane orientations of the gold structures with respect to the substrate at 300 K.

The first orientation relationship (OR1) related to the central peak is [110]Au(111)|[[110]Si(111)
and corresponds to identical orientation of the Au crystals and the Si substrate. The second
orientation relationship (OR2), rotated in the plane by 19.1°, is [231]Au(111)|[110]Si(111),
for which the [231] rows of Au are parallel to the Si[110] axis. At 300 K, a majority of the
grains (~92%) are in OR1 configuration as deduced from the integrated intensity. ORI is
thus the preferred orientation.

After annealing the sample at 620 K and dewetting of the film into islands (still solid),

a new peak shows up at £11.9° (Figure II1.11) attesting the emergence of a third epitaxial

OR2 —8— 300 K —8— 620 K
- 300 K after melting

and solidification

(N

5 Intensity (cps) 5

w

-20 -15 -10 -5 0 5 10 15 20
M (deg)
Figure II1.11 — Rocking-scans on the Au(220) ring at 300 K, 620 K and again at 300 K after

melting and subsequent cooling. The peaks correspond to the directional relationships in the plane
between the gold and the silicon substrate
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Chapter III.  Growth of Au on Si(111)

orientation (called OR3) of gold islands with the silicon substrate. This epitaxial orientation
could be either the [792]Au(111)||[110]Si(111) relationship already reported by Chen et al.
[Chen and Chen, 1996] which would yield a peak at 12.21° or the [451]Au(111)||[110]Si(111)
which would yield a peak at 10.89°. We will see later that the latter is the correct one, and
that it should be re-written [121]Au(111)]|[231]Si(111). We can also notice that at 620 K,
the central peak is narrower and less intense than the 19.1° one. From the integrated peak
intensity, we deduce that half of the islands now adopt the OR2 configuration. Hence, the
dewetting process taking place from RT to 620 K is accompanied by a change in the epitaxial

relationships from OR1 to OR2, as represented in Figure T11.12.

Si[111] Polycrystalline, textured: 620 K Dewetting + in-plane rotation:
1300k OR1 predominant three different ORs
~1.5nm§ Top view Top view
Side view, Side view

Figure III.12 — Illustration summarizing the evolution of the system : the deposit of 7 ML at
300 K forms a thin film with a “cube on cube” epitaxy. Heating induces a dewetting and the islands
appears with a change in epitaxial relationship.

It is interesting to note here, that in the case of a 2 ML deposit, the OR1 was found
to be the dominant in-plane orientation, even after annealing at 620 K. This is shown in
Figure II1.13 which displays a more intense peak for the OR1 for the two temperatures. As a
smaller amount of deposited material logically leads to smaller islands with the dewetting (see
section I11.1.2), a possible link between the size of the islands and the in-plane orientations
can not be excluded. The potential connection between the two as well as with the crystalline

structure is discussed at the end of this chapter (see section II1.2.2.d)

OR1 —&— 500 K

Intensity (cps)

Figure IT1.13 — Rocking-scans on the Au(220) ring at 500 K, 580 K, for a 2 ML deposit.
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11.2. GIXS study of the interface epitazial relationships

IT1.2.2 Discussion on growth and dewetting of Au on Si(111)

The I-scan plotted in Figure I11.10(b) shows that the 7 ML deposit of gold at RT consists
in a flat film which turns into islands with increasing temperature. The dewetting process is
driven by the minimization of the surface-to-volume ratio and is a diffusion limited process
(see Chapter I, section 1.3.3). As a consequence, the atomic mobility offered by the annealing
allows the system to reduce its surface area through agglomeration of the atoms [Jiran and
Thompson, 1992].

In the case of Au growth on Si(111), as the surface energy of gold (v4,=1.5 J.m~?) [Ty-
son and Miller, 1977] is higher than the Si(111) plane energy (ys;=1.2 J.m~2) [Tanaka et al.,
2006|, a VW growth mode is expected |[Bauer and Poppa, 1972]. However, the growth of Au
on Si(111) substrates is known to follow a SK mode (1ML-high wetting layer -+ 3D growth)
at relatively high temperature (above 500 K) [Bauer and Poppa, 1972; Swiech et al., 1991;
Hibino and Watanabe, 2005; Fuchigami and Ichimiya, 1996] but also sometimes at RT [Kira-
kosian et al., 2001]. A quasi-Frank-van der Merwe (FM) growth mode (layer by layer growth
on several disordered layers) has also been reported for deposits performed at low tempe-
rature (100 K) [Jalochowski and Bauer, 1988] and 3D or 2D growth has been observed at
RT depending on the substrate quality [Katzel and Meinel, 1989]. Tt is also known that Au
grows in a layer by layer mode at RT on the low density plane Si(001) [Kim et al., 1996]. The
different observed growth modes in this peculiar system may arise because of the relatively
close values of the surface energies as well as the uncertainty that seems to exist on the vy,
value (see Chapter I, section 1.3.4).

The interface energy between the substrate and the growing film depends on the inter-
action energy between the two crystals. Following Lojkowski et al. [Lojkowski and Fecht,

2000], the interface energy (7;) between gold and silicon is given by :

Y = Ysi T YAu — Vadh; (I1L.1)

where 7,45, is the adhesion energy. Therefore, the most stable interface (small ;) corresponds
to small yg; and 74, values and large .4, ones. For Si, the (111) plane has the lowest surface
energy as it is the densest, which explains, for example, that Si nanowires naturally grow
along this direction. For fcc metals such as gold, the low energy surfaces are closely packed
planes, with va,111) < Yau001) < YAu(011) [Vitos et al., 1998]. It therefore explains why the
Au(111)||Si(111) epitaxy (type A), which is energetically favoured, is the prominent epitaxy.

In addition to surface energies of Au and Si, two other parameters can influence the
growth mode : the lattice misfit as well as the interfacial bonding. In some ways, they are

related tO Yaan @ Vaan increases (i.e. vy decreases) when the interfacial bonding is stronger
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than the bonding in the deposit itself and when the misfit between the two materials is low
(see next section).

For a 2 ML deposit at RT, Figure I11.8(a)(A) and IIL.7(b) display gold peaks of very low
and broad intensity reminding more an amorphous signature. However they can also be due
to very small crystal grains. These measurements claim for a gold film with poor crystallite
quality into which Au-Si bonds may be preferred to Au-Au bonds, thus lowering ~;. This
observation agrees well with the process proposed by Yeh et al. as well as Hoshino et al. who
measured that for small deposits of Au (below 2~3 ML), an Au-Si alloy film can form at
RT [Yeh et al., 1993; Hoshino et al., 2008]. For subsequent deposition, their studies pointed
out that the nucleation of the gold film occurs below the alloy with an abrupt Au/Si(111)
interface. The appearance of the Au(220) peaks for 5 ML (Figure II1.7(b)) and the presence
of potential crystalline Au-Si phases in the experiments performed with 2 ML (section I11.1.2)
support this idea.

When annealing at increasing temperatures, atomic diffusion increases and the dewetting
process, which is assumed to start at the grain boundaries of the film [Jiran and Thompson,
1992, takes place (Figures I11.10(b)). The increase withe temperature of the gold Bragg
peaks intensity in Figure II1.8(a) reveals the changes that take place in chemical bondings
to form Au-Au instead of Au-Si bonds. The dewetting, which occurs in the solid state, leads
to crystalline islands distributed on a wetting layer [Hannon et al., 2006]. Remarkably, the
disappearance of the oscillations at 580 K in the [-scan clearly underlines the destruction
of the film at this temperature. This agrees very well with the assumption that 570 K is a

critical temperature above which the dewetting process is enhanced.

In addition to the morphological aspects described previously (section 111.1.2), we have
shown that the dewetting process is accompanied by changes in the in-plane epitaxial rela-
tionships between the emerging islands and the Si substrate. To explain this behaviour, the
next section (section II1.2.3) focuses on the atomic description of the process that arises at

the interface.

IT1.2.3 Atomic configurations of the interface
a Coincidence Site Lattice theory

Let us simply assume that the adhesion energy is linearly linked with the bonding energy
Fausi between Si and Au atoms “in position of good matching” as follows [Lojkowski and

Fecht, 2000] :

EAuSi
Yadh = N~Ga73 (II1.2)
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Where () is the average atomic volume and 7 represents the fraction of perfect bonds and
can thus be seen as the degree of good matching between the two planes. Equation II1.2
means that the better the matching, the higher 7,45, the lower the interface energy (equation
(ITL.1)).

This statement has to be linked to a common geometrical criterion proposed by Bollman et
al. [Bollmann and Nissen, 1968]. The criterion, called “coincidence site lattice” (CSL), consists
in bringing the two different lattices into partial self coincidence. The common lattice sites
form the nodes (the “O-points”) of a super-lattice. The preferred orientation relationship
(OR) corresponds to the maximum density of approximate CSL nodes (“0” lattice nodes),
i.e to a large 7 in equation (I11.2) and therefore to a low interface energy. However, despite
many experimental studies on surface/interface and other theoretical models[Dahmen, 1982;
Kato, 1989; Ikuhara and Pirouz, 1996], to date, no simple criterion exists to predict epitaxial
configuration. However, Kato et al.[Kato, 1989] concluded that the OR chosen by a system is
more dictated by the lowering of the elastic strain. Tkuhara et al.|Tkuhara and Pirouz, 1996]
proposed a clever geometrical method, similar to Bollmann, to describe epitaxial relationship :
by calculating the overlap of the reciprocal lattice points (represented by spheres) of both
crystals : the configuration that maximizes the overlapped volume gives the most expected

orientation relationship.

b Evolution of the mismatch with T

As the interface between Au and Si(111) is known to be sharp (i.e without intermixing)[Yeh
et al., 1993; Hoshino et al., 2008; Chen and Chen, 1996] at least well below the eutectic tem-
perature, let us focus on the way the Au(111) plane is related to the substrate for the three
epitaxial OR in terms of atomic matching in real space and apply Bollmann’s criterion. The
lattice parameters of the two crystals (ag; = 5.431 A and a4, = 4.079 A, at 300 K) differ
largely resulting in a large misfit given by : ¢ = |aa, — as;| /as; = 0.25 and hence in a poor
atomic matching. The three epitaxial configurations revealed by X-ray are represented in
real space in Figure I11.14 by superposing the Au(111) plane (yellow atoms) with the Si(111)
plane (black atoms) at 300 K. Figure I11.14(a) corresponds to the OR1 configuration in which
the [110] rows of the two crystals are parallel. In this configuration, each fourth atom of the
Au[110] row coincides with the third atom of the Si[110] one. It reveals an hexagonal CSL
(highlighted in red/dashed) of periodicity L;(11.52 A). The rotations by 19.1° and 10.9° of
the Au(111) planes around the [111] axis bringing the system into OR2 and OR3 configura-
tions are represented in Figure I11.14(b) and III.14(c), respectively. The OR2 configuration
leads to a CSL of periodicity Ly(7.68A) : the first atom of the Au[231] row falling in good
coincidence on the second of the Si[110] row. The CSL periodicity of the OR3 is L3(10A), the
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Figure II1.14 — Plane view of the interface represented by the superposition of the Au(111) plane
above the Si(111) plane, the lattice parameters values are taken at 300 K. The Au(111) plane is
rotated around the Si[111] axis by (a) 0°(OR1), (b) 19.1°(OR2) (c) and 10.9°(OR3). The atoms
marked with a black cross are in perfect coincidence. For each case, the Coincidence Site Lattice is
plotted in red (dashed) and the periodicity (L) is indicated. It reveals that : Ly < L < Ly.

coincidence being almost achieved for the second atom of the Au[121] row with the first of the
Si[231] row. Note that the third epitaxy is identical to that already reported by Chen et al.
written [792]Au(111)]/[110]Si(111). Our notation [121]Au(111)]|[231]Si(111) emphasizes the
parallel rows of the two crystal along which the coincidence sites are found.

Therefore, according to the “0” lattice criterion of Bollmann and the related interface
energy, the OR2 should be favoured with respect to the OR3, itself more favorable than the
ORIl (Ly < L3 < Ly). Experimentally, if OR2 is indeed the preferred orientation relationship
at 620 K, this is not the case at RT, where the OR1 is more favourable. Hence, the “0” lattice
theory has to be refined by taking the OR mismatch into account. Indeed, to understand this
effect, one must take a closer look to what extent the “good matching” really is and how it
evolves with temperature. The mismatch of the OR [hklJAu(111)[|[A'K'I']Si(111) represents
the relative error between the theoretical perfect coincidence point and the real places where

the gold atoms are located. It can be expressed as :

y ‘Z X d gufpk) — J X dSi[h’k’l’}|
ORx — .
(J % dsippii)

Jz € (1,2,3) (IT1.3)

where daypry and dgipiy) are the distances between two atoms in the gold [hkl] and

silicon [W/E'l'] rows, respectively (for example dg;110) =3.84 A at 300 K). 7 is the i’ atom of
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Figure III.15 — Temperature dependence of the mismatch value x for the three orientation rela-
tionships. The ratio m/n is given in the caption next to the concerned epitaxy.

the considered gold row that almost matches the j** atom of the Si row.

In this range of temperature, the thermal expansion coefficients of the two materials
can be considered as constant but have very different values : a4,—14.5x107% K1 and
g —2.6x107% K~1. As a consequence, gold expands much more than silicon and the mis-
match values are modified upon heating (see Figure II1.15). At 300 K, xor1 = 0.13% and
Xorz = 0.63%, the shortest periodicity is thus offered by the OR2 relationship but the best
matching is achieved by the OR1 one. As far as the OR3 is concerned, its mismatch value
is so high (yors = 1.7%) that no grain presents this epitaxial orientation. With increasing
temperature xogro decreases (as well as xor3) and xog: increases, a crossover is found around

500 K. At 620 K : xor1 = 0.53% and yore = 0.23%, the OR2 configuration is therefore pre-

OR1 OR2
Au[110] Il Si[110] Au[231] Il Si[110]

AOR1 = 0.12% XOR2 = 0.63%

© erennne

RT O'""'"

620 K o........

(;) o Y

XOR1=0.53 %

XOR2 = 0.23%

Figure I11.16 — Scheme summarizing the mismatch difference between RT and 620 K for the OR1
and the OR2. The origin and the first coincidence site are represented along the parallel Au and

Si rows recalled above. At RT the smallest mismatch is provided by OR1 whereas OR2 is more
favourable at higher temperatures.
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ferred to the OR1 and the OR3 emerges because its mismatch value is reduced.
Here, the experimental measurements clearly underline that the prevailing criterion for
the Au/Si(111) interface in this experiment is the “matching quality”,i. e. the minimization

of the mismatch, as recapitulated in Figure II1.16.

¢ Energetic information provided by simulations

The three ORs were also studied by ab-initio calculations. The simulation cells are consti-
tuted of a 10 A vacuum layer and a 4 layers Au slab on top of 6 Si(111) bilayers whose bottom
layer dangling bonds are hydrogenated by H atoms. The calculated Au and Si equilibrium
lattice parameters provided by the simulations are 4.137 and 5.463 A. As a consequence,
OR1, OR2 and OR3 have lattice mismatch of +1.0%, +0.2% and -0.8% compared to the Si
substrate, and the Au layers are strained because of the simulation cell periodicity.

The calculation of the formation energies £y is obtained by :

By = [Eor — (nsitsi — Nawtbau — i) [Asurs — Esi—n

where E, is the total energy of the system, n and p represent the numbers of atoms and
the atomic cohesion energies of Si, Au and H. Ay, s is the unit cell surface and Eg,_p is the
hydrogenated Si surface energy.

The three ORs have formation energies around 0.9 J.m™2. As the relaxed Si(1x1) and
Si(111)-(7x7) DAS surface energies are 1.573 and 1.219 J.m ™2, the Au deposition decreases
the surface energy of the system, which is in agreement with the experimentally observed
good Au wettability. In Table II1.4 are gathered the formation energies of the three ORs
with OR2 presenting the lowest one. It thus confirms the arguments of lower coincidence site
lattice and mismatch we proposed. However these rules do not work for the relative formation
energies between OR1 and OR3. This vision is thus a good starting guide to search for good
OR, but it is at the moment too simple for accurate quantifications. The reason might be
that all the AuSi bonds, not only the AuSi with perfect site coincidence, need to be taken

into account to study in detail the relative stability of the various ORs.

OR | Formation energy (J.m™?%)
OR1 0.886
OR2 0.857
OR3 0.908

Table II1.4 — Formation energies obtained by ab-initio calculations for the different ORs.
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d Discussion on size-dependent atomic structure.

At the end of section I11.2.1, it was pointed out that for a 2 ML deposit, the OR1 peak in
the rocking-scan at 620 K (Figure I111.13) was more intense than the two others (corresponding
to OR2 and OR3). It thus suggests that in the case of a smaller deposit, which leads to smaller
islands upon dewetting, the ORI is favoured. In other words, it seems that small islands do
not need to change their in-plane OR to compensate the thermal expansion. This behaviour
can be explained when one looks at the variation of the mismatch value along a single
crystallographic row. In Figure II1.15 and II1.16 , the values of the mismatch are given for
the closest coincidence site from the atom taken as origin. However, for the other coincidence
sites (along the same row), the mismatch values are larger and increase proportionally with
the distance from the origin. Therefore, at 620 K, for which yxog; is larger than xogre, larger
islands are likely to favour the OR2 whereas smaller islands can remain with OR1. This
assumption is further supported by the fact that the OR3 presents the largest mismatch
value in any case, with a corresponding peak displaying the largest FWHM (i. e. the smallest
structures).

However, the above description is valid only if we assume that islands have single-crystal
structures. Indeed, the measurement of the FWHM in a peak only gives information on the
grain sizes. The question raised here is therefore to know whether the islands have a single
or poly-crystalline structure.

For 2 ML, the lateral sizes of the grains extracted from the FWHM in the rocking-scans in
Figure I11.13 at 580 K are ~ 14 nm and ~ 18 nm for the OR1 and OR2 peaks, respectively. In
addition, the FWHM of a radial-scan on the Au(220) peak gives ~ 15 nm. These lateral size
values are remarkably close to the ones obtained in section I11.1.2 by GISAXS measurements
(~16 nm). As GISAXS measurements are related to the shape of the islands, these results
claim for islands with single-crystal structures’, the largest displaying the OR2 and the
smallest the OR1.

However, for thicker deposits, it seems a bit more tricky. In the case of a 7 ML deposit,
the mean lateral size of the grains at 620 K, extracted from a radial-scan on the Au(220)
peak, is ~ 30 nm. From the rocking-scans in Figure I11.11, it comes 22.5, 17.5 and 3 nm for
OR2, OR1 and OR3, respectively. A relative comparison between these values supports the
assumption that the size of the grain is related to the OR. However, their absolute value seem
to be very underestimated. The errors on the lateral size of the grains can be attributed to
a low point density in the scans, the miss of the maximum ring intensity or the presence of
a mosaic term. Additional information can be obtained by measuring the grain size thank to

the investigation of out-of-plane scans in the different orientations. To do so, [-scans similar

i. with a possible formation of a AuSi shell (see section III.1.2(c)).
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as in Figure IIL.10(b) were performed, at the Au(220) Q| position and for three different
w values corresponding to the three ORs, at 520 K, 580 K and 620 K. For each OR, the
height of the structures can be extracted at each temperature, their evolution are plotted in
Figure I1I.17.

72— -
—a— OR1

—&— OR2
—¥— OR3

520 540 560 580 600 620
T (K)

Figure II1.17 — Evolution of the height (h) of the structures as a function of the temperature, for
the three different ORs.

At 520 K, the height sizes are equivalent for each OR and equal ~ 2.5 nm. The deposit
is still under the form of a rough film, confirming the results obtained in section I11.1.2(a)
that claimed for a critical dewetting temperature of 560 K. However, the three ORs are
already present, which means that grains are likely to start to turn to adjust their in-plane
orientation. With further annealing, different heights are attributed to each OR with 12.5,
9.4 and 4.8 nm at 620 K for OR1, OR2 and ORS3 respectively. Assuming that the height
is proportionally linked to the lateral size, these results support the size-dependence of the
adopted OR by the crystallites.

Furthermore, the size of the islands can be studied ez-situ. Figure I11.18(a) shows a SEM
image corresponding to a sample onto which a deposit of about 7 ML of gold was performed at
RT, followed by annealing at 620 K, below the eutectic temperature, to avoid the melting of
the islands Figure II1.18(a). The extraction of the size distribution from the picture is shown
in Figure II1.18(b) and ranges from 20 nm to 150 nm. Moreover, a quick analyzis reveals a
slight bi-modal distribution with small and large islands displaying mean sizes of ~ 55 nm and
~ 122 nm, respectively. However the standard deviation is large for both characteristic sizes.
This observation also supports the idea of size-dependent OR. However, the sizes extracted
from the SEM image do not match the sizes determined by GIXS measurements which provide
significant smaller values. Compared to the 2 ML sample case, one would rather conclude here
to polycrystalline islands. In addition, Figure II1.19 present the AFM study carried out on
the sample of the SEM image. The extracted profiles on a large islands (1) gives : H ~ 20 nm
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Figure II1.18 — (a) SEM image of ~7 ML sample annealed at 620 K.(b) Lateral size distribution
extracted from the SEM image displaying two characteristic sizes.

and W ~ 150 nm. By modeling the shape of the island by a truncated sphere, a rough'!
estimation of the contact angle 6 is given by 6 = acos(1 — (H/0.5W)) and gives ~45°, in
good agreement with Ressel et al. [Ressel et al., 2003]. For the smaller island (2) we obtain :
H =8 nm, W = 90 nm and thus a 6 value of 37°. This result varies in opposite way with
the statement that a smaller island should display a larger contact angle (see section I11.1.2).
However this result only acquaints for one island and is supposed to be within the error
bar. It is therefore more a relevant example of the large distribution of the morphological

parameters in the self-organization of Au islands on Si(111) [Agnus, 2007].
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Figure II1.19 — AFM image of a reduced area of the same sample presented in Figure II1.18(a)
and the two correponding two profiles.

In the light of these experimental results, it is likely that small islands obtained with a

2 ML deposit are single-crystal islands. In the case of larger islands obtained with a 7 ML

i. We neglect here the convolution with the AFM tip.
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deposit, a polycrystalline structure is maybe more conclusive. In addition, the relationship
between the size of the grains and their preferential OR seem to be a reasonable assumption.
However, further experiments are clearly needed to get more precise information on the is-

lands’ structure.

In this chapter we have described in a first part the morphological parameters
of the golds islands in the case of Au growth for small deposits. In a second
part, we have presented the dewetting process undergone by a thicker gold film
when the temperature is increased as well as the modifications of the interface
relationship between the two crystal lattices. In addition, we have mentioned the
presence of a wetting layer together with the islands. The next chapter present the
results obtained on the study concerning the formation and the atomic structure

of this wetting layer which has been found to undergone surface reconstructions.
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11.2. GIXS study of the interface epitazial relationships

Summary of Chapter III

Study of small deposits (~2 ML) :

e The growth of Au on Si(111) at 570 K follows a Stranski-Krastanow mode and results in
islands of 2.7 nm in height and of 12.5 nm in width, separated by about 32 nm.

e The islands obtained by dewetting from RT to 570 K present the same inter-islands distance
(31 nm) but are a bit larger with a mean height of 4.1 nm and a mean width of 16 nm.

e The comparison between the morphological parameters obtained by GISAXS and the sizes
of the grains obtained by GIXS claims for islands with a single-crystal structure.

e In the case of dewetting, the comparison between the GISAXS model and the experimental
deposit makes believe that a AuSi shell can form at the surface of the islands. The GIXS
measurements support this idea with the presence of unassigned peaks in the scans that
could be attributed to AuSi metastable phases. At least they show an alloying effect at RT
for small deposits.

e At T,, the nanosized droplets obtained by dewetting present a contact angle of 73° which

is much larger than the one of microscopic droplets (43°).
Study of larger deposits (~7 ML) :

e The deposit of about 7 ML of Au on Si(111) at RT results in a flat polycrystalline film.

e At RT, the majority of the grains present the orientation relationship
[110]Au(111)|[[110]Si(111) (OR1).

e With the increase of the temperature, the film roughens. The formation of the voids is
supposed to take place around 560 K, the critical temperature at which the film turns into
islands.

e During the dewetting process, the in-plane epitaxial relationships are found to change
because of differing thermal expansion of the two materials. This effect modifies the mis-
match value at the interface and the most stable in-plane orientation relationship at 620 K
becomes : [231]Au(111)(|[110]Si(111) (OR2).

e The three different observed orientation relationships are explained using the CSL theory
and the quality of the matching. The simulation results support that the three ORs are
energetically favourable in terms of surface energies presenting the same ranking. However,
the calculated adhesion energies varies in the other way with the OR3 that would present
the most favourable interface energy revealing the limits of the CSL theory.

e The size of the grains is likely to be related to its epitaxial relationship with the substrate.

The islands are supposed to be polycrystalline for such islands.
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IV.1. Literature review

In section 1.3.2 the surface reconstructions that can form in the Au-Si(111) system have
been briefly presented. A major part of this work deals with the understanding of the forma-
tion of the Si(111)-(6x6)Au reconstruction, its stability and its structure. In the past, this
reconstruction has been mostly studied in the sub-monolayer regime whereas it is studied here
in the presence of islands (or droplets) that form for deposits larger than 2 ML as explained in
the previous chapter. In this chapter we first present a literature review (section IV.1) to get
an overview of the knowledge on the surface reconstructions in the Au-Si(111) system, then
we describe our experimental results concerning its formation and its stability (section IV.2).

Finally, we present the particular atomic structure of the (6x6) reconstruction and how this
latter has been refined (section IV.3).

IV.1 Literature review

As already mentioned in Chapter I gold is a metal known to induce many surface recons-
tructions when it is deposited on a Si(111) substrate. For coverage ranging from 0 to 2 ML,
the (5x2), (v/3x+v/3)R30° and the (6x6) reconstructions are the most common and have
been intensively studied over the last two decades. Many attempts have been made to draw
a correct picture of the phase diagram presenting the different reconstructions as a function
of coverage and temperature. Plass et al. [Plass and Marks, 1997] proposed a submonolayer
phase diagram of the system and their work was then further developed by Grozea et al.

|Grozea et al., 2000] to extend the diagram up to 2 ML coverage (see Figure TV.1).
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Figure I'V.1 — Simplified surface reconstruction phase diagram of Au on Si(111), taken from [Grozea
et al., 2000]. a and j are two different (v/3x+/3)R30° reconstruction.
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Their work illustrates the complexity of this system in which the domains of existence
of the reconstruction are difficult to define precisely as they depend over wide ranges on the
amount deposited and on the temperature. In addition, the phase transitions are still unclear
due to the difficulties to get the detailed atomic structures of each phase, which are still under
debate. This is even more complicated considering that small Au particles can nucleate and
grow at various temperatures in parallel to the different reconstructions [Swiech et al., 1991;
Nakajima et al., 1997]. The (5x2) reconstruction is known to form in the submonolayer regime
in a quite wide coverage range at low temperature (400 K) from 0.1 ML up to 0.7 ML, which
narrows with increasing temperature (only up to 0.5 ML at 1000 K). The (v/3x+/3)R30°
surface reconstruction can be found in a wide range of coverage and temperature. Moreover,
it is necessary to distinguish between the two phases a-(v/3xv/3)R30° (0.5-1 ML, 400-900 K)
and S-(v/3xv/3)R30° (1-2 ML, 650-800 K). These two structures, which have the same per-
iodicity, seem to differ in their chemical environment and in the density of their domain
walls [Okuda et al., 1996|. The (6x6) is known to form generally above 1 ML and is stable
up to about 700 K. All these reconstructions were found to be stable above the eutectic tem-
perature (T.=636 K), suggesting potential stabilization of Au-Si bonds by surface processes.
Other reconstructions were also reported such as (2x2) [Seifert et al., 2001], (2v/3x2v/3)
and (2v/21x2v/21)R410.9° [Sakai et al., 1998]. Note, that the latter is related to the in-
plane orientation relationship reported in this work in Chapter III.

The first observation of the (6x6) reconstruction was reported by Lander [Lander, 1964].
It has been studied using scanning tunneling microscopy (STM) [Shibata et al., 1992; Takami
et al., 1994; Higashiyama et al., 1986b; 2001; Nagao et al., 1998|, transmission electron dif-
fraction (TED) [Takahashi et al., 1991; Plass and Marks, 1995], Auger electron spectroscopy
[Salvan et al., 1985], X-ray diffraction (XRD) [Dornisch et al., 1991; Grozea et al., 1998], low
energy electron diffraction (LEED) [Nakajima et al., 1997; Lander, 1964; Takami et al., 1994;
Higashiyama et al., 1986a; 2001; Salvan et al., 1985; Nogami et al., 1990| , impact-collision
ion-scattering spectroscopy (ICISS) [Huang and Williams, 1988] and reflection high energy
electron diffraction (RHEED) [Sakai et al., 1998; Khramtsova and Ichimiya, 1998; Khramt-
sova et al., 1999]. Dealing with the (6x6) reconstruction can not be done without mentioning
the (v/3x+/3)R30° as many studies reveal a clear link between the two structures. The LEED
study of Higashiyama et al. |[Higashiyama et al., 1986a| reports a transition from a (6x6)
pattern into a (v/3x+v/3)R30° + ring like pattern by annealing at high temperature, the transi-
tion being reversible. This agrees well with TED measurement [Takahashi et al., 1991] which
revealed that the (6x6) pattern can arise from the low temperature (v/3x+/3)R30° +star
pattern by increasing coverage or by decreasing the temperature at high coverage from the
(v/3x+/3)R30° + ring/hexagon pattern. The creation of the (6x6) reconstruction by cooling

96



IV.1. Literature review

the sample from higher temperatures whose the reconstruction is (\/5 X \/§)R30° indicates a
need of activation energy but at the same time, the (6x6) was also found to be instable above
600 K claiming for weak binding energy in this study. The cooling rate was also reported to
influence the resulting surface structure [Nagao et al., 1998]. STM observations performed
at room temperature and reported by Nogami et al. [Nogami et al., 1990] also revealed
a continuous transition from (v/3xv/3)R30° to (6x6) : the (v/3xv/3)R30° domains (with
domain wall running along the <121> substrate directions) decrease in size with increasing
coverage to form a well ordered (6x6) structure. In this study the transition was not found
to be reversible.

A complementary STM/LEED study |Takami et al., 1994| claims for the co-existence of
two (v/3xv/3)R30° domains (one ordered and one disordered) at 0.7 ML. With increasing
coverage, the ordered domains disappear and LEED measurements show that disordered do-
mains turn into (6x6) structures. At the same time, the (6x6) unit cell is not visible by
STM whereas rectangular arrays of “protrusion” with smaller periodicity than the (6x6) are
seen. The authors concluded that the (6x6) structure consists in a network which composes
the domain walls that separate the (v/3x+/3)R30° domains. Another combined LEED /STM
study from Salvan et al. [Salvan et al., 1985] reports the observation, at 1 ML Au coverage,
of a (v/3x+/3)R30° LEED pattern but with STM images displaying local (6x6) structures :
the proposed model consists in a (6x6) structure composed of structural units of /3 periodi-
city. Thanks to the ICISS technique, a study [Huang and Williams, 1988] proposed a model
of the (6x6) consisting of a combination of simple honeycomb and centered hexagons with
no position variations of the underlying Si atoms as well as no mixing between the species.
The (v/3x+/3)R30° structure, with empty hexagons presenting no long range order, is seen
as a precursor of the (6x6) which forms by filling the hexagons with additional Au atoms.
Dornisch et al. [Dornisch et al., 1991] used in-plane surface X-ray diffraction which is a very
suitable technique to solve the atomic structure. Their study confirmed the trimer model for
the (v/3x+v/3)R30° previously proposed by Oura et al. [Oura et al., 1985]. They claim that
the (6x6) is not a superstructure of the (v/3x+/3)R30° but that the atoms deeply rearrange
themselves in a structure composed of two sixfold twinned domains. The gold atoms arrange
themselves in turned trimer triplets with additional Au sites in between. From Patterson
function, the Au-Au distance was found to be 2.8 A. This trimer organization is also sup-
ported by TED and HRTEM measurements from Plass et al. [Plass and Marks, 1995 and
a recent STM+LEED study in which partial disorder in the (6x6) structure was observed
|Higashiyama et al., 2001].

A more complex model has been suggested by Grozea et al. [Grozea et al., 1998] by

re-analyzing the surface X-ray diffraction data of Dornisch et al. using a “direct method” [Gil-
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more et al., 1997; Marks et al., 1998| to determine the surface structure. They proposed that
the (6x6) atomic structure can be described as a combination of pentagonal units and trimers
with a fixed Au-Au distance.

In the next section (IV.2) of this Chapter, we first focus on the conditions of formation
of the Si(111)-(6x6)Au reconstruction (as well as on the Si(111)-(v/3x+/3)R30°Au ) in the
experimental conditions of the present study. In this work, we investigate the reconstructions
that appear for thick deposited gold films that dewet with annealing and form islands/droplets

in coexistence with a wetting layer of the order of one monolayer thickness.

IV.2 Experimental results

IV.2.1 Conditions of formation of the gold reconstruction

A standard experiment consists in depositing a gold film of several ML (typically 7 ML)
at RT followed by annealing of the sample (as detailed in Chapter III). At the Au-Si eutectic
temperature, the Si atoms diffuse into the islands which have formed during the dewetting

of the film, and the system melts.
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Figure IV.2 — Reciprocal space map covering 30° of the reciprocal space (between the silicon [110]
and [121] azimuths) recorded in the solid state at RT after a 7 ML deposit performed at RT, annealed
at 700 K (liquid) and subsequent cooling. The red colors correspond to high intensities whereas
blue ones correspond to low intensities and yellow to intermediate. This map clearly shows the Si
monocrystal Bragg peaks (A :(220), B :(440), C :(242)) together with the Au polycrystalline Debye-
Scherrer rings (symbol) as well as the mesh of thin peaks corresponding to the (6x6) reconstruction.

The system was annealed at about 700 K. After the return at RT, a reciprocal space map,

plotted in Figure IV.2, was recorded. It was obtained by plotting together 480 rocking-scans,
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each performed at a different () value. This map displays three bulk Bragg peaks together
with powder diffraction rings from polycrystalline gold. In addition, a mesh of smaller peaks
can clearly be seen, corresponding to a (6x6) surface periodic superstructure as the smallest
unit of the mesh is six times smaller than the one composed by the Si surface Bragg peaks
in reciprocal space. The corresponding structure in real space is therefore 6 times larger. On
the map is also plotted the reciprocal space unit cell of the (\/§ X \/§)R30o reconstruction
(v/3 times smaller). The peaks form a mesh turned by 30° and are common with some of the
(6x6) reconstruction peaks.

In our experiments, annealing the sample above T, was found to be a necessary step
to obtain the (6x6) reconstruction which forms upon subsequent cooling around 670 K. If
the sample is not annealed high enough, only a (v/3x+/3)R30° reconstruction remains upon
cooling [Schiilli et al., 2010].

—o0— 720 K . ——— 680 K .
680 K Upon cooling oK Upon heating
—V— 570K ]—v— 720K

[ ———

P ——

Intensity (arb. u.)
Intensity (arb. u.)

1.3 1.4 15 13 15

1.4
h(r.l. u.) h(r.l u)
(a) (b)

Figure IV.3 — Radial-scans performed along the Si[121] azimuth at the location highlighted in
Figure IV.2 on the first maximum of the liquid signal crossing two (6x6) peaks. (a) For a 5 ML
deposit, annealed at 720 K, 680 K and 570 K. (b) upon heating at 680 K, 710 K and 720 K. h is
given in terms of reciprocal lattice unit (r.l.u) defined in the basis of the unreconstructed surface
unit cell (see Figure I1.8). The two recorded (6x6) reconstruction peaks are thus located at 1.33
(8/6) and 1.5 (9/6).

Figure IV.3(a) illustrates this statement : the radial-scans recorded on the first maximum
of the liquid signal, along the Si[121] azimuth, reveal no (6x6) peaks at 720 K. They only
appear at 680 K. Upon further cooling, their intensity increases to reach a maximum at 570 K
in the supercooled regime. If the sample is heated again, the (6x6) reconstruction vanishes
around 680 K as it is illustrated in Figure TV.3(b). The (v/3xv/3)R30° to (6x6) transition
is thus found to be reversible and takes place at 680 K. It is however important to keep in
mind here that the appearance of the (6x6) peaks overlap the ones of the (v/3x+/3)R30°

reconstruction. We therefore observe the formation of the (6x6) reconstruction but it is
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Figure IV.4 — Radial-scans along the Si[121] azimuth highlighting the liquid structure factor and
the (6x6) signature (stars) for a 30 ML deposit of gold annealed at different temperature (720 K
and 920 K).

impossible to know whether or not the (v/3x+/3)R30° is still present. It is possible that both
are present at the same time below 680 K.

The same experimental procedure was applied to a sample onto which 30 ML of gold
were deposited. After annealing at 720 K and cooling down to 570 K, the sample presents a
nice liquid signal together with “classical” (6x6) peaks as plotted in Figure IV.4. When the
sample is annealed at higher temperature (i.e 920 K, below the gold evaporation temperature
of 1200 K [Ressel et al., 2003|), a highly enhanced (6x6) signal is measured upon cooling,
even at a relatively high temperature (650 K). Unassigned peaks (#) are also recorded and
are assumed to arise because of the presence of the 2D AuSi crystal discovered by Shpyrko et
al. [Shpyrko et al., 2006]. The presence of these structures is discussed in more details in
the next chapter. Furthermore, the domains are wider as the FWHM of the reconstruction
peaks decreases. In addition, the intensities of the crystal truncation rods (which reflect the
Si surface quality) increase when the sample is annealed at a higher temperature suggesting
that gold can have a potential influence on the atomic organization of the substrate. This
question will be discussed in more details in the light of additional experiments presented

hereafter.

IV.2.2 Stability

During the same experiment, ion bombardment (IB) was performed on the sample in the
supercooled regime (at 600 K). The (6x6) reconstruction peaks disappeared in only 10 s of
bombardment (see Figure IV.5), which implies that the long-range ordering of the reconstruc-

tion was destroyed in between the droplets. The sample was then kept at a constant tempe-
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— 600 K

—O0— 600K, 10s IB
—e— 600 K, 6h later

Intensity (cps)

Figure IV.5 — Radial-scans performed on the first maximum of the liquid signal and crossing two
(6x6) reconstruction peaks (same azimuth as in Figure IV.3) at 600 K : before proceeding to IB,
after 10 seconds of Ar+ bombardment and six hours later. Between the three scans, the temperature

was kept constant.

rature (600 K) for around six hours. After this period the radial-scan shows the reappearance
of the reconstruction. The peaks are smaller and wider, indicating that the reconstruction is

less structured and presents smaller domains. These observations highlight different facts :

1. the system has to be annealed at least at 690 K,i. e. 60 K above T, to form the (6x6)
upon cooling. The (6x6) reconstruction is found to appear around 680 K;

2. the higher the sample is annealed, the better the reconstruction is defined (i. e. larger
domain sizes) ;

3. the reconstruction can re-form even at low temperature (600 K) in the presence of gold

liquid droplet which seem to serve as a reservoir, as suggested in Figure IV.6.

At 600 K Ar,

(6x6)
NS reconstruction
Au-Si liquid alloy & Destruction of the (6x6)

6 hours later
(6x6)
reformation

Gold diffusion

Figure IV.6 — Scheme illustrating the reformation of the (6x6) reconstruction at 600 K. Before
bombardment the droplets of AuSi alloy are surrounded by the wetting layer reconstructed (6x6)
, the reconstruction is then destroyed by ion bombardment, the (6x6) wetting layer re-forms by

diffusion of gold atoms.
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A similar experiment has been performed but in this case the system was in the solid state.
The ion bombardment was performed at RT after annealing at 720 K. Figure IV.7(a) displays
the radial-scans performed along the Si[121] direction before and after the bombardment. The
comparison of the two scans reveals that the gold peaks remain the same showing that the
gold islands are unaffected by the IB whereas, as for IB performed in the supercooled regime,
the (6x6) peaks disappear due to the destruction of the surface structure. The interesting
feature in this case concerns the observation of the CTR evolution as their intensity (and

shape) yields information on the surface roughness (see Chapter II).

Figure IV.7(b) shows an almost complete disappearance of the CTR with the bombard-
ment. This means that, in addition to the destruction of the (6x6) , the bombardment also
roughens the substrate surface. If the sample is annealed again at 600 K, which is still below
T., the CTR intensity is recovered (see Figure IV.7(b)) : the substrate’s smoothness improves
with annealing. However, the temperature is too low to offer to the Si atoms the necessary
mobility to refine the surface. As we have seen that at 600 K the Au atoms diffuse from
the droplets to the substrate surface and can reform the (6x6) reconstruction, it is likely
that the smoothing of the substrate surface is due to the surface diffusion of the gold atoms
which interact with the Si surface atoms and make their displacements possible. Indeed, it
has already been reported that gold is an effective surfactant for the homoepitaxial growth
of Si on Si(111) substrates. A temperature of at least 920 K is required to form Si thin
films of high quality on a bare surfacess [Allen and Kasper, 1988]. However, using LEED
and Rutherford backscattering spectrometry (RBS), Wilk et al. reported the formation of
homoepitaxial Si films through an overlayer of Au at lower temperatures (720-770 K) [Wilk
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Figure IV.7 — (a) Radial-scans performed along the Si[121] azimuth, at RT, before and after IB.
(b) Radial-scans on the Si substrate CTR at RT before IB, at RT after IB and annealed at 600 K.
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et al., 1994]. Similar results were obtained by Minoda et al. by depositing the Si atoms on a
Si(111)-(5x2)Au reconstructed surface [Minoda et al., 1992]. The gold-covered surface was
found to replace the two-dimensional growth of Si (which only occurs at the domain walls of
the reconstruction) by the formation of a thin Si film between the gold reconstruction and
the Si surface. A similar experiment has been performed in this work, and is described in the
section VIL. It shows the layer by layer growth of Si in the presence of a Si(111)-(6x6)Au

reconstruction at 620 K.

A few papers have studied the AuSi droplets in parallel with the surface reconstruction.
Swiech et al. [Swiech et al., 1991] pointed out that the AuSi droplets are very mobile even at
low temperature (but above 550 K). Their displacements were found to leave tracks on the
substrate which prevent the formation of the (6x6) . Conversely, the (6x6) formation was
observed to start at the edges of big particles. The tracks formation has been explained later
on, thanks to the SEM technique [Ressel et al., 2003]. Upon cooling, the Si present in excess
in the droplet is deposited on the substrate, the particle migrates leaving a track of Si behind
it with horizontal facets orientated (111). The liquid/solid interface is therefore assumed to
be very flat.

Reversely, upon heating, the particles move by dissolution of the Si into the droplets.
Now that the (6x6) reconstruction formation and stability conditions have been described,

we focus, in the next section, on its atomic structure.

IV.3 Si(111)-(6x6)Au structure

IV.3.1 Data collection and symmetry averaging
a Data collection

A thin film of gold (about 7 ML) was deposited at RT, annealed at 720 K and subsequently
cooled down back to RT. The remaining system consists in polycrystalline gold islands to-
gether with a Au-(6x6) reconstruction as presented in section IV.2.1 in Figure IV.2. The
collection of the set of data consisted in performing highly resolved rocking-scans on each
(6x6) reflection, over a 120° segment of reciprocal space. All reflections were integrated and
monitor, area, Lorentz and polarization corrections were applied (see Chapter II). The sub-
strates’ Bragg reflections and CTRs were removed to avoid bulk contributions, the remaining
set of data thus consists in 976 in-plane reconstruction structure factors represented in Fi-
gure IV.8(a). This figure clearly reveals rotational and mirror symmetries which means that

equivalent reflections were recorded.
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Figure IV.8 — (a) Experimental structure factors. (b) Averaged experimental structure factors
using p3 symmetry.(c) Averaged experimental structure factors using p3mI! symmetry. (d) Averaged
structure factor used in Grozea et al. |Grozea et al., 1998] in p6mm symmetry. The surface of the
circle is proportional to the reflection’s intensity. A and k are expressed in the reciprocal units of the
(6x6) reconstruction.

b Symmetry and averaging

The measurement of equivalent reflections is not a waste of time but an improvement of
the dataset quality as it allows a reduction of the systematic error by averaging of the equi-
valent intensities [Feidenhans’l, 1989]. The use of a program called AVE |[Vlieg, 2000] makes
possible the averaging in different symmetry groups. Figure IV.8(b) shows our data averaged
in p& symmetry. It clearly displays a mirror plane suggesting that the data can be averaged
using a more symmetrical group. The AVE program provides an “average agreement factor”
corresponding to a measure of the systematic error in the dataset. This factor represents, for
a given symmetry group, the difference between theoretically perfectly equivalent reflections

for the recorded data. For our dataset, the lowest average agreement factor is obtained for
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the p8m1 symmetry. The compilation of our data set in this symmetry group reduces the
number of independent reflections to 441 with a mean systematic error € of 3.9 %. The result
is plotted in Figure IV.8(c) for the pdm1 symmetry. All independent experimental structure
factors are listed in Table VII in Annexe. The errors o' are also given together with the
theoretical structure factors deduced from the refined model presented in section IV.3.2. The

comparison with the experimental ones is provided by the partial x? .

1V.3.2 Model Evaluation

a Thickness and domain size

A quick analysis of several (6x6) peaks yields information on the average domain size.
In Figure IV.9(a) is plotted a rocking-scan performed on one of the most intense fractional-
order (6x6) peak for which a Lorentzian fit provides a FWHM of 0.102° (i. e. 0.0018 rad. at
Q=2.89 A~1). The average size of the domain of this reconstruction is thus of 112 nm (expo-
nentially decaying correlation length of 56 nm), which shows that the (6x6) reconstruction

is of high quality.
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Figure IV.9 — (a) Rocking-scan performed on the (8/6 ,2/6, 0.096) reconstruction peak.(b) Repre-
sentative out-of-plane scans performed along the (2/6 ,1/6, [) reconstruction rod.

Figure (b) displays a [-scan performed on a (6x6) peak (the (2/6 ,1/6, 1)) and reveals a
slow decrease in intensity perpendicular to the surface. This is typical for a rod-like shape of
signals arising from surface structures, the FWHM (measured on several (6x6) rods) indicates

that the thickness of this reconstruction is of the order of one monolayer.

i. o= w/GZF}%M + aftat', with og4:. the statistical error of the considered reflection.
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b Patterson map

In X-ray scaterring, only the intensity of the reflections is measured : the phase is lost. This
is the well-know phase problem which makes the refinement of the structure more difficult.
However, information on the atomic structure can be obtained by use of the Patterson map.
In surface X-ray diffraction, we use the plot of the two-dimensional Patterson function P(x,y)
given by :

P(z,y) = Z | Firol” cos 2 (ha + ky) (IV.1)
hk

As already mentioned our dataset only contains fractional-order reflections of the (6x6)
structure so that the Patterson map only reveals the atomic order of the surface reconstruc-
tion. The Patterson obtained with our dataset is plotted in Figure IV.10 with its asymmetric
unit highlighted in red. The contour plot reveals positive peaks corresponding to interatomic

vectors of the real structure [Feidenhans’l, 1989).

Figure IV.10 — Experimental fractional-order Patterson function plotted on the (6x6) unit cell.
The three arrowed peaks are known to be due to trimer of Au.

In Table TV.1 are shown the relative weights in interatomic distance vectors in the AuSi
system [Dornisch et al., 1991] which indicates that the most intense peaks are due to distance
between two gold atoms. From a Patterson map, one can therefore derive a set of interatomic
vectors to build a trial model from which calculated structure factors can be obtained and
compared to the experiment (see section 11.2.2).

According to our Patterson map, the strongest peak in the irreducible unit corresponds
to a Au-Au distance of about 2.8 A. The three arrows point out three equivalent interatomic

vectors of similar length. Dornisch et al. showed that they are due to Au trimers that are the
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prominent structural elements of the Si(111)-Au(v/3x+v/3)R30° and of the Si(111)-Au(6x6)
structures |[Dornisch et al., 1991]. Indeed, Au trimers correspond to three interactomic vectors
of same length rotated by 120°. Howes et al. also reported the formation of Au trimers being
at the origin of the same contour plot in the Patterson map in the case of the formation of
a Au-(v/3xv/3)R30° reconstruction on Ge(111).

However the refined model proposed by Dornisch et al. was still incomplete. Indeed, using
classical methods to determine a specific structure, one requires to have a starting model
close to the real one. This condition, which is by the way quite strong, ensures that the
assumed phases (implicitly imposed by the trial model) are close to the real ones. A starting
model can for example be extracted from STM measurements. Moreover, our Patterson map
(see Figure IV.10) displays additional peaks which means that some other representative
interatomic distances have to be considered in the model. Despite the apparent simplicity
of the Patterson map and many efforts to propose a trial structure based on Au trimers
completed with either Au or Si atoms to fit the other interatomic distances, no satisfactory
model could be deduced.

If a proper model from a Patterson map can not be proposed, other approaches, called
direct methods, can be applied. These direct methods are based on the calculation of physical
properties helping to find the most plausible starting models. For example, with a method
based on the calculation of entropy, Gilmore et al. were able to directly determine the Si-
(7x7) reconstruction from a dataset of structure factors [Gilmore et al., 1997]. Using the
same method applied to the SXRD data of Dornisch et al. , Grozea et al. have been able to

propose a model of the atomic structure of the Au-(6x6) reconstruction |Grozea et al., 1998|.

¢ Direct method refinement : Grozea’s model

Briefly, their method consists in adjoining a set of phases to the measured set of intensities.
The proposed phases are estimated to be self-consistent with a figure of merit corresponding
to the most plausible structure, this latter being determined by a minimum relative en-
tropy method [Gilmore et al., 1997]. The resulting phasing maps, classified according to the
agreement with the figure of merit, are the images of the charge density 7. e. of the atomic

structure. However, in practice, in the initial stage, only partial phasing maps (i. e. only

Table IV.1 — Relative weight of interatomic distance vectors in the Au-Si system [Dornisch et al.,
1991].

Distance vector Z; x Z, Rel. weight
Au-Au 6241 1
Au-Si 1106 0.18

Si-Si 196 0.03
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partial structures) can be obtained and new atoms (i. e. charge density) are added in the
structure through iterative processes controlled at each step. In the work of Grozea et al. |
the best partial phasing map has a p& symmetry and reveals 20 Au atoms. The completion
of the structure by their iterative method resulted in the hexagonal unit lattice represented

in Figure IV.11.
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Figure IV.11 — Scheme of the Au-(6x6) hexagonal lattice (dashed-black line). It is composed of
45 atoms : 14 independent sites (grey atoms in dashed-blue hexagonal primitive lattice) from which
the 28 others can be deduced by the p8 symmetry (the equivalent atoms have the same number).
The 3 other atoms (green) are the special sites partially occupied (see text). The structure is also
completely described by tiling the plane with the highlighted A and B rings which are formed by
sub-structural trimers (red) and pentagons (blue)

The resulting surface structure obtained by Grozea et al. therefore consists in a hexagonal
structure with a p3 symmetry (almost p31m). In Figure IV.11, the grey atoms are the 14
independent sites, the equivalent atoms related by p8 symmetry have the same number. In
green are highlighted the sites on the symmetry axis having a partial occupancy as revealed
by their analysis. In addition, Grozea et al. mention the presence of twin domains. More
interestingly this structure is composed of two kinds of ring sites : the sites A which are
partially occupied, and the sites B which present two rotational variants. A combination of
pure empty A rings and B rings corresponds to a structure with a v/3 periodicity.

As mentioned by Grozea et al. , this reconstruction is “astonishingly simple, and at the

same time complicated”. Simple because it displays sub-structural units composed of gold tri-
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mers in agreement with the structure proposed by Dornisch et al. and complicated because
it forms incomplete and complete pentagons (Figure IV.11). If all the A sites would be filled,
only complete pentagons would form. In addition to the positions of the gold atoms presented
in Figure IV.11, Grozea et al. also proposed the refinement of the Si atomic structure in the
first layers which were found to be necessary to improve the agreement between the model
and their experiment. Their results pointed out that the Si positions in the first layer differ
a lot from their positions in the bulk.

Indeed, with only the Au atoms taken into account, with two domains but without inclu-
ding special site atoms, the x? value obtained by Grozea et al. is still 32, very far from the
ideal value of 1. The addition of two double Si layers reduced this value to 8. Finally, they
obtained their best agreement (y* =3.8) by including the gold atoms with partial occupations
(green atoms in Figure IV.11) and a strain field in the substrate which strongly displaces the
Si atoms in the first layers.

The model of Grozea et al. is attractive because it offers a trial model for a standard
structure refinement composed of Au trimers as well as other structural units that could not
have been deduced from the Patterson function analysis. Indeed, the presence of the pentagon
units can explain why it has been impossible for Dornisch et al. [Dornisch et al., 1991] to
determine the (6x6) structure with classical methods since any model taking into account
only trimer units would be too far from the real structure and thus convicted to fail.

Even if the direct method is very powerful, several weak points have to be mentioned
concerning their study. First, their experimental structure factors dataset contains much less
reflections than our dataset (about a factor four , see Figure IV.8(d)). Second, their systema-
tic uncertainty in their measurements (~10 % [Dornisch et al., 1991]) is much higher than
our and despite that, their x? value remains rather high'. Moreover, the reduction of the
x? has been obtained only through strong assumptions. Finally, the experimental conditions
imposed a transfert of the sample into a baby chamber, which could have influenced the
results.

Therefore, in the following we present our structure refinement of the (6x6) reconstruc-
tion. With the help of Grozea’s model as a starting structure, we confront this latter to our
own set of X-ray data which contains more reflections (i. e. less uncertainties). An important
point is that our data were collected under completely different experimental conditions, it

is thus even more interesting to compare the two (6x6) structures.

i. The x? value is inversely proportional to the uncertainty value so that a high uncertainty lowers the

X2
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d Determination of the structure of the (6x6) reconstruction

Without the Si substrate

In the first y? minimization attempts, only the Au atoms were taken into account. The
model used in the first evaluation simply consisted in the hexagonal lattice (dashed-black)
presented in Figure IV.11 with 45 gold atoms. All atoms were assumed to have the same
Debye-Waller (DW) as well as the same occupancy parameter (even for the special sites).
Their displacements were allowed with respect to the p8 symmetry which means that the
special atoms were assumed to be immobile and that the different sets of three related atoms
were constrained in directions respecting the imposed symmetry. The evaluation of this model
gives a x? value of 10.1 which is a very good value regarding the simplification imposed in
our model. This agreement confirms that the structure proposed by Grozea et al. , which is
quite surprising at first sight, is the real one and forms in our experiment.

Without giving many details, the paper of Grozea et al. mentions that the structure
displays twin domains. The twin domain can be deduced by a mirror placed along the long
diagonal of the primitive p& unit cell highlighted in Figure IV.11 by dashed-blue lines, which
is the short diagonal of the (6x6) unit cell. Figure IV.12 shows domain 1 in white, which
corresponds to the structure presented in Figure IV.11, and its twin domain 2 in yellow

through the mirror m.

1 ( ® @ ® Q <)\ \\\ : @
h @ .. ® ?9 ® & 9 .’ .0.
i v e ® ® G N @ 00 o

ot

\ - AY

SO R 00 9 & Gl ®

Figure IV.12 — Unit cell of domain 1 (in white) and the corresponding unit cell of the twin domain
(2 in yellow) deduced through a mirror m placed along the long diagonal of the primitive unit cell.
Other mirrors can be deduced from the p& symmetry and correspond to the edges of the unit lattice.

The other mirrors are deduced by the p& symmetry and correspond to the edges of the
unit lattice. The addition of an incoherently scattering second domain in the fit procedure
reduced the x? to 5.8, confirming the results described by Grozea et al. . This result, already
very good, can be improved by focusing on the special sites. Indeed, Grozea et al. pointed out

that the gold atoms located on the symmetry axis display a partial occupancy of 0.504+0.004.
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In our previous fit process, this effect has not been revealed as all the atoms in the model were
assumed to have the same occupancy value. To take into account this potential difference,
distinct occupancy as well as DW parameters were attributed to the special atoms. This led
to a decrease of the y? value down to 3.1, and the occupancy value of the special atoms
droped to 0.49+0.015, whereas the occupancies of other atoms remained equal to 1.

These results demonstrate that with only gold atoms, the model proposed by Grozea et
al. is already in very good agreement with our SXRD data. The y? value is even much better
in our case, despite the much lower uncertainties in our dataset. However, to improve their
x? value, Grozea et al. had to include several Si double layers subjected to a strain field that
displaces the atoms far from their bulk positions, especially in the first layer. We will see
below if the addition of Si atoms in our model can influence the x? minimization.

With a Si substrate

By simply adding a silicon double layer below the gold reconstruction, at the bulk position,
with an occupancy assumed to be equal to 1, the y? value decreased to 1.85 with the Si
atoms slightly displaced from their original positions. This result does not support Grozea et
al. ’s model as the Si atoms are not strongly displaced from their bulk ones. However the
reduction of the x? value shows that the Si atoms contribute to the diffracted signal, even if
their contribution remains weak.

A last fit was performed with a Si double layer with the positions given by Grozea et al.
, in this case, with the occupancies of the Au, special Au and Si atoms assumed to be 1, 0.49
and 1 respectively, the final x? value is 1.3, with still very slight displacements with respect to
Grozea’s positions observed during the fitting. However, the small difference between the two
x? values (1.85 and 1.3) does not allow to definitely choose this last model which seems to
be less physical because of the large displacements of the Si atoms with respect to their bulk
values. Despite the fact that the Au atoms seem to have an influence on the position of the
Si atoms in the first layer of the substrate, our experimental data would make us believe that
the preferred solution is the one for which the Si bulk positions are conserved. The atomic
positions obtained in the last two fits can be found in Table 2 and 3 in Annexe. The final
in-plane DW value of non-special surface gold atoms was found to be 1.34+0.04 A? which is
twice its bulk value (0.6 A? [Sears and Shelley, 1991]). Remarkably, the increase by a factor of
two to three times of the bulk DW term for surface atoms has already been observed during
the analysis of the Au—(\/§ X \/§)R30° reconstruction [Plass and Marks, 1995]. It has been
attributed to the lack of neighbours providing additional degrees of freedom to the atoms
to vibrate. However, the DW term for special Au atoms and Si atoms could not be refined,

presenting very low (~0 A?)! and very high (~2 A%) DW terms, respectively.

i. This very low value might be implied by the 3-fold symmetry axis onto which these atoms sit.
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Figure IV.13 — Experimental structure factors (in black), together with the final model structure
factors (in white). The circles are of same sizes (7. e. same intensity) for all reflection illustrating the
final agreement y2 of 1.3.

Through this model evaluation we have thus shown that the structure proposed in the
paper of Grozea et al. agrees very well with our measurement (see Figure IV.13). It is parti-
cularly interesting to note that partial occupancies of special atoms as well as twin domains
are fully confirmed by our analysis. Moreover, it means that this particular structure also
forms in our experimental conditions which consist in a thick deposit at RT annealed and
then cooled down. Two specific features have however to be discussed here in more details.
It concerns the positions of the Si atoms and the partial occupancy. As the experimental
investigation have shown to reach their limits concerning these questions, they are discussed
in the light of the simulation results which offer the possibility to go beyond.

Indeed, the simulations support the fact that the Si atoms of the first layer are strongly
displaced in the presence of the (6x6) reconstruction. Moreover, whereas the OR were found
to form in the case of a thick Au crystal in contact with a Si substrate terminated by a Si
double layer, the (6x6) structure is found to form through deep re-arrangement of the first
layer. This latter looses its surface bulk structure and form distorted trimers distributed in
an organized manner within the (6x6) unit cell [Nogaret, to be published].

The partial occupancy (~0.5) of the special atoms requires more attention too. Indeed,
this value needs to be related to a physical meaning and indicates that a Au atom can be
present or not at this special position in equal proportion. This value is not attributed to the
presence of a vacancy in one of the special site in the structure as a fit performed with this
constrain results in the increase of the y? value. It rather indicates the coexistence, in equi-
proportion, of (6x6) cells with the special sites fully occupied, and (6x6) cells with special

sites unoccupied. This assumption has been confirmed by the energetic study of the (6x6)
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reconstruction performed by ab-initio. The calculations point out that the overall structure
is a mix of an unfaulted structure with ~ 0% occupancy and a faulted structure with ~ 100%
occupancy for special atoms, the surface energy of the faulted structure (0.406 J.m~2) being
higher by only 22 mJ.m~2 compared to the unfaulted one (0.384 J.m2) [Nogaret, to be
published].

It is worthwhile to mention that the Au-(6x6) reconstruction, combining gold trimer and
pentagon units, has been observed by STM during the study of the location of Pb absorption
site on this structure [Jalochowski, 2003|. This study confirms all the main features described
in the model presented above with a nuance concerning the special sites at the corner of
the unit cell which are supposed to be absent of the structure. This is however surprising as
the x? increases by a factor three if their occupancy is fixed at 0 in our model evaluation.
Nevertheless the energy of this unexpected structure which looks more like a two-dimensional
pseudo-glass has been calculated in our ab-initio simulations and found to be energetically

favorable with 0.41 J.m~2 compared to the 1.5 J.m~2 for the nominal Si(111) surface.

e Discussion on the (6x6) «+(1/3x+v/3)R30° transition

Despite a wide literature covering the reconstructions in the Au-Si(111) system (see sec-
tion IV.1) and the results presented in this chapter, there are still open questions concerning
the potential relationships between the (6x6) and the (v/3x1/3)R30° reconstructions. We
remind here that the transition between the (6x6) and the (v/3x1/3)R30° reconstruction is
reversible and occurs around 700 K. However, below 700 K we can not conclude that the
(\/g X \/§)R30° has disappeared because its reconstruction peaks are overlapped by those of
the (6x6) . Moreover, the atomic processes governing the transition between the two struc-
tures are unknown. During our experiments, a peculiar scattering signal that seems to be
related to both reconstructions has been recorded.

Figure IV.14 is a zoom on the low () values of the solid map plotted in Figure IV.2. Two
arrows highlight the presence of some kind of diffuse rings that surround the (v/3x+v/3)R30°
reconstruction peaks. Their radius is of the length of the (6x6) reciprocal unit cell and their
intensity is orientated toward the origin of reciprocal space. This kind of rings have already
been observed in LEED studies |Takahashi et al., 1991; Higashiyama et al., 1986a] but at
high temperatures (around 600 K) so that they were attributed to a kind of disorder implied
by the competition between the (6x6) and (v/3x+v/3)R30° structures. However, in our case,
they were recorded after the return at RT, the system was therefore already solidified and
the atomic diffusion very low. Moreover, if one looks a bit closer, they are actually not rings
of constant intensity but more composed of a diffuse intensity linking two (6x6) peaks with

a maximum in between. At the moment, no clear structure can be proposed to explain this
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Si[lil]

Diffuse

Figure IV.14 — Zoom on the map plotted on Figure IV.2 highlighting the orientated diffuse rings
surrounding the common (6x6) and (v/3x+/3)R30° reconstruction peaks.

kind of intensity distribution, however, it might be related to unexplained features already
reported. Some studies report LEED diffraction patterns that do not correspond to STM
images [Salvan et al., 1985; Takami et al., 1994] which implies that some area of the samples
can locally present “frustrated” structures. In our case, it could correspond to domains compo-
sed of (6x6) unit cells turned by 30° with respect to the Si(1x1) structure,i. e. parallel to the
(v/3x4/3)R30° unit cell. Maybe some kind of domain walls between remaining (v/3x+v/3)R30°

domains and (6x6) domains.

In this chapter are described the experimental results concerning the condi-
tions of formation of the (6x6) reconstruction as well as its stability. It is found
to form around 680 K upon cooling and its structure has been determined using
quantitative SXRD with important precisions brought by the simulations. Inter-
estingly the (6x6) reconstruction has been found to re-form at 600 K by surface
diffusion of the Au atoms of the droplets. It means that the AuSi droplets can
be supercooled at least down to 30 K below the eutectic temperature. The next
chapter describes the different observations concerning the AuSi droplets and

their tendency to supercooling depending on the substrate’s structure.
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Summary of Chapter IV

Experimental results :

e The (6x6) reconstruction is found to form during the cooling process around 680 K. The
process is reversible : if the sample is heated again, the (6x6) disappears around 700 K.

e The higher the sample is annealed, the better the reconstruction is defined.

e After having been destroyed by ion bombardment in the supercooled regime (600 K), the
(6x6) reconstruction reforms thanks to the diffusion of Au atoms from the droplets to the
bare substrate.

e The recovering of the Si surface by annealing only to 600 K shows that the wetting layer
of gold improves the mobility of the Si atoms.

Determination of the (6x6) structure :

e The collection of the data has been performed at RT and consists in 980 reflections inte-
grated and corrected.

e The averaging of the data results in a systematic error of 3.9 % in the p3mI symmetry
group reducing the number of independent reflection to 441.

e The study of several (6x6) rods shows that this reconstruction is 1 ML thick with domains
of about 60 nm.

e The Patterson map shows the characteristic peaks related to the trimer units. The other
peaks are impossible to address with a simple model.

e The determination of the structure is done with a starting model proposed by Grozea et
al. who had a very high uncertainty on their data, a minimization of the y? value thanks
to strong assumptions and completely different experimental conditions.

e The resulting gold structure consists in two domains, composed of trimer and pentagonal
units, related by a mirror. Some special sites present a partial occupancy of 0.5 implying
that they are present in one domain but not in the other.

e Our experimental data do not provide enough details to choose between the two best models
differing in the positions of the Si atoms (bulk position : x* =1.8, position of Grozea et
al. : x* =1.3).

e The simulation results tend to confirm that the Si atoms of the first layer are strongly

displaced from the bulk positions and form distorted trimers displaying a long range order.

115






Chapter V

Supercooling in AuSi droplets
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V.1. On Si(001) substrates

Throughout the two previous chapters, we have seen that the dewetting of a thin gold film
leads to the formation of islands and then to droplets when passing through 7.. In addition,
the (6x6) reconstruction can form upon cooling if the system is annealed high enough. In
our experiments, when cooling down the samples, different solidification temperatures were
recorded depending on the experimental conditions. This chapter presents the different re-
sults concerning the supercooling effect measured for AuSi droplets on Si(001) (section V.1),
Si(111)-(6x6)Au and Si(111)-(v/3x+/3)R30°Au surfaces (section V.2). Note here that in al-
most all the cases the solidification process is found to extend in a given range of temperature.
The solidification is found to start at a given temperature (i. e. some of the droplets have
solidified) and to be completed at lower temperatures. In each case, we describe the appea-
rance of the first grains and the recorded complete solidification. For comparison between the
different experiments the solidification temperature 7T, is taken as the lowest one, for which

all the droplets are solidified.

V.1 On Si(001) substrates

V.1.1 Si(001) substrate’s structure

As it has been done for the Si(111) substrate, we present in Figure V.1 the Si(001)
substrate. This orientation yields a four fold symmetry at the surface, with the surface unit
vectors being [100] and [010]. Due to the definition of the reciprocal lattice, the determination
of the reciprocal surface unit cell in the case of cubic symmetry is simple as it leaves all vectors

unchanged through the transformation (but their length).

Si(001) surface lattice Si(001) reciprocal lattice
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Figure V.1 — Scheme of the atomic arrangement in a the cubic symmetry of the Si(001) plane.
The surface unit vectors are represented in red (plain).

Si(001) substrates thus differ at the atomic scale from the Si(111) leading to several
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physical differences between the two orientations. For example, the atomic density is different
between the two orientations, thus they do not present the same electronic density. As a
consequence, the rearrangement of the surface atoms is only composed of dimers, leading to
a (2x1) reconstruction on Si(001) instead of a (7x7) on Si(111). The surface energy of Si(001)
is higher than that of Si(111) (see Chapter I), the growth of gold is therefore expected to be
different as well as the wetting conditions [Ressel et al., 2003]. Another difference lies in the
absence of Au-induced surface reconstructions of Si(001). To compare with the extensively
studied Au-Si(111) system presented later, we performed a typical experiment on the Si(001)
substrate by a deposit at RT of about 8 ML and a subsequent annealing to form AuSi droplets
through dewetting and melting at the eutectic temperature. The supercooling behaviour and

the solidification structure have been investigated as presented hereafter.

V.1.2 Supercooling on the Si(001) surface

After the observation of the melting process by the formation of the AuSi eutectic liquid,
the sample was annealed 40 K above T, i. e. at 670 K. It was then cooled down to record the
temperature at which the solidification process takes place. The radial-scans performed along
the Si[110] azimuth at 670 K, 580 K and 550 K are plotted on the graph in Figure V.2(a).
At 670 K it displays a liquid structure with the appearance of the first grains of gold (the
Au(220) peak starts to grow) at 580 K. The complete solidification process is then observed
at 550 K, which is 80 K below T, with the appearance of the Au(111), Au(200) and Au(220)

peaks supporting the creation of a polycrystal.

—— 670K Si(220) (220) Si(220)

Intensity (cps)
Intensity (cps)

2.5 3.0 35 4.0 4.5

Figure V.2 — Radial-scans along the [110]| azimuth (a) at 670 K, 580 K and 550 K, for a 8 ML
deposit, annealed at 670 K and (b) at 670 K, 640 K and 600 K, for the same deposit annealed at
720 K.

Then the sample was heated again, but this time the maximum annealing temperature
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was 720 K. Figure V.2(b) shows the radial-scans still performed along the Si[110] direction
during cooling down of the sample from this temperature. Interestingly, in this case the
solidification takes place at 600 K which is only 30 K below T..

V.1.3 Solid structure

After a return at RT, the system is in the solid state and a reciprocal space map was
recorded. Due to the substrate symmetry, the map covers in this case 45° of reciprocal
space and is plotted in Figure V.3. Compared to the solidification of AuSi alloy onto Si(111)
substrate (see Figure IV.2), the solid gold is found to be very textured on the Si(001) with
a clear “cube on cube” epitaxy : the Au(220) ring intensity is concentrated on the Si[110]
direction while the majority of the Au(200) intensity (as well as the of Au(400)) is located
on the Si[100] azimuth. Therefore the clearly preferred OR between the solidified Au and the
Si(001) surface is : [100]Au(001)/[100]Si(001).

Au(420)
Au(33Q\

Au(222)

Au(311
(1)

—» [100]

Au(11l) Au(200)  Si(400)

Au(400)

Figure V.3 — Reciprocal space map of solidified Au on Si(001) substrate.

These results show that in the case of the Si(001) substrate, the higher the annealing the
lower the supercooling and the resulting solid islands are made of grains displaying a parallel
in-plane epitaxial relationship with the surface. A higher annealing leads to concentration
changes in the droplets as well as in their size. The influence of the annealing temperature
related to the droplet size thus seems to be a parameter that has to be taken into account.

It is discussed in the next section in the light of the results obtained on Si(111) substrates.
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V.2 On Si(111) substrates

Figure V.4 is guide a to the eyes for a clear overview of the different signals encountered
during the measurements. In the previous chapter (Chapter IV), the graphs were plotted as a
function of the reciprocal lattice units to simplify the indexation of the reconstruction peaks
that are located on fractional orders. In this chapter as well as in the next one, graphs are
plotted as a function of the momentum transfer Q (A‘l) which allows comparisons in more

general cases.

@ siBragg @ CTR ... Si-(1x1) seg
Au rings

O (v3xv3)R30°

0.32

(111) (200) | (220) (311)
| I 327 | | 6.54
2.66 3.08 4.35 5.10

Figure V.4 — Scheme representing the 30° (between the Si[110] and Si[121] azimuth) of reciprocal
space required to get a clear overview of the different signals encountered during the measurement
(see Figure IV.2). The positions of Si Bragg peaks, CTRs, (6x6) or (v/3x1/3)R30° reflections and
Au Debye-Scherrer rings are given in the space of momentum transfer Q (A1),

The map of Figure V.4 therefore allows to quickly visualize the different signals recorded
in the scans, especially the numerous reconstruction peaks, along the Si[110] and Si[121]
azimuths. This highlights, for example, that the (v/3x1/3)R30° reconstruction peaks can
only be recorded along the [110] direction. Along the other directions, they overlap with the
CTRs and the Bragg peaks.

V.2.1 Supercooling on Si(111)-(v/3x+/3)R30°Au reconstruction

In Chapter IV we have seen that on Si(111), AuSi droplets coexist with a wetting layer
reconstructed either (v/3x+/3)R30° or (6x6) . In the case of gold deposits of the order of
6 ML, we have seen that a necessary step to form the (6 x6) reconstruction during the cooling
down was a minimum annealing of about 60 K above T,, otherwise only the (v/3x+/3)R30°
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V.2. On Si(111) substrates

(111) —=— 690 K —y— 530 K
—e— 660 K —%— 500 K

Intensity (arb. u.)

Figure V.5 — (a) Radial-scans performed along the [110] azimuth (along which the (v/3xv/3)R30°
peaks can be observed) at 640 K, 560 K and 540 K, for a 5 ML deposit after annealing at 640 K.
(b) Radial-scans along the [121] azimuth at 690 K, 660 K, 530 K and 500 K for a 6 ML deposit. The
(6x6) reconstruction peaks are marked by .

reconstruction is obtained. In the following, we compare the supercooling behaviour of the
AuSi droplets in presence of either a (\/gx \/§)R30° or a (6x6) reconstruction. During the
majority of the cooling experiments, the temperature was reduced by steps of 10 K and mea-
surements, such as radial-scans, were recorded at each temperature. However, for clarity, the
graphs display only specific temperatures which are believed to be essential for the descrip-
tion of the process.

In a first experiment, a deposit of 5 ML of gold was performed and annealed only 10 K
above T, to prevent the formation of the (6x6) upon cooling. Figure V.5(a) presents three
radial-scans recorded along the [110] azimuth at 640, 560 and 540 K during the cooling pro-
cess. On each scan the (v/3xv/3)R30° peaks are visible and no (6x6) peaks are observed.
At 640 K, the system is in the liquid state and the first solid grains appear at 560 K. The
complete liquid-solid transition of the droplet sets in at 540 K which is 90 K below T..

V.2.2 Supercooling on Si(111)-(6x6)Au reconstruction

In another experiment, 6 ML were deposited at RT and annealed at 690 K. This annealing
temperature was chosen because it was found to be the lowest value to form the (6x6) upon
cooling. This choice therefore reduces a potential effect due to the difference in the annealing
and allows closer comparisons with the previous experiment. Figure V.5(b) gathers radial-
scans recorded along the [121] azimuth during the cooling process. This direction has been

chosen in order to see the (6x6) peaks (marked with a star) and at the same time to avoid
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Figure V.6 — Schematic evolution of the Bragg intensity highlighting the solid-liquid-solid phase
transition cycles for Si(001), Si(111)-(v/3x+/3)R30°Au and Au on Si(111)-(6x6)Au substrates.

the Si(220) Bragg peak. At 690 K, all the droplets are in the liquid state as confirmed by the
absence of gold peaks. At 660 K, the formation of the (6x6) reconstruction takes place and
confirms the results presented in Chapter III. At 530 K, which is 10 K and 20 K below the
solidification temperatures with the (v/3x+/3)R30° reconstruction and the Si(001) surface,
the appearance of the first grains happens. Moreover, the intensity of the (6 x6) reconstruction
peaks has also increased. Finally, the complete crystallization of the system was obtained only
when it was cooled down to 500 K, 4. e. 130 K below T,

Interestingly, the overall process as well as the different remarkable temperature values
were found to be reproducible when starting over a solid-liquid-solid transition cycle. It is
therefore possible to represent these results by plotting the Au(220) reflection intensity as a
function of temperature (see Figure V.6). The curves present an “hysteresis” shape, the width
of the loop illustrating the supercooling capacity. Moreover, for the cases investigated so far,
. e. ~6 ML annealed at different temperatures on different surfaces, the hysteresis curves
show a liquid-solid transition that extend over a range of temperature of about 40 K. This
point will be discussed in section V.4 in terms of droplets’ size and reconstruction quality.
However, Figure V.6 clearly indicates that the supercooling behaviour of the AuSi eutectic
droplets is influenced by the substrate orientation and/or reconstruction type.

In addition to the supercooling measurements described above, some remarkable features
were recorded during the cooling down of the samples. It has been presented if Chapter I
that a AuSi 2D crystal has been reported to form at the surface of the AuSi eutectic liquid
alloy [Shpyrko et al., 2006; Mechler et al., 2010]. Figure V.7(a) is a graph on which are
superposed our liquid structure factor measurement in the undercooled regime (around 600 K)
and the ones (at low and high temperature) performed in the work of Shpyrko et al. for low

@ values [Shpyrko et al., 2007]. Our scan in this case is recorded outside symmetry axis to
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V.2. On Si(111) substrates

avoid reconstructions or Bragg peaks. Our recorded peaks are at the positions of the ones
measured by Shpyrko et al. , corresponding to a low temperature 2D crystal phase floating
at the surface of the AuSi eutectic liquid (see section 1.7). It thus seems here that this two
dimensional crystal is also present at the surface of the liquid droplets in our case. In addition,
in the following graphs plotted in the next section the peak at 3.27 A~!, highlighted with a
little triangle above it, should not be taken as a reconstruction peak. This peak is present

even at high temperatures and also corresponds to a surface 2D crystal phase!.

=—O0— This study

[Sphyrko et al.]
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Figure V.7 — (a) Superposition of our experimental liquid structure factor and the ones extracted
from the paper of Shpyrko et al. [Shpyrko et al., 2007| revealing the correspondence between peaks
arising from a 2D AuSi crystal.(b) Radial-scans for several temperatures upon cooling, performed
on the Si[121] azimuth and focusing on the first order of the liquid structure. The narrowing of the
peak indicates a decrease in the standard deviation of the mean inter-atomic distance in the liquid
and thus illustrates the ordering of the liquid.

Another special feature concerns the evolution of the liquid and the (6x6) reconstruction
signals with the decrease of the temperature. Figure V.7(b) shows scans performed on the
first order of the liquid structure factor for different temperatures during cooling and before
solidification (along the Si[121] azimuth). It reveals that the liquid peak gets narrower and
increases in intensity with decreasing temperature. The narrowing of the liquid is due to a
less dispersed value of the mean distance between two first-neighbour atoms and thus un-
derlines the ordering of the atoms in the liquid. At the same time, the (6x6) reconstruction
peaks are also found to increase in intensity illustrating the improvement of the quality of

the reconstruction.

i. It is however impossible to distinguish between the low T or the high T structure as in the work of
Shpyrko, two peaks can be found at this position, each one corresponding to a different phase.
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Chapter V. Supercooling in AuSi droplets

In this section, very important results were obtained. First, for a similar amount of gold
deposited, the resulting AuSi liquid droplets are found to present a much larger supercoo-
ling behaviour in the presence of a (6x6) reconstruction (7,=500 K) compared with the
(v/3xv/3)R30° reconstruction (T,=540 K) or the Si(001) substrate(T,=550 K). In addi-
tion, a two dimensional AuSi crystal is assumed to be floating on the surface of the liquid
droplets. Finally, the ordering of the atoms in the liquid upon cooling is recorded in parallel
with the improvement of the reconstruction quality. As the supercooling effect is larger in
presence of the (6x6) reconstruction, we believe that it can influence the liquid behaviour
and thus the solidification process. The next section is therefore devoted to the study of the

liquid structure in the presence of the (6 x6) reconstruction.

V.3 Study of the liquid structure

We have seen in Chapter I (section 1.8.2) that a solid can influence a liquid’s structure, at
least in the first layers. The (6x6) reconstruction presents trimers of pentagons and is found
to be very stable (see Chapter IV). As it has been shown that the supercooling behaviour
of a liquid can be influence by the appearance of the icosahedral short range order (see
section 1.5.2), the underlying idea appearing here is that the reconstruction, due to its specific
structure, can influence the formation of fivefold clusters into the AuSi droplets. The creation
or the increase of this order would lead to the stabilization of the liquid phase. To see whether
or not this idea is relevant, experimental measurements and simulations were performed to

get more information on the inner structure of the liquid.

V.3.1 Experimental study

In Figure V.8 is plotted the reciprocal space map of the AuSi system in the liquid state
in the supercooled regime after annealing at 720 K. It displays the Si Bragg peaks, the (6x6)
reconstruction peaks and three rings that correspond to the first three accessible maxima of
the accessible liquid structure factor. The radial structure factor of the liquid is extracted
by performing the angular average of the experimental liquid intensity which is similar to
the pair correlation function (see section 1.4). A first step to know whether or not the liquid
structure can be compared to the (6x6) structure is to derive the mean structure factor of
this latter. To do so, the intensities of all measured (6x6) diffraction peaks contained in
0.05 A~ intervals of the reciprocal map were summed up. The result of this operation is

represented by the black crosses in Figure V.9(a) in a way that each cross corresponds to

ii. onto which no gold reconstruction is reported.
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st rd P
1 3 e Angular

average

- = Si (220) Si(111) — Au(6x6)

Figure V.8 — Reciprocal space map covering 30° of reciprocal space (between the silicon [110]
and [121] azimuth) recorded in the supercooled state. The red colors correspond to high intensities
whereas blue correspond to low ones and yellow to intermediate ones. This map displays the Si
monocrystal Bragg peaks and a mesh of thin peaks corresponding to the (6 x6) reconstruction already
observed in the previous chapter. The three intense rings correspond to first, second and third order
of the liquid structure factor which can be extracted by an angular average of the intensity.

the total (6x6) intensity encountered in the chosen interval. The smoothening of the discrete
characteristics of the signal is performed by a fast Fourier transform which lowers the high
frequency components and results in a representative curve of the radial intensity distribution.
The extended shoulder on the second order is characteristic of the pentagonal order present
in the reconstruction [Sachdev and Nelson, 1984; Kelton et al., 2006].
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Figure V.9 — (a) Summation of all the measured intensity arising from the (6x6) reconstruc-
tion (black crosses) and result of the Fourier transform illustrating its radial intensity distribution
(red) (b)Plot of the structure factor of the experimental liquid, simulated liquid and a hypothetical
structure factor by averaging the (6x6) reconstruction peaks.
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Figure V.10 — Zoom on the first order of the liquid structure factor. The intensity increases in the
vicinity of intense (6x6) reconstruction peaks reflecting local similarities between the two structures.

The experimental liquid structure factor in its supercooled state is plotted on the graph
in Figure V.9(b) together with the theoretical structure factor of the simulated liquid at
600 K provided by ab-initio calculations performed by A. Pasturel. The two liquid structure
factors are in very good agreement which confirms the accuracy of the molecular dynamics
simulations of this system. In addition is plotted the radial intensity distribution of the (6x6)
reconstruction. It compares well to the experimental and theoretical structure factors pointing
out the presence of similar interatomic distances in the (6x6) reconstruction and the liquid.

When looking closer at the first order of the liquid in the map of Figure V.8 we remark an
in-plane anisotropy of the intensity distribution from the liquid (see Figure V.10). Even more
interesting, the liquid signal is enhanced in the vicinity of the strongest (6x6) reconstruc-
tion peaks. This observation suggests that structural similarities between the reconstructed
interface and the adjacent liquid layers may exist in a way that the liquid tends to adopt the
structure of the reconstruction. The dashed arrow in Figure V.10 indicates the direction of
the reciprocal space along which the scans presented in Figure V.11(a) and (b) are performed.
More precisely, it corresponds to the scan noted 1, performed along this direction and in the
plane, . e. at @, ~ 0 A~!. The scans 2 ,3 and 4 are performed along the same in-plane
azimuth but at different values of @, : 1.34, 2 and 2.68 A~!, respectively.

The (6x6) reconstruction is a 1 ML thick surface structure, its diffracted intensity thus
corresponds to a mesh of rods perpendicular to the surface in the reciprocal space. The verti-
cal dashed lines in Figure V.11(a) represents two intense rods existing on the direction onto
which the scans are performed. Along each scan of Figure V.11(b), the intensity of the two
(6x6) rods are therefore recorded.

As far as the liquid droplets are concerned, the resulting diffracted signal is different. In
reciprocal space, the diffracted intensity of an isotropic liquid is distributed at the surface
of a sphere having a radius inversely proportional to the mean distance between two nearest

neighbour atoms. This spherical intensity distribution has a finite thickness due to the devia-
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Figure V.11 — (a) Scheme of the distribution of the intensity in the (Q) ,Q1 ) plane in the direction
of the dashed arrow in Figure V.10. (b) Scans corresponding to the arrows plotted in (a), performed
in the plane (scan 1) and parallel to it for several values of out-of-plane momentum transfer, @
(scans 2, 3 and 4). (¢) Representation of the system with equivalent colors between the diffracting
structures and the corresponding intensities.

tion of the mean inter-atomic distance. It is represented in Figure V.11(a) by the yellow area
which is the cut, in the studied plane, of one fourth of the liquid sphere. Scan 1, performed
in the plane, therefore displays the liquid signal in the middle of the two (6x6) reconstruc-
tion peaks. Scan 2, recorded at @, = 1.24 A~! also displays the (6x6) signal because of
their rod shape distribution, but the liquid signal is shifted to the left in agreement with its
spherical shape. In scans 3 and 4, the (6x6) reconstruction signal is still measured whereas
the maximum of the liquid intensity is no longer within the scanned range.

However, in scans 2, 3 and 4, an unexpected bump of intensity is still recorded between
the two (6x6) reconstruction peaks, at the in-plane position of the first maximum of the
liquid structure factor. A remaining intensity at this in-plane position that does not vanish

along (), highlights the presence of a rod at the position of the liquid. It therefore reveals
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Chapter V. Supercooling in AuSi droplets

the presence of a structured interfacial liquid in the droplet (“liquid rod” in Figure V.11(a)
and (b)) whose lateral short range order is influenced by the (6x6) reconstruction (see Fi-
gure V.10). In other words, the system seems to correspond to liquid droplets in the presence
of a (6x6) reconstruction that can influence the structure of the liquid at the solid-liquid
interface as represented in Figure V.11(c).

It has been shown in Chapter IV that the (6x6) reconstruction is composed of trimers of
pentagons. We thus propose that the influence of this reconstruction on the structure of the
liquid consists in helping the formation of -or stabilizing pre-existing- five-fold clusters that
favor the liquid state and prevent the solidification process (see section 1.8.2). Our measure-
ments clearly revealed the existence of a structured liquid at the interface with the substrate
in the presence of the (6x6) reconstruction. However, it was not possible to measure experi-
mentally the creation of a five-fold ISRO in the supercooled droplets.

In order to confirm to what extend our proposed process can be validated, simulations on

the liquid were performed.

V.3.2 Simulation results

The aim of these simulations is to explore the structure of the liquid at a temperature
above T, (at 700 K) and in the supercooled regime (600 and 500 K) to detect potential
changes during the cooling process. To do so, 256 atoms with a proportion of Au and Si
atoms corresponding to the eutectic composition are arranged in a cubic box with periodic
boundary conditions. The side box length is 16.5 A and the duration of the run is 30 ps with
a time step of 3 fs.

In Figure V.12 is plotted the mean-square displacement < r2(¢) > deduced from the
simulations. The three temperatures display a similar evolution presenting distinctive regimes.
The first one concerns the short times with a ballistic motion of the atoms with an amplitude
evolving as t2. It is then followed by a “crossover” region where the slope weakens. The
slowing down of the motion arises when the atoms come across their first neighbours and
arrange in coordination polyhedra such as those presented in Figure 1.22. At longer time, the
mean-square displacement grows linearly with time corresponding to the diffusive regime.
The extraction of the self-diffusion coefficients yields 0.075, 0.046 and 0.020 A2.ps~! at 700,
600 and 500 K, respectively, and confirms the liquid behaviour for the three temperatures.
For each temperature, a neighbor analysis of the simulated eutectic liquid was carried out.
The detailed three-dimensional picture of the local structure was extracted and, using the
Honeycutt-Andersen indices presented in section 1.5.2, the percentage of clusters with five-
fold symmetries (represented by 1551, 1451 and 1431 pairs) in the liquid could be calculated.
On the graph in Figure V.13 is plotted the variation of the percentage of each considered
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Figure V.12 — Mean-square displacement < 72(¢) > deduced from the simulations at 700, 600 and
500 K.

pair as well as the one of the total five-fold symmetry pairs. The short-range order displays
an appreciable proportion (46 %) of pairs in local five-fold arrangement at 700 K. During the
cooling down to the supercooled regime, this proportion increases to reach 51 % and 54 %
at 600 and 500 K, respectively. These results therefore reveal that, first, five-fold ISRO can

develop in the AuSi eutectic liquid and second, that the supercooling process enhances its
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Figure V.13 — Percentage of the 1551, 1451, 1431 five-fold clusters present in the simulated liquid
(referring to the left axis) and of the total five-fold symmetry pairs (referring to the right axis) as a
function of decreasing temperature.
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Chapter V. Supercooling in AuSi droplets

formation.

An interesting information consists in the comparison of the interatomic distances found
in the different structures. This done in Figure V.14 showing the surface unit cell of the
(6x6) reconstruction (with the extended trimers of pentagons surrounding it), the 1551
cluster found in the simulated liquid and the f.c.c. gold structure at 550 K. Remarkably,
the nearest-neighbour distance in the pentagons is 2.86 A at room temperature, denser than
for gold in its bulk f.c.c. structure (2.90 A at 550 K), but close to the interatomic distance
(2.84 A) in icosahedral Au clusters in the supercooled liquid, as deduced from the simulations.
Moreover, the five-fold clusters found in the simulated liquid and the pentagons of the (6x6)
reconstruction present very similar topology. Therefore, the (6x6) surface structure offers

perfect sites to stabilize the five-fold clusters, which in turn stabilize the supercooled metal.

33 e

1551 FCC (550 K)

/
[¥"2.90 A

l—l

2.84 A

Figure V.14 — Image of the Si(111)-(6x6)Au reconstruction surface leading to enhanced super-
cooling with the unit cell highlighted by the black line (only the Au atoms are shown). Out of 45
atoms in the unit cell, 30 are in a pentagonal environment (green lines). In insets are shown a gold
pentagonal cluster (1551) present in the simulated liquid and the fcc gold lattice at 550 K. The
cluster has similar topology and bond length (2.84 A) as the surface structure (2.86 A), both denser
than the Au fcc lattice at this temperature (2.90 A).

Throughout the investigations presented above in this section, several key points have
been highlighted and show that the (6x6) structure has an influence on the liquid and play
a role in the enhancement of the supercooling effect observed in the AuSi liquid droplets :

— The ordering of the atoms in the liquid is recorded in parallel with the improvement of

the quality of the (6x6) reconstruction.

— The average radial structure factors of the experimental and simulated (presenting
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ISRO) liquids as well as that of the (6x6) reconstruction display similarities.

— The first maximum of the liquid structure factor presents an in-plane anisotropy of the
intensity distribution : it is more intense in the direction of the strong (6x6) peaks
reflecting the liquid lateral short range order influenced by the reconstruction.

— A rod of intensity is recorded along ), at the in-plane position of the liquid revealing
the ordering of the liquid close to the droplet/substrate interface.

— The analysis of the simulations performed on the liquid at different temperatures shows
that the ISRO can develop in the AuSi liquid and is enhanced in the supercooling
regime.

— The mean interatomic distance in the five-fold clusters is smaller than that in the f.c.c.
gold structure and at the same time display pentagons of similar topology (and size)
than those present in the (6x6) reconstruction.

In the light of all these results, it is therefore proposed that the Au-induced Si(111)-
(6x6) reconstruction, which present very unusual pentagonal arrangement, promote and/or
enhance the nucleation of five-fold clusters in the liquid. The creation of the ISRO in the
AuSi droplets thus stabilize the liquid state and enhance the supercooling behaviour (see
Figure V.15).

Au-Si
liquid alloy  [650 K ISRO 520 K

-

700 K

=

(V3xV3)R30° reconstruction (6x6) reconstruction

Figure V.15 — Schematic illustration of the proposed process. At 700 K the AuSi droplet forms on
the Si(111)-(v/3x+/3)R30° surface. Upon cooling, at 650 K, the (6x6) reconstruction is formed and
influences the liquid’s structure. With still decreasing temperature, the ISRO develop in the droplet
and stabilize the liquid down to 520 K.

In Figure V.15, the images suppose that the reconstructions extend all over the surface,
even at the droplets/substrate interface. However, on the BM32 beamline, the wide size of
the beam prevents a precise measure and only provides an average over a large surface of the
sample. In addition, the islands cover a few percent of the total area so that it is not strictly
possible to conclude the existence of a long-range ordered reconstruction at the substrate-
droplet interface. As the (6x6) reconstruction is very stable and energetically favourable, it
is however possible to think that a similar structure can form locally. The question of the
interface’s structure is discussed in Chapter VII.

The enhancement of the supercooling by the (6x6) reconstruction is however obtained
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if the sample is annealed at least 60 K above T,. Compared with the results obtained in
the case of the Si(001) substrate for which higher annealing lead to lower supercooling, one
would thus expect a solidification process that takes place at a higher temperature than the
one measured with the (v/3x+/3)R30° reconstruction (annealed lower). It seems therefore
unavoidable to focus on the effect of the annealing process that is responsible of three effects
that could influence the solidification :

— Following the phase diagram of the AuSi system, a higher annealing leads to a larger

Si content in the droplets.

— The higher the annealed temperature, the larger the droplets.

— The quality of the (6x6) reconstruction is improved with a large annealing.

Concerning the concentration of the droplets, it could not be determined experimentally
in this work. It is thus reasonably assumed that it follows the equilibrium phase diagram as
the droplet is in contact with the Si substrate reservoir and can adjust the Si content with the
temperature variations. Therefore, whatever the maximum annealing temperature is, upon
cooling to T,, the concentration follows the liquidus line and has the eutectic value at T,.
The process governing the Si concentration adjustments is discussed in Chapter VII.

It is assumed in this work that the size of the droplets (even for deposits of 2 ML) are
too large to induce surface effects and thus have an influence on the supercooling effect.
Therefore, the presentation of the size effects does not aim to show potential features arising
at the nanoscale but consists in the study of the influence of the (6x6) and (v/3x+/3)R30°
reconstructions on droplets of different sizes. The underlying idea being the increase of the
surface-to-volume ratio for which the influence of the surface (reconstruction) on the volume
(liquid) is assumed to be enhanced. It is possible to influence the size of the droplets by
changing the deposited amount and/or the annealing temperature (coarsening process), the
formation of the reconstructions being at the same time dependent on the annealing tem-
perature. Therefore, by performing several experiments with different amounts of gold and
different annealing temperatures, it has been possible to study in parallel, the formation of
the reconstructions (as well as its quality in the case of the (6x6) reconstruction) and their

influence on liquid droplets of different sizes (i. e. of different surface/volume ratios).

V.4 Study of the size effect

In a first experiment, three different experiments with 2 ML, 10 ML and 30 ML of gold
were performed by annealing at the same temperature of 720 K. A larger deposit leads to
larger islands and then to larger droplets for equivalent annealing temperature which at the

same time allows the formation of the (6x6) reconstruction upon cooling.
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Figure V.16 — Radial-scans along the [121] azimuth (a) at 720 K, 530 K and 510 K, for a 2 ML
deposit and (b) at 720 K, 630 K, 550 K and 510 K, for the same sample onto which were added
8 ML to reach a total of 10 ML.

Figure V.16(a) shows the solidification scans for the 2 ML sample. At 530 K upon cooling,
the scan only displays (6x6) reconstruction peaks, the crystal truncation rod and the 2D
floating crystal peak. The droplets are thus still liquid at 530 K and display a sharp liquid-
solid transition that takes place at 510 K. On the same sample was added 8 ML of gold to
reach a total deposit of 10 ML and a second annealing at 720 K was performed. In this case,
the solidification of the system arises at 510 K as for the 2 ML deposit, with the very first
grains observed to appear at 550 K (see Figure V.16(b)). The major part of the droplets

in this case thus turn into solid islands at a similar temperature than for 2 ML. Again,

(111)  (200) —a— 720K
v —e— 570K
—wy— 540 K

(220)

Intensity (arb. u.)

Figure V.17 — Radial-scans along the [121] azimuth at 720 K, 570 K and 540 K, for a 30 ML
deposit.
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Figure V.18 — Radial-scans for a 30 ML deposit (a) along the [110] azimuth at 630 K, 570 K and
540 K and (b) along the [121] azimuth at 820 K, 620 K, 560 K and 520 K, in this case the sample
was previously annealed at 940 K

the procedure was performed for a 30 ML deposit. Figure V.17 shows that in this case the
solidification process initiates at 570 K with the emergence of a very weak Au(220) peak. At
540 K, the liquid-solid transition sets in.

On the one hand, the 2 ML and 10 ML samples, both annealed at 720 K to get the
creation of a (6x6) reconstruction, present the same order of supercooling compared to the
6 ML sample in the previous section (even annealed a bit lower, at 690 K, with a (6x6)
reconstruction) : in these cases the solidification is recorded at 500~510 K. This observation
claims for a size-independent supercooling behaviour or more precisely that the difference in
the surface/volume ratios between the two experiment does not influence the development
of the ISRO. On the other hand, the 30 ML sample, also annealed at 720 K in presence of a
(6x6) reconstruction, displays a lowered supercooling effect (T;=540 K) : this claims for at
least some size-dependence of the supercooling behaviour with the idea that a larger volume
is less influenced by the surface structure.

In order to conclude whether or not the size effect is prominent and confirm the influence
of the (6x6) reconstruction, a 30 ML deposit was annealed at the eutectic temperature
whereas another one was annealed well above T, at 940 K. The sample annealed at 940 K
formed much larger droplets because of the coarsening process [Swiech et al., 1991].

The cooling experiment shows that the 30 ML sample annealed at T, (see Figure V.18(a)),
only presents a partial (v/3x+1/3)R30° reconstruction and that most of the grains are already
formed at 570 K (very intense Au(220) peak) with a complete solidification that sets in when
540 K is reached. The 30 ML sample annealed at very high temperature (940 K) and therefore

i. We paid attention not to heat the sample higher in order to avoid gold evaporation.
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Intensity (arb. u.)

Figure V.19 — Radial-scans along the [121] azimuth at 950 K, 750 K, 650 K and 490 K, for the
2+8 ML sample.

composed of larger droplets with a clear (6x6) reconstruction solidifies at lower temperature :

520 K (see Figure V.18(b)). From these comparisons, two key points can be expressed :

1. The 5 ML and 30 ML samples, both annealed only slightly above T, with two different
sizes of droplets and cooled down in the presence of the (\/g X \/§)R30° reconstruction
display the same solidification temperature : 540 K.

2. The 30 ML sample annealed at 940 K and the 30 ML sample annealed at 720 K
were both cooled down with the (6x6) reconstruction. However the former has larger
droplets as well as a “better” (6x6) reconstruction and solidified at lower temperatures
(Ts=520 K) than the latter (T;=540 K). The same trend has also been observed for the
10 ML deposit after annealing at 950 K, which presented a nicer (6x6) reconstruction
and a solidification temperature shifted by -10 K (T5=490 K) (see Figure V.19).

Throughout these measurements carried out on different substrates and experimental
conditions (deposited amounts, annealing temperatures, reconstructions), several assump-
tions were confirmed. Whatever the deposited amount is, the presence of the (6x6) recons-
truction enhances the supercooling behaviour, the (\/§ X \/§)R30° reconstruction always lea-
ding to lower supercooling. Moreover, if a large amount of gold is deposited (30 ML), the
influence of the (6x6) reconstruction on the supercooling behaviour is weaker because the
surface/volume ratio is smaller unless a sufficient annealing is applied to promote the creation

of a (6x6) reconstruction of high quality.

The aim of this chapter was to present the different results concerning the
supercooling phenomena arising in AuSi liquid droplet in contact with Si sub-

strates. We have seen that a low supercooling is recorded on Si(001) substrates
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Chapter V. Supercooling in AuSi droplets

whereas it is enhanced on Si(111) substrate. The maximum supercooling value
has been observed in the case of the Si(111)-(6x6)Au surface for which a signal
corresponding to an ordering of the liquid at the liquid-solid interface has been
recorded. As the structure of the (6x6) reconstruction is locally formed with
pentagonal units, we believe that this particular surface can favour the presence
of clusters presenting five-fold symmetry and stabilize the liquid phase. The si-
mulation results performed on the system tend to confirm this explanation. In
the next chapter, we investigate other systems that are used to grow nanowires
through the VLS process.
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Summary of Chapter V

Supercooling in the Au-Si(001) system :

e For AuSi droplets solidifying on a Si(001) substrate, it is found that the higher the sample
is annealed, the smaller the supercooling is.

e The in-plane orientation relationship between the solidified gold and the Si(001) substrate

is strongly dominated by the “cube on cube” epitaxy.

Supercooling in the Au-Si(111) system :

e 6 ML of Au annealed 10 K above T, followed by a cooling down results in the solidification
of the AuSi droplets in the presence of a (v/3x+/3)R30° reconstruction 90 K below 7.

e For a similar amount of gold annealed 60 K above T, the solidification takes place in the
presence of the (6x6) reconstruction 120~130 K below T..

e Upon cooling, the presence of the AuSi 2D crystal phase is observed as well as the ordering

of the liquid in parallel to the ordering of the (6x6) reconstruction.

Investigation of the liquid’s structure :

e The radial structure factors of the experimental and simulated liquids fit very well attesting
the accuracy and reliability of the simulations for the liquid state in this system.

e The first order of the liquid signal is enhanced in the vicinity of the most intense (6x6)
peaks indicating structural similarities between the two.

e A rod of intensity is recorded at the in-plane position of the liquid revealing the ordering
of the liquid close to the droplet/substrate interface.

e The neighbor analysis of the simulated eutectic liquid shows an appreciable increase of the
amount of five-fold clusters with the decrease of the temperature.

e The mean interatomic distance in the five-fold clusters is smaller than that in the f.c.c.
gold structure and at the same time display pentagons of similar topology (and size) than

those present in the (6x6) reconstruction.

Size effect :

e The comparison of several experiments carried out with different amounts of gold and
different maximum annealing temperatures confirmed that the supercooling behaviour is
influenced by the surface reconstruction : the (6x6) reconstruction tends to lower the
solidification temperature.

e The (6x6) influence is reduced with the increase of the sizes of the droplets increasing the

surface-to-volume ratio,i. e. for large droplets a part of the liquid do not “feel” the surface.

e The influence the (6x6) is again increased when this latter is of high quality.
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VI.1. Au on Ge(111)

In Chapter V, we have discussed the solidification processes of AuSi droplets on Si sub-
strates. Many efforts were put in this system which revealed, depending on the substrate’s
structure, unexpected behaviour upon cooling. In order to attempt a comparison with the
results obtained with Au-Si, similar experiments were performed on the Au-Ge and Al-Si
which are supposed to have relatively close properties as they also combine a metal and a
semi-conductor and can be used for VLS growth. In addition to the study of the solidifi-
cation path, some results concerning growth and dewetting are presented and compared to
the case of Au on Si(111). The AuSi and AuGe supercooling behaviour was also studied on
“inert” substrates; hence constituting closed systems as opposed to opened when on the SC

substrastes.

VI.1 Au on Ge(111)

As it has been done in the case of the Au-Si system in Chapter V (see Figure V.4), a
scheme of the reciprocal space is plotted in Figure VI.1, which allows to easily distinguish
between the substrate, the solid islands, the liquid droplets and the reconstructions diffraction

signals.

[121]

© GeBragg @CTR ... Ge-(1x1) 543
Au rings

O (v3xv3)R30°

-------- o
yan\ o >
N4 U / - UI ANy - —
1.05 2.09/ /230 a19] [ 523 g Wil

(112) / (200) (220) (3ﬁ1) I
| |
2.66 3.08 3.14 4.35 5.10 6.28

Figure VI.1 — Scheme representing the 30° (between the Ge[110] and Ge[121] azimuth) of the
reciprocal space. The positions of the Ge Bragg peaks, CTR , (v/3x1/3)R30° reflections and Au
rings are given in momentum transfer Q (A=1) values.
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Layer by layer deposit

Figures V1.2 gathers the radial-scans performed during the deposition of several ML of Au
on a Ge(111) substrate. At 0.5 ML, both scans only display the Ge substrate features (Bragg
peaks and CTRs) without any gold crystalline signal. The scan along the [110] direction,
however, reveals the presence of the (\/§>< \/§)R30° reconstruction [Howes et al., 1993|. When
1 ML is reached, the Au peaks appear, their intensity increases as long as the deposition
process is maintained and depends on the in-plane orientation (i. e. on the azimuth). The
Au(200) peak is already very intense for only 1 ML along the [110] direction whereas its signal
along the [121] axis appears only at 3 ML and is very low. The Au(220) reflection appears on
both axes at 1 ML and also increases with increasing deposition. The Au(111) peak remains
quite low on both axes even for 3 ML. The presence of well defined Au Bragg peaks as well as
(v/3xv/3)R30° reconstruction peaks for a 3 ML deposit seem to indicate that the RT growth
of Au on Ge(111) is achieved by the formation of 3D crystalline structures together with a
reconstructed wetting layer in this experiment. This result is a bit surprising as the surface
energy of Ge(111) is smaller than the one of Si(111). As the uncertainty on the temperature
below 450 K is large, we believe that we did not wait long enough before proceeding to the

Au deposit so that it had been performed above RT.
In addition to the Au Bragg peaks, two reflections (at ~ 2.15 A~! and ~ 2.5 A1) are

present on both axes and do not correspond to any lattice spacing in gold. They are assumed

to come from the formation of a AuGe crystalline phase and are discussed in details later.

—— 05 ML Ge(2§0) ——05ML —— 1ML Ge(2£_12)
1.7ML =——3 ML

1.7 ML (200)

Intensity (cps)

20 25 30 35 4.0 45 20 25 30 35 40 45 50 55
Q (A% QA%
(a) (b)

Figure V1.2 — Radial-scans performed at RT for a total deposit of 0.5, 1, 1.7 and 3 ML of Au, along
(a) the Ge[110] azimuth and (b) the Ge[121] azimuth. R3 stands for (v/3x+/3)R30° reconstruction
peaks.
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Annealing and melting

—— 590 K —— 630 K o T 590K——630K _ Ge

— 650 K 660 K
(220)

Intensity (cps)

Intensity (cps)

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Q (A%

(b)

Figure V1.3 — Radial-scans performed upon annealing at 590 K, 630 K, 650 K, 660 K along (a)
the Ge[110] azimuth and (b) along the Ge[121] azimuth.

Figures VI.3 shows the same radial-scans as in the previous Figure but for several tem-
perature during annealing of the sample. Only the Au(111) reflections (and thus Au(222))
increase with T. At 660 K, all the gold reflections vanish confirming the solid-liquid transi-
tion. In addition, we note here that the two unassigned peaks mentioned above also disappear
at T, with the appearance of the liquid droplets whereas the (\/gx \/§)R300 reconstruction

peaks remain. The sample was then annealed at a maximum of 710 K and a reciprocal space

map of the liquid system was recorded (see Figure VI.3)

7 Ge[121]
b d

Ge(242)

Ge-(1x1) j‘
o Ge(111)-
15t liquid - { / - Au(v3xv3)R30°

Ge(220) Ge(440)

Figure VI.4 — Reciprocal space map of the Au-Ge system in the liquid state (at 670 K). The red,
and blue colors refer to high and low intensity, respectively. The yellow colors represent intermediate

intensities.
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This map is rather simple, displaying the Ge Bragg peaks, the Ge(111)-(v/3xv/3)R30°Au
reflections and the first order of the liquid signal. The second order of the liquid is almost
invisible (as well as on the scans), which may be due to the low amount of Au deposited.

Above T,, the system is therefore composed of AuGe liquid droplets in the presence of a

(v/3xv/3)R30° reconstruction.

Cooling to T

As for the Au-Si system, we determine the solidification temperature by recording radial-
scans upon cooling until the Au peaks reappear indicating the creation of crystal grains in
the droplets. This is plotted for both axes upon cooling, at 710 K, 610 K, 590 K and 570 K in

Figure VI.5. The very first traces of solid grains are recorded at 610 K, with the emergence

70K (220) o

Intensity (cps)

Intensity (cps)

Figure VI.5 — Radial-scans recorded upon cooling at 710 K, 610 K, 590 K and 570 K along (a)
the Ge[110] azimuth and (b) the Ge[121] azimuth.

of the Au(220) reflection along the Ge[110] azimuth but the majority of the droplets are still
in the liquid state. The sample must be cooled down to 590 K to observe a substantial rise
of the Au peaks intensity, the complete solidification of the system is obtained at 570 K,
i. e. 90 K below T,. Moreover, we note that the Au(111) peak is now very intense on the
Ge[121] axes but does not reappear along the [110] direction. The Au(220) intensity, in the
contrary, concentrates along the Ge[110] azimuth. A reciprocal space map of the system in

the solid state was thus recorded to visualize the intensity distribution of the gold structures

(see Figure VI.6).
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Ge(232) o "Ge[121]
Au(331) 8

Au(222) _::,&’\ |
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Ge(111)-Au(V3xV3)R30°  Ay(220) Au(420)

Figure VI.6 — Reciprocal space map of the Au-Ge system in the solid state (at RT) after melting
and solidification. The red, and blue colors refer to high and low intensity, respectively. The yellow
colors represents intermediate intensities

Epitaxies after melting and solidification

In the case of Au on Si(111), we have seen that the solid reciprocal space map presented
gold rings (see Figure IV.2). This claimed for the solidification of gold grains in a quite random
manner but with the predominant in-plane epitaxial relationships discussed in Chapter III
which reappears after crystallization. Here, the solid map displays traces of gold rings but
with a very inhomogeneous repartition of the intensity. It therefore reveals that the grains
are very textured in the plane, depending on their epitaxial orientation perpendicular to the

substrate. The Au(220) rings intensity concentrates on the Ge[110] azimuth, which therefore
Au[001] | | Ge[110] can @ Ge

tt‘tt‘

v
¢ @ o @ ¢ @ o@c ¢ @
¢ €  Auio] || Ge[113]
P ¢ @ ¢ @—>
@

© e ¢ o—
e
e

Qe ¢ @

Au[110] || Ge[111]

Figure VI.7 — Top view of the interface represented by the superposition of the Au(110) plane
above the Ge(111) plane, the lattice parameters values are taken at 300 K. The Au(110) plane is
rotated around the Ge[111] axis by 30° with respect to the parallel epitaxy.
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corresponds to the OR1 presented in Chapter ITT : [110]Au(111)||[110]Ge(111). Concerning
the Au(111) intensity, which is concentrated on the Ge[121] direction, it corresponds to the
[001]Au(110)||[110]Ge(111) epitaxial relationship. Figure VL7 illustrates this configuration in
the real space and shows the quite perfect matching between the atoms of the Ge[110] row

and those of the Au[001] row, which explain this preferred orientation.

Discussion on AuGe crystalline phases.

During the deposit, we pointed out the existence of two unassigned peaks which are
believed to arise from the presence of a metastable AuGe solid phase. The o domain present
in the Au-Ge phase diagram corresponds to a stable AuGe fcc crystal with a lattice parameter
equivalent to the one of pure gold. The difference only lies in substitutions of some Au atoms
by Ge. The a phase can therefore not be distinguished from pure fcc <Au> by diffraction
experiments. However, two AuGe metastable phases, with different crystal structures, can
form depending on the experimental conditions [Okamoto and Massalski, 1984] :

— the hexagonal close packed S-AuGe phase (a~2.9 A, c~4.7 A)

— and the body-centered tetragonal v-AuGe phase (a~11.55 A, ¢~22.33 A).

These two phases are known to arise under out-of-equilibrium conditions, by quenching an
AuGe liquid alloy. The resulting phase depends on the alloy concentration [Anantharaman et
al., 1966; Manaila, 1999]. The S-AuGe can however not be at the origin of the peaks recorded
here, its lattice parameters presenting no corresponding distance to their positions.

Concerning the y-AuGe phase, its crystal structure and lattice parameters make it more
suitable to fit the recorded peaks. Indeed, the distance d(p40) and d(ps4) which are equal to
2.89 A and 2.56 A, respectively, give the closest corresponding Q values (Q(g10)=2.17 At
and Qo44)—2.45 A1 respectively). The difference between the proposed reflections and the
recorded ones can come from a slight difference in the value of the lattice parameters. We are
however aware that the proposed structure is supposed to form here at RT during the growth
of Au on Ge whereas it is more likely to form during quenching processes in literature.

Only one study reports its formation in the case of the elaboration of sputtered AuGe
films on quartz substrate at RT [Tkegawa, 1988]. The v-AuGe phase was found to quickly
transform into a-AuGe and cubic Ge with soft annealing (below 370 K). This is not the case
here as the two concerned peaks remain upon annealing, they only disappear at the solid-
liquid transition temperature. More recently, the metastable y-AuGe phase was observed to
form in specific conditions during the strong undercooling of a AuGe liquid droplet at the
tip of a Ge nanowire [Sutter and Sutter, 2011].

In our case, the metastable phase reappear but its signal after the solidification process is
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very low compared to that recorded during the deposition process. It is thus believed here that
these two peaks arise because of the formation of a AuGe crystalline alloy which is suppose
to be the 7-AuGe phase. However the possibility that this phase corresponds to another
unreported AuGe phase can not be excluded as our results and experimental conditions do

not fully agree with published results.

V1.2 Al on Si(111)

Au is the historically used catalyst for the growth of Si nanowires [Wagner and Ellis,
1964]. However it is also at the origin of potential contamination problems lowering the
performances of the nanowires. Al seems to be a promising metal to avoid contamination and
replace gold, the most important problem being however its high reactivity with oxygen and
thus the formation of an Al-oxide that strongly lowers the efficiency of the VLS process. It
is however interesting to study its behaviour under experimental conditions similar to those
used for the Au catalyst.

The experiment on the Al-Si(111) system was carried out on the ID03 beamline. For a
given material, the scattering of X-ray is proportional to the square of its atomic number Z.
With Z4, = 13 and Z4, = 79, the Al X-ray scattering is almost 40 times weaker compared to
Au. IDO03 offers the possibility to perform surface characterizations under UHV with a more
brilliant beam and is therefore more suitable to study the Al-Si system. The two experiments
consisted in annealing, melting and cooling 10 ML and 30 ML of Al deposited at RT on
Si(111) substrates.

Al(220)

Intensity (cps)

Figure V1.8 — Radial-scans along the Si[110] azimuth, recorded before any deposit of Al at RT
and after a deposit of 5 ML of Al at RT and 750 K. The peaks marked with a circle are Si-(7x7)
reconstruction peaks.
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Figure VI.9 — (a) [-scans (along Q, ) crossing the Al(311) Bragg peak at RT and 820 K and (b)
Rocking-scans on the Al(220) ring at RT and 820 K.

Figure VI.8 shows that as soon as 10 ML are deposited, the strong Si-(7x7) peaks disap-
pear and the Al diffraction peaks appear. Along the Si[110] , only the Al1(220) peak is present

which is quite similar to the Au-Si in similar conditions (see Chapter III).

Figure VI.9(a) compares two [-scans performed on the Au(220) reflection at RT and
after annealing of the sample. The result is comparable to what has been observed for the
Au-Si system (Figure II1.10(b)) : the peak narrows with annealing which corresponds to
the dewetting of the film. The value of the FWHM at RT yields an estimation of the film
thickness of 2.4 nm corresponding to ~ 10 ML in agreement with the deposited amount. At
820 K, the height of the structures is about 16.5 nm.

At the same time, similar measurements on in-plane orientation relationship as in the Au-

A - N ——800K
—— 820K — 785K
—— 840K ' — 770K

o .

420 425 430 4.35 4.40 4.45 430 495 4350 435 440 4.45
QA% QA%
(a) (b)

Intensity (arb. u.)
Intensity (arb. u.)

Figure VI.10 — Radial-scans on the Al(220) peak (along the Si[110] azimuth) (a) upon annealing
at 820 K and 840 K and (b) upon cooling at 800 K, 785 K and 770 K .
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Figure VI.11 — Radial-scans performed during the deposit of Al on the Si substrate for 8, 16, 23
and 30 ML on the Al(220) peak (a) along the Si[110] azimuth and (b) along the Si[121] azimuth.

Si system were performed (see Figure VI.9(b)). At low temperature, a rocking-scan on the
Al(220) ring displays a very broad peak centered on Si[110] and changes into a narrower peak
with the appearance of a second one (at 19°) with annealing. The Al-Si system thus presents
a similar dewetting process, as described in Chapter III for Au-Si, which is accompanied by
epitaxial reorganization upon annealing. We can however notice here that the central peak
displays a “double-width” shape. This can arise from a bimodal distribution of the sizes of
the structures.

When the sample is annealed at increasing temperature, the Al(220) peak vanishes around
the Al-Si eutectic temperature at 840 K for which the solid-liquid transition takes place
(Figure VI.10(a)). The sample can not be annealed higher otherwise Al evaporation can
happen. Upon cooling the first solid grains appear at 785 K and the solidification sets in at
770 K(Figure VI.10(b)).

For this sample the deposited amount of Al was too low to extract a clear liquid signal.
Another experiment was thus performed on a new sample with a 30 ML deposit. During the
deposition, radial-scans were performed on the Al(220) signal along the Si[110] and Si[121]
azimuths (see Figure VI.11). The intensities vary in opposite ways : they increase along the
[110] axis whereas they decrease along the [121] direction, highlighting a coverage dependence
of the in-plane orientation of the Al(111)-Si(111) interface at RT.

The sample was then annealed and radial-scans were acquired at 780, 795 and 835 K
showing a progressive transition between solid Al Bragg peaks and a clear liquid signal
by approaching the eutectic temperature (Figure VI.12). Upon cooling, the liquid signal
transformed back into gold peaks when the liquid-solid transition takes place at 780 K which
is 50 K below T..

147



Chapter VI. Case of other systems and inert substrates
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Figure VI.12 — Radial-scans performed between the [110] and [121] Si azimuth upon annealing a
30 ML Al deposit on Si(111) at 780 K, 795 K and 830 K.

N =

Compared to the Au-Si system (or Au-Ge), the supercooling behaviour recorded in these
experiments on Al-Si are not very surprising. It has already been reported in literature that
large degree of supercooling (more than 100 K) can be achieved even for bulk studies [Das et
al., 2001]. However, the degree of supercooling and the solidification pathways are numerous,
very complex and depend on many parameters such as the concentration, the thermal history,
the cooling rate or the formation of metastable phases. In the case presented here, in the
presence of a Si substrate and a very small cooling rate, it is reasonably assumed that a

simple segregation process takes place resulting in the solidification of separated primary

Y
_ .7 Si[121]
Si(242) Phg
A|(311)\

Al(220)—_
AI(200)—_
Al(111)
; Laithn Si[110]

5i(220) Si(440)

Figure VI.13 — Reciprocal space map of the Al-Si system in the solid state (at RT). The red, and
blue colors refer to high and low intensity, respectively. The yellow colors represents intermediate
intensities
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phases of Al and Si.

After solidification, the sample was cooled down to 300 K and a reciprocal space map was
recorded (Figure VI.13). This map reveals solid crystalline Al Debye-Scherrer rings that are
quite homogeneous. Contrary to the Au-Ge system, the melting-solidification cycle results in

an untextured solid in the case of Al on Si(111).

Complementary results obtained with the Al catalyst

In addition to the understanding of the fundamental aspects described throughout this
manuscript, the challenge is to control them. During one experiment, we tried to use the
large difference in the eutectic temperatures between the Al-Si (7, = 850 K) and the Al-Ge
(T, =700 K) systems to grow Ge NWs on a Si(111) substrate through an Al catalyst.

Si(220) ref at 750 K before
5 Ge deposition
Ge(220)
——25MLGe 5200
S 1 —— 6 ML Ge
:f — 13 ML Ge
Qo Al(200)
S
N
> =
2
S Al(111)
3
c
25 3.0 L 35 4.0
QA"

Figure VI.14 — Radial-scan performed along the Si[110] azimuth in the case of a Si(111) sample
onto which 6ML of Al were deposited, annealed and cooled down to 750 K (black). Same radial-scan
after the addition of 2.5 (red), 6 (green) and 13 ML (blue) of Ge at a constant temperature of 750 K.

To do so, we have annealed a deposit of 6 ML of Al on a Si(111) surface at 870 K in order
to form the AlSi droplets. Then the system was cooled down to 750 K and a radial-scan
along the Si[110] azimuth was recorded (see Figure VI.14). It displays the Al Bragg peaks
and confirms the solidification of the sample’. Then, we recorded the same scan during the
addition of Ge at 750 K, 7. e. 50 K above the Al-Ge eutectic temperature. Remarkably, after
the addition of 2.5 ML of Ge the intensity of the Al(111) peak decreased whereas those of
the A1(200) and Al(220) increased. After the addition of a total of 6 ML, the Al(111) peaks
has disappeared leaving a very weak liquid signal. For 13 ML of Ge added on the sample,

i. The wide peak at 3.75 A corresponds to the formation of small crystals of SiC.
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no more Al Bragg peaks were recorded reflecting the melting of the system. In addition, the
Ge(220) Bragg peak appeared which means that some Ge structures (film, islands, NWs...)
have formed in epitaxy with the Si(111) surface. Sadly, it has been impossible to perform ez-
situ characterization on this sample to see if nanowires had been grown with success. These
measurements reveal that the addition of Ge onto the surface composed of AlSi solid islands
above the eutectic temperature of Al-Ge allows the melting of the system and the potential
growth of Ge NWs.

The presentation of this experiment, which is not very conclusive, aims however to show
why the knowledge of the physic of the eutectic liquid droplets studied in this work is im-
portant as it could lead to a better control of the growth parameters and should provide a

wide range of tools to design new nano-objects.

In addition to the investigations of the Au-Si(111), Au-Si(001), Au-Ge(111) and Al-
Si(111), some attempts to get more information on the behaviour of those metal-SC liquids
were carried out on substrates that are supposed to be inert, at least chemically. To do so
we have performed similar experiments as presented above and in Chapter V for AuSi on a
SiO4 substrate and AuGe on SiOy and Al,O3 substrates.

V1.3 Case of “inert” substrates

VI.3.1 AuSi on SiO,

In this experiment, a MBE co-deposit of Au and Si was performed in required proportions
to reach a total of 6 ML of a AuSi alloy at the eutectic composition. Following the same
experimental procedure as in all the previous experiments, the sample was heated and radial-
scans were recorded until the disappearance of the crystalline peaks vanish at the eutectic
temperature (see Figures VI.15(a) and (b)). We can note here that the melting process starts
at 610 K, the complete melting of the system arises at 630 K. The sample is then annealed
at 720 K and cooled down. During the cooling process, radial-scans are also recorded to
measure the temperature at which the liquid-solid transition takes place (see Figures VI.15(c)
and (d)). This allows the observation of the first solid grains at 570 K (presence of the
Au(220) peak in Figure VI.15(d)) and a very progressive solidification process that ends
when a temperature of 510 K is reached. However, at 530 K, the transition is already almost
complete. Surprisingly, one can remark a peak at 2.52 A~ arising at 530 K in Figure VI1.15(c),
which does not correspond to any fce gold interplanar distance. A comparison that can easily

be made concerns the metastable v-AuGe phase which was supposed to be responsible of a

150



VI.3. Case of “inert” substrates

peak at the same position in section VI.1. It can also be attributed to an Au-Si metastable
phase reported in section II1.2 as the peak corresponds to the Au;Si(400) interplanar distance
(see Table II1.2). The formation of metastable phases in these systems however clearly requires
deeper investigations.

Interestingly, compared to the Au-Si(111) samples, several differences can be observed.
The melting process is found to start 20 K below T, the solidification begins at 570 K and ends
around 520 K with the potential formation of AuSi metastable phases. The supercooling value
(with T, taken as the reference point) is difficult to measure but can be roughly estimated
to be 100 K with a solidification process differing from the case of the “open” system. These

results will be discussed in more details in the next chapter.
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Figure VI.15 — (a)-(b) Radial-scans performed on the two substrate’s axes upon heating, at 540,
610 and 630 K. (c)-(d) Radial-scans performed on the two substrate’s axes upon cooling, at 690,
570, 550, 530 and 510 K. For a eutectic AuSi deposit of 7 ML.
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VI1.3.2 AuGe on SiO,

The same experiment was performed but this time with a co-deposit of 6 ML of a AuGe
eutectic alloy on a SiOg substrate. However, no solid-liquid transition was observed passing
through the eutectic temperature. At 690 K, the Au(220) peak was still present in the scans,
confirming the presence of gold grains. This observation was assumed to arise because of a
concentration gap between the eutectic concentration and the real one with a lack of Ge in
some islands. To overcome this issue, additional Ge was deposited at 690 K and, at the same
time, fast radial-scans were recorded on the Au(220) peak to follow the melting process (see
Figure VI.16(a)). The sample was then cooled down, the Au(220) peak appeared at 560 K,

its intensity progressively increased with cooling and reached its maximum at 490 K whereas
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Figure VI.16 — (a) Radial-scan on the Au(220) peak during the deposition of additional Ge at 690 K
until the disappearance of the peak due to the melting of the system. (b) Radial-scans performed
at 670, 560, 510 and 490 K upon cooling from 690 K after the deposition of additional Ge. (c)
Radial-scans performed at 480, 570, 600, 640 and 690 K upon heating. (d) Radial-scans performed
at 670, 620, 520, 510 and 490 K upon a second cooling process from 690 K.
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the Au(111) peak only appeared at 510 K and slightly increased when the temperature was
decreased again by 20 K. To get a clear measure of the melting temperature of the system,
the sample was heated again (see Figure VI.16(c)). Surprisingly, at 570 K the Au(111) peak
has already disappeared and the Au(220) intensity starts to decrease. This latter still presents
a weak intensity at 690 K suggesting that some parts of the system remain solid even 60 K
above the eutectic temperature. A subsequent cooling of the system displays quite the same
solidification process as in the first cycle (see Figure VI.16(d)) with a progressive increase of
the Au(220) peak and a late appearance of the Au(111) peak around 500 K.

For this experiment the phase transitions were found to take place over a wide temperature
range with even some islands that could not be melted. It reflects a potential heterogeneities
that will be described later.

VI1I.3.3 AuGe on Al,O3

Similarly to the previous experiment, a co-deposit of 6 ML of Au and Ge at a supposed
eutectic composition was carried out on an Al,Os. This substrate is of particular interest
as it has been reported to induce ordering in liquid Al in contact with it [Oh et al., 2005].
Again, during the first heating process of the sample, the Au(220) peak could not be remo-
ved even at 820 K (see Figure VI.17(a)), suggesting, as in the previous experiment, that the
composition was far from the eutectic one. To compensate, the Ge deposit was continued (at
820 K) until the Au(220) peak vanishes and the sample was subsequently cooled down (see
Figure VI.17(b)). As for AuGe deposited on SiOq, the Au(220) peak progressively increased
with the decreasing temperature whereas the Au(111) peak as well as two other peaks at-
tributed to the v phase appeared. More interestingly, it was the first time that SC Bragg
peaks, others than the bulk substrate peaks, were recorded. Here, at 500 K, the Ge(111)
and Ge(311) Bragg peaks appeared and revealed that, as predicted by the phase diagram, a
segregation process takes place leaving Au and Ge in separated solid phases.

Again, it was necessary to confirm the melting temperature of the present system so that
the sample was heated again (see Figure VI.17(c)). At 590 K, all peaks (from Au, 7 and
Ge) were still present but their intensities had already started to decrease. This trend was
confirmed at 650 K for which a major part of the diffraction signal is due to the liquid.
At 670 K, only the Au(220) peak remained and is attributed to islands with compositions
still far from the eutectic one, 7. e. presenting an excess in gold so that only partial melting
was observed even above the eutectic temperature. Upon subsequent cooling, the Au(220)
peak reappeared progressively, the Au(111) and 7 peaks appeared at 500 K and increased in
intensity when the temperature was reduced to 480 K, for which the Ge Bragg peaks arised.

The investigation of the Au-Ge system on the Al,O3 surface displays similar results to

153



Chapter VI. Case of other systems and inert substrates

—— 820 K before Ge deposit (220) {— 800K
10' 4 —— 820 K after Ge deposit —— 670K
v(433) (220)
—— 580K (4 /

— 500 K

—_
g @ via2)___
O )
2 £10°
2 c
g 2
€ £

{— 490 K
ook (1) (220)

— 650 K
— 670K

v(422)___

10° 4 W 1

Intensity (cps)
Intensity (cps)

Figure VI.17 — (a) Radial-scans performed at 820 K before (black) and after (red) additional Ge
deposition. (b) Radial-scans performed during the first cooling from 820 K, at 800, 670, 530 and
500 K. (c¢) Radial-scans performed during the second annealing of the sample at 490 K, 590 K,
650 K and 670 K. (d) Radial-scans performed during the second cooling sequence at 670, 570, 500

and 480 K

those obtained for AuGe on SiOs. The liquid-solid transition is very progressive and metas-
table phases are found to form. In addition, the formation of very small crystallites of pure
Ge are observed.

The results presented in this chapter as well as in the previous one, show that
the supercooling behaviour of the metal-SC droplets can strongly differ from an
experiment to another. At this point of this manuscript we have described our
measurements and have begun to propose potential explanations to these kind
of effects. However, the complexity of studying the behaviour of liquids, at the
nanoscale, seems to require deeper discussion to bring a clearer point of view on

what has been observed. The next chapter is dedicated to such discussion.
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Summary of Chapter VI

Au-Ge(111) :

e The growth of Au on Ge(111) is found to follow a Stranski-Krastanow mode in presence of
a (\/§>< \/g)RSOO reconstruction. The uncertainty on the temperature below 450 K makes
hard to know if the deposit has been carried out at RT.

e The reciprocal space map recorded in the liquid state does not display anisotropic variation
of the intensity of the liquid signal in the first ring of scattering.

e Upon cooling, the solidification process takes place 90 K below the recorded melting tem-
perature and results in the formation of very textured grains.

e During the experiment, some unassigned peaks are recorded and are attributed to the -
AuGe metastable phase even if we are aware that our experimental conditions are far from

those required to form this phase.
Al-Si(111) :

e The Al-Si(111) system presents similar behaviour compared to the Au-Si(111) system : the
dewetting of the film is accompanied by a rearrangement of the orientation relationships.

e Two samples have been investigated, one with 5 ML and the other one with 30 ML, both
showed a liquid-solid transition occurring about 60 K below 7..

e The reciprocal space map recorded at RT after solidification displays relatively homoge-

neous Al Debye-Scherrer rings revealing the weak texture of the grains.
Case of inert substrates :

e AuSi on SiO, : For this experiment, it was more complicated to determine the phase
transitions. The islands start to melt at 610 K and are completely melted at 630 K. Upon
cooling a very progressive liquid-solid transition is observed with the apparition of the first
grains at 570 K and a complete solidification at 510 K (~100 K below T.). A peak not
corresponding to any gold Bragg peak is also recorded.

e AuGe on SiO; and Al,Oj : In both cases, the uncertainty on the composition is very high
and we did not observe the complete melting. The solidification is extremely progressive
but continues down to very low temperature with the appearance of the v phase peaks.
In both cases, the liquid-solid and solid-liquid transition temperatures are very difficult to

determine. In the case of the Al,O3 substrate we observe the apparition of the Ge Bragg

peaks.
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In Chapter III, experimental results have been presented concerning the dewetting process,
which has been found to be accompanied by changes in the in-plane orientation relationships.
In Chapter IV we have studied the formation, the stability and the atomic structure of the
Si(111)-(6x6)Au reconstruction which can coexist with either droplets or solid islands. In
these two chapters, even if complementary experiments can be imagined to obtain more
precise information on critical points, the global understanding of the results allows to provide
satisfactory explanations. In Chapter V and VI, we strove to characterize in more details the
catalyst liquid phase which revealed unexpected supercooling effects in the Au-Si(111) system.
Similar experiments have been performed in other systems for comparison. The behaviour of
the liquid phase in interaction with a solid surface at the nanoscale is a fundamental feature
in the current research concerning the growth of nanowires. This section therefore aims to
discuss the experimental results described in the last two chapters (V and VI) and presents

an overview of the different physical concepts.

Problematics

The supercooling behaviour of a given system is not easy to understand. Indeed, the gene-
ral thermodynamical concepts briefly exposed in Chapter I to explain the liquid-solid phase
transition, mostly due to the early work of Turnbull, were at the beginning only derived
for the case of pure elements. Moreover, the supercooling phenomena in pure elements are
still not completely elucidated [Vinet et al., 2002; Kim and Kelton, 2007] and new concepts
on nucleation processes are proposed |Quested and Greer, 2005|. In addition, based on the
assumption of Frank [Frank, 1952|, the internal structure of liquids is thought to be locally
ordered in a pentagonal symmetry but, despite new means of characterization and a constant
increase of simulation capacities, it remains hard to bring evidences for this effect.

It becomes even more complex to study supercooling effects when dealing with alloys.
From a liquid alloy, numerous solid phases can form depending on the cooling parameter,
their study requires a lot of attention and well-defined experimental conditions. The obtai-
ned phase diagram can display many domain boundaries increasing the complexity of the
study of the phase transitions. Moreover, in experiments that take place far from equilibrium
conditions, it is not rare to observe the formation of metastable phases.

Paradoxically, the solidification of eutectic liquids is wrongly thought to be quite easy to
understand as it is supposed to consist in the segregation of the two components, resulting in
two separated solid phases. Moreover, the existence of liquid eutectics is quite intriguing as
the liquid phase is found at very low temperature for a given composition and can transform
in glass through rapid solidification. Eutectic liquids are also assumed to have a poor ten-

dency to supercooling [Takeda et al., 2007; Itami et al., 2010]. The mystery of their structure
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remains challenging but recent studies, both experimental and theoretical, have made evident
breakthroughs [Ikeda et al., 2002; Takeda et al., 2007; Itami et al., 2007; Pasturel et al., 2010;
Tasci et al., 2010; Chirawatkul et al., 2011]. The complexity of supercooling phenomena is
further increased when a liquid is in contact with a solid. Often, heterogeneous nucleation
is triggered and promote solidification. However, in some cases, specific surfaces are no good
nucleants for specific liquids |Greer, 2006].

The complexity of the present work therefore lies in the study of a metal-SC eutectic
liquid (mostly AuSi) in interaction with its respective SC solid substrate (Si), under the form
of nanometric droplets. Therefore, it is very hard to use thermodynamical models, merely due
to the fact, for instance, that interface energies are difficult to measure. Moreover, a slight
difference in one of the parameters of the system can lead to big changes in its solidification
process. In section 1.7.1, we have presented how the equilibrium is modified between a dro-
plet at the tip of a nanowire and one on a flat substrate. A very recent study has revealed
that it can strongly influence the solidification process. Indeed, Sutter et al. reported the
formation of the metastable 7-AuGe phase when cooling down a AuGe droplet at the tip of
a nanowire [Sutter and Sutter, 2011]. In the same study, in the light of our results published
one year before [Schiilli et al., 2010], they decided to perform the same experiment in the
Au-Si system. During their cooling procedure, they reported that no metastable AuSi phase
forms, however they obtained an amorphous AuSi solid. This is therefore a completely dif-
ferent result compared to ours. In our experiments, the X-ray measurements clearly highlight
that the solidified gold is crystalline as gold Bragg peaks are recorded when the solid-liquid
transition takes place. Through this simple example, one can see that there is still a lot to
be explained in the solidification process of these particular liquids.

The experimental conditions are thus believed to strongly influence the numerous pro-
cesses involved in the interaction between the droplets/islands and the underlying substrate.
Figure VIIL.1 illustrates this statement by gathering the different features that have been
raised through the present study. It shows that the VLS process, which seems rather simple
at first sight and is widely used to grow nanowires, encompass many atomic processes that
have to be understood to improve our control on the growth conditions and more generally
to enlarge our knowledge of the physics at the nanoscale.

In the following we compare our findings to published results and make a synthesis on

the knowledge we have so far on the systems studied in this work.

Structure of the interface and of the solidified droplets

The knowledge of the structure of the interface is of prime importance because its effect on

the liquid’s structure and the resulting islands is assumed to be very strong. However, in the
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Figure VII.1 — Scheme of the different features that raise questions concerning the first stages of
the VLS process. Some aspects concern the droplets (composition, layering, Si shell...), some others
the free surface (surface diffusion, WL, reconstruction...) or the interface with the substrate (interface
structure, ordered liquid...). The solidification process is also concerned (phase separation, creation
of Si channel, Si redeposition at the interface and amount of supercooling) as well as the resulting
structure (OR, crystalline structure). The overall process being maybe dependent on the size which
itself depends on the deposited amount of material as well as on the annealing temperature (and on
time).

literature, this aspect is controverted as flat interfaces and pinned droplets are both reported.
An ellipsometrical study has been performed on the Au/Si(111) system by Miimmler et
al. who claimed that a 60 nm thick gold deposit forms a homogeneous single crystal film
at RT [Miimmler and Wissmann, 1998]. With increasing temperatures, the film dewets and
turns into droplets at 590 K (40 K below T.). The mean sizes of the droplets/islands is
about 5 um and upon cooling, the solidification is recorded at 540 K. This study is, to our
knowledge, the only one that reports such supercooling behaviour (AT =50 K) in the Au-
Si(111) system. The amount of supercooling is equal to the one observed in our case for the
Au-Si(001) system (section V.1.2), which is assumed to be a “classical” value as it has already
been reported by Chen et al. in 1967 [Chen and Turnbull, 1967]. However this study does
not give any information on the interface structure which is supposed to be one of the most
relevant parameters to understand the supercooling effect, as stated in Chapter V.
Wakayama et al. carried out a gold deposit in UHV at 670 K on Si(111) substrates,
resulting in direct formation of droplets. The TEM images revealed a sharp interface after
deposition [Wakayama and Tanaka, 1997]. Then, one sample was exposed to air and put back
in UHV whereas the other one was maintained in UHV. Both were then annealed at 1070 K
for 30 min. After the cooling down to RT, the former sample displays gold islands embedded
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in the Si substrate whereas the latter displays gold islands sitting at the tip of a Si base. The
authors explain this effect by assuming that the Si equilibrium concentration in the droplets
is adjusted by two different processes, depending on the nature of the free surface (between
the droplets). In the sample not exposed to air, they supposed that the Si concentration
is ensured by the diffusion of the Si surface atoms. Therefore the interface remains sharp
and upon cooling, the Si atoms in excess are expelled below the droplet and form a little Si
whisker. In the contrary, the sample exposed to air presents a polluted free surface which is
assumed to prevent the surface diffusion of Si atoms. Thus, the Si concentration equilibrium
is due to Si diffusion under the droplets and the islands are pinned.

A similar study has been performed by Ferralis et al. who reported a self-pinning process
that takes place under the AuSi droplets |Ferralis et al., 2008]. Although the AuSi droplets
annealed only at T, displayed a sharp interface, the ones annealed at higher temperatures
(1100 K) showed deep depressions once the gold islands had been removed after solidifica-
tion. The assumed process is also the readjustment of the chemical composition which has
been measured to follow the liquidus line. The solidification process is obtained by quenching,
which prevents any observation of the supercooling behaviour. However, the authors also per-
formed an experiment during which the sample was slowly cooled down. They obtain similar
results with no Si atoms refilling the depression and they do not mention any supercooling
effect. In both cases the authors claim for phase separation with Si channels (as represented
in Figure VIIL.1), which seem to be enhanced in the case of big droplets. These results are
in contradiction with earlier observations of Swiech et al. who recorded the displacement of
AuSi droplets at high temperatures (950 K) [Swiech et al., 1991]|. The displacement of the
AuSi droplets has also been observed by Ressel ef al. more recently [Ressel et al., 2003].
This study focuses on the variation of the contact angle of the AuSi droplets as a function
of temperature on either Si(001) or Si(111). In addition are reported displacements of the
droplets by incorporation or dissolution of the Si atoms at the surface. The SEM images
reveal that the droplets leave flat Si(111) terraces behind them, which claims for very flat
interfaces. Another significant result is the observation of a constant contact angle (43°1)
between the droplets and the Si(111) surface for temperatures ranging from 670 K to 920 K
and its sudden decrease when the sample is heated higher. In comparison, it decreases linearly
with increasing temperature on Si(001). The authors conclude that this peculiar behaviour
on Si(111) is more consistent with droplets presenting a flat interface. The abrupt change
in the contact angle as well as in the shape of the droplet is discussed in terms of interface
energies : at the edges of the droplets, a reconstruction transition takes place, which locally

modifies the equilibrium. This explanation is supported by the fact that the contact angle

i. measured in the liquid phase.
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Figure VIL.2 — SEM images of a typical island present on the Si(111) substrate after a deposit of
(a) 5 ML of Au annealed at 670 K (b) 6 ML AuSi eutectic annealed at 720 K (c) 10 ML annealed
at 1055 K (d) 30 ML of Au annealed at 940 K and (e) 10 ML ! of Au annealed at 940 K.

decreases linearly with temperature on the Si(001) surfaces for which no surface reconstruc-
tion is known to form. Figure VIIL.2 compares different SEM images obtained in this work
in different experimental conditions ((a), (b), (d) and (e)) to the SEM images of an island
reported by Ressel et al. ((c)) [Ressel et al., 2003]. For each island a Si block is present at
its base!. For the sample in image (b), the idea was to reduce the potential formation of
the depression under the droplet by co-depositing Au and Si in eutectic proportion. In this
experiment, very similar results have been recorded compared to a pure gold deposit (in
terms of surface reconstruction and supercooling effect). The resulting island displays a large
Si base with what is supposed to be pure solid gold on top of it. In comparison, the island in
image (c) obtained by Ressel et al. , which is by far the largest one, also displays a Si base
but the upper part is composed of two phases. In bright is the Au phase whereas the Si forms

dark channels. This kind of marbling solid structure has also been reported by Ferralis et al.

iii. Except for image (a), which corresponds to the smallest deposit and the lowest annealing temperature,
onto which it is rather hard to distinguish.
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[Ferralis et al., 2008]. This seems to be also the case in our experiments when large islands
are formed (image (d) right and image (e)). Therefore there might be a critical size value
separating two solidification processes. If the droplet is smaller than the critical size, all the
Si atoms solidify at the base, if it is larger, some of the Si atoms remain trapped in the liquid
and solidify in channels.

Concerning the structure of the interface, our experiments support the idea of a flat in-
terface between the islands and the substrate as presented by Ressel et al. instead of pinned
islands as reported by Ferralis et al. . This is shown in the SEM images but it is also supported
by X-ray diffraction results. Indeed, during the dewetting of the film we showed the change
in the in-plane orientation relationship which has been explained using the CSL theory (see
section I11.2.2). This theory which seems to be relevant in the Au-Si case as well as in the
Au-Ge and Al-Si systems can however be applied only if the two crystal lattices are assumed
to be parallel, 7. e. the interface is flat. In Chapter III, the Figure II1.11 shows a rocking-scan
on the Au(220) ring at RT after a melting-cooling cycle which displays the two characteristic
peaks of the two principal ORs confirming the flatness of the interface after solidification.

The diverging results obtained in literature concerning the interface geometry are assu-
med to arise because of differences in the preparation of the surface. In the present work, the
surface preparation is similar to that of Ressel et al. whereas Ferralis et al. deposit gold on
a H-Si(111) surface [Ferralis et al., 2007]. Consequently, despite the fact that Ferralis et al.
suppose no difference between the two processes, we can legitimately think that the presence
of H atoms at the surface can prevent the islands from moving or at least prevent the Si
atoms of the surface from diffusing, as stated by Wakayama et al. |[Wakayama and Tanaka,
1997]. The Si atoms are thus taken from under the droplets upon annealing resulting in the
cavity and the pinned droplet. Moreover, Ferralis et al. use this property to study the surface
diffusion of the gold atoms [Ferralis et al., 2009]. The removal of the H atoms present bet-
ween the droplets can be done by annealing the sample at 780 K. The measure of the gold
spreading on Si(111) is achieved by recording the formation time of the (v/3x+v/3)R30°Au
that occurs by diffusion of Au atoms from the droplets to the newly bare surface similarly to
what has been presented in the re-formation of the (6x6) reconstruction (see section IV.2.2).
Another study confirms our assumption : Piscopiello et al. reported gold islands embedded in
the Si(001) surface when annealing a thin gold film under a flux of Ny and in the presence of
residual O, [Piscopiello et al., 2008]. The resulting in-plane epitaxial relationships are totally
different than those found in the present study (see section V.1.3) which gives evidence of
“cube on cube” epitaxy. This also explains why in one of our experiment, carried out on the
ID01 beamline and for which UHV conditions could not be achieved, the surface did not

display neither gold reconstruction nor supercooling effects.
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The flatness of the interface implies that upon cooling, the Si atoms in excess are ex-
pelled out of the droplets leaving some flat terraces onto which the (6x6) is more likely to
form [Ressel et al., 2003; Swiech et al., 1991]. Even if it is impossible to conclude that the
(6x6) reconstruction can form below the droplets, we believe that the flat interface is more
favourable to allow, at least locally, some similar structures that promote the ISRO in the
liquid.

As we have seen that polluted surfaces suppress the surface diffusion of gold, it seems
relevant to see if the (6x6) gold reconstruction, consisting in a thin adsorbed film spread all

over the substrate, can also have an impact on the diffusion processes of the Si atoms.

Surfactant properties of the (6x6) reconstruction
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Figure VIIL.3 — left : Representation of the CTR, the red circle indicates where the intensity has
been recorded. right : Variation of the CTR intensity as a function of time during the Si deposition.

Actually, the question was to know whether or not the (6x6) reconstruction could block,
in some way, the Si atoms diffusion which would thus have an impact on the solidification
process. To answer this, AuSi droplets were formed together with a (6x6) reconstruction
as described in previous sections and cooled down to the supercooling regime at 600 K.
The experiment consisted in recording the variation of intensity of a CTR as a function of
time while Si atoms are added by MBE (see Figure VII.3). The recorded intensity displays
periodic oscillations and the elapsed time between two maxima (~16 min) corresponds to
the completion of one Si monolayer [Feidenhans’l, 1989]. Figure VII.4 shows two radial-scans
performed along the Si[110] direction before and after the Si deposit. The two scans are
identical reflecting that the layer-by-layer growth of the Si is possible even in the presence
of the gold (6x6) reconstruction. This result is however not really surprising as it confirms
that Au is an effective surfactant for Si (see section 1V.2.2).

Thus, the liquid presents a sharp interface at the substrates’ surface and can exchange Si
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Figure VII.4 — Radial-scans performed along the Si[110] azimuth before (black) and after the
addition of Si in the presence of gold droplets together with a (6x6) reconstruction at 600 K.

atoms which are assumed to come from the surface. In addition, it is important to remind
here that is has been shown in literature as well as in the present study that 2D Au-Si
crystals can form at the liquid-vapour interface, either on (001) [Pinardi et al., 2009] or
(111) [Ressel et al., 2000; Shpyrko et al., 2006 surfaces. Moreover, we report in Figure V.11 the
presence of a “liquid-rod” indicating the ordering of the liquid atoms at the liquid-substrate
interface. This ordering revealed similarities in its structure with the (6x6) reconstruction
layer which coexists with the AuSi droplets (see Figure V.10). With this description, one
easily understands that the liquid state, through these experiments, is brought in very unusual
conditions and thus reveals unexpected behaviour. The formation of the AuSi shell observed
at the surface of the droplets can be legitimately supposed to be linked to the potential
formation of silicides in this system prior to melting (see section I11.1.2(c) and [Agnus, 2007]).
The formation of islands with a silicide structure can not be ruled out even if no specific
metastable AuSi phase can be distinguished in the light of our experiments. In addition
to what has been presented above, the question concerning the size-dependence of the different

processes makes the study even more complex.

Size of gold islands on Si(111) bare substrates

As already pointed out in the case of the resulting structures of the droplets after solidifi-
cation, it seems that size can influence the different physical processes. Indeed, in our study
of the epitaxial relationships, the dependence of the size of the grains toward the selected OR
has been discussed (see section I11.2.3(d)). In addition, the single or poly-crystalline structure
of the islands as a function of their size has been reported in the PhD work of Agnus [Agnus,
2007] in good agreement with our comparison between GISAXS, GIXS and SEM results.

Finally, in section V.4, we have pointed out that the influence of the (6x6) reconstruction is
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enhanced when the surface/volume ratio is increased, i. e. when the droplets are small.

The control of the sizes of the catalytic droplets is a challenge as it controls the diameter
of the NWs and therefore their properties. The present work did not aim to study quanti-
tatively the parameters that control the size of the droplets. However, several experiments
using different amounts of Au and different maximum annealing temperatures allowed us to
compare, for example, the supercooling effect as function of the relative sizes of the droplets
(see section V.4). Figure VIL5 shows the SEM images and the respective size distribution at
RT for a 6 ML gold deposit annealed at a maximum of 7, ((a) and (c¢)) and for a 30 ML gold
deposit annealed at a maximum of 940 K ((b) and (d)) on Si(111) surfaces.
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Figure VIIL.5 — SEM images of the resulting islands at RT after the deposition on Si(111) substrates

of (a) 6 ML of Au annealed at 7. (b) 30 ML annealed at 940 K. (¢) and (d) Respective size
distributions.

The comparison between this two extreme cases shows a large difference of the mean
size of about one order of magnitude. Despite a wide literature covering AuSi, it is only
recently that quantitative studies on the details of the process of kinetics growth have been
carried out [Ruffino and Grimaldi, 2010; Agnus, 2007]. In their study, Ruffino et al. performed
measurement on the size of the Au islands as a function of the deposit and the annealing time

at 873 K on Si(111). The authors conclude that at 873 K the growth process is governed by
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Figure VIIL.6 — Size distribution of gold islands performed by the annealing at 670 K of (a) 5 ML
on Si(111) and (b) 4 ML on Ge(111) [Porret et al., 2011]

surface diffusion limited ripening with a surface diffusion coefficient of 8.2 - 1071 m=2.s7! in
good agreement with the measures of Ferralis et al. at this temperature [Ferralis et al., 2009].
It is however worth to mention that the sizes and the formation processes can be strongly
modified on vicinal surfaces as the atomic steps offer nucleation sites to the islands [Kirakosian
et al., 2001; Hibino and Watanabe, 2005; Agnus, 2007] .

Due to the fact that Si and Ge are very similar elements, the Au-Si and Au-Ge systems
are often thought to be similar as well. Interestingly, gold islands obtained by the dewetting of
a thin film deposited on Ge(111) display sizes similar to those obtained on a Si(111) surface.
This can be seen in Figure VII.6 which compares the size distributions of gold islands obtained
on Si(111) in this work and of gold islands obtained on Ge(111) in similar experimental
conditions [Porret et al., 2011]. This simple observation is not insignificant as several recent

results give signs of large differences between the two eutectic systems as described below.

Cases of Au-Ge and Al-Si systems

As already presented in Figure 1.25, the AuGe liquid alloy displays smaller concentration
fluctuations than the AuSi liquid. Therefore a weaker tendency of the AuGe alloy to unmixing
could be expected so that larger supercooling values should be observed. In this work, the
largest measured supercooling in the case of Au-Ge(111) is 90 K (see section VI.1) whereas
it is 130 K in the case of Au-Si(111) (see section V.2.2) for similar experimental conditions.
Furthermore a mean supercooling value of 50 K (see section V.1.2) was found in the case
of the Au-Si(001) system. These comparisons clearly highlight that the stabilization of the
AuSi liquid on a specific Si(111) surface down to very low temperatures is surprising,.

Contrary to the Au-Si system, unexpected supercooling and solidification behaviour of
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the AuGe alloy has been reported in literature but the reasons of such behaviour still remain
controversial |[Adhikari et al., 2006; Kodambaka et al., 2007|. However, in these studies, the
droplets are studied in the case of nanowires growth, 7. e. under a flux of GeH, or GeyHg gas,
the stabilization of the liquid state seems to be due to the growth flux itself that changes
the equilibrium conditions. Therefore direct comparison with our experiments has to be done
very carefully. Some other differences in physical properties between the two alloys were also
pointed out in a recent study of Pershan et al. [Pershan et al., 2009a]. Their study concerned
the absence of a 2D crystal floating at the surface of the respective liquid (in contrary to the
AuSi liquid). The authors discuss this feature by investigating the influence of the difference
in enthalpy of mixing of the two alloys (-30 kJ.mol~! for AuSi and -21.5 kJ.mol™! for AuGe)
but can not conclude with a satisfactory explanation. In addition the AuSi eutectic liquid is
known to form amorphous structures by quenching [Klement et al., 1960] whereas the AuGe
liquid rather forms metastable structures [Okamoto and Massalski, 1984 reflecting quite
different solidification processes. Therefore, even if it seems attractive at first glance, the

comparison between the two systems remains quite risky and requires further experiments.

The study of the Al-Si system has been motivated by its potential substitution to Au as
a catalyst. The report of the growth of Si nanowires with Al under the eutectic temperature
has been reported to be VSS process [Wang et al., 2006]. However, more recent studies report
that Si nanowires can be grown through a VLS process down to 790 K but specific thermal
history (“pregrowth” annealing) as well as specific growth flux have to be respected [Wacaser
et al., 2009; Choi et al., 2011]. In the present work, the experiments performed on the Al-
Si(111) system, compared to Au-Si(111), led to similar results in terms of dewetting but
the recorded supercooling value is of 60 K for this system. Although it has been reported
that the interface between the AlSi liquid and a Si(111) surface exhibits an atomically flat
transition layer [Arai et al., 2000], such ordering can not be said to occur in our experiments.
The AlSi eutectic liquid can thus be significantly supercooled, however to compare to the
AuSi system, it is rather relevant to use a normalized supercooling value : AT, = AT/T..
For AlSi AT, =0.11 whereas it comes AT,, =0.21 for AuSi. Comparatively, the supercooling
effect is therefore much larger in the AuSi system.

In the this manuscript we have presented the supercooling effect by giving the solidification
temperature T,. For comparisons within several experiments on the same system, we have
used the eutectic temperature T, as a reference temperature and in extension, expressed in
certain cases the supercooling value as AT = T, — T,. The normalized value given just above
was also expressed using the eutectic point as the reference. However, even if the absolute
value of the lowest recorded solidification temperature (500 K) is very low and unexpected
for the Au-Si system, a AT, of 0.21 is important but not extraordinary [Vinet et al., 2002].
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Therefore, if one really wants to realize in what extend the supercooling amount recorded in
this work in the Au-Si system is important, a study of the sub-eutectic region is necessary.
The sub-eutectic region and the “real” supercooling value

In Figure VIIL.7 is plotted an extract from the bulk Au-Si phase diagram with represen-
tations of the melting and solidification cycles of the AuSi islands in the case of a Si(111)-

(6x6)Au reconstructed sample.
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Figure VIL.7 — Extract from the bulk Au-Si phase diagram together with representations of the
melting and solidification cycles of AuSi islands on an Si(111)-(6x6)Au reconstructed surface. The
numbers 1 to 5 refer to successive experimental steps, and the large black arrows indicate the
pathways followed by the islands during heating/cooling cycles.

The numbers 1 to 5 refer to the successive experimental steps studied throughout this
work V. Above T, either on heating or cooling, the liquid is expected to follow the Si liquidus
line. If the sample is annealed at 720 K for instance, the maximum Si content in the droplets
reaches 22 at.%. Upon cooling, the Si atoms are expelled from the droplets and at T,, the
concentration reaches the eutectic one. Below T, the concentration is assumed to follow the

metastable Si liquidus represented by the extrapolated dotted line. Therefore, at the lowest

iv. Deposit, dewetting, melting, cooling down, solidification.
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recorded solidification temperature (75 510 K), the composition of the droplet corresponds to
~15 at.% Si and the degree of supercooling represented by the red arrow has to be measured
between the solidification point and the Au liquidus above T,. The supercooling value is
therefore ~360 K and corresponds to a AT, of 0.42 which is a very large value highlighting

once again the particular behaviour of the AuSi eutectic liquid in this work.

Complementary information provided by “closed” systems

In the major part of this work, the experiments on Au-Si, Au-Ge and Al-Si alloys have
been performed in what can be called “open” systems, . e. in contact with a SC reservoir.
It underlines the fact that the amount of the SC phase (Si or Ge) in the droplets can evolve
with temperature (and time) and also modify the equilibrium conditions such as the structure
and the energy of the surfaces/interfaces. Naively, we decided to perform the same kind of
experiments on “inert” substrates to suppress these effects by working with “closed” system.

In the case of AuSi on a SiOy surface, the most interesting result concerns the very
wide temperature range into which the solidification or the melting process take place (see
section VI.3.1). Indeed, depending on the Au peak under consideration, the supercooling value
varies from 60 K to 120 K. In addition, unassigned peaks are recorded after the solidification
process which might correspond to the appearance of silicide phases.

For AuGe on either SiO, or Al,O3, we had to face a problem of concentration which can
not be ensured to be the eutectic one. In both experiments we had to proceed to the addition
of Ge at a temperature higher than the eutectic one and record the disappearance of the
Au peaks at the same time. In the case of Al;Oj3 it even seems that not all the islands have
been melted. However on the SiO, substrates, the appearance and the disappearance of the
Au(220) peak are recorded over a wide temperature range whereas the Au(111) peak (as well
as the 7 peaks) appears at a very low temperature of 500 K but also disappears well below
T, (at 570 K) upon heating. On Al,O3, the Au(220) intensity varies with temperature but
is still present even when heating the sample 60 K above T, the study of the other peaks
(Au(111) and 7) could make us conclude to a supercooling value of 220 K, with a segregation
process.

Clearly these experiments display supercooling and solidification processes that are not
fully understood. The important problem seems to be the control of the concentration which
can lead to different behaviour for the different droplets on the same substrate. A strong
temperature gradient over the Al,Oj3 surface can also not be excluded as this particular
sample had to be mounted in a specific way. In addition, the calibration technique of the
pyrometer on this surface can be at the origin of larger uncertainties on the temperature

values.
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AuSi / SiO, Au / Si(111)

Figure VIL.8 — Left : SEM picture of the resulting islands that formed during the experiment
presented in section VI.3.1 concerning the 6 ML AuSi deposit on SiOs substrates annealed at 690 K.
Right : SEM picture of the resulting islands that formed during a typical experiment with a deposit
of 6 ML of Au on a Si(111) surface annealed at 720 K. The scale bar is the same for the two images
to highlight the size difference between the two experiments.

The left hand side of Figure VII.8 shows a SEM picture of the resulting islands formed
during the experiment of AuSi on SiO,. The mean size of the islands is 20 nm. Surprisingly it
is about ten times smaller than a typical island that forms on a Si(111) substrate in similar
conditions (right hand side of Figure VIL.8). The sizes are of the same order for AuGe islands
on SiO, and even smaller on Al;O3 (around 10 nm). As the diffusion length is assumed to
be larger on perfectly clean oxide surfaces, this result may arise because of not properly
prepared surfaces : there must be defects such as CO or HO adsorbed species preventing
the surface diffusion. The difference in size observed between the “open” and “closed” system
might explain the difference in supercooling behaviour as it can modify the contact angle
(see section III.1.2) and thus the solidification process (see Figure 1.19) Y. It can also be at
the origin of the melting the AuSi islands below T, (see Figure VI.15(a)). Indeed, very small
crystallites are known to melt below their theoretical melting point. This effect could not be
studied in more details here but further experiment following this idea would be interesting
to complete the study of these intriguing eutectic liquids. However the important aspects of
this work remain the liquid and surface/interface structures that are believed to be the key
parameters.

Indeed, the relevant question is not to know whether or not the structure of the substrate
has an influence on the liquid state and the solidification but rather how it influences them.
Figure VIIL.9 is the reciprocal space map of the AuGe liquid on the Al,O3 substrate recorded
at 600 K, in the supercooled state.

v. The alumina substrates were historically used to increase the contact angle and get closer to homoge-
neous nucleation conditions [Turnbull and Cech, 1950; Perepezko and Paik, 1984].
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Au(11l)  Ge(311)

Ge(111)

Figure VIIL.9 — Reciprocal space map covering 30° of reciprocal space recorded for AuGe on AloOg
at 600 K. The red colors correspond to high intensities whereas blue correspond to low ones and
yellow to intermediate ones. This map displays the AloO3 monocrystal Bragg peaks and CTRs. The
intense ring corresponds to the first order of the liquid structure factor. The inset represents the
sector surrounded with the white-dashed line in the solid state after solidification.

For this liquid, no lateral variation of the intensity is recorded which indicates a normal
isotropic structure of the liquid. In inset is plotted the part of the map surrounded by the
white-dashed line but at RT, after solidification of the system. Compared to the solid map
recorded in the case of Au on Ge(111) (see Figure VI.6), the Debye-Scherrer rings display a
perfectly constant distribution of the intensity (both for Au and Ge). This reveals that the
resulting solid Au (and Ge) consists in untextured polycrystalline grains (i. e. a powder). In
other words, the solidification of AuGe on an Al,Oj surface which seems to undergo very
large supercooling, results in a solid structure that does not share strong epitaxial relation-
ship with the substrate. In comparison, the weaker supercooling behaviour of the same liquid
recorded on Ge(111) was followed by a solid structure that displayed strong in-plane orien-

tation relationships.

In the light of these numerous experiments, there is no doubt that the liquid structure
and the supercooling behaviour strongly depends on the structure of the substrate’s surface.
A surface can act as a nucleant while another do not help solidification.

For the Au-Si system, it is even more relevant when comparing the two different “open”
systems that are Au on Si(001) and Au on Si(111). The Si(001) substrate, onto which very low
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supercooling was recorded, presents a clear parallel in-plane epitaxy after solidification of the
droplets (see Figure V.3). It reveals that the Si(001) substrate is a good nucleation surface for
both Si (which is not surprising) and Au, the AuSi alloyed droplets undergoing unmixing due
to concentration fluctuations. On the Si(111) substrate, the supercooling effect is enhanced
and the study of the in-plane orientation relationships between the solidified islands and the
Si surface shows that it is less easy for the two crystals to match their respective structures.
Moreover, the supercooling effect is even more enhanced in the presence of the (6 x6) surface
reconstruction, and at the same time, the ordering of the liquid close to the interface is
observed. The parallel studies of this Si(111)-(6x6)Au reconstruction which locally displays
pentagonal arrangement, the ordering of the liquid and the simulation results make us believe
that the flat interface between the liquid and the Si(111) surface promote icosahedral short
range order that would be at the origin of the lowering of the concentration fluctuations and

the stabilization of the liquid phase.
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The aim of this PhD was to characterize the behaviour of the AuSi eutectic liquid droplets
in interaction with Si(111) substrates. The problem has been tackled by studying, in-situ and
using the synchrotron radiation mostly in the GIXS geometry, the different steps composing
the overall process : the deposit, the dewetting, the melting, the annealing, the formation of
surface structures and the solidification.

We have shown that at RT, the deposition of several monolayers (~7 ML) results in the
formation of a flat polycrystalline gold film, with a majority of the grains displaying however
an epitaxial relationship with Au and Si lattices being parallel. The very few experiments
carried out with small deposits (~2 ML) showed that at RT the gold can be assumed to
be alloyed to the substrate with the possibility of forming some AuSi phases. With further
deposition, the film grows with the appearance of crystalline gold grains forming a sharp
interface with the Si substrate. If the deposit is carried out at higher temperatures, typically
570 K, the equilibrium conditions are modified and the growth follows a Stranski-Krastanow
mode.

With the increase of the temperature, the film is subjected to small amplitude fluctuations
roughening its surface. The dewetting process is found to take place when the temperature
of 560 K is reached : the film transforms into islands. At the same time, due to differing
thermal expansions of the two materials with the annealing, the mismatch values between
the two lattices evolve and the epitaxial relationships are found to change. This effect has
been explained using the CSL theory. The most stable configuration experimentally measu-
red around 600 K corresponds to the Au(111) planes parallel to the Si(111) substrate turned
by 19° with respect to the parallel epitaxy. This configuration is recovered after melting and
solidification of the droplets. When the temperature equals the eutectic temperature T, we
observe the melting of the islands attesting of the diffusion of the Si atoms to adjust the
concentration with respect to the eutectic one.

In our experiments, the Si atoms needed to adjust the droplets’ concentration are believed
to be provided by surface diffusion. Indeed, several measurements show that the surface diffu-
sion of Si is enhanced due to the surfactant properties of the wetting layer of gold. Moreover,
this wetting layer is found to induce two surface reconstructions : the Si(111)-(6x6)Au and
the Si(111)-(v/3x+/3)R30°Au . The transition between the two is reversible and takes place
around 700 K. The quantitative analysis of the (6x6) reconstruction has revealed that this
latter presents a very specific structure which is composed of two domains and contains tri-
mers and pentagons.

In addition to the formation of a AuSi 2D crystal at the surface of the droplets, the cooling
experiments have revealed that the supercooling behaviour is influenced by the orientation

of the substrates as well as by the surface reconstructions. The largest supercooling value has
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been measured with a Si(111)-(6x6)Au reconstructed sample, the smallest on the Si(001)
substrate, the Si(111)-(v/3xv/3)R30°Au being intermediate. In addition, in the case of the
Si(111)-(6x6)Au reconstructed surface, the AuSi liquid revealed an ordering at the interface
with the substrate. This liquid also seems to present structural similarities with the (6x6)
reconstruction, the pentagonal arrangement, that could stabilize the liquid state down to
very low temperatures.

The Au-Ge(111) and Al-Si(111) systems have also been studied. Although the tempera-
ture control below 450 K is quite uneasy, it seems that the growth of Au on Ge(111) follows
a Stranski-Krastanow mode with the wetting layer inducing a (v/3xv/3)R30° reconstruction.
The in-plane orientation relationships differ from those measured in the Au-Si(111) system
but can also be explained using the CSL theory. The Al-Si(111) case is more similar to
the Au-Si(111) in terms of dewetting process and epitaxial relationships but no surface re-
construction has been recorded. Concerning the supercooling behaviour of both systems, the
measured values are not as surprising as in the Au-Si(111) system. Moreover, it is believed
that the comparison between the different systems concerning the liquid behaviour is still
premature and requires further experiments as well as some simulation investigations. The
role of simulations is supposed to be a key point in our understanding of these eutectic alloys

in the future.

This investigation of the Au-Si system and more generally of metal-SC systems, even if
it is restrained to the case of nanometric droplets, has brought answers to several questions
concerning the structure and the behaviour of liquid catalysts. There are however still some
aspects that are believed to require further studies to go beyond the current knowledge. The
most important one seems to be by far the question concerning the existence or not of a
long-range ordered reconstruction at the substrate-droplet interface. The best way to answer
this question would be the investigation of a single island. This could be done using a nano-
sized beam. Indeed, with a beam of the order of the island’s size, by placing the detector on
a (6x6) reflection and at the same time scanning the sample, one could record the intensity
variation as a function of the position of the beam on the surface. The position of the islands
at the surface could also be determined using similar idea by placing the detector on a gold
Bragg peak or by using the fluorescence signal. With still the same idea, it would be possible
to study the epitaxial relationships or the crystalline structures of the islands as a function
of their sizes.

However, the will of characterizing the influence of the size on the structural /morphological
features comes from the fact that the dewetting of a thin gold film on a nominal Si substrate

results in particles with characteristics presenting a large distribution. Ideally, a solution is
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to find a way to form very identical particles homogeneously spread over the substrate. In
this way, the characterization of a specific feature can be done using a wide spot that lights
several particles which are assumed to behave in the same way. A nice sample to do so is
the use of patterned substrates that allows to choose the size as well as the position of the
particles on the substrate. The use of patterned substrates combined to in-situ studies of the
growth of nanowires (through CVD) is the next step to go further in the understanding of
such systems. A nice experiment would be the study of the supercooling in AuSi droplets
at the tip of nanowires grown on a patterned substrate. In the one hand, these kinds of
experiments are performed in a constrained environment but in the other hand, they ensure
a better reproducibility as well as a stronger control of the parameters.

In addition to all this, a very important aspect still remains our incapacity to measure the
concentration in the droplets. Above T, it is reasonably assumed to follow the Si liquidus
line, however the question remains open when cooling down below 7. in the supercooling

regime into which the formation of metastable solid phases can not be excluded.

Beyond the improvement of our knowledge on the behaviour of supercooled liquids, the
understanding of the physical processes arising in eutectic liquid is very important to have
a better control on the catalytic reactions. The improvement of the control of the growth
parameters would lead to the possibility of creating more complex objects. Moreover, as the
characteristics of the SC nanowires strongly depend on the experimental conditions such as
the temperature, the composition and the deposition flux, the possibility of growing nanowires
well below the eutectic temperature thus allows to imagine the growth of nanowires with new

morphologies and structures and therefore, new properties.
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Anneze : Structure factors dataset and model

Table 1 — List of the experimental structure fac-
tors of the reflections (using the Miller indexes in
the reciprocal unit cell of the (6x6) reconstruc-
tion), the total error o, the corresponding calcu-
lated structure factor values and the partial x?

l Fata o Frodel X2

k

1 0096 2249 1.11 21.24 1.26
1 -0.096 1239 1.06 12.07 0.09
1 0096 1382 1.11 12.07 2.48
2 0.07 167.74 7.46 169.76 0.07
2 0.096 185.62 8.43 169.75 3.54
0 -0.096 2195 1.12 2096 0.78
0 0.096 22,60 131 20.96 1.57
1 -0.096 30.02 1.53 29.68 0.05
1 009 2952 161 29.68 0.01
2 -0.096 25.71 138 2453 0.56
2 0096 24772 157 2453 0.02
3 0.096 7346 349 7431 0.06
0 -0.096 1291 174 13.65 0.18
0 0.096 1403 166 13.65 0.05
1 -0.096 69.23 3.44 66.27 0.74
1
2
2
3
3
4
0
0
1
1
2
2
3
3

0.096 6727 3.35 66.27 0.09
-0.096  17.66 2.07 22.28 4.99
0.096 19.07 2.07 2228 241
-0.096 121.37 6.01 131.13 2.64
0.096 123.30 6.10 131.13 1.65
0.096 7280 3.54 6642 3.25
-0.096 1635 2.02 17.79 0.51
0.09¢ 1776 2.11 1779 0.00
-0.096  46.58 2.36 45.58 0.18
0.096 46.34 2.50 45.58 0.09
-0.096  48.41 2.63 51.87 1.73
0.096 4857 2.87 51.87 1.32
-0.096 9295 4.66 87.85 1.20
0.096 91.78 5.01 87.85 0.62
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h k I Fiata o Fnodel X

5 4 -0.096 24.17  3.61 26.45 0.40
5 4 0.096 23.67  3.90 26.45 0.51
5 5 0.096 15217 755 15497 0.14
6 1 -0.096 46.55 262 43.75 1.14
6 1 0.096 4724 288 43.75 1.47
6 2 -0.096 47.13 283 41.81 3.54
6 2 0.096 4592 3.06 4181 1.82
6 3 -0.096 129.66 6.44 134.13 0.48
6 3 0.096 13089 7.05 134.13 0.21
6 4 -0.096 69.83  4.09 69.29 0.02
6 4 0.096 68.13 439 69.29 0.07
6 5 -0.096 9098 529 84.16 1.66
6 5 0.096 90.01 5.23 84.16 1.25
7 0 -0.096 15.59 5.04 13.56 0.16
7 0 0.09 13.06 5.68 13.56 0.01
7 1 -009 7345 383 7885 1.99
7 1 0.096 72.71 4.12 78.85 2.22
7 2 -0.096 239.07 11.76 269.82 6.84
7 2 0.096 246.57 13.13 269.82 3.14
7 3 -0.096 170.73 8.44 175.29 0.29
7 3 009 16945 9.09 175.29 0.41
7 4 -0.09 79.50 5.25 75.35 0.62
7 4  0.096 71.11 5.58 75.35 0.58
7 5 -0.096 107.89 6.07 99.96 1.71
7 5 0.09 107.91 6.09 99.96 1.71
7 6 -0.096 41.84 4.36 33.63 3.54
7 6 0.096 42777 425 33.63 4.62
7 7 0.09 66.72 3.82 64.32 0.40
8§ 0 -0.096 11377 571 11541 0.08
8§ 0 0.096 111.09 6.08 115.41 0.50
8 1 -0.096 24216 12.16 252.27 0.69
8§ 1 0.096 25236 13.68 252.27 0.00
8 2 -0.096 25216 12.39 191.91 23.064
8 2 0.096 25523 13.59 191.91 21.71
8§ 3 -0.096 7865 895 37.56 21.08




h k I Fuaata 0 Fiodel X h k I Fiata 0 Frodel X
8 3 0.096 6864 747 3756 1731 |10 2 -0.096 30.08 4.21 35.49 1.65
8 4 -0.096 37.84 3.88 4252 1.45 || 10 2 0.096 32.57 4.17 3549 049
8 4 0.096 37.22 433 4252 1.50 || 10 3 -0.096 46.83 3.50 44.18 0.58
8§ o5 -0.096 3975 407 3982 00010 3 0.09 4264 382 44.18 0.16
8 5 0.096 37.65 4.12 39.82 0.28 | 10 4 -0.096 58.06 4.06 59.03 0.06
8§ 6 -0.096 3006 487 2848 011 |10 4 0.09 61.79 4.13 59.03 045
8 6 0.096 29.99 4.92 28.48 0.09 | 10 5 -0.096 69.33 4.59 73.71 0.91
8 7 -0.096 34.00 563 43.17 265 || 10 5 0.096 71.50 4.64 73.71 0.23
8§ 7 0.096 3888 506 43.17 07210 6 -0.09 116.25 6.80 115.97 0.00
9 0 -0.096 198.74 9.79 198.79 0.00 || 10 6 0.096 11576 6.77 11597 0.00
9 0 -007 17859 881 19880 526 | 10 7 -0.096 108.08 6.21 110.07 0.10
9 0 0.07 17845 881 198.80 533 | 10 7 0.096 110.67 6.34 110.07 0.01
9 0 0.096 196.82 10.52 198.79 0.04 || 10 8 -0.096 57.31 4.82 56.86 0.01
9 1 -0.096 109.44 557 113.26 047 |10 8 0.096 57.39 4.71 56.86 0.01
9 1 0.096 10884 6.03 113.26 0.54 || 10 9 -0.096 76.57 5.31 80.66 0.59
9 2 -0.096 6275 371 60.72 03010 9 0.096 7552 5.23 80.66 0.97
9 2 0.09 638 405 6072 060 | 10 10 0.09 6749 426 55.72 7.63
9 3 -0.096 26.69 4.67  26.93 0.00 || 11 0 -0.096 34.69 3.58 31.84 0.63
9 3 0.096 2238 6.23 2693 05311 0 0.09 3510 387 31.84 0.71
9 4 -0.096 54.19 3.89 53.54  0.03 || 11 1 -0.096 55.00 3.50 53.82 0.11
9 4 0.096 4848 384 5354 173 | 11 1 0.096 52.82 3.81 53.82  0.07
9 5 -0.096 27.06 509 3007 03511 2 -0.09 4050 3.89 44.57 1.10
9 5 0.096 28.95 4.79 30.07 0.05 | 11 2 0.096 4080 3.90 4457 0.93
9 6 -0.096 4247 446 4492 030 |11 3 -0.096 43.83 4.07 41.90 0.23
9 6 0.096 4469 432 44.92 0.00 || 11 3 0.096 43.04 4.14 4190 0.08
9 7 -0.096 198.48 11.46 182.99 1.83 || 11 4 -0.096 58.12 4.61 56.81 0.08
9 7 0.096 203.89 11.63 18299 323 | 11 4 0.09 6054 458 56.81 0.66
9 8 -0.096 59.63 4.70 56.77  0.37 || 11 5 -0.096 139.02 7.71 150.14 2.08
9 8 0.096 5867 466 56.77 0.17 |11 5 0.096 141.64 7.84 150.14 1.18
9 9 0.07  80.06 3.93 81.99 0.24 || 11 6 -0.096 88.53 5.43 85.62 0.29
9 9 0.096 88.24  4.86 81.98 1.66 || 11 6 0.096 89.66 5.51 85.62 (.54
10 0 -0.096 60.58 3.74 6246 0.25 | 11 7 -0.096 83.70 5.34 82.38 0.06
10 0 0.096 59.12  4.03 62.46 0.69 | 11 7 0.096 85.08 5.32 82.38 0.26
10 1 -0.096 7334 402 7573 03511 8 -0.09 3148 7.50 31.39 0.00
10 1 0.096 7238 432 7573 060 (|11 8 0.096 31.19 7.11 31.39 0.00
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Anneze :

Structure factors dataset and model

hk I Fuaata 0 Frodel X h k I Fiata 0 Fuodel X
119 -0.09 61.10 490 6182 002 13 6 0.096 3296 9.54 34.03 0.01
11 9 0.096 61.60 4.77 61.82 0.00 || 13 7 -0.096 47.14 535 40.13 1.72
11 10 -0.096 4254 5.46 39.06 041 || 13 7 0.096 51.16 5.01 40.13 4.85
11 10 0.096 4127 548 39.06 0.16 | 13 8 -0.096 7880 5.34 77.04 0.11
11 11 0.096 55.06  4.52 51.58 0.59 || 13 8 0.096 77.47  5.23 77.04  0.01
12 1 -0.096 3823 412 3818 0.00|13 9 -0.096 84.11 5.0 73.41 3.72
12 1 0.096 37.55  4.20 38.18 0.02 || 13 9 0.096 82.24 5.44 73.41 2.64
12 2 -0.096 28.04  5.69 33.55 094 | 13 10 -0.096 15.60 11.09 25.65 0.82
12 2 0.09 3134 512 3355 019 13 10 0.096 23.20 1240 25.65 0.04
12 4 -0.096 46.90 486 4876 0.15| 13 11 -0.096 411 15.62 39.36 5.09
12 4 0.096 46.35 483 4876 025 13 12 -0.096 47.36 7.75 4827 0.01
12 5 -0.096 88.06 544 8535 025 13 12 0.096 3795 9.22 4827 1.25
12 5 0.096 86.87  5.33 85.35 0.08 || 13 13 0.096 74.87  4.89 61.01 8.03
127 -0.096 23.04 1193 3155 051114 0 -0.096 110.61 6.47 117.99 1.30
12 7 0.096 26.16 8.88 3155 03714 0 0.09 109.53 5.80 117.99 2.13
12 8 -0.096 6397 498 6885 096 14 1 -0.096 121.19 6.80 130.98 2.07
12 8 0.096 6330 482 6885 13214 1 0.096 121.71 6.82 130.98 1.85
12 9 -0.096 36.39 6.27 37.72 0.04 1 14 2 -0.096 128.19 7.17 111.58 5.37
129 0.09 3564 609 3772 012 14 2 -0.07v 11512 595 111.58 0.35
12 10 -0.096 59.34 5.29 5243 1.71 || 14 2 0.07 109.02 5.69 111.58 0.20
12 10 0.096 59.13 5.22 5243 1651 14 2 0.096 119.76 6.73 111.58 1.48
12 11 -0.096 33.76 9.71 3203 003 14 3 -0.09 9350 570 9538 0.11
12 11 0.096 24.12 11.64 32.03 046 || 14 3 0.096 90.73 5.55 95.38 0.70
13 0 -0.096 3095 504 2606 094 | 14 4 -0.09 7565 561 80.59 0.77
13 0 0.096 30.68 507 26.06 083 14 4 0.096 76.70 5.46 80.59 0.51
13 1 -0.096 37.68 520 45.09 203 | 14 5 0.096 19.92 16.64 9.93 0.36
13 1 0.096 40.89 491 4509 07314 6 -0.09 79.03 527 73.15 1.24
13 2 -0.096 123.74 6.97 126.22 0.13 || 14 6 0.096 80.04 5.22 73.15 1.74
13 2 0.096 124.16 7.00 12622 0.09 | 14 7 -0.096 91.78 576 101.65 2.93
13 3 -0.096 94.73 5.64 93.71 0.03 || 14 7 0.096 93.71 5.77 101.65 1.89
13 3 0.096 94.69 5.63 93.71 0.031] 14 8 -0.096 94.79 5.88 76.53 9.64
13 4 -0.096 5536 485 5644 0.05| 14 &8 0.096 100.39 6.07 76.53 15.45
13 4 0.096 56.43 4.71 56.44 0.00 || 14 9 -0.096 45.49 6.16  46.75 0.04
13 5 -0.096 5848 1579 5334 01114 9 0.096 4435 6.16 46.75 0.15
13 5 0.096 77.22 10.19 53.34 549 | 14 10 -0.096 14.49 11.40 23.21 0.58
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hk I Fuaata 0 Frodel X h k I Fiata 0 Fuodel X
14 10 0.096 18.47 12.03 2321 0.16 || 15 13 0.096 53.61 5.06  49.24 0.62
14 11 -0.096 47.94 7.41 54.72 0.84 | 15 14 -0.096 2591 11.37 26.21 0.00
14 11 0.096 50.58 6.98 5472 0351 15 14 0.096 28.76 8.74  26.21 0.09
14 12 -0.096 4322 685 3884 041 | 15 15 0.096 43.66 493 41.76 0.15
14 12 0.096 46.08 6.25 3884 1.34 || 16 0 -0.096 101.38 6.28 95.67 0.83
14 13 -0.096 3225 819 3527 01416 0 0.096 99.85 6.15 95.67 0.46
14 13 0.096 35.48 7.20 35.27 0.00 || 16 1 -0.09 111.16 6.56 113.22 0.10
14 14 0.096 20.39 9.48 748 1.85 | 16 1 0.096 109.73 6.45 113.22 0.29
15 0 -0.096 8736 537 9557 234 |16 2 -0.096 64.81 5.71  62.72 0.13
15 0 0.096 85.10 5.27 9557 395 | 16 2 0.096 64.43 5.51 62.72 0.10
15 1 -0.096 81.51 5.2 7429 189 16 3 -0.096 102.10 6.17 98.26 0.39
15 1 0.096 80.22 5.16 74.29 1.32 || 16 3 0.096 105.32 6.24 98.26 1.28
15 2 -0.096 50.13 15.87 43.13 0.19 | 16 4 -0.096 70.07  5.12 67.21 0.31
15 2 0.096 56.85 970 43.13 200 16 4 0.096 82.82 537 67.21 845
15 3 -0.096 31.73 9.08 4493 2.11 || 16 5 -0.096 31.04 7.48 36.09 0.46
15 3 0.096 2896 1021 4493 245 | 16 5 0.096 25.08 10.12 36.09 1.18
15 4 -0.096 101.72 6.16 10548 037 | 16 6 -0.096 49.72 562 51.80 0.14
15 4 0.096 102.70 6.12 105.48 0.21 || 16 6 0.096 4957 5.59 51.80 0.16
15 5 -0.096 63.17 505 63.16 0.00| 16 7 -0.096 59.76 534 68.74 2.83
15 5 0.096 66.12 494 63.16 0.36 || 16 7 0.096 61.84 5.29 68.74 1.70
15 6 -0.096 7037 513 7480 0.75| 16 8 -0.096 4485 13.28 43.12 0.02
15 6 0.09 7129 507 7480 048 | 16 9 -0.096 112.04 7.65 121.39 1.50
15 7 -0.096 62.77  6.50 69.33 1.02 || 16 9 0.096 112.30 7.63 121.39 1.42
15 7 0.096 6989 6.14 69.33 0.01 || 16 10 -0.096 96.53 6.17 84.46 3.82
15 8 -0.096 52.15 5.65 42.84 272 | 16 10 0.096 89.42 5.88 84.46 0.71
15 8 0.096 51.44 560 42.84 236 | 16 11 -0.096 33.90 8.19 29.70 0.26
15 9 -0.096 45.48 7.14  53.24 1.18 || 16 11 0.096 25.67 10.44  29.70 0.15
15 9 0.09 46.54 7.05 53.24 090 || 16 12 -0.096 52.03 5.74  48.77 0.32
15 10 -0.096 93.72 7.79 9494 0.02| 16 12 0.096 5048 583 4877 0.09
15 10 0.096 85.06 7.96 9494 154 | 16 13 -0.096 12.34 10.15 15.91 0.12
15 11 -0.096 33.04 8.46 37.07 0231 16 13 0.096 18.65 11.15 15.91 0.06
15 11 0.096 3642 752 3707 001 16 14 -0.096 32.38 7.67 35.10 0.13
15 12 -0.096 37.39 7.37 3290 037 16 14 0.096 28.13 8.79 35.10 0.63
15 12 0.096 3847 6.89 3290 0.651| 16 15 -0.096 56.24 541 54.77 0.07
15 13 -0.096 54.93 565 4924 101 16 15 0.096 55.17 5.38 54.77 0.01
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Anneze :

Structure factors dataset and model

hk I Fuaata 0 Fnogea X || Bk I Flata 0 Froder X
17 0 -0.096 938 784 89.12 037 | 18 3 0.096 29.04 985 28.49 0.00
17 0 0.096 105.00 7.41 89.12 459 || 18 4 -0.096 34.75 7.06  35.27 0.01
17 1 -0.096 50.39 729 44.10 0.74 || 18 4 0.096 37.27 6.44 3527 0.10
17 1 0.096 4169 759 4410 0.10 || 18 5 -0.096 44.36 6.32 42.33 0.10
17 2 -0.096 33.71 8.06 43.65 1.52 || 18 5 0.096 50.38 5.78 4233 1.94
17 2 0.096 3499 736 4365 138 18 7 -0.096 6226 566 63.51 0.05
17 3 -0.096 27.14 944  29.76 0.08 || 18 7 0.096 63.22 5.62 63.51 0.00
17 3 0.096 25.49 10.32 29.76 0.17 || 18 8 -0.096 59.55 559  51.27 2.20
17 4 -0.096 16.61 1046 2195 0.26 || 18 &8 0.096 56.89 5.65 51.27 0.99
17 4 0.096 20.02 11.16 21.95 0.03 | 18 10 -0.096 26.16 11.96 27.00 0.00
17 5 -0.096 6988 524 6853 0.07 | 18 10 0.096 24.97 12.69 27.00 0.03
17 5 0.096 70.53 521 6853 0.15 18 11 -0.096 27.52 16.81 18.39 0.29
17 6 -0.096 30.99 8.54 3795 0.66 | 18 11 0.096 19.76 15.15 18.39 0.01
17 6 0.096 2232 1206 3795 168 | 18 13 -0.096 20.82 11.61 14.20 0.33
17 7 -0.096 60.94 10.12 63.35 0.06 || 18 13 0.096 22.58 11.86 14.20 0.50
17 7 0.096 66.15 927 6335 0.09 19 0 -0.09 17.87 11.22 15.44 0.05
17 8 -0.096 5348 6.05 51.18 0.15( 19 0 0.096 24.68 9.62 1544 0.92
17 8 0.096 53.32 6.07 51.18 0.12 || 19 1 -0.096 52.82 7.80  50.38 0.10
17 9 -0.096 4555 6.33 53.08 1.41 || 19 1 009 56.17 7.32 50.38 0.63
17 9 0.096 49.74 5.88 53.08 0.32 || 19 2 -0.096 43.81 588 45.83 0.12
17 10 -0.096 29.57 998 4483 234 |19 2 0.096 4435 569 4583 0.07
17 10 0.096 26.76 1145 4483 249 |19 3 -0.096 17.73 10.99 15.04 0.06
17 11 -0.096 25.44 11.64 32.60 0.38 || 19 3 009 17.74 1091 15.04 0.06
17 11  0.096 30.14 857 3260 008 19 4 -0.096 3880 17.17 49.95 0.42
17 12 -0.096 53.25 597 53.67 0.01 19 4 0.096 67.65 10.05 49.95 3.10
17 12 0.096 52.79 5.89 53.67 0.02 || 19 5 -0.096 57.43 9.18 53.72 0.16
17 13 -0.096 33.76 744 3423 0.00 19 5 0.09 60.58 887 353.72 0.60
17 13  0.096 32.97 741 34.23 0.03 || 19 6 -0.096 30.69 9.18 38.19 0.67
17 14 -0.096 20.28 1128 2171 00219 6 0.096 3503 745 38.19 0.18
17 14  0.096 15.16 10.28 21.71 041 || 19 7 -0.096 59.81 558  66.96 1.64
18 1 -0.096 51.70 6.68 56.39 0.49 || 19 7  0.096 60.40 556 66.96 1.39
18 1 009 4196 790 56.39 3.34 | 19 &8 -0.096 25.76 1546 25.78 0.00
18 2 -0.096 38.75 6.99 32.04 0.92 || 19 8 0.096 33.66 13.89 2578 0.32
18 2 0.096 40.39 6.63 3204 15919 9 -0.09 13.95 1037 17.71 0.13
18 3 -0.096 2856 11.02 2849 0001 19 9 0.096 2485 11.69 17.71 0.37
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hk I Flata 0 Frmodel X h k I Fiata 0 Fiodel X
19 10 -0.096 43.15 7.23 4220 0.02 21 4 0.096 81.37 5.61 84.45 0.30
19 10 0.096 46.53 6.63 42.20 0.43 21 5 -0.096 88.88 16.88 23.42 15.04
19 11 -0.096 28.11 10.02 21.52 0.43 21 6 -0.096 36.27 7.25 36.47 0.00
19 11  0.096 27.67 9.75 21.52 0.40 21 6 0.096 39.63 6.54 36.47 0.23
20 0 -0.096 49.59 544  43.26 1.36 21 7 -0.096 16.95 11.35 25.38 0.55
20 0 0.096 4791 548  43.26 0.72 21 7 0.096 29.94 991 2538 0.21
20 1 -0.096 38.98 6.42 31.14 1.49 21 8 -0.096 45.14 6.27 33.27  3.58
20 1 0.096 37.79 6.3 31.14 1.10 21 8 0.096 4397 6.27 3327 291
20 2 -0.096 41.72 6.59 41.84 0.00 21 9 -0.096 37.21 779 42.97  0.55
20 2 009 3697 7.20 41.84 0.46 21 9 0.096 33.50 8.41 4297 1.27
20 3 -0.096 51.07 6.09 56.30 0.74 22 0 -0.096 6357 6.04 68.05 0.55
20 3 0.096 4798 6.31 56.30 1.74 22 0 0.096 62.85 5.92 68.05 0.77
20 4 -0.096 65.86 548  69.35 0.41 22 1 -0.096 105.95 6.45 102.50 0.29
20 4  0.096 69.01 542  69.35 0.00 22 1 -0.07 9542 537 10251 1.74
20 5 -0.096 33.26 7.83 39.34 0.60 22 1 0.07 94.62 5.35 102.51 2.17
20 5 0.096 30.58 877 39.34 1.00 22 1 0.096 104.88 6.40 10250 0.14
20 6 -0.096 38.00 7.35 33.96 0.30 22 2 -0.096 29.17 9.14 2452 0.26
20 6 0.09 3877 7.19 3396 045 22 2 0.096 31.83 8.11 24.52 0.81
20 7 -0.096 3559 7.72 48.12 2.63 22 3 -0.096 51.86 584 4186 293
20 7 0.096 32.46 8.55  48.12 3.35 22 3 0.096 52.89 5.66  41.86 3.80
20 8 -0.096 18.82 11.39 24.10 0.22 22 4 -0.096 30.78 9.24 28.72 0.05
20 8§ 0.096 18.26 11.11 24.10 0.28 22 4 0.096 26.02 10.49 28.72 0.07
20 9 -0.096 21.60 12.09 17.59 0.11 22 5 -0.096 31.57 827 21.10 1.60
20 9 0.096 2469 10.82 17.59 0.43 22 5 0.096 23.22 12.20 21.10 0.03
20 10 -0.096 41.76 6.79 51.64 2.12 22 6 -0.096 9.88 10.14 20.52 1.10
20 10 0.096 4347 6.27 51.64 1.70 22 6 0.096 15.33 10.82 20.52 0.23
21 0 -0.096 43.02 6.41 43.27 0.00 22 7 -0.096 43.71 6.67  30.74  3.78
21 0 0.09 4127 6.6 43.27 0.09 22 7 0.096 42.58 6.57 30.74  3.25
21 1 -0.096 41.91 7.06 43.29 0.04 22 8 -0.096 41.23 7.80 40.71 0.00
21 1 0.09 39.13 7.38  43.29 0.32 22 8 0.096 45.35 6.74  40.71 0.47
21 2 -0.096 41.35 6.67 38.89 0.14 23 0 -0.096 94.59 6.12 100.43 0.91
21 2 0.096 35.00 7.76 38.89 0.25 23 0 0.096 94.68 6.08 100.43 0.89
21 3 -0.096 33.31 772 29.12 0.29 23 1 -0.096 58.54  5.74  64.87 1.22
21 3 0096 3695 6.77 29.12 1.34 23 1 0.096 60.99 5.57 64.87 0.48
21 4 -0.096 8196 5.68 84.45 0.19 23 2 -0.096 44.10 8.49 50.64 0.59
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Anneze : Structure factors dataset and model

hk [ Fiata 0 Froger X
23 2 0.096 47.67 7.88 50.64 0.14
23 3 -0.096 35.82 7.46  33.90 0.07
23 3  0.096 33.76 7.75  33.90 0.00
23 4 -0.096 20.51 12.04 20.59 0.00
23 4 0.096 17.29 11.27  20.59 0.09
23 5 -0.096 40.19 6.88 39.11 0.02
23 5 0.096 38.99 6.81 39.11 0.00
23 6 -0.096 44.96 6.88 42.42 0.14
23 6 0.096 43.10 690 4242 0.01
24 1 -0.096 36.03 7.91 36.70 0.01
24 1 0.096 36.29 7.55 36.70 0.00
24 2 -0.096 54.71 591 59.38 0.63
24 2 0.096 54.19 5.75  59.38 0.82
24 3 -0.096 2640 13.06 24.68 0.02
24 3  0.096 31.71 8.87 24.68 0.63
24 4 -0.096 34.34 8.67 39.57 0.36
24 4 0.096 33.90 833 39.57 0.46
24 5 -0.096 54.40 7.01 49.10 0.57
24 5 0.096 51.29 6.82 49.10 0.10
25 0 -0.096 25.30 1296 25.01 0.00
25 0 0.096 13.99 1049 25.01 1.10
25 1 -0.096 3149 10.46 34.53 0.08
25 1 0.096 33.26 10.21 34.53 0.02
25 2 -0.096 53.32 587 50.11 0.30
25 2 0.096 51.92 5.72 50.11 0.10
25 3 -0.096 35.52 7.60  35.51 0.00
25 3 0.096 34.05 7.64 35.51 0.04
26 0 -0.096 13.62 14.16 18.43 0.12
26 0 0.096 18.87 1548 18.43 0.00
26 1 -0.096 47.30 590 43.19 0.48
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Table 2 — In-plane average atomic positions of the 14 independent gold sites and two Si layers
(12 atoms per layer) in the positions of the bulk. The other atomic positions can be deduced by
p3 symmetry. Values for the errors on the positions (dz, dy) as well as the displacements from the
starting positions (Az, Ay in A) are given. Gold Debye-Waller factor : 1.140.04 A2, Occupancy of
special sites : 0.4940.015. Agreement factor x? : 1.8

x Az ox Y Ay oy
Gold sites
0 - - 0 - -
0.33333 - - 0.66667 - -
0.66667 - - 0.33333 - -
0.309 -0.0004 0.00048 0.3018 -0.0012 0.00049
0.1852 0.0012 0.00053 0.1804 0.0024 0.00057
0.2545 0.0028 0.00051  0.0315 0.002 0.00054
0.447 0.0011 0.00048  0.3553 -0.0007 0.00048
0.0089 -0.0018  0.0005 0.3582 -0.0004 0.00049
0.4523 0.0019 0.00063 0.2356 0.0012  0.0006
0.133 0.0029 0.00046  0.4765 0.0019 0.00051
0.2836 -0.0003 0.00058 0.5337 -0.0017 0.00058
0.4841 0.0001 0.00048  0.1353 -0.0005 0.00052
0.1366 0.0002 0.00049 0.044 0.001 0.00062
0.5772 -0.0019 0.00052 0.3724 -0.0016 0.00053
0.4128 -0.0022 0.00052  0.5288 -0.0015 0.00052
0.0855 0.0017 0.00055 0.2168 0.0003 0.00054
0.2845 0.0027 0.00052 0.412 0.0017 0.00057
x Az ox Y Ay oy
Silicon layer 1

0.0556 0.0076  0.0036  0.1111  -0.004  0.0032
0.2222 -0.0129 0.0032 0.1111 -0.0062  0.0032
0.3889 -0.0116  0.0029 0.1111  -0.003 0.003
0.0556 0.0042 0.0029 0.2778 0.0132  0.0031
0.2222 -0.01  0.0033 0.2778 0.0068  0.0033
0.3889 -0.0037  0.0035 0.2778 -0.0093  0.0031
0.5556 0.0061  0.0034 0.2778 -0.0168 0.0037
0.0556 -0.0048  0.0032  0.4444 0.011  0.0031
0.2222 -0.0089  0.0032  0.4444 -0.001  0.0037
0.3889 0.0073  0.0032  0.4444 -0.0125 0.0032
0.5556 -0.0052  0.0029 0.1111 -0.0168 0.0033
0.2222 -0.0031  0.0037 0.6111 -0.0091  0.0037
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Anneze : Structure factors dataset and model

x Ax ox Y Ay oy

Silicon layer 2

0.1111 0.0059 0.0036 0.0556  0.0059 0.0036
0.1111 -0.0022 0.0017 0.2222 -0.0022 0.0017
0.4444 0.0003 0.0041 0.2222 0.0003 0.0041
0.6111 -0.0011  0.0017 0.3889 -0.0011 0.0017
0.2778 -0.0021 0.0021 0.5556 -0.0021 0.0021
0.4444 -0.0008 0.0017 0.5556 -0.0008 0.0017
0.2778 -0.0027 0.0024 0.2222 0.0044 0.0029
0.2778 0.0046 0.0021 0.3889 0.0009 0.0021
0.4444 -0.0051 0.0022 0.3889 -0.0004  0.002
0.9444 0.0059 0.0036 0.0556  0.0059 0.0036
0.7778 -0.0022  0.0017 0.8889 -0.0022 0.0017
0.7778 0.0003 0.0041 0.2222  0.0003 0.0041

Table 3 — In-plane average atomic positions of the 14 independent gold sites and two Si layers (12
atoms per layer) in the positions given by Grozea et al. . The other atomic positions can be deduced
by p8 symmetry. Values for the errors on the positions (dz, dy) as well as the displacements from
the starting positions (Az, Ay in A) are given. Gold Debye-Waller factor : 1.34:0.04 A2, Occupancy
of special sites : 0.4940.015. Agreement factor x2 : 1.3

x Az ox Y Ay oy
Gold sites
0 - - 0 - -
0.33333 - - 0.66667 - -
0.66667 - - 0.33333 - -
0.309 0.001 0.00052  0.3018 0.0002 0.00057

0.1852 0.0008 0.00055  0.1804 0.0029 0.00057
0.2545 0.0028  0.0005  0.0315 0.0018 0.00055
0.447 -0.0001 0.00051  0.3553 -0.0013 0.00052
0.0089 -0.002  0.0051  0.3582 -0.0005 0.00051
0.4523 0.0014 0.00057  0.2356  0.0008 0.00061
0.133 0.0022 0.00051  0.4765 0.0026 0.00057
0.2836 0.0006 0.00053  0.5337 -0.0005 0.00057
0.4841 0.001 0.00049 0.1353 0.0001 0.00058
0.1366 0.0003 0.00053 0.044 0.0026 0.00064
0.5772 -0.0019 0.00052  0.3724 -0.0017 0.00058
0.4128 -0.003 0.00054  0.5288 -0.0021 0.00055
0.0855 0.0009 0.00058  0.2168  0.0007 0.00051
0.2845 0.0024 0.00054 0.412  0.0017 0.00057
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T Ax ox Y Ay oy
Silicon layer 1

0.3681 0.0039 0.0048 0.1072 0.0052 0.0064
0.3577 0.0093 0.0045 0.235 0.0082 0.0044
0.2369 0.0088 0.0043 0.139 0.0053 0.0042
0.196 0.0035 0.0054 0.3002 -0.0072 0.0053
0.1738 0.0101 0.0041  0.397 -0.0062 0.0037
0.0908 -0.001 0.0042 0.3398 -0.0087 0.0046
0.5261 0.0094 0.0051 0.4502 0.0025 0.0058
0.3955 -0.0044 0.0101 0.4152 0.0061  0.007
0.068 -0.0031 0.0103 0.0989 0.0059  0.013
0.4335 -0.0026  0.0042 0.0133 -0.0045 0.0041
0.2121 -0.0028 0.0053 0.5884 0.0053 0.0057
0.5702 -0.0072 0.0074 0.2555 0.0029 0.0077

T Ax ox Y Ay oy

Silicon layer 2

0.0582 0.0006 0.0099 0.1099 -0.0061 0.0138
0.222 -0.0003 0.0057  0.609 -0.0053 0.0064
0.2249 -0.0093 0.0043 0.1144 -0.0103 0.0046
0.3882 -0.0026 0.0054 0.1113 0.0031 0.0067
0.387 0.0058 0.0045 0.2756 -0.0045 0.0042
0.057 -0.0013 0.0042 0.2832 -0.0048 0.0049
0.2211 -0.0092 0.0054 0.2794 0.0038 0.0057
0.2189 -0.0008 0.0043 0.4392 -0.0057 0.0051
0.3926 -0.0009 0.0097 0.4408 -0.0112 0.0074
0.5547 0.0042 0.0079 0.2745 -0.0092 0.0078
0.5531 -0.0023 0.0054 0.1076 -0.0061 0.0056
0.0495 -0.0058 0.0047 0.4409 0.0144  0.047
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