Wetting and Surface Freezing Transitions at the
Liquid-Vapour Interface of Ga-based Alloys:
STM, XPS and AES Study.

Zur Erlangung des akademischen Grades eines

DOKTORS DER NATURWISSENSCHAFTEN

(Dr. rer. nat.)

der Fakultat fir Chemie und Biowissenschaften der
Universitat Karlsruhe (TH)
angenommene

DISSERTATION

von

Dipl.-Chem. Alexander Issanin

aus St. Petersburg, Russische Foderation

Dekan: Prof. Dr. H. Puchta
Referent: Prof. Dr. W. Freyland
Korreferent: PD Dr. P. Weiss

Tag der mindlichen Prifung: 17.07.2006






Content

List of acronyms
Abstract
Zusammenfassung
1. Introduction
2. Interfacial phenomena

2.1 Wetting transition

2.2 Surface freezing transition
3. Applied methods

3.1 Electron spectroscopy

3.1.1 Basic principles of XPS, AES and UPS

3.1.2 Radiation sources and electron
detection in electron spectroscopy

3.1.3 Quantification with XPS and AES
3.1.4 Depth profiling
3.2 Scanning tunneling microscopy
3.2.1 Theoretical concept
3.2.2 Measurement modes
4. Experimental detail, data analysis and erracugdision
4.1 Preparation of samples; measurement cell

4.2 Overview of the Omicron UHV unit including
XPS, AES, UPS and STM techniques

4.3 Electron spectra measurements
4.4 STM image acquisition

4.5 Error analysis

12

17

17

17

20

24

29

32

32

34

37

37

42

45

47

50



2 Introduction

5. Results
5.1 Wetting films in Ga-Bi and Ga-Pb systems
5.1.1 Ga-Bi
5.1.2 Ga-Pb
5.2 Surface freezing films in the Ga-Bi system
5.2.1 Homogeneity of the SF films — results fromSAE
5.2.2 Thickness of the SF films
5.2.3 Surface topography of the strongly underabélms
5.3 Surface freezing films in the Ga-Pb system

5.3.1 Thickness and homogeneity of SF films
in the Ga-Pb system

5.3.2 Evolution of the SF films in Ga-Pb system
5.3.3 Surface topography of the strongly underabéilms
5.4 Tip-induced surface modification and nanostracy
6. Discussion

6.1 Modelling of thickness, coverage and chemioahgosition
for the surface freezing films in the Ga-Pb system

6.1.1. Surface freezing films without defects
6.1.2 Surface freezing films with defects in the asystem
6.2 Mechanism of the tip-induced nanostructuring
Appendix A
Appendix B
Manufacturer list
References

Acknowledgements

53

53

53

58

61

61

64

69

71

71

73

75

76

81

81

81

89

94

97

104

105

106

112



List of acronyms in alphabetical order

AES -
BE -
CAE -
CCD -
CRR -
DC -
EA -

ES -
FEL -
HSA -
IMFP -
(k)cts/s

KE -

ML -

SF -
SFF -
SHG -
STM -
STS -
UHV -

UPS -
WF -
XPS -

Auger Electron Spectroscopy
Binding Energy

Constant Analyzer Energy (mode)
Charge-Coupled Device

Constant Retard Ration (mode)
Direct Current

Electron Energy Analyzer

Electron Spectroscopy

Fast Entry Lock

HemiSpherical electron energy Analyzer
Inelastic Mean Free Path
(kilo)counts per second

Kinetic Energy

MonoLayer

Surface Freezing

Surface Freezing Film

Second Harmonic Generation
Scanning Tunneling Microscopy
Scanning Tunneling Spectroscopy
Ultra High Vacuum (< 18 mbar)
Ultraviolet Photoelectron Spectroscopy
Wetting Film

X-ray Photoelectron Spectroscopy






Abstract

The main focus of this study is to investigate iterfacial behaviour in liquid
Ga-Bi and Ga-Pb alloys in a wide temperature rakge.this purpose methods of X-ray
photoelectron spectroscopy (XPS), Auger electroecspscopy (AES) and scanning
tunnelling microscopy (STM) were mainly utilizedhd systems under consideration can
be characterized by an ultra-thin wetting film femperatures above the surface freezing
point. In general, a surface active component, wiias a lower value of the surface
tension, segregates at the liquid-vapour interue thus decreases the overall surface
energy of the system. The quantitative characteoizaof this phenomenon is essential
from both a theoretical and experimental point iefw The dependences of the wetting
film thickness on temperature and bulk concentratwb the surface active component
have been studied. The results are in good agrdewidn model calculations, which
predict the increase of the wetting film thicknesth decreasing temperature.

A surface phase transition characterized by tmmdtion of a surface freezing
(SF) film was studied in both Ga-Bi and Ga-Pb syste Samples with different
concentrations of the surface active component é@tweutectic and monotectic points
were investigated. The formation of the SF filmscooling was systematically observed
at temperatures above the corresponding temperatuhe bulk liquidus line, according
to the bulk phase diagram. Thickness and homogeaotthe SF films were investigated
in detail. The behaviour of the SF films in the Biaand Ga-Pb systems has been found
to be similar, showing however some differences distinguishable features comprise
the stability of the films after formation and thegnitude of the Ga signal in the XPS
spectra. The latter feature i.e. the higher intgnsi the Ga peak for the Ga-Pb system
can be interpreted either as a smaller thicknesiseoforresponding SF films, or as higher
concentration of Ga in the film. Overlayer (or 9labodels with constant or variable
composition of the film were applied for the quéattve interpretation of the results from
the electron spectroscopy. Assuming a homogenelnsf pure Pb a thickness of the
SF film in Ga-Pb system of ~20 A is estimated &mperatures slightly below the surface
freezing temperature. In the case of Ga-Bi thiskinéss seems to be above 100 A.

For the first time the instability of the SF films Ga-Pb systems was observed at

constant temperature and at slow (< 3 K/h) coolatgs. The formation of the islands of



the liquid phase and other defects was detectddaM@CD-camera. When islands form a
further increase of the Ga-signal in the XPS spedrobserved. For a quantitative
description of the system with defects a modifmatof the overlayer model is proposed,
which takes into account an incomplete coveragaeturface with a SF film.

Additional information about the atomic structufethe films quenched to room
temperature was obtained from STM measurementsselhaeasurements reveal
extraordinary large, atomically flat terraces, whiwere found to be much larger in
comparison to those typically found in pure materi@i and Pb). An analysis of the
interatomic distances from the STM images with atoresolution demonstrates that the
utmost surface layers consists of the pure suidatge component with a basal trigonal
plane (0001) in the case of Bi and a hexagonalgntated (111) plane for Pb.



Zusammenfassung

Hauptzielsetzung dieser Arbeit war, die Grenzféighgenschaften von flissigen
Ga-Bi und Ga-Pb Legierungen in einem breiten Teatpentervall aufzuklaren. Hierzu
wurden die Methoden der Rontgen-PhotoelektronenkiBmkopie (XPS), Auger-
Elektronen Spektroskopie (AES) sowie Rastertunreimskopie (STM) eingesetzt. Die
gemeinsame charakteristische Eigenschaft von demsuchten Systemen ist die Bildung
von ultradiinnen Benetzungsfilmen bei Temperaturen bertalb des
Oberflachenerstarrungspunktes. Dabai gilt allgeméass die Komponente mit kleiner
Oberflachenspannung sich an der flussig-dampf Gléate konzentriert, so dass die
totale Oberflachenenergie des Systems abgesenktd. wiDie quantitative
Charakterisierung dieses Phanomens ist wichtig bwam theoretischen Standpunkt als
auch fur den Experimentator. Die Abh&ngigkeit deckP der Benetzungsfilme von
Temperatur und Konzentration der oberflachenaktikemponente im Volumen wurde
bei Annahrung an die Liquiduskurve untersucht. CHegebnisse stimmen mit
Modellrechnungen uberein, die einen leichten Agstier Filmdicke mit abnehmender
Temperatur voraussagen.

Die Bildung von Oberflachenerstarrungsfilmen wunddeiden Systemen, Ga-Bi
und Ga-Pb, analysiert, wobei die untersuchten Kinagonen den Bereich zwischen den
eutektischen und den monotektischen Zusammensetzuaigdecken. Die Abweichung
der Oberflachenerstarrungstemperatur von der esdspnden Liquidustemperatur, die
aus den Phasendiagrammen entnommen wurde, kaemsyisich nachgewiesen werden.
Dicke und Homogenitat der Filme wurden ausfuhréctorscht. Das Verhalten der Filme
in Ga-Bi und Ga-Pb Systemen wurde als ahnlich éarigiert, jedoch wurden einige
quantitative Differenzen beobachtet. Die Untersd@iéegen vor allem in der Stabilitat
der Filme und in der Grol3e des Ga-Signals im XP&®pm. Die hthere Intensitat des
Ga-Peaks in Ga-Pb kann entweder als kleinere Dides entsprechenden
Oberflachenerstarrungsfilmes oder als hthere Gaz&wmation im Film interpretiert
werden. Schichtmodelle mit konstanter oder varrablenzusammensetzung wurden fir
die quantitative Darstellung der Ergebnisse ausHtigktronen Spektroskopie verwendet.
Unter den Annahmen, dass der Film homogen ist wsdrainem Pb besteht, wird ein

Wert von ~20 A fiir die Dicke des erstarrten Filntesler unmittelbaren Nahe unterhalb



des Oberflachenerstarrungspunktes gefunden. Ini@adegen scheinen die Filme mehr
als 100 A dick zu sein.

Zum ersten Mal wurde eine Instabilitat der ers¢ariFilme in Ga-Pb beobachtet.
Dies geschieht, wenn die fllissigen Legierungerkbaestanter Temperatur gehalten oder
langsam (< 3 K/Stunde) abgekihlt werden. Die Biglwon Inseln und anderen
Defekten, die aus der flissigen Phase besteherdewumithilfe einer CCD-Kamera
aufgezeichnet. Solche Transformationen fuhren zumstidg des Ga-Signals im XPS
Spektrum. Fir die quantitative Beschreibung der rlldimhe mit Inseln wurde das
Schichtmodell modifiziert, um die nicht vollstandigBedeckung der Oberflache zu
bertucksichtigen.

Zusatzliche Information Uber die atomare Struktier festen Filme, die bis
Raumtemperatur abgekuhlt worden sind, konnte mi $essungen gewonnen werden.
Diese Experimente zeigten, dass die Oberflachesatis gro3en und atomar flachen
Terrassen besteht, die viel groRer sind als deepdin Ublicherweise in reinen Metallen
(Bi und Pb) erhalt. Die Analyse der STM-Bilder naitomarer Auflosung weist darauf
hin, dass die aulRersten Grenzschichten aus reinenfbdsale trigonale (0001)-
Orientierung) oder Pb (hexagonale (111)-Orientigjlestehen.
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Chapter 1.

1. Introduction

Surfaces and interfaces start to play a crucial wdhhen dimensions of the objects
under consideration are decreased. The availabilithe methods and instruments which
can cope with objects on the nanometre scale gnsss for such disciplines as
nanoscience and nanotechnology. The number of qatldns in this field has
dramatically increased in the last 15 years [1,SJme fundamental problems such as
phase formation and phase transition in reducecenisons (2D) are not completely
studied as yet. Both experimental and theoretididrte help to understand these
phenomena in details.

The phenomena of surface melting [3, 4] and rongigephase transitions, both of
which are characterized by the suppression of lange order interactions near the free
interface, are common meanwhile. In this case tinlase phase is less ordered than the
bulk phase. This phenomenon has been studied f@riaty of metals and molecular
crystals [5-7]. In particular it has been studiedroughly on ice [8-12].

In contrast to the surface melting, the situatdmere a highly ordered surface
phase is in equilibrium with a less ordered bulkl ampour is rather rare [13]. This
phenomenon is referred to as surface freezing (8Ras been studied so far mainly for
alkanes both experimentally and theoretically [14].

Understanding of the phenomena of surface freeaimfysurface melting is very
important not only from the theoretical point okewi. They influence many everyday

processes. For example, interfacial melting maynote the sintering of solid particles
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and the flow of glaciers [15]. The inverse proce$snterfacial freezing is likely to
influence viscoelastic properties of lubricatingn and the properties of liquids flowing
through ultra-narrow restrictions [16, 17].

The majority of the reported evidences of the I@Rdition have been observed in
long-chain alkanes (Eizn+2 with 14 < n < 50) and their mixtures [18-21]. lasvfound
that a solid monolayer is formed on the surfacthefsolid in a small temperature interval
above the bulk solid-liquid transition. The monaayonsists of hexagonally oriented,
stretched tfans-configuration) alkane chains which are orientedwa, or slightly tilted
with respect to the normal, to the surface. Onlsiragle solid monolayer exists in the
temperature range between the surface and bulkifigggpoints and no evidence for the
gradual growth of the surface ordered phase appmgdhe temperature of the bulk
transition has been found.

Besides alkanes, SF transitions have been obsewvéar in liquid crystals [22-
25], alcohols [26-30], diols [31], semi-fluorinatedkanes [32] and mixtures of those
substances [33]. All these systems contain relgtiaege, long-chain molecules.

The surface freezing phenomenon in metallic systetharacterized by short-
range screened Coulomb interactions, has not leedied so intensively in comparison
to the previously mentioned systems. Confirmationthe SF transition was reported so
far only for three systermisGa-Bi [34], Ga-Pb [35] and Ga-Tl [36]. The fitsto systems
have been investigated in our group by means of &H& plasma generation methods
[34, 37, 38], surface light scattering [39, 40]vesll as by ellipsometry [36, 41]. The SF
transition was detected for the entire range ofceatrations between the respective
eutectic and monotectic points. All three methods \zery sensitive for the structural
changes on the surface. Precise temperature maanirereveal that the appearance of
the solid-like film can be observed several degraélesve the solid-liquid coexistence
line. This systematic difference between the terupees of surface and bulk freezing
amounts ~12K for the composition near to the eittqmint in the Ga-Bi system and
decreases for the higher Bi concentrations [34].

These experimental studies certainly help to wtdad many aspects of the SF
phenomenon, but a number of questions remain open. instance, there is no

quantitative information about the thickness andnaical composition of the SF films in

! There are also some experimental evidences dBEheansition for the Au-Si system. It was inteesy
investigated in the group of P. Pershan using X-raffectivity and grazing incidence diffraction
experiments [42].
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the systems mentioned above. The dependence dfrththickness on temperature and
cooling rate as well as the thermodynamic stabdftthe SF films are unknown. The aim
of this study is to solve some of these problems.

Basic description of the X-ray photoelectron spesttopy (XPS) — the primary
technique of this work — is given in Ch. 3.1.1 &t.2. This method is used widely in the
surface science. Besides high surface sensitiviRy Xias another important advantage:
the information about chemical composition of thenast surface layers is directly
available from the XPS spectra. In case when th#éase is covered by a film,
determination of its thickness requires a modethef interface. The overlayer (or slab)
model describing the system as a homogeneous,rontyfahick film, consisting of pure
Bi or Pb, which covers the bulk (pure Ga), is giwerCh. 3.1.3. This model appeared to
be appropriate for wetting films, while the modathwariable chemical composition of
the film has been successfully applied for surfaeezing films in the Ga-Pb system. The

discussion in Ch. 6.1 provides a comparison okd#fit models.
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Chapter 2.

Interfacial phenomena

2.1 Wetting transition

The simplest illustration of wetting phenomenonhiat a liquid droplet on a solid
substrate (Fig. 2.1) Depending on the nature ofitbelet and substrate, temperature and
other parameters of the system one can distindgbrsle possible wetting states:

1) ® =180° - complete drying (non-wet state): liqumkd not cover substrate at all.
2) 0° <® < 180° - partial wetting: substrate is partiallyvered by liquid. The less
the angle®, the more is the contact area liquid-substrate.

3) ® =0° - complete wetting: substrate is totally a@eeby liquid film.

The balance of forces shown in the Fig. 2.1b caexpeessed by the Young’s equation:

Usolid—vapour - Usolid—liquid
cosO = (2.1)

a.liquid—vapour

where o is the surface free energy am@ is the contact angle. Variation of the
thermodynamic conditions of the system results hanges of the wetting state, for
example, from partial to complete wetting. Thisnsformation is known as a wetting

transition. Complete wetting is characterized mndormly distributed liquid film, which
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Fig. 2.1 Possible states of wetting for a liquidmlet on a solid substrate:
(a) complete drying® = 180°, (b) partial wetting 02 ® < 180°, forces in
equilibrium are shown with arrows, (c) complete tmgt® = 0°.

covers the substrdteln order to estimate the thickness of the wettiig we first

consider a binary liquid mixture exhibiting a mistity gap with an upper critical point
(see also [43]). The bulk phase diagram of suclystem is shown in Fig. 2.2. It is
necessary to introduce the variable of surface ratisa (or surface excess), which is

defined as:

Nl buk
I E% (2.2)
where N; is the number of atoms of sdrtA is the areal’ > 0 for a surface active
component. The theory then predicts the behavibtineosurface adsorption as function
of temperature T or chemical potentgl. Two paths are of particular interest:

1) Path Nr. 1. Temperature is increased along theistece line (Fig. 2.2, inset 1).
For T < T, I'a increases continuously and diverges gttfiis is called aritical
wetting transition The second possible scenario is characterizduhibg (low) I'a
forall T < T, Then at T = |, it jumps to infinity (for infinitely large systems
The phenomenon is callediest order wetting transition

2) Path Nr. 2. Concentration of component A is incedlagt constant temperature. In
this casel'a undergoes a discontinues but finite (microscopttange when it
crosses the prewetting line and then diverges mootisly at the coexistence

curve. This is known as@mplete wetting transition

! The theory can be also applied to the liquid salbstwith minimal restriction: the shape of theeiface
will be deformed under influence of the gravityderfor the non-wet and partially wet states. Comeple
wetting for the liquid substrate is similar to taid one — the interface appears to be flat.
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Fig. 2.2 Schematic phase diagram of a binary ligeckture with a
miscibility gap. Prewetting line (dashed) joins teg (T,) and critical
prewetting (Epw) points. Two paths of changing the wetting behawio
and surface exceds, are considered: 1. — behaviour Iof along the
coexistence line at increasing temperature. Itesgmts a first order
wetting transition. 2. — behaviour ©fy approaching coexistence line at
constant temperature and different chemical pattntwhich is related to
concentrationAp is the chemical potential difference with resgecthat
at coexistence.

Both described phenomena — divergence of the sudacesd s at a first order and a
complete wetting transition — imply for an infifigdarge system formation of infinitely
thick wetting films since the surface excégscan be assumed to be proportional to the
wetting film thickness. For real systems this metirad macroscopically thick films are
formed. Thin wetting films that correspond to loalwes ofl'a are of special interest for
this study.

For a quantitative description of the films vasgotheoretical approaches of
statistical thermodynamics have been developed4f}4-Understanding of wetting
phenomena was considerably advanced by the saocale der Waals theory. A central
role in this theory plays the effective interfaci@tential Q°", which is derived from
grand canonical potenti&. The attractive parts of the interactions areté@an mean-
field approximation, so that one obtains the follogvexpression for two coexisting

phases: andg in contact with substrate[44]:
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Q¥ (d,T, 1) =0, +0,, +dA-a(d) (2.3)

wherep is the deviation of the chemical potential relatto that at coexistence,; and
o, are the surface free energigs denotes the non-wetting phase). The tewiad)
describes the correction of the surface energiestauhe finite thickness of the wetting
film, whereby the gravitational influence can bayleeted. For different types of liquids
the expression fap(d) is different. According to Israelachvili [47] fahe van der Waals
type liquid w(d) = -H/d? whereH is the Hamaker constant. Then minimizit§" the

equilibrium thickness of the wetting film is:

d, = (ﬁj (2.4)

In case of exponentially decaying short-range atgons (Yukawa liquid) the term(d)
can be approximated lay(d) = -spexp(Ad) [48] and the corresponding wetting films have

a logarithmic divergence at coexistendg & 0) according to:

1 (Ao,
d.==—In 0 2.5
0= (Aﬂj (2.5)

where U is the screening length. This theory does not iake account factors that
usually affect real systems under investigatiorhsag diffusion, heat transfer and other

kinetic effects.
2.2 Surface freezing transition

In comparison to wetting transitions it is mordfidult to describe the surface
freezing (SF) transition using a simple model. Tihterfacial phenomenon is not studied
yet in detail despite of a considerable high nundfgoublications concerning this issue
during the last years [17, 49, 50].

Describing the SF transition it is sometimes ustficonsider it together with the
surface melting phenomenon. Generally speakingfatiethat the free energy of atoms

on the surface differs from that of the atoms ie thulk is a driving force for both



Chapter 2 13

interfacial phenomena. Surface melting can be densd to be a special case of
“wetting”, namely wetting of the solid by its owneth By analogy, SF is “wetting” of the
liquid by its own solid. An important issue is whet or not the thickness of the frozen
films diverges as the bulk melting temperaturepigraached.

Schematically the SF transition is shown in thg. d.3. The thermodynamic
quantity that governs the freezing or non-freezibapaviour of the surface assuming

macroscopically thick films is the surface freergiyer [51]:

AU* = Jliquid —-vapour - Usolid—vapour - Usolid—liquid (26)

A positive value ofds* predicts complete surface freezing, whereas ativegane
predicts non-freezing. However this conclusion cée strictly applied for
macroscopically thick films, where the correspogdsarface energies are defined and no
correction termw(d) is necessary (see also Ch. 2.1). An estimatdodffor metallic
systems based on semi-empirical values for thefaui@l energies yields for the most
elements negative values [51]. This means that &m@BF of metals above melting
temperature is unlikely. Monte Carlo simulations feetallic liquids [52, 53] indicate a
layer-wise ordering of the atoms at the surface ridwgidly decays with increasing depth.
Recent X-ray reflectivity studies have also reveéaedecaying oscillatory density profile

at the free surface of metals with high surfacsitanlike Ga [54] and Hg [55]. Another

WF Y vV
» | SFF
e ===

Fig. 2.3 Schematic illustration of the surface fhiag transition. The top
monolayer of the liquid becomes ordered at a teatpsx a few degrees
above the bulk melting point, while the bulk liquidmains disordered.
For alkanes the thickness of 1ML remains constartha temperature is
lowered toward and even below the bulk melting pwiithout triggering
bulk crystallization. Surface freezing requires sluen of the solid-vapour
and the solid-liquid interfacial energies to be Bemathan that for the
liquid-vapour interface.
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example of the interfacial ordering (freezing) velsnonstrated for the liquid Ga, which
was brought into contact with solid hard wall (d@m) [56].

Combining eq. (2.6), with Young’s equation (2.1dataking into account that
Ac* > 0 for the SF transition the following expressimn the contact angl® can be

obtained:

asv - asl < g
0

SV+U
g,

cosPd = sl «1 (27)

" \

(since o is always positive). This suggests that surfa@ezing is associated with
dewetting [49]. The contact angle of the solid withown melt is finite (it is also the case
for incomplete surface melting [57]; this conditios further enhanced for the SF

o-quuid—vapour

+
0-solid—liquid o-solid—vapour

\

Temperature T, Tee

Fig. 2.4 Temperature dependence of the surfacétens the vicinity of
the bulk melting point . The liquid-vapour below the SF points(J is
linear extrapolation of the slope from temperatiabeve Er where the
liquid state of the surface is thermodynamicalgbtt. Surface solid can
coexist with the melted surface at T sgTike macroscopic solid and
liguid phase coexist at T =,T The slope of the(T) and 6 + ow)(T)
functions varies for different kind of systems:stiigure corresponds to
metallic systems, whereas faralkanes the slope of they( + oy)(T)
becomes negative.
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case). Consideration of the temperature dependehtiee surface tension shows that
there should by a lower limit to the contact angllewed in a system that exhibits SF.
Assuming that the interfacial energies of eithelesof the SF film can be expressed in
terms of macroscopi@sgid-vapour aNd osoiid-iquiss the lower bound follows by equating
Osolid-liquid 1O ZE€ro.

The liquid-vapour interfacial energy is shown ig.R2.4. For the region below SF
temperature theéjquid-vapour IS @ linear extrapolation of the line, having ayateve slope
from the higher temperatures [58]. The study of sh&face tension for this metastable
region forn-alkanes demonstrated that the SF transition canr @sther below or above
the bulk melting point [58]. It has been also shalwat macroscopic interfacial energies
for either side of the frozen film can be used dssh order approximation, because it
explains an experimentally observed value of theami angle fon-alkane droplet on the
silica [49, 59].

The following theory of SF oh-alkanes has been proposed by Tkachenko and
Rabin [14]: Surface monolayer is entropically stiabd by fluctuations along the axis of
the normally oriented chain-like molecules. Stafailion against bulk freezing is reached
through entropic repulsion between ad-joint sadigers. Though designed to explain the
surface behaviour of-alkanes, the model suggests that the phenomenont ey a
general feature of straight chain-like moleculesimérmediate molecular weight. The
model appears to be controversial since some p&easnassociated with the interfacial
energies in the calculation do not agree with tieemental values [60].

A mechanism of the SF film formation in binaryogé has been proposed by
Freyland et al. [61]. Wetting film on the liquidaur interface slightly above the
liquidus line is considered as undercooled Bi ofild film, because the temperature of
the system in this case is well below the corredpanfreezing temperature of the bulk
Bi or Pb. At a given undercoolindT = T(bulk) — Tse freezing of the film may be
triggered if its thicknessl reaches the size of a critical nucleRs, If a homogeneous

nucleation is assumed and a critical nuclei radilexpressed as follows:

2O-quuid -solid
— —_quig-sold 2.8
Re A (2.8)

one can estimate. ~ 1nm for4T = 200 K. Taking into account, thatlx is proportional

to the undercoolingIT, one expect a growth of the SF film when a bulkdBiPb
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concentration is increased approaching the mornotecint. A kinetic of the SF film

formation is predicted to be fast, since the endayyier is zero at complete wetting.
Summarizing the available information about Skdrgon one can conclude that

both experimental and theoretical efforts are @ssdor the further understanding of this

phenomenon.
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Chapter 3.

Applied methods

3.1 Electron spectroscopy

3.1.1 Basic principles of XPS, AES and UPS

If the surface of some material undergoes a radiadf photons or electrons of
sufficient energy it starts to emit its own eleaso For the case of photons this
phenomenon is known as photoeffect, whereas tlezaiction caused by high-energy
electrons with the electronic shell of atoms isated as Auger-effect. The energy of
incident photons or electrons must be greater thanbinding energy of the ejected
electrons in the material under investigation. Téwalysis of the Kkinetic energy
distribution of electrons allows important infornuat about the electronic structure of the
substrate. For example, chemical composition, diidastate, electronic structure and
many other properties can be determined by measkeofron spectroscopy (ES). In this
study it was mainly utilized for purposes of qutaitve chemical analysis.

Generally ES is divided into three broad areapedding on the source used for
excitation of the sample. The first one is Augexcaion spectroscopy (AES) employing
an electron beam, whose interaction with sampleltes emission of Auger electrons.
The second one is X-ray photoelectron spectros€®p\5); it utilizes X-rays producing
both Auger- and photoelectrons. The third one dpegawith ultraviolet radiation is
known as ultraviolet photoelectron spectroscopyWEjection of electrons followed by
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its detection is a common feature of all three mémphes mentioned above. This appears to
be a great advantage which allows one to combiosetimethods in one experimental

setup. Let's consider the physical processes #ia place in AES, XPS and UPS in

detail.

The changes in the electronic structure in the cdghe Auger-effect are shown
in Fig 3.1c. The incident electron with energy gpitally 1-10keV ejects one of core
electrons of the shell producing a hole (level khe scheme). This results in the decay
of an electron from a higher energy orbital.)EThe excess energy released by the latter
process is transferred to an electron on the thibital (B 3), forcing it to be ejected.
This last electron is detected when passing theggramalyzer.

There can be different combinations of neighbaygtectron levels taking part in
Auger-processes, especially for large atoms. Theetid energy of Auger electrons
determined with the electron detector can be writie

Epee =B —E, —E, U, (3.1)

Auger
where g, E;, and E are the energies of the three electrons, involaetthe process and
Uesr IS the extra energy required to remove an eledimm a double ionized atom. One
can notice that the energy of incident electromaincluded in the expression (3.1). This
means, that the registered kinetic energy of theesponding Auger peak remains
constant even if the energy of the primary beaah&nged.

The process of electron emission in the case of XAd UPS is shown
schematically in Fig 3.1a and 3.1b. The energy rzaais described with following

relationship:

E. =hv-E,-W (3.2)

whereho is the photon energyg, andEx are the binding energy of the electron in the
atom and the kinetic energy of emitted electrorpeetvely; W is work function of
detector. Binding energy of the electron in atomspecific for every element and

electronic shell. This allows to determine the cloatncomposition of the surface.
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Fig. 3.1 Schematic diagram of the processes of lactren emission.
Electrons are depicted as filled circles. The extdons of the atom with
UV-radiation (a), X-rays (b) and electron beam (Augffect) (c) are
shown.

Those photoelectrons, which are excited and escaipeout energy loss,
contribute to characteristic peaks in the spectrtdare is a brief description of the
nomenclature of XPS and Auger transitions. Theofwilhg notation is used in XP 8y,
wheren is the principal quantum numbérgorresponds to the orbital quantum number
(for 1=0,1,2,3 —s,p,d,fare used)k is the absolute value of the suml @nd spin quantum
number, which can accept values of either +%2 orT& AES notation has the general
form A,, where A is a capital letter K,L,M etc., whichused instead of the principal
guantum numben; b varied from 1 to (2laxt1). The entire AES label has three notations,
for example KLkL3, because three electrons are involved in the Atrgesition. Since
the exact information about these electrons is avatilable (or not important), small
indices are often omitted.

Usually, together with the main transition peakuanber of signals with lower
intensity are to be found in ES spectra. These datown as satellites, reflect minor
processes of electronic shell relaxation and osleepndary effects. Their position in the

spectrum is shifted in positive or negative directiof the kinetic energy scale in
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comparison to the main peak. The perturbations hvigige rise to these peaks are just
mentioned here without further description (foraied information see [62]). These
small peaks can have different origins, elgemical shift(not all atoms of element X
have same oxidation state, e.g. core electrongteshfrom positively charged ions have
lower kinetic energy in comparison to neutral atpmsulk and surface plasmon
excitation (the outgoing electron excites collegtoscillation in the conduction band; this
is found for metallic surfaces)shake-up” effect (interaction of the outgoing electron
with conduction band states; if the electron in te@duction band does not gain some
energy, but it is completely ejected, this is refdrto as‘shake off” effect); muliplet
splitting signals (arise from different spin distribution of the etens in the band
structure). These features may contain importafdrimation about the surface. For
example, in this study the absence of impuritiestten surface (like oxides) has been
checked by means of XPS: the spectrum of an oxddizeface has oxygen peaks as well
as shifted peaks of the metals.

Besides XPS and AES satellites, which appear Isecaftithe above processes in
the sample, so-called “ghosts” are sometimes fonXPS spectra. They originate from
impurities in the X-ray source. Through the oxidatiof the anode material (see next
chapter) or misalignments inside the source, thigadnig X-ray radiation may have some
noise lines besides the main one. In this casekithetic energy of the peaks, which
additionally appear in the spectrum, differs frdma energy of the main peaks.

UPS as well as XPS uses the principle of the mifitot. The difference is that the
energy of photons in the case of UPS is some twlersrof magnitude lower than the
energy of X-rays. Therefore it is possible to exa@tectrons only in the valence band.
UPS is used to study the electronic structure ofleouar compounds, to determine the
electron work function etc. In this study the bataicture of interfacial bismuth has been
determined with the help of UPS.

3.1.2 Radiation sources and electron detection ieetron spectroscopy

As a source of X-rays the twin anode X-ray tulzes\applied. Thermally emitted
electrons accelerated by a voltage up to 15kV aatewith the anode material, emitting
X-ray radiation. It consists of an intense narrave laccompanied by weak radiation with
higher wavelength. The origin of the first featiseX-ray fluorescence, while the second
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one (known as Bremsstrahlung) results from theastel interaction of high energy
electrons with the positively charged atomic nusled’he energy of the X-ray

fluorescence line depends on the material of tlegl@nin our case it was 1253.6 eV for
Al and 1486.6 eV for Mg (in both elementsyKransition occurs). In principle such a
combination of anodes provides the possibility eptth profiling due to different kinetic

energies of the outgoing electrons.

The electron beam for AES is generated using ectren gun. A hairpin-shaped
tungsten filament heated by electric current serasselectron source. Besides the
filament, the electron gun has a number of eletdtms lenses which are used to
accelerate the electrons, to focus the electromlsead to deflect it. Thus it is possible to
generate a stable, mono-energetic and bright electream of narrow crossection
(<1mnf).

Ultraviolet radiation for UPS is generated by neaha gas discharge tube. With
the help of fine a leak valve the pressure of melif some 18mbar can be achieved.
The discharge zone is connected to the analysisilodbiga so a very effective differential
pumping system is required keep the pressure irJthe region. The radiation emitted
by Hel (21.2eV) and Hell (40.8eV) transitions ipbgd in this study.

To analyze the kinetic energy of electrons emitfedin the sample, the
HemiSpherical electron energy Analyzer (HSA) (RBg2) was utilized. It consists of a
pair of concentric hemispherical electrodes, betwekich there is a gap for the electrons
to pass (1); a sequence of electrostatic lensess (Bpunted in the tube (2), shielded by
the material with high magnetic permeabilityroetal) from the Earth’s magnetic field.
The lenses are used to vary the area on the suofat®ee sample to be analyzed, to
change the acceptance criteria concerning the algfigbution of analyzed electrons and
to retard the electrons with high kinetic energyick allows to increase the analyzer
resolution. The battery of electron multipliers doneltrons ®) (3) is located on the other
side of the hemispherical cap. The electron flux loa additionally regulated by means of
entrance and exit slits (4).

A potential difference is applied across the tveoispherical electrodes, with the
outer one being more negative than the inner oméy @ose electrons, which possess

energy given by

E= —eAV( ?1R2 zj (3.3)
R -R
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Fig. 3.2 Scheme of the hemispherical electron aealyHSA). 1 — two
hemispherical electrodes with the radii R1 and R2;- entrance tube
shielded from any external magnetic field, 3 —dygttof 7 channeltrons,
which are used to detect the electrons, 4 — sitedto control electron
flux, 5 — electrostatic lenses focus and retardelleetrons. Electrons enter
the analyzer from below and pass through the @lsiztic lenses (5) and
the gap between electrodes (1) followed by the diiete in the
channeltrons (3).

at the entrance of the analyser’s cap will reaehdétector. Her€& is the kinetic energy
of the electrons, e is the charge of electraw, is the potential difference between
hemispheres; andR; are the radii of inner and outer hemispheres s@dy) One can

notice that the kinetic energy is directly propomtal to the applied potential difference.
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The electrons with much higher (lower) energy @amparison to the value given
by expression (3.3) have larger (smaller) radiutheftrajectory and collide with walls of
hemispheres. But if the difference in kinetic enyeignot large, those electrons can also
reach the output plane of the analyser. Severahraimons on the output plane are
arranged radially so that each of them can detectrens with different kinetic energy E
+ OE. The entire sensitivity of the instrument is eased by a factor equal to the number
of channeltrons.

Two operating modi are available for HSA: Constamalyser Energy mode
(CAE) and Constant Retard Ratio mode (CRR). In @#E mode the electrons are
accelerated or retarded to some user defined {eh@vn as pass energy) with the help
of electrostatic lenses before they enter the hameiscal cap. The difference of the
hemisphere potentials remains constant throughwuehergy range. In the CRR mode
the electrons entering the analyser are retardeal ¢onstant fraction of their original
kinetic energy so that the ratio of electron kioetnhergy to the analyser pass energy is
kept constant for the whole spectrum. In orderdioieve analysis in the CRR mode, the
hemispheres potential difference is increased wgrthwing kinetic energy. The retard

ratio is defined as

E - =
k: kinetic ¢a ~ __kinetic (34)
E E

pass pass

where ¢, is the work function of the analyser. The resolutand the sensitivity are
different for the CAE and CRR modi. The CAE modeiisferred if one wants to achieve
a constant resolution throughout the whole kinetiergy range; the sensitivity, however,
is inversely proportional to the kinetic energy.thre CRR mode both parameters are
proportional to the pass energy (and thereforetkirenergy); sensitivity is reduced at
lower kinetic energy. At the higher kinetic eneigythe CRR mode the resolution can be
improved by increase of the retard ratio. The a®dysample area and the distribution of
accepter emission angle remains almost constafieilCRR mode or they vary slightly
with the kinetic energy in CAE mode. The CAE mode usually applied for the
acquisition of XPS spectra and for the quantitatwvelysis. The CRR mode is more

suitable for AES with lower kinetic energy of eratelectrons.
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The single electron multiplier or channeltron detssof a spiral-shaped glass tube
with a conical entrance at one end and a metaleanatput plate at the other. A material,
which coats the internal walls of channeltrons,terseveral secondary electrons being hit
by a primary electron with kinetic energy greatbiart the work function of the
channeltron. Those secondary electrons are actadendthin the tube and then, colliding

with the walls, they produce additional electronsgpessively so that the electrical signal
can be detected at the output plate.

3.1.3 Quantification with XPS and AES

XPS and AES are known to be powerful tools formijitative chemical analysis.
The incident X-ray radiation and high-energy electr are able to penetrate and to ionize
the material of the sample well deep (34D But only a small fraction of the electrons

expelled in such a way can leave the material witlemergy loss. The main source of
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Fig. 3.3 The dependence of the electron inelaséamiree path (IMFP)
on the emitted electron energy for different eleta¢@4].
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energy losses comes from the interactions of thgoing electrons with surrounding
atoms. The deeper the ionisation centre, the grédaeorobability of inelastic scattering.
Therefore only those electrons, which originaterfrthe outermost surface layers will
escape elastically from the material and can bsexyiently detected. This makes ES an
extremely surface sensitive technique. The aveeagape depth, which is also known as
Inelastic Mean Free Path (IMFP) or Effective Attation Length (EAL) requires special
consideration.

First of all, the IMFP of the emitted electrongpderds on their kinetic energy as is
shown in Fig.3.3. A so-called universal curve digss IMFP for most of the chemical
elements. It has a minimum around 20-50 eV, thggoreof kinetic energy corresponds to
the maximum of surface sensitivity of ES. The iase of IMFP on the left of the
minimum can be explained by taking into accountdberease of energetically allowed
scattering processes. With growing kinetic enehgyimpact cross-section will shrink, so
that the IMFP will be greater.

Considering the intensity)(of a photoelectron peak from a homogeneous siblid,
can be expressed in simplified form as [63]:

|, =JpwKDQ (3.5)

wherel is the photon fluxp is density of atoms of sort A in the investigatedterial,o is
the cross-section for the electron production (Wrhdepends on the element and energy
being consideredX is a term which covers all instrumental factorke ltransmission,
analyser settings, efficiency of the detector amystmagnetic fields, affecting the
transmission of low-energy electrons dnd the IMFP. The intensity is usually measured
as integrated area under the peak in an ES specEkama preliminary evaluation the
height of the peak can be taken instead of its. area

In order to increase the precision of the intensiéggermination an appropriate
method of background subtraction is required. Tp&oos are simple linear cut or
improved S-shaped background subtraction, whi@hisis known as Shirley method [65].
The equation 3.5 can be theoretically used forcdiguantification (so-called first
principles approach). A more usual way of quardifen implies experimental

determination of sensitivity, which includes thetis s, K andA. They are incorporated in
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the intensity ") acquired from the sample with thickne$s>> 4, consisting of pure
element A, which has the same size and shape asuthgles under investigation.
For quantified description of electron scatterimgthe material the modified

Lambert-Beer low can be applied:
Inll—O =¢ld (3.6)

Thee can be substituted with 1/

- -d
| = Ioﬁex;{ ; J (3.7)

wherel the is intensity of electrons emitted from all theyy greater thad, normal to the
surface,lp is the intensity from infinitely thick, uniform bstrate,e is the extinction
coefficient,A = IMFP. The distribution of the number of escagdectrons as a function

of the depth, at which they are emitted, is shownhe Fig. 3.4.
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Fig. 3.4 The distribution of the number of escaptattrons as a function
of the depth, at which they are emitted. Approx098f the entire signal
for homogeneous, one-component material originfitesn the depths
0>d> 3L
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One can see that some 65% of the entire signdleiétected XPS (or AES) peak come
from the depth less than some 20% come from the slab betwéeand 2, ~10% form
21 <d <31 and less than 5% of the signal originate fromdhiestrate wittd > 31. Taking
into account the typical values farof 10-30A one can ensure once again the ultimate
surface sensitivity of ES.

Usually not only those electrons, which are erdittermally to the surface can be
detected, but also those, which are emitted at sangde 9, different from 90°. Then
expression (3.7) becomes:

|=|0@x;{ —d j (3.8)
A [tosd

Here the surface sensitivity is increased and ffecteve analytical depth is decreased
with decreasing.

We can consider the more complicated case of aundarm substrate containing
several chemical elements (or their compoundsthdfsignal of an atom occurs in the
XPS or AES spectrum, it is unfortunately impossitdedefine immediately the position
(= the depth) of this atom in the sample. It candmated at the first monolayer at the
surface or at the fifth one — with 95% probabilityis not deeper thani3 Therefore
additional consideration of the sample nature ggiired like, for example, increase of the
concentration of surface active component in thst fimonolayer. In other words the
problem can be solved if it is possible to condteuteasible model.

A simple and at the same time appropriate modeKRS data analysis, which is
used in this study to describe surface freezing two-component metallic system is the
so-called overlayer model (Fig 3.5; other notatiaresslab- and three phases model). The
model implies that the bulk alloy is covered byhatoverlayer film. Let us assume that
the overlayer consists of pure component A. Soitiensity of the A peak in the

spectrum is expressed as follows:

|A = |§[1— ex;{_—dAD (3.9)
A, [€osf
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whered is overlayer thicknesdy” is the intensity measured from an infinitely thick
substrate, consisting of pure A; = A(Ea) is the IMFP for the electrons, emitted from A,
which have the kinetic energy, characteristic fa tonsidered transition. From the bulk,

consisting of pure element B, the intensftys described as:

1B=8 Eéxp{_—d‘\j (3.10)
A", [dosd

wherel’ o = A(Eg) is IMFP at the kinetic energy of the B peak img# (in order to reach
the detector, the electrons emitted in the bulktrguaghrough the overlayer, consisting of
A). One can see that if the overlayer thickngss much greater thati,, the signal from
the bulk will be completely attenuated in the osgér. So this model can be directly
applied only for systems with relative modest oagel thickness.

All variables in expressions (3.9) and (3.10) @tcaf d can be either measured
(I, 162, 1*, 1B, ) or found in literature or databasés, (' »). Therefore, the overlayer

thickness d can be calculated.

hv

N O

Fig. 3.5 Scheme of the overlayer (or slab) modekdudor the

characterization of thin films in this study. Th#mf consists of one
component A, the bulk is the pure component B.aysrpenetrate the film
and the top of the bulk emitting electrons. The piolity, that the electron
will be detected without energy loss, depends ernleéhgth of its trajectory
in material. The higher the IMFP, the deeper emiwézttrons can be
detected.
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One can extend the overlayer model for the casenwhe overlayer and/or the
bulk become homogeneous mixtures of A and B wiffedint concentrations. In this
case the expressions fiérand|® would be more complicated because they result frem
combination of (3.9) and (3.10):

~d ~d
A= 1A XA D1-exp — A ||+ xA exp — oA 3.11
0 X"EE GX{AEA m:ose]}’xb XF()IEA Eabosﬁ]} (3.11)
— A _ _dA _ A _dA
11 xo)[E1 eX{A'EB@0$]J+(1 Xb)Eex’{—A'EB@osej] (3.12)

Herexy" andx,” are mole fractions of A in the bulk and in the dager respectively. As

W
1
W
]

it is well known, at fixed kinetic energy the valagéi does not depend much on the kind
of material. So it can be estimated very good &dsmnixtures [62].
For the quantitative analysis of AES data the eqnatderived above can be

applied only with the correction for backscattereigctrons:

_ ~d
| =1,(L+r(E,)) EX{/](EA)} (3.13)

where r(Ep) is the backscattering factor, see also [62]. Faugh estimation this

additional term can be neglected.

3.1.4 Depth profiling

The task of depth profiling is to describe the distiion of different chemical
elements in the material under investigation. Anarportant assumption here is that the
sample is homogeneous in lateral direction i.e.dgralient of the concentration of all
components in X and Y directions (Z is normal te furface) is zero. This assumption is
not always valid, but it can simplify the descrgptiof the system and interpretation of
experimental results.

The theory reported in the last chapter can beieppbr the solution of the depth

profiling problem if the system under investigatioas rather simple structure like a thin
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homogeneous overlayer. The thickness of the overlegienot be measured reliable if it
becomes much larger in comparison to IMFP. The tsimawill be even more
complicated if the system has more than one overlay the distribution of chemical
elements in them is unknown. In this case one eaeive the information about the
system by stepwise removal of atoms from the sarfahis can be done e.g. by means of
sputtering of the surface by noble gases ionss#mee procedure as used for cleaning of
samples in vacuum.

The method mentioned above is visualized on Fi§)(3he data collected during
a depth profiling experiment are the intensitieshef detected elementss a function of
sputtering time. This so-called “measured sputtering profile’asbe converted into the
original distribution of concentratio@ with depth z,C = C(2). First the sputtering time
scale must be calibrated in terms of mean erodethde = z(t), then the XPS or AES
signals must be calibrated in terms of local cotregionsC = C(l). So the measured

concentration profile

\ 4
Sputtering
removal rate

A\ 4

Quantitative
surface

|
|
analysis I
v

&
L bl

;
v
@
1
@
~
N
S
7}
Je
ple

Sputtering induced
alterations of surface
composition &
morphology

Fig. 3.6 Principles of sputtering profile evaluatioconversion of a
measured sputtering profile = I(t), to a true concentration profile
C=C(2.
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will correspond to the original “true” profile. Haver, the sputtering is not always a
homogeneous process, i.e. the atoms will not b@vethfrom the surface ideally, layer-
by-layer. Phenomena such as preferential sputteringpographical profile distortions as
well as changes of the IMFP must be taken into@atcim a second step in order to reveal
the true original profileC = C(2). A deviation between the measured profile andtihe
one can be described by depth resolution [62].

The velocity of surface erosion = z(t) can be either obtained in calibration
experiments with a sample containing an overlayémown chemical composition and

thickness, or calculated with the following formula

2(t) = jﬂ;\\l"—@sq dt (3.13)

whereM = molar masspy = density,Na = Avogadro numbere = electron chargeS =
sputtering yield (atoms/ionj, = primary ion current density. The detected XP®nasity

for element can be generally expressed as:
R L -7
' =-2(C'(2)[&xg — |dz 3.14
" j 2 r{ y j (3.14)

lo here is the intensity from infinitely thick samplhe solution for an arbitrary profile is

given by:

| dz

C'(2) :(Lj——d(' ' “5)@1‘ (3.15)
In practice a cyclic procedure consisting of XP$ A&ES) measurement followed by
scattering during definite time is applied.

An important restriction of the described deptlofiing method is that the
investigated material must be stable in time. Tikiglmost always the case for solid
systems without chemical reactions. Such a metlaodiat be used directly for study of
surface freezing phenomena, where the bulk rentigjmisl. Another limitation is that this
method is invasive by nature (in comparison to imuasive XPS or AES).
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3.2 Scanning tunneling microscopy

3.2.1 Theoretical concept

Scanning tunneling microscopy (STM) and spectrogd®@¥S) use the electron
tunneling effect; this can be described only witle thelp of quantum mechanics. The
tunneling effect is defined by the transition of@actron between two states, which are
separated by potential barrier; the energy of teetn here is not sufficient to overcome
the barrier according to classical mechanics. Thghhand the width of the barrier affect
the probability of the transition. This effect isliaed in tunneling microscope, which was
invented in 1982 by Binning, Rohrer and Gerber [@6]sharp metal needle (so-called
tunneling tip) is placed very close to the surfat@n electrically conductive material in
this device. Despite of the absence of direct stadtcontact, a weak, but measurable
electrical current, resulting from electron tunngli can be detected if the voltage is
applied between the tip and the surface. The tipbeadriven by piezoelectric device in
three dimensions and its position is known pregjsel this way a topographical map of
the surface under investigation can be obtained.

Quialitatively the tunneling effect is illustrated Fig. 3.7. The electron, which has
wavefunctiony, comes from the left (only one dimension is coesed). The amplitude

of the oscillations falls exponentially within tharrier (shaded area, left), because the

Electron
tunneling

AWA: wah
\/

Fig. 3.7 lllustration of tunneling effect: decreasfethe wavefunction (a)
and energy diagram for the metal-metal STM junctibp) & — Fermi
level, B — height of barrier, z — distance between tip aathple, V —
applied bias voltagey — workfunction;p; # ¢, in general.
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energy of an electrok is lower than the height of the barrMr If the barrier has finite
thickness theny will not go to zero on the right side and oscitias will continue. This
means that the probability to find an electron lom dther side of the barrier is not zero —
the electron can tunnel though the barrier.

In order to describe the tunneling effect quatitiely one has to consider the
three dimensional theory in detail. The fluctuattbeory for tunnel contact, developed
originally by Barden [67] and improved by Tersofidadamann [68], gives the following

expression for the tunnel current:

| =etﬁ27”]2(f(Ef)— t(E )M, | olE, +v -E) (3.16)

if

Here y; andy; are the wavefunctions of the initial and finaltstaf the electron under
considerationM; is the tunnelling matrix element between initiadmal statesk; and

E; are the corresponding energies respectiviéh), is Fermi-Dirac distributiony is the
height of potential barrier arglthe is charge of electron. The initial state of ¢ectron
can be its state in the tip and the final one ishm surface if the negative potential is
applied to the tip (and vice versa depending on lies voltage applied). The
wavefunctions are defined for the tip and the sigrfahen they are considered separately
I.e. without tunneling transition. They can describe tunneling transition properly only
if the distance between both parts of the entitesy is large (and applied potential
difference is low). If it is not the case and th&eraction between the tip and the surface
are significant, one cannot use two independenefuactionsy; andy; to describe the
system. The expression for the tunneling currentbmsimplified if we assume that: 1)
the apex of the tunneling tip has an ideal sphesicape; 2) only s-wavefunctions of the

atoms in the tip take part in the electron traagitiThen it takes the form [68]:

_32°e’Vg°D, (E; )
nk*

| R exp2R)Y |v, | o(E, -E;) (3.17)

whereDy is the density of states for the tif, is Fermi energyR is the radius of the apex,

1/2

d is the distance between apex and surfacexandi™(2mp)*? is the minimum inverse

decay length for the wave functions in vacuynis(the work function). The last exponent
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represents the local density of states on the ceidh the Fermi level at the point closest
to the apex. So it is shown that the probabilitytleé tunnel transition depends on the
distance between the tip and substrate exponamntiall
Not all assumptions of the model described abaeecampletely correct for the

real STM experiment. For example, an image with aaesolution cannot be explained
if the electrons are transferred only through stebms. But the model, which takes into
account p, d and f-orbitals, is much more compéidadnd it will not be considered here.
For detailed information the reviews [69-71] araitable.

3.2.2 Measurement modes

As one can see from equation (3.17) the tunnalurgent depends mainly on the
distance between the tip and the surface; the tyevfsstates of both tip and substrate
plays a secondary role. If we assume that theilolision of the electronic density of
states in the tip is continuous, the picture rasgltfrom an STM experiment will
represent the electronic
density of the surface. For objects in the microd ananometer scale this picture
corresponds to the geometrical shape very well. irf@ans that the usual interpretation
of STM images as topographic maps is correct fort roases.

There are two ordinary methods of acquisition of Siihhges. They are shown
schematically in Fig. 3.8. The first one is knowncasstant current mode: the feedback
electronics of the microscope keeps the tunnelurgeat constant during the scan of the
surface in X- and Y-directions. In order to realshtt the vertical position (Z) of the tip is
continuously adjusted. The Z-coordinate is recorded function of X and Y and these
data are used to construct the STM image. The tumnelirrent can be kept constant if
the scan speed is not high, because the reactandf the feedback electronics is not
infinitely short.

The second possibility is the constant height métkre the vertical position of
the tip is not changed and the tunneling curreiit lveé recorded. One obtains a similar
image as a result. This method is not used ofteausecof one important restriction: the
surface must be very flat, in order not to shortwi during the scan. The tip will be

damaged with high probability in the case of dimeichanical contact with the surface.
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Fig. 3.6 Two modi used in scanning tunneling micopsc a) constant
current mode; b) constant height mode.

The advantages of the constant height mode are rhsglam speed and better quality of

images on an atomic scale.
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Chapter 4.

Experimental detail, data analysis and error discus  sion

4.1 Preparation of samples; measurement cell

The reliable measurements of the properties ofil8fs frequire special accuracy
on every step of experiment beginning with the dengreparation. Only very pure
components are suitable for the manufacturing & #tloys, because most of the
impurities have a tendency to be concentrated erstinface. Therefore only pure metals
i.e. Ga, Bi and Pb (99,9999% purchased from AlfaiBicals) were used in this study.
The purities of the main components refer only tdatlie impurities but not to oxides
and hydroxides, so a primary purification was reepli For Ga this was done by slow
flowing of the liquid metal through a glass capyaThe oxide impurities, which have a
lower surface tension, remain on the surface aio#t 8 the glass wall. The procedure
was performed in a special glow-box, filled with And isolated from the atmosphere
(concentration of @and HO is about 1ppm). In the case of Bi and Pb, whiakeh
greater melting temperatures, a similar proceduas @one in a quartz vessel under
vacuum (p= 10° mbar). The metals were placed in a glass syringehaated by means
of high-frequency induction furnace up to the nmgjtpoint. Then they flowed into the
container, mounted below, and solidified there.eAftards the metals were transferred
into the glow-box. The pure components, preparegduch a way, can be stored in Ar
atmosphere for a longer time without significanidation.

For the preparation of the alloy the required amai liquid Ga was placed into

the crucible (see below) with the help of a glaginge. Then the exact mass of Ga was
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determined by means of weighting (precision = 01800 The mass of Bi or Pb was
calculated for the desired concentration; smaltgsecan be cleaved with the help of
pincers — they were to be weighted and added tidliGa. The crucible was cooled down
to approx. -20°C in order to solidify the metal arghsferred on air into the chamber for
the subsequent cleaning of the surface. This stepngaessary to remove large visible
particles of impurities, which appear in spite bfjpaecautions, described above.

The cleaning chamber was equipped with a resistamnace, which was able to
heat the sample up to 500°C, an Ar sputter-gunaanabble-stick manipulator with an
electrically heated tungsten wire. The pumping systef the cleaning chamber,
consisting of roughing pump and turbomolecular puaifows to achieve a pressure of
10" mbar within 24 hours without complicated and tiooesuming bakeout. Such a
vacuum can be also obtained faster with the help lafuid nitrogen trap. After reaching
of the vacuum level mentioned above the sampleheased up to some 250°C and held
at this temperature during 1.5 - 2 hours in ordetissolve Bi (or Pb) in Ga completely.

The cleaning of the sample was started by bombartok the surface with
accelerated Arions, generated in a sputter-gun. A typical iorrent consisted of 25-35
HA. A few minutes of sputtering were enough to kriee oxide layer, which originally
covered the whole surface, into many small pasdicle was not possible to achieve
complete removal of all impurities in such a way reasonable time and without
evaporation of too much of metal.

In the second step the tungsten wire (from Gotmlfglwas employed. The U-
shaped wire [[=0.5mm) was first annealed at about 1500°C. Theteitgoerature was
reduced to some 400°C and the wire was brouglguaht with the metal in the crucible.
After the wetting of the wire by the alloy part tife impurities stick to the wire. This
effect is described in the work of [72]. The optineihperature and the shape of the wire
were found experimentally. Afterwards, the manipadawith wire was moved to the
cylindrical extension of the main chamber. This agten can be separated from the main
chamber by means of vertically driven shields. Tmgerature of the wire was increased
to ~1500°C for some 5 seconds to allow completgenaion of the material collected
on the wire. This procedure was repeated severastiomtil total removal of visible
particles. Additional visual check of the surfacaswerformed with a CCD-camera with
5x zoom. When the surface seemed to be absoluesn the heating and the sputter-gun
were shut down, followed by cooling of the samjheorder to minimize the oxidation of

the metal during subsequent transportation to thec@n apparatus the alloy must be
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solid in order to reduce the solubility of impuesi For Ga-Bi system the alloy solidified
at room temperature, whereas Ga-Pb alloys reqeweate —20°C for solidification due to
supercooling. This was reached by cooling of theriley chamber vessel with liquid
nitrogen. The transportation of the sample to thadtm apparatus on air took about 5
minutes. The sample was placed into the entry-leslacuated during: 40 min. and
transferred in the preparation chamber (see deseripf the Omicron apparatus below).
The last step was the sputtering of the sample & greparation chamber. A few
monolayers of oxidized material were removed togetwith molecules of adsorbed
gases.

The quality of the surface was finally checked wiiRS. Usually no signals with
exception of the elements of the alloy were founthe spectrum.

During the experiments that took sometimes moa@ ttne month the elementary
composition of the surface was regularly checkedials shown that the concentration of
adsorbed oxygen (as main impurity) increases \iitle even under UHV condition (8
mbar). When the signal of oxygen was significariigher than the noise level and/or
visible impurities appeared, a new cleaning procedafter transfer to the cleaning
chamber was performed.

A series of samples were prepared for some auoxiBxperiments. Since they
were solid there was no need of cleaning with ttergs/ire. A quartz plate (10x10 mm, 1
mm thick) covered by uniform Au layer (thicknessOZ8D0 nm, Berliner Glass) was
placed in a quartz tube; a small container, fiNeth pure Bi was placed nearby. The
subsequent evacuation of the tube and heatingeafdhtainer resulted in the evaporation
of Bi followed by its precipitation on the Au layérhe distance between the Bi container
and plate was large enough to allow uniform coverafythe plate. Then this plate was
fixed in a sample holder and used in depth prafilexperiments after cleaning of the
surface with sputter-gun. For the calibration amé focusing of the Auger electron gun
the plate was prepared in a similar way: it wasecett by a mask with stripes and squares
of known dimensions. After removal of the mask oalpart of the surface was covered
by a Bi layer.

Also a steel plate covered with magnesium oxidegared by holding the plate
above burning Mg on air) was used for fluorescandde electron beam. Samples with
solid Ga, Bi and Pb were prepared by pressing nesponding metals into the cavity in

the sample plate.
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Two types of crucibles made of molybdenum were ugethis study (see Fig.
4.1). The first one has a simple cylindrical shapeight = 7 mm, inner diameter = 13
mm, outer diameter = 14 mm). The relatively smalef the crucible was determined
by the dimensions of the sample holders of the @michamber. The amount of alloy
placed inside the crucible was about 40% of italteblume (this corresponds to a
cylinder of 3 mm height for the hypothetical siioat of the contact angle alloy-

molybdenum-vapour is exactly 90°). At perfect weadtthis amount could lead to floating

a)

b)

Fig. 4.1 Two types of crucibles used in this stualycylindrical crucible.
Due to the wetting of the walls by the liquid alldlye liquid-vapour
interface becomes concave from above after a whilgunnel-shaped
crucible with flat liquid-vapour interface. Borinigp the bottom of the
crucible (b) used for temperature measurements.
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of the liquid alloy over the crucible walls, whatutd result in serious problems in the
measuring setup. Molybdenum was chosen as materidhe crucibles because of its
inertness to alloy components in a wide range oiperatures. Additionally, it was
shown, that several subsequent cleaning procedarest affect the concentration of the
alloy. Moreover, the amount of alloy does not clesggnificantly. The crucible was
fixed in a stainless steel plate specially desigf@dthe transportation of the sample
within the Omicron apparatus.

Despite of the relative simplicity of the constifan, the crucible described above
appeared not to be optimal for spectroscopic and 3ndasurements. The following
disadvantages were found during several trails:

- The wetting of the crucible walls during cleaningrigased continuously that can
be explained by removal of oxides from the Mo coma during sputtering.
Finally the liquid alloy interface became concaveni above with almost
complete wetting of inner walls of the cruciblerEidferent samples the interface
was similar, but not identical — this results iiglst differences at quantitative
evaluation of XPS and AES spectra.

- Because the X-ray source and the electron gunarécated directly above the
crucible (see next chapter), the walls of the digcicast a shadow on the
interface. That means the analysis of the entifaseamwas not possible.

- In STM experiment the relative position of the tipose the surface was not
visible. This increased the time required for thprapch.

- The temperature of the alloy was unknown. It canobly estimated from the
reading of the thermocouple mounted on the manipulaear the heating
element. A series of experiments on Ga-Bi alloyshwarious concentration of Bi
exhibits that respective surface freezing tempeeatean be reproduced by this
thermocouple more or less well (see also Ch. 4.2).

All those drawbacks were eliminated in the secoarsion of the crucible (Fig. 4.1b).
The amount of material in the crucible was kept tamts a crucible together with a
sample plate was machined from a single piece diylmdenum. When the cleaning
procedure was conducted carefully the edges dlighél interface lie exactly on the top
of a cylindrical part of the crucible i.e. the im&d side of the funnel was not wet. A

practically planar and shadow free interface wasesed in this crucible.
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A boring (O = 1mm) in the bottom of the crucible was utilizedthe temperature
measurements. An additional thermocouple was liestain the analysis chamber
replacing one of spare blind flange with feed-tlgtogsee Ch. 4.2).

4.2 Overview of the Omicron UHV unit including XPS, AES, UPS
and STM techniques

For the investigation of the alloy surface the awencially available Multiprobe P
system supplied by Omicron Nanotechnologies wdigedi. A schematic overview of the
apparatus is shown in Fig. 4.2. It consists ofdhparts, connected to each other: Fast
Entry Lock (FEL) chamber (l), preparation chambéy #hd analysis chamber (I11). All
chambers have their own pumping stages. They agraegd by manually operated gate

valves (1) that allow independent pumping.

Fig. 4.2 Top view of the Omicron Multiprobe P appasa It consist of
three chamber (I — Fast entry lock, Il — Preparat@hamber, Il —
Analysis chamber) separated with manual valvesKal)jowing parts are
depicted with numbers: 2 — probe transporter, iBeal transfer head, 4, 5
— high precision manipulators, 6 — magnets fordirteansfer and rotation,
7 — pincer grip wobble stick, 8 — revolver stora@e; Ar sputter gun, 10 —
X-ray tube, 11 — e-gun, 12 — UV lamp, 13 — flange dlectron analyser
(not shown).
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Samples and STM tips are loaded through the CF&3opothe FEL chamber. A
probe transporter (2) carries the sample from #mpde acceptance stage to the sample
transfer head (3), which is used for further tramigiion of the sample to manipulators (4
and 5) in the preparation and analysis chambepeotisely. Both probe transporter and
sample transfer head can be rotated and linearyethasing magnets (6). Once a sample
is landed on the manipulator it can be moved inirBedsions with sub-millimetre
precision and rotated around the axis of the maatipu For the transfer of samples (and
tip holders) to the tunnelling microscope a pingep wobble stick (7) is used. There is
also a possibility to keep up to 6 samples in thalygical chamber simultaneously by
means of revolver storage (8). Preparation chanerquipped with the Arion
sputter gun (9) mounted on the upper side of tleantter. The sputter gun generates an
ion beam of variable intensity used for the sanspidace cleaning. Radiation sources for
the XPS (10), AES (11) and UPS (12) are locatedhénanalysis chamber as well as the
electron analyser (it is not shown explicitly iretkig 4.2 due to large dimensions). The
electron analyser is attached to the analysis ckartivough CF100 flange (13). The
tunnelling microscope (14) is mounted in separa¢ssel attached to the analysis
chamber.

The FEL chamber makes it possible to introducetang@move samples without
ventilation of the main chambers. The relatively Bmalume of the FEL chamber allows
fast pumping and therefore a pressure of hibar can be reached within some 30
minutes. During the transfer the valve between RO preparation chamber must be
open. In this way vacuum in the preparation charisspoiled from typically 18— 10
mbar to 10 mbar for a short time, but it recovers fast whea valve is closed. He
scheme of the pumping system of the apparatusisrsin Fig. 4.3.

In the preparation chamber the sample is subjetctdohal cleaning procedures,
which are carried out by means of the’-fan sputter gun. During the sputtering a thin
layer of adsorbed atmosphere gases ({,, H,O) and metal oxides are removed from
the surface. The sample prepared in this manneamasomically clean surface, so it is
ready for ES and STM experiments.

The construction of the manipulator head is showFRig 4.4. It consists of the
massive molybdenum holder with rails (1) for thesariion of the sample plate. A
resistance furnace (2) with ceramic insulatiorocated between the rails, direct under the
sample plate. It is connected to DC power supplsouph the terminals (3). A
temperature range up to 650K is available for $kitsip. It can be measured with two
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Fig. 4.3 Scheme of the gas supply and pumping systethe Omicron
Multiprobe P apparatus.

thermocouples (4) and (5). Practically only thertin@couple (4) was used, because it
displays a relevant temperature of the holder fraeer by the crucible and the heater.
The manipulator head is mounted on the stainles$ id (8); ceramic ring (9) provides
proper insulation of the head from the ground.

A cooling system consists of the reservoir (6) anchassive copper braid (7).
Strongly cooled gaseous or liquid nitrogen was usgdoolant. The reservoir and the
braid provide very effective thermal exchange,wiig to reach the temperature of the
crucible till ~150K. The primary purpose of the dogl system is to solidify the liquid
alloy in order to prevent possible leaks duringg@ortation within the UHV apparatus.

The original Omicron setup did not allow measurihg temperature inside the
crucible; it could only be estimated roughly frohe tthermocouple mounted on the rails
of the manipulator. Therefore an additional thernupte was attached to the analysis
chamber. As the crucible is set on the manipuldter,thermocouple tip can be inserted

into the boring in the bottom of the crucible. Therimocouple for the
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side view
2 to holder

top view

6 N,

Fig. 4.4 Manipulator head in preparation and anslggambers. Side and
top view. 1 — molybdenum holder with guiding raits sample plate or

crucible, 2 — heating element in ceramic insulati®nr- terminals for DC

supply, 4, 5 — thermocouples, 6 — heat exchangeveis, 7 — massive

copper braid for heat exchange between reservdirsample holder, 8 —
stainless steel rod connecting the head to theehold — ceramic

insulation.

crucible as well as the cooling system were assedndhd tested in the laboratory of the

institute.

4.3. Electronic spectra measurements

In order to get reliable and reproducible elecspactra of Ga-Bi and Ga-Pb bulk-
vapour interfaces some peculiarities should bertaki® account.

An electric charge on the sample affects the kinetiergies of outgoing electrons.
Continuous bombardment of the sample by accelemlextrons or X-rays leads to the
growth of electric charge on the sample when itasconnected to earth. This may result
in a shift of the entire spectrum to higher kine&nergy (lower binding energy).
Therefore correct spectra can be measured onlheifanalysed material is properly
grounded. This was done by connection of one ofwlrewires of the resistance heater to
the ground. The heater has an electrical contattieacsample holder; DC power supply

was used.
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The appropriate reproducibility of the intensitiasXPS and AES spectra can be
achieved only if the sources provide constant, dimgependent flux of electrons/X-rays.
Practically this means that one should switch am gburce some 2-3 hours prior the
measurement. Trial acquisition of reference samgi@sved very good stability of the X-
ray tube: the signal level appeared to be condtanmany hours (for the peak area of
approx. 500 eV*kcts/s the difference is less tha?4). The electron gun displays less
stable behaviour. Short-time variations (during délequisition of one spectrum, typically
0.5-3 minutes) were about 3-5%; long-time drift vdesected to be even more significant
(up to 15% per hour). Fortunately, it was possibleead the electron emission current on
the display of power supply unit and to adjust armally in case of strong deviation.
Additionally, the desired accuracy was reacheddguction of the acquisition time and
increase of the number of taken spectra.

The vyield of the electron detector (the level af 8ignal per single electron) has
changed with time due to the aging of the chanmedir This happens slowly, but if the
interval between single measurements is longer sieaeral months, the yield should be
checked (and corrected if necessary), for exampile,measurements of reference
samples. Their role in this study played the puetats (Ga, Pb, Bi) placed in standard
molybdenum crucibles.

The detected intensity of the peaks should be waghin definite ranges. If it is
too low the signal/noise ratio is also low and tt@sults in an increase of the uncertainty
of the peak areas (see also chapter 4.5). If ttemsity is too high a part of the electrons
will not be detected by the channeltrons, i.e.dh#ut of the channeltrons becomes not
linear. This factor plays a significant role fotensities greater than 46ts/s per channel.
There are several possibilities to control thenatiges of the signal: the hemispherical
analyser is equipped with a set of adjustable eo&raand exit slits that can reduce the
electron flux. It can be also done by the reguabbthe output power of the electron gun
or X-ray tube as well as the regulation of theatist to the sample (possible only for X-
ray tube). All those parameters were optimizedhim beginning of the experiments and
then they were kept without changes in order toipethe same conditions for all ES
measurements and to allow the subsequent analyis data.

A slightly different wetting of the crucible wallgy the alloy can in principle
affect the absolute values of the XPS and the AigBats. This increases the relative
error of the quantitative analysis and makes fialift to compare the film thickness for

different concentrations. In order to investigdtte influence of the interface curvature on



Chapter 4 47
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Fig. 4.5 Stainless steel samples used for the rmadef different wetting
of the crucible walls. Radii of the curvature: ko-(flat surface), 2 —
23mm, 3 —13.5mm.

the XPS intensity the following experiment was parfed: three pieces made of stainless
steel were placed in the crucible. The pieces weaghined so that their upper side
models the different wetting situations (Fig. 4\Whereas the mass of the pieces was the
same. Then the XPS spectra of all three samples vegorded and the area of the Fe
2ps2 (780 eV KE) peak was compared. A difference of wés found for two extreme
cases (R =0 and R = 13.5 mm). With the assumption that thetimgetof the crucible
walls in Ga-Bi and Ga-Pb systems is similar for sdmples, this source of error was

considered as negligible.

4.4. STM image acquisition

All STM images in this study were recorded withe thelp of the variable
temperature (T< 650K) “Micro SPM H” microscope supplied by Omicron
Nanotechnologies. Since the microscope was magdain the UHV chamber, all
manipulations like exchange of samples and tumeellips are performed without
ventilation of the chamber.

The principle of the construction of the microseaysed in this study is shown in
Fig 4.6. A sample (1) (crucible with alloy or sampilate) is inserted into the sample
holder (2), which is equipped with stepping mot@}ps They are used to move the sample
in X- and Y-directions. The scanner tube (4) hasnall magnet on the lower end, which

fixes the tip holder (5). The scanner is connetbgareamplifier, control unit and PC.
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top view

7

side view

Fig. 4.5 Scheme of the sample stage of Micro SPhiefoscope. Top
and side view. Vibration isolation elements are slodwn. 1 — sample
plate, 2 —sample holder, , 3 — stepping motors,stanner tube, 5 — tip
holder with tip, 6 — heating element, 7 — massiveroscope stage.

It is very important to isolate the sample holdad the scanner from any sort of
mechanical vibration originated typically from rdwaning and turbomolecular pumps,
which are located very close to the UHV chambehwite microscope. Usually they
should be switched off during the STM acquisiti@mother sort of vibration, which can

distort the STM images, is the vibration of theofloSuch a phenomenon arises even if
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the laboratory is located in the basement of thigimg. In the case of the Omicron setup
special pneumatic legs are used to get rid of th&ling vibration. They can lift the
whole table with the apparatus, so it has no dicectact to the floor. In addition, the
floor under Omicron apparatus was separated from rist of the building. The
microscope itself is also equipped with vibratiealating vitone rings.

Before starting the STM measurements, the tip drolgith a new tip must be
mounted on the scanner. This can be done by tress#rmanipulations when the special
tag with a tip holder is inserted in the microscopéter subsequent replacement of the
tag with the sample a two-stage approach of théotihe surface starts. In the beginning
the tip-surface distance can be estimated by edetlaa approach is controlled by the
experimenter. When the distance becomes small,atliematic, feedback-controlled
approach is initialized. It stops when the spedifiennelling current is achieved; then the
scanning can be started.

Several parameters can be independently adjustadgdthe scan in order to
increase the quality of STM images: gap voltagediiack tunnelling current, loop gain,
scan speed and scan area. There is no generdlawléo optimize them, the “trial-and-
error” method is used very often. A two-channeliltmscope, connected to the control
unit of the microscope was utilized to observe tmportant variables during the scan:
actual tunnelling current and tip-surface distaridee analysis of the time dependence of
those variables allows to find the suitable sesadn parameters. It also helps to locate
the sources of noise.

The thermal expansion of materials drasticallye@f the images in STM; this
phenomenon is known as thermal drift. Practicdlpppears as a shift or stretch/shrink of
the scanned aréaThe best way to get rid of thermal drift is toekethe temperature of
the whole setup, including the microscope and tmapde at constant level. This was
done with the help of air-conditioning in the lahtmry, where the deviation of room

temperature was kept within one degree.

Y In principle the Scala Pro STM software used im experiments provides a possibility to take into
account the thermal drift and to correct the reedriinages. This option can be used for the comeaif
linear (time-independent) thermal drift, which éddom in practice.
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4.5. Error analysis

Different sources of errors are considered beldteir influence on the final
results i.e. thickness and chemical compositiorthef films is also described in this
chapter. In general, the following sources of erhave to be considered: error in
concentration of the surface active component (PBipin the liquid alloy, error in the
measurement of the temperature of the alloy, eofothe IMFP, electron analyzer
instrumental error and error of XPS or AES pealaafdese contributions are considered

separately.

Error of concentrationThis error is influenced mainly by such factorgpascision
of the balance, purity of the chemicals used fergample preparation, peculiarity of the
cleaning procedure. Since the purity of metals ating to the data of manufacturer is
very high, the corresponding error is considerednagligible. “Sartorius” R 160P
piezoelectric balance used for the samples praparatiows the weight measurements
with a precision of 0.1 mg. The expression for itin@e fraction of Bi and corresponding

error is given as follows (in case of Ga-Pb ersaihie same):

|\/IBi MBi MGa

For the most dilute sample (x(Pb) = 0.0006) thisregsion gives a relative error of 2.5%;

0%,
om,

0Xg,
omg

Amg, +

Am, (4.1)

a

a

for higher concentrations it is less. Cleaninghd sample surface including removal of
oxide particles mechanically and by sputtering regpretically result in depletion of the
surface active component in the alloy. This doeshappen as one can judge from the
fact that the surface freezing temperature wasddaorbe constant after several cleaning
procedures. Total concentration error can be thezedstimated to be lower than 3%.

Error of temperatureTemperature measurements were performed with IdiGH-

thermocouple with an absolute accuracy of +0.5%neerature in K). This means an
absolute error of less than 2.5K for the entiregerature interval of the measurements.
The temperature of the alloy surface can slightffed from that in the bottom of the

crucible, where it was measured. This differencenicch more pronounced in the first
version of the crucible, where the measurementtpeas located on the top of the sample
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holder. In the second version of the crucible thmgerature gradient seems to be low
because of a relative small size of the cruciblefodunately one can not be completely
sure due to lack of the experimental data concgrimé@mperature gradient. One can
estimate the maximal absolute error of 5K for tmecible 1 and around 1K for the
crucible 2.

Error of IMFP. Inelastic mean free path is a constant for theerradt which is

used in the analysis of the XPS and AES data. démstant characterizes the interaction
of the electrons of specific kinetic energy witloras of the material. The values used in
this study were taken from [73]. IMFPs were caltedafrom these empirical expressions
showing that the root mean square difference betwkeese IMFPs and those initially
calculated was 11%. Given values of the IMFP arietlt correct only for ideal, flat
surfaces. There are numerous facts in the litezatuhich prove that the surface of the
material usually undergoes so-called surface roniglgetransition [74-77]. This effect is
not strong for pure Bi [75], whereas for Pb it islMknown [77]. In addition one should
take into account the influence of the aggregadte sif the surface on the IMFP through
the capillary waves for the liquid surface. The #tagde of the capillary waves depends
on the temperature and surface tension [78]. Thesipihity of the surface roughening as
well as difference between solid and liquid surfadecreases the uncertainty of the
IMFP.

Error of electron analyzeAccording to the user’'s manual of the EA 125 etatt

energy analyzer the difference between real eledtux and detected one overcome 1%
for count rates above 46ts/s pro channeltron (this corresponds-i@%cts/s for device),
since the channeltrons have specific dead-timesé&lrount rates were not reached in the
experiments; typical count rate was not higher tha&0° cts/s. Furthermore, the peak
intensities of the references and studied samptaglly have the same order of
magnitude. Therefore the electron analyzer erroomsidered as negligible.

Error of XPS and AES peak areEhe higher is the measured XPS or AES peak

intensity, the larger is the corresponding sigoahoise ratio. As it is mentioned in Ch.
4.3, the noise level of the X-ray source was munkel than that for the electron gun.
Therefore the absolute error of the XPS peak a@safaund to be less than 2 eV*kcts/s.

This corresponds, for example, to the relativerenf3% for the peak with an area of 70

! With exception of particular measurements, whieethermocouple rod was deformed. This affected the
thermal contact resulting in the lower temperattakies in comparison the measurements with thegprop
thermocouple.
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eV*kcts/s, for larger peaks it is certainly small&ES spectra are characterized by the
relative error of the peak area up to 15%.

Additional source of error is background correctio the XPS and AES spectra.
However, the influence of both peak area and backgt correction errors on the film
thicknesdd is reduced, since the expressionsd@ontain always a ratio of the measured
intensity to standard one, i.¢/19).

Another source, which can affect the ES resdtdjfferent wetting of the crucible
walls for standards (pure metals) and alloys, whigsults in slightly different surface
profile. The influence of the wetting of the wallss reduced in the second version of the
crucible (see also Ch. 4.1)

Total error can be calculated by Gauss’ formuta.éxample, the error of the film
thicknessd, according to the overlayer model (eq. 3.9) depeod the error of two

variables as follows:

od ad
Ad =|—|AA, + All,/1° 4.2
‘MA i )alaa) (42

The quantitative characterization of the film tmeks becomes difficult, when d % @r
approximately 85 A). In this case less than 5% he signal comes from the bulk
component, which is comparable to the errot ahd XPS measurements.

Error of the interatomic distances in the STM nueasients results from two
factors: resolution of the STM images and thermdd df the sample under investigation.
Images shown in this study were recorded with aimar resolution of 400x400 pixels.
This corresponds to maximal uncertainty of appratety 5 nm for the image of 2x2 um
size. For the STM images with atomic resolution(5xn) the uncertainty is less than
0.125 A. The influence of the thermal drift wasdakinto account by measuring of the
interatomic distance in three different directiofts the hexagonal orientation. The
standard deviation of the distance from one coms@latom to the next neighbour can be
used for the characterization of the thermal diifte vertical resolution of the STM
scanner is 0.02 A as given by manufacturer. Stélght of terraces can be defined with
this accuracy. The uncertainty in the depth of pitd grooves (see also Ch. 5.4) is much

larger, because of relatively small dimensionshebe objects

1 If the apex of the tip is larger than the widthlué structure under study (groove or pit) oneruan
exclude the possibility of the tunnelling contaetween the sides of the tip and the substrate.males
apparent depth smaller than it is in reality.
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Chapter 5.

Results

5.1 Wetting films in Ga-Bi and Ga-Pb systems

We start the presentation of the results with tharacterization of the wetting
films by means of X-ray photoelectron spectroscdphe behaviour of the Ga-Bi and Ga-
Pb systems for the concentration range betweerubectic and the monotectic points,
i.e. 0.0022<x;<0.085, 302.6<T(K)<495.2 and 0.0006%¢0.024, 302.6<T(K)<588.0 is
described in this chapter. The considered temperatange starts nearly from the
corresponding melting point and extends 100-1508vaht. The XPS data for the alloys
with different concentration of Bi as well as thdee pure components are interpreted in
terms of the overlayer model in order to obtain #féective film thickness [79].
Appendix A contains primary information concernialgy XPS experiments performed in

this study.

5.1.1 Ga-Bi

For the wetting film study in the Ga-Bi system ttrecible of type | (cylindrical
shape, curved interface) was used. In total fivepdas with the mole fraction of Bi
0.0028, 0.0031, 0.0112, 0.0115 and 0.0472 as wgbuae Bi and Ga were investigated.
The conditions for the XPS spectra acquisition wasdollows: relative position of the
sample holder in the analysis chamber (X/Y/Z): 20/5, EA entrance slit: 6x12 mm, EA
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exit slit: 5x11 mm, 7 channel acquisition, positiohthe X-ray source according to the
scale on the X-ray tube: 37 mm, X-ray source: Mgdm) Ko radiation, 1486.6 eV,
power: 255W (15kV x 17mA). All data concerning tkiaetic energy of XPS transitions
are related to the energy of the source given above

a)
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400000 |
@ 300000 ]
)
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4p 3/2 :
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) 1000000
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2
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200000 - 3p 1/2, 312
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Fig. 5.1 XPS spectra of pure Bi (a) and Ga (bpahr temperature.
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Fig. 5.1 shows the XPS spectra of pure Ga and & Bpectra are very similar to
those, which were measured by other authors [80,T8ie characteristic background due
to secondary electrons can be observed at lowikieetergies. The acquisition of the
spectra for the pure components is vitally impdrtantwo reasons:

- to receive{ intensities for the quantitative analysis.

- to make sure that the alloy under investigati@@sdnot contain any impurities,
which can affect the formation of the wetting film.
The most intense peak in case of Ga is thg Bansition with kinetic energy of 370 eV.
The 3p/z and 3p), transitions with corresponding energies of 1379agMd 1383 eV are
not so intense, furthermore they partially ovegagh other.

Bi has numerous XPS transitions in a wide rangdradtic energy. The maximum
intensity has the 4% peak at 1329.6 eV.

The spectrum of Ga exhibits a series of signamfB00 to 1100 eV, which can
not be identified as XPS transitions. The kinetiergy of these peaks remains constant
when the energy of the incident radiation is changehis implies that they represent
different Auger transitions.

In the beginning of the experiments the choicavbeth Mg and Al anodes as the
radiation source for all measurements was madenour of Mg: in this case the Ga
Auger series does not overlap with other signathénspectrum.

In this and all subsequent studies the amounkgfen, as the main impurity on
the surface, was checked at regular intervals. pic&y fragment of the spectrum for
oxygen check is shown in Fig 5.2. The oxygen pdakaximum intensity is supposed to
be found at 955.6 eV [82]. The sample was subjetdeal cleaning procedure (see Ch.
4.1) when this signal became significant (dashetidwotted lines) and/or visible particles
appeared on the surface. A small amount of oxygeforim of oxides is believed to be
adsorbed at the interface between the bulk allalythe walls of the crucible. It can come
to the surface by means of diffusion when the hslkiquid. The second way is the
adsorption from the gas phase. This was obseneedexXample, when the sample was
kept for several weeks in the UHV chamber, everea low pressure (~18 mbar).

One can discriminate between physi- and chemigor|itthe exact kinetic energy
of the oxygen peak can be determined. The deviatidhe peak from 955.6 eV to higher
kinetic energy reveals the presence of oxides [62].
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As we already mentioned in Ch. 3.1 the absolutaesabf the XPS signals can be
reproduced very well. Therefore only one spectrsmmarmally shown. In practice the
measurements were performed usually several times.

The spectrum of the wetting film for the liquid @}l (xgi=0.0031 T=130°C i.e.
~65°C above the SF temperature) is presented in5E3g It appears to be a combination
of the spectra for the pure components. Sinceligelate intensities of the corresponding
Ga and Bi peaks are relevant for quantitative aiglynly the narrow regions shown in
Fig 5.3 were recorded with high resolutiohEE0.1 eV, dwell time = 0.4 sec.). These
spectra for different temperatures were used terdehe the wetting film thickness
according to the overlayaer model.

Fig 5.4 represents the dependence of the wettingthickness as a function of
temperature for different Bi concentrations. Théugaof d was obtained by solution of

eq. 5.1, derived for the overlayer model (see éyja@d 3.10 in Ch. 3):

1 (Bi)/1°(Bi) —[1-exd - d Bx d (5.1)
| (Ga)/1°(Ga) g (Eg ) coSO g (Eg,) cOSO '

7,0

6.5 T,.=164+5C x(Bi):
. T =96:5C —m—0.0031
: —e—0.0112
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Fig. 5.4 Dependence of the wetting film thickness@a-Bi system for
different concentration of Bi and temperatures &bdkie respective
surface freezing temperaturegrl
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For low Bi concentration one can neglect the Biteahin the bulk phase and consider it
as pure Ga. For the concentratiqfi=0.0472 it was not the case, so equations 3.11 and
3.12 were used.

The thickness of the wetting film varies between5&2for x(Bi)=0.0031 and
~5.5A for x(Bi)=0.0472. Despite of the experimengaior of 10 to 20%, one can notice
the decrease of the wetting film thickness withgenature for all studied concentrations.
The increase of the film thickness from 2.5A to A.6orresponds to a growth from ~1 to
~2 monolayers of Bi. This result is in good agrertmeith the results obtained by other
methods [40, 83]. It is also consistent with mozkétulations [95].

5.1.2 Ga-Pb

The XPS spectra of the Pb and the Ga-Pb alloy laoevrs in Fig. 5.5 and 5.6,
respectively. One can notice, that these speatiselyl resemble the spectra of Bi and Ga-
Bi alloy, since Pb as the neighbour of Bi in theigdic system of elements has a very

similar pattern of transitions to Bi (compare Sadal Fig. 5.1a) The 4f peak at 1349 eV,

40000

pure Pb |

4f5/2, 712
4p 3/2 4d 3/2,5/2 "

30000 +

20000 +
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200 400 600 800 1000 1200 1400

Kinetic energy (eV)

Fig. 5.5 XPS spectra of pure Pb (a) at room temperaFor quantitative
analysis the area of Pb 4f 7/2 peak was used.
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which has a high intensity and almost no overlagpivas chosen for the quantitative
analysis and determination of the film thicknesswas performed as described above
(see Ch. 3.1) using the absolute intensities ofdstads i.e. pure Ga and Pb in terms of
overlayer model. In order to double-check the ftieghke calculation ofl was repeated
using eq. (3.9) and (3.10) separately. In this cameobtains two values fdr one comes
from considering the XPS signals of the pure wagttiilm component (Pb) (eq. 3.9),
another one is defined by the rationdjlflor the bulk component (Ga) (eq. 3.10). Both
values ofd were found to be very similar to each other; moeeeahey were close to

those, which were obtained by the combined fornfedp 5.2):

| (Pb)/1°(Pb) _ l—exd - d Bx d (5.2)
1(Ga)/1°(Ga) Ay (Epy ) COSE Aoy (Eg,) COSA '

The general behaviour of the wetting film thickeem the Ga-Pb system

resembles that for Ga-Bi system. The film thicknessreases slightly with the

concentration of Pb and decreases slowly withehgperature. These relative changes
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Fig. 5.7 Temperature dependence of the wetting fillokness in Ga-Pb
system for different concentration of Pb.
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are clearly visible on the XPS spectra, but theiagnmtude remains within the
experimental error of the applied method. The ddpeoe of wetting film thickness on

the temperature for several studied concentratbi®b is shown in Fig. 5.7.

5.2 Surface freezing films in the Ga-Bi system

One central objective of this study is to chamazéethe surface freezing films
studied before by SHG [34, 38], surface light satg [39, 40], ellipsometry [36] and
model calculation [95]. This chapter describes éxperimental results for the Ga-Bi
system with compositions between the eutectic Ardronotectic points. The questions
of interest comprise such properties as SF fhikness its homogeneityand chemical
compositioras well as the dependence of these variableseoethperature. Results from
electron spectroscopy methods (XPS, AES) as welliaseling microscopy techniques

are presented below.

5.2.1 Homogeneity of the SF films — results from A&

This part of the study was supposed to answeiottaving questions:

1) Does the SF film cover the entire alloy-vapdeiface after the SF transition?

2) Is the thickness of the SF film everywhere theg?
As it is already mentioned in Ch. 3.1 a significalifference between AES and XPS
techniques is the dimensions of the analysis dreghe setup used in this study it is
practically impossible to resolve the fragmentstted surface using XPS. So the AES,
capable to answer the questions above, was sucligssipplied. The numerical
interpretation of the AES results is more difficuitcomparison to the XPS because of
the unknown electron backscattering fact(f). But this method is suitable for the
determination of the relative changes in the Sf fhickness as a function of the position
on the surface.

The AES experiments were conducted as followsnians of the manipulator
the crucible was set so that one spot of ~1mmamedier on the surface is exposed to the
electron beam from the e-gun. Then the spectraeoGa LMM Auger transition (1067
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Fig. 5.8 Fragments of the AES spectra of Ga (aprigi Pb (b)

eV) and Bi (NOO transition, 105 eV) were recordsee( Fig.5.8). Afterwards the crucible
was moved so that another point appears in thesfoftuhe e-gun and so on. Only the

position of the crucible in the XY plane was chathgbe geometry of the analyzer and



Chapter 5 63

T e
B

i

Fig. 5.9 Surface profile in the cylindrical cru@blThe apparent film
thickness is not the same for different points o gurface. It depends on
the surface curvature.

the source were kept constant. Typical distancevd®t measurement points was 2-3
mm; so a rectangular grid, covering the entire aaef consisted of 15-25 points. The
following settings of the e-gun were used;£3000 eV, 4 = 2.25 A, kn= 1A, grid =
0.28, focus = 5.62 (relative scale). The tempeeatidirthe crucible during the whole scan
must be kept constant.

The value of the SF film thickness was determibgdhe numerical solution of

eg. (5.3) — analog of the eq. (5.1) applied forXfS measurements:

| (Bi)/1°(Bi) _1+r(Eg) 1-exd - d B d (5.3)
1(Ga)/1°(Ga) 1+r(Eg,) Ag; (Eg ) COSE g (Eg,) COSI '

whereby the electron backscattering fac{@) was assumed to be equal to zero for all
points [62]. The d(Pb)/b(Ga) ratio was estimated from the AES data forvletting film

with known thickness. For a quantitative analybis turvature of the surface should be

taken into account (Fig. 5.9). The electron emissingled is not the same for all points
of the AES scan. It is difficult to describe theegise shape of the surface, so an
approximated model is required. We modeled theyatlpor interface as a fragment of a
sphere with the radilR (Fig. 5.9).R as the only fitting parameter was estimated frben t
AES measurements of the wetting film. Using thisdeloone can calculate the correct

values of@ for different measurement points. The shadow éffexn the walls of the
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crucible was also taken into account excludingra gfethe area from consideration. After

the calculation of the thickneskfor a given temperature the map of the surfacethe

thickness profile of the SF film as a function lo¢ tcoordinates X and Y was constructed.

A typical map for the Ga-Bi system at Tsglis shown in Fig. 5.10a. For all

measured concentrations of Bi the maps of the IBf5 fexhibit similar features:

1)

2)

3)

4)

5)

6)

In most experiments the SF film covers the entudase of the alloy. This is
consistent with the observation made by naked eye.

The SF films are more or less homogeneous i.ecdlwilated thickness does not
vary much when one jumps from one measurement poihie next one.

All observed films are very thick in comparison hithe wetting films. The
typical thickness obtained with eq. 5.2 were fouadoe around 50-70A. This
value is 4-5 times larger than the IMERor the Ga LMM signal (and ~10 times
larger thari(Eg;). Thus, the error of the overlayer model for sddk very large.
So the real thickness of the SF film can be muelatgr than 50A.

The properties of the SF films were found to beepehdent on the cooling rate.
Different cooling rates (1-20 K/h) were investighte

After the SF transition the formed film seems nmtchange its thickness and
homogeneity if the temperature of the system isredsed. No significant
transformations were observed on the SF films dutie subsequent cooling 20-
50K below Tsk (similar behaviour shows SF films in Ga-Pb syst&ntooling
rates > 1 K/h, characterizing however by lowerkhiss, see also Fig. 5.14, circle
symbols). This means either the film is stable #edthickness does not change or
these changes are outside of the depth resolutitre AES method.

The SF films are stable with time. No changes afkiess or homogeneity were
observed within the period up to 96 hours, whendystem was kept at the SF

temperature.

One should notice that a different behaviour, camngato that described above, was

observed in a few experiments. For example, fragnoérthe surface, which was not

covered with the SF film, was sometimes detected<afl sg when formation of the film

was already complete. This can be ascribed onniparity effect, when the oxidized

surface prevents the formation of the SF film, alilh oxygen content was not

determined by means of AES.
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5.2.2 Thickness of the SF films
Some aspects concerning the thickness of the IS5 fivere discussed in the

previous chapter. More precise measurements dhtbleness were performed by means

s

55 mm

Fig. 5.10 Maps of the surface constructed on thsulte of AES

investigation of the Ga-Bi alloy, x(Bi)=0.0115. Aftformation of the SF
film at a cooling rate of 5 K/h (a) the sample vii@ated up with 0.05 K/h.
The resulting surfaces (b) and (c) are thinner tienoriginal one. The
thickness of the SF film changes gradually withgautiial melting.
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of XPS. Typically, after the SF transition on coglione can see a strong increase of the
Bi signal simultaneously with the rapid disappeguih the Ga peak [84].

The magnitude of the Ga zp peak after the SF transition for all measured
concentrations is distinguishable in different aoglcycles, but in most cases it was
relatively low. The eq. 5.2 yields the corresporgdihicknesses of the SF films between
25 and 40A. As it is already mentioned, this vak@-4 greater than the IMFP for Ga
peak (~10A at 370eV), what increases dramaticalyuncertainty of the method for such
thick film. It is not clear why the relative intatiss of Bi and Ga sometimes vary
significantly for different experiments, performeathder the same (or very similar)
conditions. One possible explanation can be anmpdete coverage of the interface with
the SF film, whereby the small part of the surfaemains liquid. This effect has been
observed several times when the system was kept=alsr for 5-10 hours or when the

temperature was slowly (3-5 K/h) decreased belgw The incomplete coverage could
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Fig. 5.11 Typical XPS spectra of Ga-Bi alloy, x@)0031 on heating.
The transition from one spectrum to the next ongradual, without
abrupt changes.
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result in an increase of the Ga signal, accompalmyed decrease of the Bi dndaking
into account the latter possibility one can quéirey conclude that the SF films in Ga-
Bi system are usually more than 40-60A (~ 15-20 Nhirk independently on the Bi
concentration.

XPS spectra of the Ga-Bi system on cooling fortdmaperatures below SF point
do not reveal any changes, because the intensifiethe both components remain
practically the same. Therefore, it was concluded ho significant perturbations in the
SF film takes place, when the system is cooledvib¢h®e SF temperature. If it is heated
up after the formation of the SF film, the followirphenomena were observed: At a
temperature of 2-4K abovesd'the SF film starts to melt. This is consistenthwihe
hysteresis behaviour observed in the SHG and eapilvave studies [40, 34, 38] The
melting of the SF film, appears to the observethasggradual melting of bulk material i.e.
disappearing of the SF film from parts of the scefalt is accompanied by a significant
growth of the Ga peak simultaneously with a falltlé Bi signal in the XPS spectrum
(Fig. 5.11). At the end of the transition the alkgems to be identical to the one before
cooling. Such behaviour was found to be typical$ér films, formed at cooling rates of
0.5-5 K/h.

One experiment with the Ga-Bi alloy fox0.0115 was performed with an
extremely slow heating rate of 0.05 K/h. The filmckness was measured by means of
AES. The results are shown in Fig. 5.10. In thisecthe gradual decrease of the film
thickness rather than partial melting was obserted separate run the temperature of
the alloy was kept constant for the same periotinoé (~5 days) and no changes in the
thickness were detected.

The altering of the alloy surface, resulting frame formation of the SF film was
also studied by means of UPS. The UPS spectracoGt#Bi (x(Bi) = 0.0031) alloy for
two temperatures above and below the SF transdrendisplayed in Fig. 5.12. The
spectrum of the SF film is characterized by twonalg at 18.3 eV and 20.5 eV
respectively. These signals were also found ingpectrum of pure Bi, measured by
Olhafen et al. [85]. They disappear when the Si fihelts at increasing temperature
(>50°C).

! We emphasize, that only a few number of XPS measents on the SF films in Ga-Bi system resulted in
high Ga-peak intensity, what can be interpreteueeits low film thickness or as the thick film, wini
covers only a part of the interface.
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Fig. 5.12 UPS spectra of Ga-Bi alloy, x(Bi)=0.0084fore and after SF
transition. Two peaks at 18,3 eV and 20.5 eV aeeifip for solid Bi.

The depth profiling experiment utilizing layer-tgyer sputtering was performed
with strongly undercooled SF films in the Ga-Biteys. The surface of the alloy was
prepared in a following way: the SF film was ob&ras usual by cooling of the sample
with a cooling rate of 7 K/h starting from one-pbaggion. After formation of the SF
film the cooling was continued until the room temgiare is reached. This resulted in the
solidification of the bulk alloy, because he Gadystem does not show a supercooling
behaviour. The surface of the alloy (i.e. stronghdercooled SF film) was sputtered
during definite time and subsequently analyzed ®ams of XPS. Then this procedure
was repeated several times. The results are suzedan the Table 5.1. The calibration
of the sputter-gun yields the sputtering rate @&0.1 ML/s for pure Bi. The effect of
the preferential sputtering was considered as gi&gi. From the Table 5.1 one can see
that the change of the chemical composition ofgdpettered material takes place only
during the first hundred seconds of sputterings thorresponds to the removal of
approximately 25 ML of the material. The study aeger layers up to 1.5 pm gives
almost the same chemical composition within theresf the method. It is remarkable,
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Spu(t;m?)rlljr:g)tlme Depth (nm) (e\lffi:?s)/s) (e\ll(*l?:lt)s/s) froﬁﬁ?c);a)
0 0 268.9 1172 0.065

0.03 10 580.4 1019 0.14
0.06 20 576.2 999.0 0.14

0.1 32 532.5 992.8 0.13

0.6 195 609.1 981.6 0.15

16 520 550.6 985.6 0.14

3.6 1200 590.1 952.4 0.15

16 1500 640.1 9268 0.16

Table 5.1 The results of the depth profiling expenmts using sputtering
in Ga-Bi (x(Bi)=0.0031) alloy. According to the dalation procedure
sputtering rate was estimated to ~0.25+0.1 ML/spore Bi. Thickness
for one ML of 0.4nm [87] was taken.

that the bulk composition was not reached even edteoval of 1.5 um of the metal. The
SF film appears to play an important role for thuelaation and growth of the Bi-reach
bulk phase during the phase separation processodgh this method does not provide
information about the SF film thickness in the mainef its formation, it can be useful

for the characterization of the alloy at lower tergiures (T << dp).

5.2.3 Surface topography of the strongly undercootefilms

The aim of the following part of this study wasitwestigate the surface structure
of the SF films on the micro- and nanometer scaith the STM technique. Such
information can help to answer many questions aomeg the properties of the SF films.
Unfortunately all attempts to acquire STM imagethatSF temperature, directly after SF
film formation, were not successful. We assume thatliquid Ga-rich phase underneath
the SF film can cause some critical problems fer$iM image acquisition. These could
be e.g. a floating of the entire film on the toptloé liquid phase. Another complication is
that a short electric contact of the tunnelingaith the liquid phase occurs (it can happen
due to defects in the SF film). In this case tredfeck electronics of the microscope will
withdraw the tip immediately, this is also known menp-to-contact phenomenon,

described by [86]. In order to get rid of these ate@ effects the temperature of the



70 Results

system was decreased to reach the point of theftréking. In this state it was possible
to reach a stable, vibration-free tunneling mode.

The strongly undercooled SF films for the Ga-Bnpées with Bi concentrations
of 0.0031 and 0.0115 were investigated by STM abréeemperature. The parameters for
the microscope were chosen as follows: bias vol##g@8-0.4 V, tunneling current 0.08-
0.5 nA, loop gain 5-10%, scan speed 2000-3000 niiiie. dimensions of the STM
images were varied from 5x5 Artatomic resolution) up to 2x2m?. Usually one or two
pulses of 5-10 V were applied to the fresh W-timrder to remove the oxidized material
from the apex and so to reach the appropriate tyuzlithe STM images. This procedure

was sometimes repeated during the experiment.

nm

F2.5

0 500 1000 1500 2000 2500 3000
nm

Fig. 5.13 STM image at room temperature of thedéadipour interface of
a Ga-Bi alloy, x(Bi) = 0.0115 after the SF trarmiti and bulk
solidification. Atomically resolved Bi(0001) is siva in inset.
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The image in Fig 5.13 shows typical features ef tindercooled SF films in the
Ga-Bi system. Atomically flat terraces have an amgato someum? This value is
extraordinary large in comparison to the dimensiafsthe terraces in pure bulk
crystalline Bi [87]. The height of the terraces whetermined to be 0.37+£0.02 nm; this
value is in good agreement with the step edge heiigd.4+0.002 nm measured by STM
at room temperature on a Bi single crystal cleaaledg the basal trigonal (0001) plane
[88]. The terraces contain a few defects like idlaand holes. Their height (depth) was
observed to have a thickness corresponding to IMie latter feature was not always
detected for the freshly prepared surfaces. Onesearthat these small defects as well as
large terraces have very often a triangular symynétrzoom into the terrace results in
the atomic resolved image (Fig 5.13, inset), eximgian ordered hexagonal structure
with the corresponding interatomic distance of @182 nm. This result is also in good
agreement with the known lattice constant of 0.4883i in the (0001) plane in a three-

fold symmetrical trigonal network.

5.3 Surface freezing films in the Ga-Pb system

5.3.1 Thickness and homogeneity of SF films in tHea-Pb system

Formation of the SF film in the Ga-Pb system iasidered in this chapter. XPS
and AES techniques have been applied to charaetetie film thickness and
homogeneity. A comparison with the SF phenomenorthan Ga-Bi system is also
provided.

The appearance and development of the SF filnthiiGa-Pb alloy looks similar
to that in the Ga-Bi system if one observes it wittked eye. A front, which has a
different reflection (it appears grayer), startggtow from one or several points usually
near the walls of the crucible, when the tempeeatfrthe alloy on cooling reaches a
certain value above the liquidus temperature, knasrSF temperature. The fronts join
each other and the film formed in this way covedsrge fraction of the surface. This
process usually took less than one minute for theilgle used in our experiments. Those
parts of the interface near the walls of the cregilvhich were not covered by the SF
film, do not undergo visible changes if the cooliofthe crucible is continued. That

means, the lateral growth of the film seems to sto@pprox. one minute after the
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beginning of the formation and the film seems moexpand or to stretch during further
cooling.

The film appears for the observer to be more ss lrkomogeneous immediately
after formation and in the next 60-100 minutesndsa high-resolution CCD camera one
can only see joints of different fronts and thedaorbetween the SF film and the “liquid”
parts of the interface After approx. 1.5 hours when the system is keptanstant
temperature one can record with the CCD camera uthexpected appearance of
microscopic islands (see detailed description iafiér 5.3.2).

For the characterization of the SF film withoutyarisible defects one of the
following approaches can be used. The XPS speatambe either recorded immediately
after SF film formation or at lower temperatureshagufficient cooling rate. It was found
experimentally that the formation of defects (islancan be suppressed when the system

is cooled down with a cooling rate higher than agpB K/h.

35

—&— x(Pb)=0.0027, cooling rate 0.5 k/h, defects are formed
—&— x(Pb)=0.0041, cooling rate 1 K/h, no defects

30 +

Film thickness, (A)

0 T 7 T 7 T 7 T 7 T 7 T 7 T 7 T
40 60 80 100 120 140 160 180

Temperature, (C)

Fig. 5.14 The dependence of the SF film thicknessemperature for two
different cooling rates. The thickness is calcuatccording to the
overlayer model (eg. 5.2).

! Designation “liquid” is more or less correct sirthis part seems not to change during SF transition
Unfortunately we do not have further informationf the optical observation of the reflection diéece
gives a strong indication.



Chapter 5 73

In a first approximation the thicknesses of theffBRs can be calculated in the
same way as for wetting film i.e. using eq. (52itations of this approach as well as
alternative methods are discussed in ch. 6.1. 3y represents the changes in the SF
film thickness as a function of temperature. Suehadviour (slow increase af with
decreasing temperature) was found to be typicahlistudied alloys. The comparison of

the thickness dependence for films with and wittaefects is also provided.

5.3.2 Evolution of the SF films in Ga-Pb system

The SF films in the Ga-Pb system are not stallfeey undergo deep changes with
time if the system is kept at constant temperatDedgects of different types appear on the
surface after a while, in contrast to the Ga-Biteys. Detailed description of these
defects as well as a quantitative interpretatiothefXPS data is provided in this chapter.

An important experimental observation, which afied special attention to the
problem of the time evolution of the SF films, wasignificant increase of the Ga signal
in XPS spectra recorded 3-6 hours after film foromatFirst it was associated with a
relaxation of the film and respective decreasehef film thickness. Then the use of a
high-resolution CCD-camera with zoom function gawexpected results: the film did
not appear as a homogeneous one, but it had memgdssof approximately the same
size. The subsequent detailed analysis revealédhbaslands become visible in ~1 hour
after SF film formatioh The appearance and the growth of islands wetewiet within
next 5-7 hours. Depending on the conditions offilne formation (cooling rate, external
heat sources like X-ray tube etc.) the islandsra@n100-150 pm in diameter (Fig 5.15
left, bottom) or they grow together forming somadkiof interconnected structure (Fig
5.15 right bottom). In some experiments the appearaf grooves with ~100 pm width
was also observed. This seems to be a final stdteeievolution of the SF film, because
no change was usually observed after 10-15 hours.

The reflection of defects (islands and groovesgemables the reflection of the
liquid surface of Ga-Pb alloy at the temperaturevabSF transition i.e. wetting film.

Moreover, the reflection of islands does not chamgéeating of the alloy, which results

! Ga-Bi system has been intensively studied in abolatory in a separate experiment by means of
ellipsometry. The CCD camera was used to checkubface of the liquid alloy ad SF films. Formatiafn
islands or other kinds of defects was not observed.

2 Minimal size of objects, that can be resolved gsiis camera, is about 10um.
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Fig. 5.15 Evolution of the SF film in Ga-Pb systex(Pb) = 0.0041 at
constant temperature. Formation of defects is lgledsible.

in the film melting. So the assumption, that tHands consist of a Ga-rich liquid phase,
is very probable.

As it was mentioned above, at the high coolinggesat3 K/h and more) the
formation of island is not observed. The time-dejgm formation of islands is likely in
competition with the growth of the film thickness z-direction. If the film is thick
enough, the defects probably could not start tanfoAt the lower temperatures the
deposition of bulk Pb on the SF film, which is ppitated due to phase separation, can
theoretically improve this effect.

Unfortunately the use of AES could not give angiadnal information that can
be used for the characterization of the SF filnfge $pot size of the AES gun was found
to be too large (~1mm in diameter) to resolve théeds (~0.1mm), so one can obtain
only an averaged signal of islands and film. Takimp account additional difficulties
concerning the interpretation of the AES resultd espective large uncertainties, they

are omitted here.
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5.3.3 Surface topography of the strongly undercootefilms

Investigation of the undercooled SF films in the-Bb system was performed in a
similar way as this was done for the Ga-Bi systeisually the alloy was heated up well
above the liquidus temperature and then it wasetbtd the room temperature with a
cooling rate of 5-7 K/h, which is high enough tmalthe formation of islands. Due to a
strong tendency of the bulk Ga-Pb alloy to be stguaed for all studied concentrations,
temperatures of -20 -40°C were required in ordee&zh the freezing of the bulk.

Prepared in such a way the surface was subjeotédet STM characterization.
The following parameters were used for the micrpscdias voltage +0.2 — 0.35V,
tunneling current 0.15-0.25nA, loop gain 6-10%,sspeed of ~2500 nm/s for large
images (1x1pf 2x2unf), and ~250 nm/s for small images with atomic resoh (5x5
nn?, 10x10nmM).

0 500 1000 1500 2000
nm

Fig. 5.16 STM image at room temperature of theddadipour interface of
a Ga-Pb alloy , x(Pb) = 0.0041 after the SF tramsitand bulk
solidification. Atomically resolved Pb(111) is show inset.
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The typical view of the surface was found to belejpendent on the Pb
concentration in the bulk. One of the STM imagegresenting special features of the
strongly undercooled SF film in Ga-Pb alloy, is whoin Fig 5.16. The surface is
characterized by very large, atomically flat teesevithout any defects. The edges of the
terraces have curved shape, its height was foubeé &bout 0.3+£0.02nm (value of 0.33 is
given by [89] for pure Pb). Such a step edge hetgintesponds to one monolayer. The
small image with atomic resolution shows hexaggnalidered atoms with Iattice
constant of 0.36x0.01nm. This value is also in g@mpeement with known lattice

constant for (111) surface of Pb monocrystal [90].

5.4 Tip-induced surface modification and nanostructuring

The phenomena described in this chapter are nsatidn of the alloy surface on
the nanometer scale via interactions with STM 8pich a modification was not the
primary objective of the study, however it was digered during the STM experiments
on the strongly undercooled SF films in the Ga-Bstem [90]. Although surface
modification though the STM tip is a well known pleenenon described in the literature
[91-94], the case of Bi to our knowledge is notdgtd yet. The mechanism of tip-induced
surface modification is also under discussion [H4]erefore we report here the results,
which appear to be very interesting and promisordudrther investigation.

The tip-induced surface modification experimenerevperformed on the Ga-Bi
alloy with the concentration of Bi = 0.0115. The f8f was obtained as it is described in
Ch. 5.1.4. Very large, atomically flat terraces tbe top of the SF film in the Ga-Bi
system represent a perfect platform for the surfaxmification experiments. Even
unsignificant changes can be easily detected oh autat surface. Basically three types
of the tip-induced nanostructures were observedargsg, small craters/holes and large
ones. We begin the description with the first obedrtype of artificial nanostructure, i.e.
the squares (or parts of it). An unexpected STMhseaults from the same area repeated
several times initiates subsequent investigatidhs.feature, which attracted an attention,
was a kind of rectangular pattern in the upper deigle of the STM image. It was not
visible on the first scan, then it appeared onséheond scan (same area and dimensions),
twice on the third one and so on. Careful constitaraf the images in Fig. 5.17 results
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Fig. 5.17 STM images of Ga-Bi, x(Bi) = 0.0031 sdékabour interface.
Three subsequent scans. See text for details.
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Fig. 5.18 Artificial nanostructures of rectangudrape. Parameters of the
scan are as follows: Vbias = 0.4 V.
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in the following observation: the distance betwdlea first rectangular pattern and the
point “X” (it was arbitrarily chosen on the stepgedon the first image and then fixed).
That means, the surface undergoes a slight theanfal Moreover, one can notice, that
rectangular pattern lies exactly on the left andargorders of the previous image.

Fig. 5.18 displays the result of another experimafier the series of scans the
scan area was shifted down and to the right fragnotiiginal position. Then the scan was
repeated, the resulting image is shown on the Fi§.50ne can see that the upper left
angle shows quite different features in comparisothe rest of the picture. The surface
appears to be changed during the first scan. Ty etiges can be still be recognized
despite of the damage. The borders of the firat sqggoear as barriers of 1-2nm (3-5ML)
height. Formation of such barriers on the outedbs of the scan area was confirmed in
several experiments with different tunneling tipsluding the scans, rotated by 45° in
respect to the previous one.

The key to the understanding of the surface meatiton during the STM imaging
is variation of scan parameters: bias voltage,daekl current and, probably, scan speed.
Without discussion of the mechanism of the naneastining, it is important to notice that
the appropriate combination of scan parameterdtsasuatom transfer between the STM
tip and the sample surface. The set of parameterde empirically adjusted in order to
control the intensity and direction of the atormster.

The approach described above was further develépethe creation of one-
dimensional patterns (grooves or barriers) as aellzero-dimensional ones (pits and
islands). An option in Scala® software used togetti¢h Micro SPM H microscope to
switch the scanner among frame-, line- and pointlencan be utilized for this purpose.
An optimization of the scan parameters was perfdr@pirically in order to achieve
controlled extraction and deposition of Bi atoms.

Fig 5.19 shows atrtificially formed nanostructusegh as islands (1), barrier (2),
pits (3) and groove (4). They were obtained by wpgl relatively high bias voltage of
+3V (3,4) and -2,8V (1,2) respectively. Switch bétsign of the bias voltage results in
change of the atom transfer direction. Tunnelingent was kept constant at 0.5nA.
Point-mode (1,3) and line-mode (2,4) of the scanvee utilized, in latter case a rather
large value for the scan speed (4000 nm/s) is requo achieve the desire effect.

The respective height profiles are shown in thg %=1.9b. The depth of the pits
and grooves corresponds mostly to 1-2ML i.e. ignsater than normal step edge of the

terraces. Islands and barriers can be charactesitedhe same height. It was shown that
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Fig. 5.19 Artificial nanostructures on the surfatehe Ga-Bi alloy made
by high bias voltage pulses; (a) STM images (dinmerss 150x60 nm):
islands (1), barrier (2), pits (3) and groove (4 Bormed applying -2.8V
(1,2) or +3.2V (3,4) bias voltage; (b) correspomgdine profiles.

near circular shape of the pits and islands isstable with time. After a while they
accept a triangular shape, which seems to be tygnthenergetically more favourable for
the defects at Bi-surface.

The size of the nanostructures can be changedidiyt variation of the bias
voltage, but this effect was found to be weak. frerincrease of the bias voltage to +4V
results in much more serious damage on the sur@wee.can see the outcome of such a
pulse in point mode in the Fig 5.20. A mount of r20height surrounded by “moat” is
formed. Real dimensions of the moat are probablyelathan that shown in the picture,

because the tip is probably unable to reach itpeeoint if the width of the moat is
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smaller than the width of the tip. An array of #glis is visible in the lower part of the

2000
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aley

Fig. 5.20 STM image of Ga-Bi, x(Bi) = 0.0031 solidpour interface.
Dimensions: 2xgm. The defect in the middle is the result of théseu

nm

application. (Vp = 4V). Correspond depth profilesioown below.

image — they appear as many preferentially trizaorgglands of 1ML height.

the details of tip-surface interactions will bealissed in the Ch. 6.3.

The mechanism of described surface modificaticoh @@nostructuring as well as
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Chapter 6.

Discussion

6.1 Modelling of thickness, coverage and chemical composition

for the surface freezing films in the Ga-Pb system

Several approaches to the interpretation of theS XRta with respect to the
thickness and homogeneity of the SF films are pgegoand discussed. Besides of the
simple overlayer model, which assumes Pb as theammhponent of the SF film, another
model approach describing the film material as @une of Pb and Ga is considered. For
the quantitative description of the SF film withfelgs in Ga-Pb system a possibility of

incomplete coverage is taken into account.

6.1.1 Surface freezing films without defects

One of the main problems for the thickness deteation of the SF films in the
Ga-Pb system is that the overlayer model failsé splits the eq. 5.2 into two equations

considering the Ga and Pb signals separately:

'O(Pb) =1- exr{_—dlj (6.1)
1°(Pb) Apy (Ep) COSE



82 Discussion

| (Ga) =ex _ (6.2)
1°(Ga) App(Ega) COSE '

where d and d are the thickness of the overlayer calculateavimdifferent ways: eq. 6.1
takes into account only the change in the intensitthe overayer component, whereas
eq. 6.2 operates with bulk component only. Indéédhe model were correct both

equations should give the same value for the oyerlg= SF film) thickness:

_ _ I(Pb)

d, = )Ipb(EPb)cosé?Elh(l I°(Pb)J (6.3)
__ 1(Ga)

d, = /1Pb(EGa)cosé?[lh(I O(Ga)j (6.4)

i.e.d; must be equal td,, which is not the case for the most of XPS meakG6ie films in
Ga-Pb system. One example, illustrating this dizaney is given in the table 6.1. From
the table 6.1 one can conclude that the overlaymdeingives consistent values affor

the wetting films, whereas the difference betwdgandd, for he SF films is quite large.

I(Ga) 2p3/7 I(Pb) 4f7/2| T (°C) & (A), Pb | d»(A), Ga Qefiective | System
from eq.(6.3)from eq. (6.4)from eq. (5.2) state
1320 89.1 237.1 4.7+0.4 4.61£0.4 4.6+0.4 WF
1334 89.9 236.0 4.7+0.4 4.51£0.4 4.6+0.4 WF
1294 102.5 180.8 5.4+0.4 4.910.4 5.2+0.4 WF
1296 103.3 179.9 5.5+0.4 4.910.4 5.2+0.4 WF
1295 103.7 179.3 5.5+0.4 4.9+0.4 5.3t0.4 WF
SFF
856 428.4 179.0 3815 9.5+0.9 16+3 | starts
to form
434.1 464.6 178.3 4517 17+3 21+4 | SFF
427 466 176.7 4617 17+3 22+4 | SFF

Table 6.1 XPS measurements of the SF transitigsarPb (x(Pb) = 0.0052)
alloy. Cooling rate of 5 K/h was used. Notes: WHhvetting film, SFF —
surface freezing film, SFF+I — surface freezingfivith defects (islands).
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This discrepancy in two different methods of thigkness calculation can not be
explained merely through large uncertainty of tilia thicknesses. Therefore it gives rise
to the assumption, that the structure of the Sfsfils more complicated than we believed
in the beginning. The time evolution of the SF filine. the formation of islands allows us
to assume that the film is not in thermodynamicildziium and it consists probably of
Pb with some small fraction of Ga. This could b#edéent types of incorporations like
cavities or clusters of Ga-rich phase in the filrhis could be also microscopic islands of
Ga, which are visible neither by naked eye, nothgyCCD-camera. Since these are only
assumptions and nothing specific is known abousehnocorporations, the material of the
film could be considered as a mixture of two congua with effective concentration of
Ga (Pb is main component).

In order to find a more appropriate way of chagdzation of the SF film it may
be useful to introduce two more variables besidgbefilm thicknesgd: The first one is
the mole fraction of Ga in the film materialcx, which will characterize the effective
chemical composition of the film. The second vasrais the coverage describing the
ratio between frozen parts of the interface andethigre analysis area. The appropriate
model for the description of the SF film should lpably take into account all three
unknowns: d, X'ca and c. From a mathematical point of view a maximum ofotw
unknowns can be found by the solution of the systémwo equations. For the SF film
without holes i.e. immediately after its formatidhg coverage is nearly one for most
cased So one can describe the system with an effettiioknessd and an effective Ga
concentration in the film,". . The corresponding relative XPS intensities fara&d Pb
can therefore be expressed @asdg are introduced for convenience as the relative XPS
intensities for Ga and Pb, respectively):

IO(Ga) = ex;{ —d j + X4, EEl— ex;{ —d D (6.5)
1°(Ga) Appsca(Ega) COSO Appsca(Ega) COSO

a=
_I(PB) (i) -d
=10 pr) : X‘“‘)[El ex’{Apb(pr)coseD ©9

film

3 Although on the photographic images one can seedhder between liquid and frozen parts (seefégg.
5.14), we believe that the liquid part is outsidettee analysis area and the XPS signal comes flam t
frozen part only.
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wherelpp:cadescribe the IMFP in mixed media. As a good apipnakon one can accept
Apb+Ga= App Since the IMFP depends on the outgoing electrargsn rather than the
nature of the material, moreover, Pb appears tihdenain component of the SF film. A
further assumption is, that Pb concentration irkiguid can be neglected %~ 1). An
analytical solution of the system of equations giabove is possible neither fémor for
x'ca But one can express one of the unknowns fronfitsteequation and then set it into

the second one e.dcx

a—exp{/} E_d s@]
Bla,d)=|1- en(Eca) €O EEl—ex;{LD (6.7)

1-ex -d Apy (Epy) COSE
Apy (Eg,) COSI

Bla,xi) =~ Xéa)Eﬁl—exp(APb(EGa) Elh(clr__ X?‘DJ (6.8)

Aps (Epp) XGa

The eq. (6.7) and (6.8) can be solved either nwakyior graphically. The numerical
calculation ofd and s, was performed with an aid of the MathCAD softwpeekage.
The determined values of and X, with corresponding experimental dataandp are
shown in the table 6.2.

Another method for the determinationadfnd s is a graphical solutioni(a,d)
and (e, Xcs) are to be plotted on the same graph, wherehig considered as an
independent variablel and s taken as parameters. Such a plot is shown in6ig.
The solid line in the Fig. 6.1 on the left of thetprepresents the solution of the eq. (6.8)
for the constant film composition ofgg = 0.12. The lower dashed linefisf(a,d) for d =
60A. An intersection of the solid line with the tiad one the only solution for given
and S. Graphical data representation has significantaathge in comparison to the
numerical solution of the equations (6.7), (6.&c¢duse the influence of the experimental
error in the XPS intensities on the film thicknes&l composition is clearly visible if the
experimental points are plotted in the same gragpi @orresponding error bars. So if the
intersection of two lines is in the uncertaintyicggof the experimental point that means
that the film can be characterized within the cdesed model by definite values of

thickness, composition. The uncertainty of two unkns, i.e. thickness and chemical
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composition, depends on the error of experimeraaitp: all intersections located within

the uncertainty region of experimental points repré possible states of the system.
Analysing all experimental data for the SF films the Ga-Pb system with

different concentration of Pb we have concluded tha applied model can describe the

experimentally observed values of the relative XR&nsities more or less good.

x(Pb) [RunNrj  « B T(CC)| Xea | d(A) |dnin (A)[dmax(A)

0.0052 1 0215 0787 1783 02105 | 94 | Teone
_ R J macro-
Tee=177+1°C 0.211 | 0.788| 176.7 0.21 207 9] scopic

2 0.26 | 0.704| 172,  0.26 84 69 13D
026 | 0722| 1707, 0.26| 103 77 T

scopic

0.168 | 0.841| 23 0.17 | Seopie | 102 | Seopie

0.168 | 0.903 5 0.17 | Seopie | Scopie | “copie

3 0.214 | 0.765| 172.7 0.21 10P 77 ‘scopic

0.205| 0.784| 171.1 0.20 118 83 ‘copic

0.153 | 0.824| 165.4 0.15 100 71 Scopic

0.0041 1 0.197| 0.789 166.5 0.20 114 82 Seopic
Tor=164+3°C 0.192 | 0.79 | 165.9 0.19 106 79 ‘scopic

0.181| 0.8 | 1654 0.18 106 79 ‘Seopie
0.176 | 0.808| 162.8 0.18 110 81 Seopic
0.166 | 0.848| 160.0  0.17| Soni | 110 | Seopic
0.156 | 0.84 | 155.0 0.16 150 9 Teope
0.121 | 0.876 40 0.12 163 92 Seopic
2 0.188| 0.831] 160.4  0.19| Seopie| 117 | Scopic
0075 | 0.938| 1369  0.07| Scope| 111 | Seopie

macro- macro-
0.0027 1 0075 093§ 1360  0.07 Tope| 110 | S
Te=136£0.5°C 2 0.156 | 0.839| 136.3 0.16 145 89 Topie

0.166 | 0.831| 136.4 0.17 157 9( ;ﬂgggg

Table 6.2 Experimental results @efandp for different bulk concentrations
x(Pb) measured at different temperatures relativehe surface freezing
temperature 3¢ with these data the thicknessind composition 'k, of the
surface freezing film have been determined by nigaksolution of the
equations (6.7) and (6.8).



86

Discussion
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B = [(Pb)1°(Pb)
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----- lines of constnt d |
o lines of constant x'(Ga)
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Fig. 6.1 Graphical solution of the model for degstion of the SF films in
Ga-Pb system (a). The intersection of dash- and §aks represent the
thickness and chemical composition of the SF fitmdiven intensities
and p. All intersections within the error bars of thepeximental point
describe possible state of the system. The secdwid(lp) shows the
distribution of the experimental points in diffeteexperiments i.e.
different cooling cycles and concentration of Pée &lso Table 6.2.
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Following information is obtained:

1) One cannot observe a clear correlation of any bsad or Xg, to the
concentration of Pb in the bulk. The distributidne@perimental points i.ex and
[ is similar for all studied Pb concentrations (Bé&g 6.1Db).

2) The lower limit of thickness according to the modekbout 80A. As an upper
limit one should take infinity, in practical viewdt means macroscopic values of
few microns.

3) Considering the SF films immediately after formatione can see that the content
of Ga in the film varies for different experimenfadints from 0.16 to 0.26. The
value of 0.19+0.03 in the middle appears to be nymabable, because the
majority of the experimental points lie near it.

4) Within one run the Ga content in the SF film desesawith falling temperature.
For the film thickness the tendency to opposite.eseh dependences are

demonstrated in the Fig. 6.2.
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Fig. 6.2 Content of Ga in the SF film(-) and the lower limit of the SF

film thickness {®-) as a function of temperature. x(Pb) = 0.0052 witle
exception for the points on the left of the plafPk) = 0.0041 T = 137°C.
As the maximal values of the thickness the modeldists very high
(macroscopic) values for all points.
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5) The model predicts macroscopic film thicknesd low Ga content in the film
for the temperatures much lower than that for Sdition. This is correct
also for the room temperature.

Additionally one can notice that different effe&ivGa concentration in the film for
different experiments is in good agreement with viamofacts about instability and
evolution of the film, described in the next chapte

Describing the SF films in the Ga-Bi we considetbé Ga signal in XPS
spectrum as an artefact, resulting from the inceteptoverage where the parts of the
interface near the crucible walls remain liquideaftSF transition. An alternative
explanation for the Ga peak, which cannot be exauds also the possibility that the
material of the SF film can contain some smallticacof Ga.

A theoretical description of the SF films in Ga#istem is given in the work of
Tsekov and Freyland [95]. Pure Bi has been comsitlers the material of the film
because of negligible solubility of Ga in solid Bior the constant composition of the
alloy the authors predicted an exponential increafsélm thickness approaching the
liquidus line by decrease of the temperature. Téssilt from the condition of equality of

the chemical potentials in different phases in aont

Higuia (T X) = Hegig (T d) (6.9)

bulk

Mg (T,X) = fhioq + RTINX+Co+¢T +¢,TINT O p3* [@xptkyd)  (6.10)

wherepg*®'! = 47400 - 1.87 mol/n? is the molar density [96],k is the wavevector of
the Thomas-Fermi screening. This theoretical dgsor can be strictly applied only for
the systems in thermodynamically equilibrium statethe experiments performed in this
study the SF films in the Ga-Bi system characteribg the intermediate thicknesses
(between one monolayer and macroscopic value) weteobserved. This could be
explained if one assumes that the real films ingastd in XPS and AES experiments did
not reach thermodynamic equilibrium. It seems thatSF films in both Ga-Bi and Ga-Pb
systems in the moment of its formation and in tinehier time are metastable. The SF
films in Ga-Pb system can be definitely defined nastastable, because of dramatic
changes, which can be observed in several houes tfé film formation at constant
temperature.
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6.1.2 Surface freezing films with defects in the GBRb system

Besides of the model for the SF films describeovabwhich is characterized by
variable thickness and chemical composition ancclwhssumes a homogeneous film, an
alternative modelling approach is proposed anduawet within the frameworks of this
study. It takes into account inhomogeneity of ti@ fas shown in Fig. 5.15. A varying
coverage is the obvious difference between thesfimth and without defects. For the
latter case the coverage of 100% was assumed, ashehe occurrence of islands
decreases this value significantly. Two models dieed below use the coverage as
variable together with thickness (1) and composi{i®). These approaches are presented
below.

1. Variable thickness and coveradde SF film is considered as a slab with an

effective thicknessl, which covers a certain part of the interfacee-rést of the interface
is liquid. The spot of electron analyzer contaimghbof them. The system is described

with the following equations:

a =cCcléx L +(1—C)ex _—do
Ay (Eg,) cOSO App(Eg,) COSO
bulk_under_SF_ film bulk _under_ wetting__ film (69)
1-ex p{ j +(1-c) 1—ex;{_—d°j
Pb(EPb)COSB Ap, (Epp,) COSE
SF_ film wetting_ film
Graphical solutions are constructed using:
Bla,d)=1-t, +| t, —ex —d a-t, (6.10)
Apy (Epy) COSE -d
exp ——— |-t
/1 Pb ( EGa) COSH

B(a,c)=(1-c)[{l-t,)+ c[l— ex;{jpbg?a; In[tz(C _cl) * HJD (6.11)
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where the contribution of the wetting film is giveg constants:;t= exp(-G/Apo(Epp)) =
0.842, § = exp(-di/Apo(Ecy) = 0.65 (ds = 4.8A). The model did not give satisfactory
results for the SF film with or without defects.

2. Variable composition and coverades in the latter model the SF film does not

cover the entire analysis area. The frozen passsimed to be a of macroscopically thick

film (10 um) with some fraction of Ga as incorpavas or cavities. XPS intensities are

expressed as follows:

— flq_ -d’ —df _ _do
v X‘*‘[l GX{A%(E@D+ex‘{Apb(EGa)j + C)EXF{APD(EGE,))

bulk_under_SF_ film SF_ film bulk_under_ wetting__ film (6 12)
—df —
B= c(l— xL | 1- ex{L] +(1-c)1- ex;{¢]
/]Pb(EPb) /]Pb(EPb)
SF_ film wetting_ film

Contribution of bulk under SF film in total Ga sajrcan be neglectédCorresponding

functions for the graphical solution are given as:

Bla,c) = [1—%} e+ (1-c)f-t,) (6.13)

ﬁ(a,xéa)=(1—X)EE 7L HH 7L jt(ﬂ—tl) (6.14)

f
XGa _t2

at2

Plots for graphical solution are shown in the Bi.

The model of the film with variable chemical comsfiimn and coverage can be
successfully applied for the characterization & 8F films with defects. An attempt to
use these models for the interpretation of the ¥&3 for the films without defects failed

because both models do not provide a combinatiaheoitic (or X, andc) which

! For the SF film thickness a rather large, macrpicuwalue of 10um was chosen. Sirtckere is several
orders of magnitude greater theg), the part of Ga signal coming from the bulk phasdeuneath the film
is zero. Another (smaller) value of thickness wlift the lines of constant coverage down as welthe
lines of constant composition. As a result the nemabf intersections with experimental point will be
decreased. In other words the model is getting evors
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Fig. 6.3 Graphical solution of the model of varabihickness and
coverage (a) and variable chemical composition emnkrage (b). The
second model was successfully applied for the pnétation of the XPS
intensities of the SF films with defects in the Blasystem.
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_ Model for SF fi][m with defect
«Po) | Rnie (EEY 0 || TeO) | T
X'ca C
0.0052 1 18 |0.301| 0.662 176.7 0.11-0.29 0.66-0.95
2 5.5 |0.206| 0.797 | 160.2 0.13-0.28 0.86-1
0.0041 1 2.75 10.222| 0.788 162.0 0.16-0.3 0.89-1
2% 4 0.252| 0.734 161.9 0.16-0.31 0.82-1*
0.0027 1 15 |0.183| 0.812 136.5 0.07-0.24 0.82-1
3 0.204| 0.79 137.4 0.09-0.26 0.81-1
15 ]0.285| 0.673 137.5 0.06-0.27 0.79-0.93
20 ]0.271] 0.691 134.2 0.05-0.26 0.65-0.95
23.5 |0.258| 0.707 132.4 0.05-0.25 0.67-0.97
44 10.216| 0.742 122.3 0-0.19 0.63-0.93
48 |10.225| 0.749 120.6 0.04-0.24 0.71-1
120 |0.201| 0.752 106.0 0-0.16 0.61-0.91
135 |0.147| 0.843 34.0 0.01-0.19 0.8-1
2 17 10.396 0.542 | 137.3 0.15-0.36 0.53-0.82
19 |[0.435| 0.506 137.3 0.23-0.41 0.54-0.84
22 |10.455| 0.465 137.4 0.17-04 0.44-0.73
39 |0.514| 0.395 137.4 0.26-0.47 0.39-0.67
3 24 10.409| 0.545 134.2 0.23-0.4 0.61-0.91
48 0.471 0.41 135.0 0-0.33 0.24-0.52

Table 6.3 Results from the model 2 (variable contjrs and coverage)
used for the description of the XPS measurementeeoSF film in Ga-Pb
alloys with defects. For the concentration x(Pl).6041 after 4 hours at T
=161.9°C (marked with *) a photographic image wexle.

corresponds to the experimentally observed poiltge parameters of the SF film

predicted by the model are given in the table 6.3.

According to the model with variabteandc (x'sa= 0) the area of island amounts
about 10% of the analysis area for the first mesment and continually grows with time.
The area of islands can be independently checkednayyzing of the photographic
images of the alloy surface (it was found thatndahave ~15% of the area (c = 0.85) for
Xx(Pb) = 0.0041 after 4 hours at T = 161.9°C). Tdusfirmed the value for the coverage
given above (0.82-1). The process of the SF filim@at very slow cooling rate of 0.4

K/h is shown in Fig. 6.4. Decrease of the coveiageesponds to growth of islands,
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Fig. 6.4 Time dependence of Ga content in the & (i0-) and coverage

of the interface ®-). Temperature was decreased very slowly (0.4 K/h).
Area of islands grows (decreasing coverage) simetiasly with %a
Error bars forc and Xga are quite large.

which was experimentally observed. The model atslipts the fall of %, with time.
Extrapolating this result to the room temperature will get very low Ga content in the
film, that means if the islands are not taken toount, the material of the film is rather
pure Pb.

Since the SF film with islands is formed from thermal” SF film one can
expect, that the Ga concentration in the film canddfer much from the Ga
concentration in the original film (here only thest film is considered, islands are not
taken into account). Indeed, for the majority of #xperimental points the value d&x
between 0.15 and 0.2 was found. This is in goodeagent with the value ofgg , which
was observed for the SF films without defects ¢ch.1)

The formation of defects on the SF films in theBasystem was observed, to our
knowledge, for the first time. The cooling rate eprs to be an effective method to
control the formation and the growth of defects.e Tlormation of defects can be

completely suppressed at high cooling rates (> BK/h
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All applied modelling approaches are strictly eatronly for the flat surfaces.
This is generally not always the case for the syatader investigation. On one hand, we
know from the STM experiment that the surfacesathliGa-Bi and Ga-Pb systems show
atomically flat terraces at room temperature, otterized by an area in the imange.
On the other hand, the surface roughening tramsjd-77] may affect the surface of the

frozen films at elevated temperature.

6.2 Mechanism of the tip-induced nanostructuring

Surface modification on the nanometer scale id kredwn phenomenon [91, 93]
in vacuum as well as in electrolyte environment][®ne should start with an issue of
reported applications of the STM for altering ok tkurface and fabrication of the
structures on the nanometer scale.

Different mechanisms for the description of thisepomenon are proposed.
According to [98] the interactions of the W-tip vifu-surface can be described in terms
of the electroetching. Standard current dengiip a normal tunneling mode can be
approximately described by the following equation:

[ % N(E. V expl- 1.1 °d) (6.1)
whereV is the bias voltages is the effective height of the tunnel barrfers the effective
area of the interaction (about 0.1 Hnd - the tip-surface separation ~0.5 ni.is the
radius of the apexN(Er) is the density of states at the Fermi level fertip. A relatively
high value of the current in the very first momafier the pulse and low effective area of
the emission region of the tip gives a large valtithe tunneling current density.

Increase of the bias voltage may result in thesiteon from the normal tunneling
mode to so-called Field Emission Mode (FEM) at dl-defined threshold, which is

characterized by the Fowler-Nordhiem equation [99]:
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jrew ~ F2exp-co2?v(y)/F) 6.2)

where F, the strength of the electric field, isatetl to the applied bias voltage by
F=pVpusses (6 — geometrical factor is a known constang, is the work function of the tip
andv(y) is the slow varying function of the paramege(e®sV)"% .

The current density in the FEM mode is 100-106@:8 greater in comparison to
the STM mode. This may result in sudden increasth@fsubstrate and tip temperature
followed by partial evaporation of the materialm8ar processes take place also during
the first treatment of the new W-tip. In order tamove the tungsten oxide from the tip
apex and to reach the tunneling mode between twalsngsubstrate and tip) one applies
a pulse of 5-10V bias voltage. The pulse changesmicrostructure of the apex, which is
followed by the formation of an atomically sharp ipex capable to acquire the STM
images with atomic resolution.

The second hypothesis, originally proposed fordbscription of the Pt nanodot
formation on the Si(111) 7x7 substrate [100] implibe formation of the nanobridge
between the tip and the substrate. Authors asshenéollowing mechanism: application
of relatively high bias voltage (+3V) results irsignificant increase of the electric field

density in the gap region. In this situation onhemr two additional atoms are needed in

VYUY Y

Vbias= 0.3V Vbias= 3V Vbias= 3V Vbias= 3V Vbias= 0.3V

I =k I = lshort I = Lhort =0 | =dm

Fig. 6.5 Possible mechanism of the surface modifinaon the nanometer
scale from [100]. Comments are in text.
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the tunneling gap to disturb the tunneling modedasing electron transport by several
orders of magnitude. Such extra atoms can originateone hand, from the thermal
diffusion processes on the surface or, on anothedhfrom the applied electric field.
Once these atoms fill the gap, the electric curteaugh the tip suddenly increases, this
causes the electromigration-induced transfer oftbens located on the tip surface to the
apex. These atoms completely fill the gap regiol4rm), forming a nanobridge. The
reaction time of the STM electronics is much longeicomparison to the time of the
nanobridge formation. Therefore it occurs for tlextrseveral milliseconds, while the tip
is being withdrawn. This results in the break o ttrenobridge in some point, nearly in
the middle. Finally after relaxation some partled hanobridge atoms is deposited on the
surface, whereas the rest spreading on the tipsfarmew apex. Schematic representation
of whole process is given in the Fig 6.5.

Depending on the applied voltage the nanobridgeleave different traces on the
surface, which was successfully demonstrated iregperiments (ch. 5.4).

Another model for the understanding of the Bi (D08urface nanostructuring,
which combines two approaches described above pyagmsed in [90]. The mechanism
closely resembles a jump-to-contact descriptionckvis typical for the material transfer
from tip to substrate in the electrochemical enwinent [97]. At positive electric pulses
Bi is field evaporated from the substrate with ariea of evaporation of approx. 2.2 eV
and is deposited on the tungsten tip. Here thd freluced evaporation is followed by the
formation of a nanobrdge between tip and surfageeSBi completely wets W, the tip
apex will be covered homogeneously by a Bi film.pBeding on the behaviour and
stability of this film a jump-to-contact can occlihe model assumes that the processes
of Bi evaporation and condensation are much fasteomparison to the reaction time of
the microscope.

In order to reverse the direction of the Bi tras$mne can switch the polarity of
the applied pulse. The difference of this mechanismcomparison to that in
electrochemical environment is the source of Biaiter case it is accumulated on the tip
apex from the electrolyte by reduction, whereasun case it is evaporated from the Bi

surface leaving defects such as pits and grooves.
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Appendix A

XPS peak intensities measured on the pure components (Ga, Bi, Pb)
and alloys (Ga-Bi, Ga-Pb)

Area of peaks for the following XPS transitiongisvided in the tables below:

Ga- 2@/2 Bi - 4f7)» Pb - 4%,
Film thickness is calculated, according to the(&dl) for Ga-Bi and eq. (5.3) for Ga-Pb e.g.
the film is considered as a slab consisting of pswegace active component (Bi or Pb).
Numbers in brackets give the effective thicknesthefSF films with defects (islands).
Acronyms frequently used as notes:

WF — wetting film

SFF — surface freezing film

SFF+1 — surface freezing film with defects (islands

Pure components: Ga, Bi, Pb

Metal T (°C) I’ (eV*kcts/s) Notes

Ga 20 4106 solid crucible 1
70 4055 liquid, crucible 1
170 4124 liquid, crucible 1
25 2020~ crucible 2
100 1613** liquid, crucible 1

Bi 325 1174 liquid, crucible 1
25 1094 solid, crucible 1

Pb 25 630** solid, cruciblel
25 590 solid, crucible2
25 585* solid, crucible2

* - estimated from the measurements on the wetiimg see Ch. 5.1.1
** _ reference for Ga-Pb x(Pb) = 0.06%

Ga-Bi x(Bi) = 0.31%crucible 1, measurement 1 28.07.2003

T (°C) 1(Ga) (eV*kcts/s) I(Bi) (eV*kcts/s) Film thickness (A) Notes

130 3321 99.1 2.20 WF
100 3242 103.3 2.33 WF
70 3247 113.9 2.52 WF
50 275.6 1073 28.9 SFF

Ga-Bi x(Bi) = 0.31%crucible 1, measurement 2 04.08.2003

T (°C) 1(Ga) (eV*kcts/s) 1(Bi) (eV*kcts/s) Film thickness (A) Notes

120 3137 115.5 2.62 WF
60 3122 131.6 2.93 WF
58 3084 130.0 2.94 WF
56 2961 127.9 2.99 WF
54 615.1 942 21.5 SFF

52 652.7 953 21.2 SFF
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Ga-Bi x(Bi) = 0.31%¢rucible 1, measurement 3 06.08.2003

T (°C) 1(Ga) (eV*kcts/s) I(Bi) (eV*kcts/s) Film thickness (A) Notes

140
70
54
45

3085
3073
2923
154.1

150.8
153.9
186.8
1095

3.29
3.36
4.04
33.8

WF
WF
WF
SFF

Ga-Bi x(Bi) = 0.31%¢rucible 1, measurement 3 07.08.2003

T (°C) (Ga) (eV*kcts/s) I(Bi) (eV*kcts/s) Film thickness (A) Notes

140
45
0

3108
257.8
485.2

162.3
1090
1172

3.47
29.5

25.0

WF
SFF
SFF

Ga-Bi x(Bi) = 0.31%¢rucible 1, measurement 4 08.08.2003

T Sputtering 1(Ga) I(Bi) Film Ga Notes
(°C) time (h) (eV*kcts/s) (eV*kcts/s) thickness (A)  content

20 0 268.9 1172 29.8 SFF
20 0.03 580.4 1019 0.14 SFF
20 0.06 576.2 999.0 0.14 SFF
20 0.1 532.5 992.8 0.13 SFF
20 0.6 609.1 981.6 0.15 SFF
20 1.6 550.6 985.6 0.14 SFF
20 3.6 590.1 952.4 0.15 SFF
20 4.6 640.1 926.8 0.16 SFF

Ga-Bi x(Bi) = 1.12%crucible 1, measurement 1 02.09.2003

T (°C) (Ga) (eV*kcts/s) 1(Bi) (eV*kcts/s) Film thickness (A) Notes

180
140
133
125
115
112
55

2956
3152
3147
3112
3060
360.6
215.9

165.9
168.3
171.2
173.5
187.3
1053

1106

3.66
3.53
3.58
3.65
3.91
26.5
31.1

WF
WF
WF
WF
WF
SFF
SFF

Ga-Bi x(Bi) = 1.12%crucible 1, measurement 2 29.10.2003

T (°C) 1(Ga) (eV*kcts/s) I(Bi) (eV*kcts/s) Film thickness (A) Notes

209
132
100
96
96

3326
3219
3175
1372
1192

149.4
169.8
179.2
609.3
757.6

3.08
3.49
3.68
13.0
15.3

WF
WF
WF
SFF
SFF
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Ga-Bi x(Bi) = 1.12%crucible 1, measurement 3 18.08.2003

T (°C) 1(Ga) (eV*kcts/s) I(Bi) (eV*kcts/s) Film thickness (A) Notes

180 3128 162.2 3.45 WF
170 3124 181.3 3.76 WF
120 2948 197.5 4.19 WF
90 715.0 1024 21.0 SFF
25 642.8 1057 22.1 SFF

Ga-Bi x(Bi) = 1.15%crucible 2, measurement 4 10.12.2003

T (°C) Time (h) 1(Ga) (eV*kcts/s) I(Bi) (eV*kcts/s) Film thickness (A) Notes

178 2665 167.0 3.98 WF
131.8 2627 180.7 4.27 WF
128 0 32.1 1049 47.2 SFF
127.8 0.5 71.5 1038 40.0 SFF
130.2 10 215.9 940.2 29.8 SFF
130.2 16 314.0 1183 28.6 SFF

Ga-Bi x(Bi) = 4.72%crucible 1, measurement 1 23.09.2003
T (°C) 1(Ga) (eV*kcts/s) I(Bi) (eV*kcts/s) Film thickness (A) Notes

280 2848 229.6 4.79 WF
200 2742 266.9 5.46 WF
174 2880 236.8 4.85 WF
90 135.8 1195 35.7 SFF

Ga-Bi x(Bi) = 4.72%crucible 1, measurement 2 06.11.2003

T (°C) 1(Ga) (eV*kcts/s) 1(Bi) (eV*kcts/s) Film thickness (A) Notes

230 2566 245.9 5.40 WF
194 2570 257.4 5.57 WF
161 99.0 1024 37.0 SFF

Ga-Bi x(Bi) = 4.72%crucible 1, measurement 3 06.11.2003

T (°C) 1(Ga) (eV*kcts/s) I(Bi) (eV*kcts/s) Film thickness (A) Notes

270 2710 213.0 4.70 WF
175 2611 256.5 5.49 WF
166 82.7 1034 38.7 SFF
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Ga-Bi x(Bi) = 4.72%crucible 1, measurement 4 13.11.2003

T (°C) I(Bi) (eV*kcts/s) Film thickness (A) Notes
calculated from
Bi signal only (eq. 6.3)

280.0 229.6 5.54 WF

270.0 2129 5.09 WF

230.0 2459 5.99 WF

200.0 266.9 6.58 WF

194.0 2574 6.31 WF

183.0 251.6 6.15 WF

175.0 2625 6.45 WF

170.0 262.0 6.44 WEF, very slow cooling
169.0 261.0 6.41 WF

168.0 287.3 7.16

167.0 292.9 7.33

166.7 328.1 8.39

166.3 340.2 8.76

166.0 364.0 9.51

165.7 360.0 9.39

165.4 376.4 9.92

165.0 385.0 10.20

164.5 360.3 9.40

163.5 368.4 9.66 no visible changes

on the surface

Ga-Pb x(Pb) = 0.06%grucible 1, measurement 1 28.11.2005

T (°C) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

170 1267 74.5 3.31 WF
120 1183 70.0 3.33 WF
80 1113 79.5 3.87 WF
60 1094 86.9 4.20 WF

Ga-Pb x(Pb) = 0.06%sgrucible 1, measurement 2 31.03.2004

T (°C) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

128 1179 73.7 3.48 WF
50 719.5 259.9 11.4 SFF
40 485.4 315.4 15.3 SFF

Ga-Pb x(Pb) = 0.06%sgrucible 1, measurement 3 01.04.2004

T (°C) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

62.5 1080 81.3 4.03 WF
53.3 636.4 203.4 10.61 SFF
58.0 1126 90.8 4.25 WF
53.1  870.7 157.4 7.52 SFF

52.8 679.2 175.7 9.39 SFF
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Ga-Pb x(Pb) = 0.27%grucible 2, measurement 1 23.04.2004
T (°C) Time (h) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes
141.0 1169 90.5 5.12 WF
136.1 O 982 125.1 7.23 :
1342 24 826 321.6 (13.7) SFF+I
135.0 48 951 241.8 (11.0) SFF+I
Ga-Pb x(Pb) = 0.27%sgrucible 2, measurement 2 30.04.2004
T (°C) Time (h) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A)  Notes
139.0 1323 98.3 4.97 WF
1369 O 151.1 553.4 324 SFF
137.3 17 799.6 319.6 (13.9) SFF+I
137.3 19 878.2 298.4 (12.8) SFF+I
1374 22 919.2 274.2 (11.9) SFF+I
137.4 39 1039 233.3 (10.2) SFF+I
Ga-Pb x(Pb) = 0.27%grucible 2, measurement 3 05.05 - 10.05.2004
T(°C) Time (h) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A)  Notes
177.2 1415 97.7 4.71 WF
139.3 1379 104.6 5.05 WF
136.3 0 316.1 494.9 24.7 SFF

cooling

0.5 K/h
136.4 0.5 336.0 490.1 24.0 SFF
136.5 15 369.0 479.3 (23.1) SFF+I
137.4 3 411.6 465.9 (21.9) SFF+|
137.5 15 575.0 397.0 (17.9) SFF+I
134.2 20 546.6 407.7 (18.5) SFF+
132.4 23.5 521.5 417.0 (19.2) SFF+I
131.0 26.5 510.6 424.6 (19.4) SFF+
124.6 39.5 445.3 434.3 (20.7) SFF+I
122.3 44 436.2 438.0 (20.9) SFF+
120.6 48 455.4 441.7 (20.6) SFF+I
106.0 120 406.5 443.8 (21.6) SFF+I
34 135 296.6 497.6 (25.3) SFF+I

Ga-Pb x(Pb) = 0.27%sgrucible 2, measurement 4 25.05.2004

T (°C) Time (h) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

138.3
136.6
136.6

0
2.3

1353
235.7
369.9

98.8
548.0
503.9

4.91
28.2
(23.5)

WF
SFF
SFF+|
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Ga-Pb x(Pb) = 0.41%grucible 2, measurement 1 17.09.2004

T (°C) Time (h) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

180 1347 100.2 4.97 WF
162.3 0 395.4 475.7 22.4 SFF
1845 1 1359 100.3 4.94 WF
162.2 0 313.3 527.6 25.3 SFF
162.0 2.75 448.2 464.8 (21.2) SFF+
1619 4 509.7 438.5 (19.6) SFF+

Ga-Pb x(Pb) = 0.41%grucible 2, measurement 2 22.09.2004

T (°C) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

164.6 1301 77.9 4.23 WF
160.2 378.8 490.1 23.0 SFF
136.9 151.1 553.4 32.4 SFF

Ga-Pb x(Pb) = 0.41%sgrucible 2, measurement 3 03.11.2004

T (°C) Time (h) I(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

167.9 1397 84.5 4.26 WF
166.5 O 397.5 465.8 22.2 SFF
cooling 1 K/h
1659 0.5 387.0 466.1 22.4 SFF
1654 1 366.2 471.9 23.0 SFF
162.8 3.5 355.4 476.8 23.3 SFF
161.7 4.5 347.1 483.7 23.7 SFF
160.0 6 335.0 500.3 24.2 SFF
155.0 22 314.8 495.6 24.7 SFF
40 25 245.4 516.8 27.3 SFF

Ga-Pb x(Pb) = 0.52%sgrucible 2, measurement 1 22.09.2004

T (°C) Time (h) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

172.7 O 432.3 451.6 21.2 SFF
cooling 2 K/h

1711 1 413.6 462.3 21.8 SFF

165.4 2.5 380.6 485.9 22.9 SFF

160.2 5.5 416.2 470.2 (21.9) SFF+I
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Ga-Pb x(Pb) = 0.52%sgrucible 2, measurement 2 20.10.2004

T(°C) Time (h) I(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A)  Notes

237.1 1320 89.1 4.63 WF
236.8 1334 89.9 4.62 WF
180.8 1294 102.5 5.21 WF
179.9 1296 103.3 5.23 WF
179.3 1295 103.7 5.25 WF
178.3 0 434.1 464.6 21.4 SFF,
T is kept
constant
176.7 2 427.0 466.0 21.6 SFF
176.7 18 608.0 390.7 (17.4) SFF+I

Ga-Pb x(Pb) = 0.52%sgrucible 2, measurement 3 19.11.2004

T (°C) Time (h) 1(Ga) (eV*kcts/s) I(Pb) (eV*kcts/s) Film thickness (A) Notes

178.7 1304 103.4 5.21 WF

176.1 1331 94.6 4.81 WF

1728 O 524.3 415.5 19.0 SFF

170.7 0.5 525.5 425.7 19.2 SFF

23 1.5 338.9 496.0 24.1 SFF

5 2.6 339.1 533.0 24.7 SFF,
frozen bulk

Ga-Pb x(Pb) = 0.52%sgrucible 2, measurement 4 22.09.2004

T (°C) Sputtering I(Ga) (eV*kcts/s) 1(Pb) (eV*kcts/s) Film thickness (A) Notes

time (h)
20 0 295.7 527.3 25.8 SFF
20 0.2 285.6 531.7 26.2 SFF
20 0.4 333.1 518.0 24.6 SFF

20 0.6 297.1 541.4 26.0 SFF
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Appendix B

Phase diagrams of the Ga-Bi and Ga-Pb systems.

1. Ga-Bi (B. Predel, Z. Phys. Chem. NF 24 (1960) 206)
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Manufacturer list

Alfa Chemicals

Goodfellow

Omicron

Berliner Glass

Eurotherm

A. Johnson Matthey Company
Postfach 110765
D-76057, Karlsruhe, Germany

Goodfellow GmbH
Postfach 1343
D-61213, Bad Nauheim, Germany

Omicron Nanotecnology GmbH
Limbergerstr. 75
D-65232, Taunusstrein, Germany

Berliner Glass KG
Waldkraiburgerstr. 5
D-12347, Berlin, Germany

Eurotherm GbmH
Postfach 1453
D-65534, Limburg an der Lahn, Germany
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