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ABSTRACT

The thesis deals with adsorption, self-assembly aunéace reactions of Sb
atoms on solid Cu(111) substrates. It is of genumerest in materials science and
technology to develop strategies and methods fprodeicible growth of extended
atomic and molecular assemblies with specific aedirdd chemical, physical and
functional properties. When the mechanisms commiglihe self-organized phenomena
are fully disclosed, the self-organized growth gsses can be steered to create a wide
range of surface nanostructures from metallic, senducting and molecular materials.
The experimental technique used to study orderedgshand phase transitions of Sb on
Cu(111) substrates was the Scanning Tunneling Moy (STM) — an outstanding
method to gain real space information of the atostdale realm of adsorbates on
crystalline surfaces. It is a general trend to cmhdtudies on well known structures
before one begins working on complicated systenherdfore, in this study, Si(111)
Cu(111) and HOPG surfaces were studied in atomiaild® confirm the calibration
and the resolution capabilities of the instrum@itie acquired data were comparable to
the reported theoretical and experimental dataerature.

The investigated Cu(111) — Sb system is charaeryy a complex interplay
between adsorbate interactions and adsorbate atésiteractions which in this study
manifests through self-assembly processes. Both doergy electron diffraction
(LEED) and Auger electron spectroscopy (AES) wetdizad to determine the
substrate cleanliness prior to the growth of a saiwtayer Sb coverage (0.43 £ 0.02

ML Sb as calculated from the acquired STM datag freely diffusing Sb adatoms on
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the copper surface were thermally excited fromraloan distribution of Sb atoms after
growth to a finally rearrangement to more energdliicstable configuration. The
experimental results illustrated the presence dSudace alloy after annealing at
~360°C. The Cu — Cu spacing increased from 0.257.04 nm (atomically clean
Cu(111)) to 0.587 = 0.02 nm after annealing at 8608t that temperature, the STM
images showed the surface protrusions of diffesezgs and contrast, attributed to Cu

and Sb atoms.

In addition to the conventiongh/3x+/3)R30°-Sb structural phase acquired at

~400°C, new metastable structural phages:3x2+/3) R30°-Sb and(2./3x+/3)R30%-

Sb were obtained for the first time after annealh@00°C and 700°C, respectively.
STM data after annealing at 600°C and 700°C wasdescribed by a structural model
involving an ordered p(2x2) and p(2x1) overlayeaudures superimposed onto the
(/3x+/3) R30=-Sb surface, respectively. At elevated temperatuUEED showed ring

shaped diffraction patterns composed of twelve digtsint spots which are consistent
with the growth of a hexagonal film forming threguevalent rotational domains. All
the superstructures were found to favour a strattomodel based on Sb atoms
occupying substitutional rather than overlayerssitghin the top Cu(111) layer.

Other than the dissolution of Sb onto Cu(111),gtuly report also on the segregation
of Sb on Cu together with STS measurements. ThHacaiichemical reactivity on an
atom-by—atom basis of the Cu sample surface wdgestiby current imaging tunneling
spectroscopy (CITS). The local density of statd3@IS) were derived frordl/dV maps

at low tunneling voltages by a simultaneous measant of high resolution

topographic micrographs. The use of surface seasiéichniques (LEED, AES, STM,



STS) in studying the surface alloy in question éxaabled more precise statements to be
made about the surface structure of the systenar&us temperatures. Based on the
experimental results, a comprehensive study of ddeorption and segregation
behaviour of Sb on Cu(111), including the mechasidor phase formation at the

atomic scale is presented in this study
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OPSOMMING

Die proefskrif handel oor die adsorpsie, selfranidsikg en opperviakreaksie
van Sb atome op ‘n soliede Cu(111) substraat.dmuiteriaalwetenskap en tegnologie
is dit belangrik om strategieé en metodes te ork@litvat die reproduserende groei van
ingewikkelde atomiese en molekulére strukture, mspesifieke voorafbeplande
chemiese, fisiese en funksionele eienskappe, vedtidien die meganismes,
verantwoordelik vir die verskynsel van selfranggkilg, verstaan word, kan hierdie
groeiprosesse gemanipuleer word om ‘n wye reekestarkture op die oppervlak van
metale, halfgeleiers en molekulére materiale tedokstellig. In hierdie ondersoek oor
geordende fases en fase oorgange van Sb op ‘n Qu(&dbstraat, is die
Skandeertonnelmikroskoop (STM) as eksperimentetmie& gebruik. Dit is ‘n
besonderse metode om inligting, op die atomiesk glain werklike ruimte, van ‘n
geadsorbeerde stof op kristallyne oppervlakke tkryeDit is algemeen dat ondersoeke
van hierdie aard eers op welbekende strukture gedwerd, voordat met meer
komplekse studies begin word. In hierdie onderseake Si(111), Cu(111l) en HOPG
oppervliakke op ‘n atomiese vlak ondersoek om dighdmbaarheid, kalibrasie en
oplosvermoé van die instrument te bevestig. Diegerdata was dan ook vergelykbaar
met die gerapporteerde, teoretiese en eksperinecgh in die literatuur.

Die Cu(111) — Sb sisteem wat ondersoek is, is gakek deur ‘n komplekse
wisselwerking van reaksies tussen die adsorbateokrtussen die geadsorbeerde stof
en die substraat, wat manifesteer in selfrangsikddkiprosesse. Beide lae-energie-

elektrondiffraksie (LEED) en Augerelektronspektrogie (AES) is gebruik om die
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suiwerheid van die substraat te bepaal alvorerssitnmonolaag Sb bedekking (0.43 *
0.02 ML Sb soos bereken vanaf die STM data) gedsgois. Die geadsorbeerde Sb
atome het willekeurige posisies op die opperviagemeem, waarna dit termies
gestimuleer is om na energeties meer stabiele dgunafsies te diffundeer. Die
eksperimentele resultate dui die teenwoordigheich va opperviaklegering na
uitgloeiing by ~360°C aan. Die Cu — Cu spasiérmant‘'n toename vanaf 0.257 + 0.01
nm (atomies skoon Cu(111)) tot 0.587 + 0.02 nm, ui@loeiing. By hierdie
temperature gee die STM-beelde oppervlak verangieman verskillende groottes en
kontraste, wat toegeskryf word aan die Cu en Simato

Bo en behalwe die konvensione{g3x+/3)R30°-Sb struktuur by ~400°C, is
nuwe metastabiele strukturg2+/3x2+/3) R30°-Sb en (24/3x+/3)R30=Sh na
uitgloeiing by 600°C en 700°C respektiewelik viedeerste keer waargeneem. Die
STM data, na uitgloeiing by 600°C en 700°C, worel loeste beskryf deur ‘n strukturele
model, waar geordende oorstrukture van p(2x2) exI)( respektiewelik
gesuperponeer is op di€3x+/3) R30=Sb opperviak. By verhoogde temperature toon
die LEED patrone ringvormige diffraksiepatrone baside uit twaalf kolle, ewe ver
van mekaar, wat vereenselwig word met ‘n heksagoteajie, met drie ekwivalente
rotasie gebiede. Daar is gevind dat al die supgstre ‘n strukturele model bevredig
wat gebaseer is op Sb atome wat eerder substialsigosisies as posisies bo-op die
Cu(111) laag inneem.

Die ondersoek rapporteer verder oor die segregasieSb op die Cu, tesame
met STS metings. Die chemiese reaktiwiteit van @ieopperviak, op ‘n atoom-tot-

atoom grondslag, is met behulp van stroombeeldtepaktroskopie (SBTS) bestudeer.



Die lokale toestandsdigtheidfunksie is afgelei ¥atia di/dV karterings by lae tonnel-

potensiaalverskille met ‘n gelyktydige meting vaoéhresolusie topografiese beelde.
Die gebruik van oppervlak sensitiewe tegnieke (LEEAES, STM, STS) in die

bestudering van die oppervilaklegering het gelenteer akkurate waarnemings oor die
oppervlakstrukture van die sisteem by verskillentimperature. Gegrond op
eksperimentele resultate, word ‘n omvattende owegdrsna die adsorpsie- en
segregasiegedrag van Sb op Cu(111), insluitenanéiganismes van fasevorming, op

die atomiese vlak aangebied.



TABLE OF CONTENTS

(O N = e SRR 1
INTRODUGCTION ....cttiteiiititeeeesiiiee e e s s mmeme e st e e e e s sssteaeeeasteeaeeeasseseeseasnnneesansneees 1
1.1. BACKGROUND......cccttiiie ettt e e s eemc st ee e ea e e e ee e e e s snteee e e s arnneeeennes 1
1.2. OBJECTIVES OF PRESENT WORK ...ttt 9
1.3, THESIS OQUTLINE ...ttt 10
1.4, REFERENCES. ..ottt et snnee e 12

CHAPTER 2 ...ttt ettt e e et e e e ettt e e e s est e e neneeaesensneeaeaas 20
LI 1= O 7 8 ORI 20
2.1 INEFOAUCTION ..ttt e e e senmr e e e e e 20
2.2  The FCC(111) Surface StrUCIUI .........cemmmmmieeeie i e 21
2.3  Relaxation and reconstruction of SUMfaces ...c.........c.ceuviiiiiiiiiiiiiiiiiinnnns 22.

2.3. 1 RElAXAUON ... 23

2.3.2 Reconstruction of Clean SUITACES ... .o eeeeeeieiieeeeeeeeineeeee e 203,

2.3.3  Adsorbate—induced reCoONSIrUCION. ... ceeeeceiiiiiiiiiiiieie e 24
P Yo Yo 11 o] 1 o] o TR PPPPPRPPP 24
2.5  KinetiCs Of adSOIPLION ......c.ceviiiiietmmm e e 25
2.6 The/3 structures on (111) FCC metal surfaces ......ccceeeoeevivieieeeenennnnnne 26
2.7 Dynamics of adatoms diffuSion...........cccoeeoiiiiiiiiiiiiiiiiiiiiiieiiiiieeieee 27
2.8 Interaction at the SUIMACE ...........oicceermiiee e 30

2.8.1 Influence of adsorbates on SUrfaces ......ccc.ccvvveeiiiiieeeiiiiiiiiiiieeeen 0.3
2.9  TYpPes Of QroWth ... 32

29.1 Frank—van der Merwe (FM) or layer—by layerl . ....ccccccoiiiiiiiininnnnnnnn. 33

2.9.2  Volmer—-Weber (VW) or 3D island.........co e 33

Xi



2.9.3  Stranski-Krastanov (SK) or 3D island—on wettlayer growth ............ 34

2.10 Introduction t0 Segregation ...........occccccvveieieiiieieiiieiee e 34
2.11 The modified Darken model ..o 35
2.12 REFEIBINCES ....ooiiiiiiiiii ettt e e 37
CHAPTER G 41
Scanning Tunneling MicroSCopY (STM)....coviiiccccce e 41
3.1 INTRODUCTION....cciiiiiiiiieiiie et 41
3.2 Electron tunNeling ... 42
3.3 STM principle of OPEration ..............oceeceiiiiiiiiiieee e 44
3.4 TUNNEIING CUIMENT ....iiiiiiiiiieiiiiie e eeeeeeeeeeeeeeeeeeeeeeeeeaeseeebeseeebeebeessbeneneeeeeeees 45
3.5 Bardeen theory of tUNNEliNg ...........uemmmmminiiiiiinisss e 48
3.6 Modes Of OPEratioN........coooi i 50
3.6.1 Constant current imaging MOAe ........ccocoiiiiiiiiiiiiii e 0.5
3.6.2  Constant height imaging Mode .........cccccccviiiiiiiiiieeeeeee 1.5
3.7  Scanning Tunneling SPectroSCOPY (STS) .ueeeeeeerrrrrrrrrrrrrrerrrnrrnrenernnennnnnenns 52
3.7.1  Current Imaging Tunneling Spectroscopy (CITS)......cccceveviinnnnnnnns 53
3.7.2  Constant Current SPECLrOSCOPY........ceeeemmmurireeeeereririiinneeeeaeeeeernnnnnns 4.5
3.7.3  Constant Voltage SPECIrOSCOPY .......ummmmmmneeeeerereereireeierrieiereierereeeeen 4.5
3.8 STM Major COMPONENTS.....civviiiiiiiiieieieeeee e 55
3.8.1  Vibration ISOIatioN ...........c.eeviiiieeeemiiiiee e 56
3.8.2  Electronic feedback control System ... 56
3.8.3 The STM TP oo 57
3.8.4  Images and Filtering ........cooooiiiiioeceee e 57
3.9  Atomic resolution on well Known SUDSHrates .. vvvvveveiiiiiiicce 59
3.10 Highly Oriented Pyrolytic Graphite (HOPG).ccee...cooooiiii 59

Xii



3.10. 1 EXPEriMENTal ... ... eee e 61

3.10.2 Results and DiSCUSSION ............uummeececeeeeeeiniiiiireeeeee e e s eainieeeeeeeneas 61
3.11  Si(111) — 7X7 reCONSIIUCTION ... e e 64
3111 EXPEriMENTAl ......ueiiiieiii i 66
3.11.2 Results and DiSCUSSION ............uuemeececeeeeeeaniiinireeeeee e e s esinieeeeeeeeeas 66
G TN YU {1 ] 1 4 = T PR 69
3.13  REFEIENCES ...oeiiiiieeii ittt e e e e 71
CHAPTER 4 ...ttt ettt e e et e e e st ee e e e s nst e e e e eneeaesenneeeaeaas 75
Experimental Facilities and Procedures ..., 75
4.1 TIp fabriCation ..o 75
4.2  Characterization TEChNIQUES .........ooiceeeeeiriviiieiiiiiiiiie s aenns 78
4.2.1  The UHV variable temperature STM SyStem.............ccccvvviviiiiinnnnnn. 78
4.2.2  Low-energy electron diffraction (LEED)............uuuuiiiiiiiiiiiiine 81
4.2.3  Auger electron SpectroSCOPY (AES)......uuuuueieiiiiiiiiiiiiiiieiiiiiiiiiiieienenenes 83
4.3 RETEIENCES ...ttt et e et 86
CHAPTER 5 ...ttt ettt e e ss bt e e s e e e e s ebbr e e e e 87
Dissolution Of SB 0N CU(LL1)....uuuuuuenuinnimmmmmneerenrnrnnnenennnennnnnennnenee s annneseeees 87
5.1 INIFOAUCTION ..ottt e e e 87
5.2  EXperimental ProCEAUIE ...........uuuuutmmmmmmm e eeeees e e e es e e e e e e e eeenenes 89
5.3  RESULTS AND DISCUSSION .....ccutiiiiiiiieeeme sttt 91
5.3.1  Atomically clean CU(LLL).......uuuuurmummmmmreeeeereeeeememmeemnennnnenenenensnemmnene 91

5.4  Growth of Sb on clean Cu(111) Surfaces ..ccceeeeriiiiiiiiiiiiiie. 3.9

5.5  Stages Of dISSOIULION........ceiiiiiiiit ettt e e e e e e 97
5.5.1  Annealing at 360°C........uuuuuuuuuiiiinnnieiiiiieiiniieienineienee e nnnnns 97
5.5.2  Annealing at 400°C........uuuuuiuiuiiiiennieniiiieiieiieeeee e nnnnes 99



5.5.3  Annealing at 600°C .........uuuuuuururerurrinreeereieeneeerereerrererenenrn———. 104

554  Annealing at 700°%C ........uuuuuuuueruerurrunreerenneeneenneneerrenerenenenenenn. 110

5.6  Segregation of Sb oN CU(L111)..cciiiiiiimiiiiieieieeeeeee e, 113
5.7 SUMMAIY Lottt ettt ettt e e e e et e e et s e e e e e e eeeeenmnrssan s 115
5.8  REFEIENCES ......ciiiiiiii et 118
CHAPTER B ..ottt 120

Scanning Tunneling SpectroSCOPY (STS) .....commmeeeereereereerrereerrereeeereenseeennne 120
6.1  INTRODUCTION.....uuttiiiiiiieeeaieiieies e teeeeeaeeeaesnnneseeeeeaeeeeaeennnnnees 120

6.2 STS of Cu(111l) at ro0m tEMPEratUre ... . .oeeuemeeeeeeeeememennnennnnnnnnnnnnnnnnnnn. 220

6.3  SUMMARY . —— 128
6.4 REFERENCES. ... 129
CHAPTER 7 e 130
SUMMARY AND CONCLUSION .......cooiiiiiiiiiii i 130

FUTURE PROSPECTS ..ot s s 136
PUBLICATIONS ..ottt 137
INTERNATIONAL MEETINGS AND CONFERENCES. .......ccoee s 138
LOCAL MEETINGS AND CONFERENCES. ...........oo oo 138
AWARDS ... 140

XV



ACCRONYMS

Sb Antimony

Ag Silver

Cu Copper

2-DEG Two—dimensional electron gas
AES Auger electron spectroscopy
HOPG Highly oriented pyrolytic graphite
LEED Low energy electron diffraction
DOS Density of states

LDOS Local density of states

STM Scanning tunneling microscopy
STS Scanning tunnelling spectroscopy
UHV Ultra—high vacuum

VT-STM Variable temperature scanning tunneling microscopy
Er Fermi energy

FCC Face centered cubic

HCP Hexagonal closed packed

3D Three dimensional

RT Room temperature

BZ Brillouin zone

FHUC Faulted half unit cell

UHUC Unfaulted half unit cell

XV



CHAPTER 1

INTRODUCTION

1.1. BACKGROUND

Materials and their properties have fascinatechtirean race since the past centuries
when fabrication was regarded more as an art thaciemce [1-3]. Today's way of life
depends heavily on the ability of a few millionrtssstors to process data and a few million
more to store it, whether temporarily or permanef-10]. Until now, investigative
research is still carried out in the field of maby and surface science which is primarily
intended to expand the range of knowledge and piiepeof materials of various types for
both technological and fundamental applicationsdl J—Given that most material products
come in the form of alloys, some of the ongoingsfieas in the field of materials science
includes, whether different elemental materials eneniscible when combined under
controlled conditions, whether or not the materditsolve in one another, and, if they do,
to what extent. Alternatively will they react torfio a compound? If so, in what atomic
ratios (or stoichiometry)? And how does processiogditions influence the product of the

combined materials?



The field of modern surface science is driven by ¢ver increasingly specialized
intricate set of characterization tools that arawdr from a wide range of scientific
disciplines utilized to give answers to some, it afh of the above—mentioned questions
with a high degree of accuracy [11-17]. Due todbmand for faster processing speeds and
huge storage capacity of electronic devices, théysbf materials has ushered in the field of
nanoscience and nanotechnology where materialgreestigated in dimensions less than
100 nm [4,5,18-20]. In particular, the control loé tshape and size in nanostructural growth
has been a very hot research field topic [19-2hLesthe properties and applications of

nanostructures mainly depend on their shape, sidesarface morphology [9, 22-25].

It can be argued with considerable justificatioattthe field of nanotechnology is
driven by the possibility of fabricating tailor—dgsed nanostructures with unique
properties. Two different approaches are genetaldd in the fabrication of nanostructures,
namely, top—down and bottom—-up. The top—down methaitly includes photolithography
and etching techniques which permit the creationasfostructures over large sample areas
[4,5,18]. Other examples of top—down include carlmamo structures produced by ball
milling of graphite [26] and arc discharge. The tiithography process has some
disadvantages, such as the sizes of nanostructedsnited by wavelength of the photons
used in the photolithography and mask sizes [4]50 the other hand, in bottom-up
approach the building block materials for fabricgtiself~assembled nanostructures are
atoms, molecules or clusters [4-7,18,20]. Bottomenpmples include chemical vapour
deposition (CVD) [27,28], molecular beam epitaxyBE) [29-31], sputtering, liquid to
solid nucleation, pulsed laser deposition (PLD)-{342], sol-gel techniques [35-37], to

mention but a few. The self—~assembled nanostrustean be formed in a growth



environment taking advantages of some energetimmggic and kinetic effects of over—
layer materials and substrates where moleculegs#iffrom atomic to the mesosopic scale
[18,20,38]. In this study, the latter approach iflized to grow thin film layers by
controlling the flux of the deposited material, thimetics and thermodynamics of the

underlying substrate.

Crystalline surfaces of noble metals (Cu, Ag, Aayd broken translational bulk
symmetry [39], i.e., when the surface is translateany direction it will look different than
in the bulk. The lack of translational symmetryrajahe surface normal (perpendicular to
the surface) results in electronic states localizexpendicular to the surface, the so—called
surface states [40-42]. These surface states eabzied to the first few atomic layers at the
crystal surface and form a quasi two—dimensionek felectron gas (2DEG) which is
confined to the first few atomic layers at the tayssurface [6,43,44]. Therefore, the
electrons strongly influence the interaction betwdélee surface and its environment and
thereby contribute to the chemistry of surfaceghsas adsorption processes, equilibrium
surface structures, or catalytic reactions [106W,4urthermore, surface states are
responsible for long—range substrate mediated bdsointeractions, which dominate the
bulk—state mediated contribution for large ads@batisorbate separation [47,48]. In
addition, the contribution from surface statesakevant for the total energy balance of
surface reconstructions [6,40].

Thin films are of special interest especially witeey have a thickness of only a few
monolayers. Properties of such films may drastcdiffer from their bulk due to the
surface restriction to two dimensions and due ®itieraction with the substrate [49-51].

The surfaces of bulk alloys are of practical inséfer their chemical properties be it novel



activity or selectivity to certain reactions [52}5h a way which differs from the
constituent elements in isolation or novel pass#gsrto corrosion. Our understanding of the
chemical and physical phenomena on surfaces isdar complete, and the application of
surface science methods to investigate these presmeima a manifestation of a general trend
to the study of surfaces of increasing complexity.

Copper (Cu) has proved to be a favoured substoatst@idies of ultra—thin metallic
film growth for many reasons, including the relatiease of cleaning and maintaining
surface cleanliness, the high level of crystallijpelity and the advantages of a full d—band
electronic configuration allowing high resolutiotudies of the surface and bulk electronic
structure [55]. Some adsorbate species such as@mti(Sb) and indium (In) are known to
act as surfactants in both homo — and hetero -axgpliecause of their low surface energy
[56,57]. These adsorbates appear to induce layelaygr growth [58] in systems which
otherwise tend to island growth, whilst remainirigtlee surface as the growth proceeds
rather than being incorporated into the growingnf[69,60]. Despite increased interest in
the applications of surfactants on metal growth, rtlicroscopic mechanisms of dissolution
and segregation of Sb is not yet fully understo6éd].[ Established examples of this
phenomenon is the role of Sb as a surfactant ogriweth of Co on Cu(111) [62] and the
growth of Ag on Ag(111) [63,64].

The phenomenon of surface segregation is defingdeapreferential enrichment of
one component of a multi-component system at admyror interface [65-68]. The extent
of segregation is influenced by strain energy duéhe atomic size mismatch between the
solute and the solvent, as well as the differentéiseir surface energies [52,69,70]. During

surface segregation the surface enthalpy is difteiom the bulk enthalpy and occurs at



finite temperatures (or in the materials growthgass) when energy activation barriers to
diffusion are overcome.

When monolayers of Sb are grown on Cu(111) or At thhere are generally two
proposed atomic structural models [71,72]. On trst model, Sb atoms are located above
the (111) surface in face centered stacking sigeadatoms, while the second structure,
involves Sb atoms sitting substitutionally withiret(111) surface layer of the substrate [71—
74]. Previous experimental [71-73] and theoret|¢d|75] studies have suggested that the
energetics of this systems are such that in theredd0.33 ML Ag(111)+/3x+/3) R30=Sb
or Cu(111) (+/3x+/3)R30=Sb phase, the Sb atoms substitute one-third obtiermost
substrate (Ag or Cu) atoms to produce an orderefheai alloy which shows out—ward
relaxation of the Sb atoms. Thus these previousfyonted studies rules out the first
proposition of Sb sitting as adatoms on the sutestra

The formation of thg/3x+/3) R30° superstructure, is well understood in the case of
Sb—Ag system since Ag and Sb form bulk intermetaibmpounds and their atomic radii
mismatch is small (~1%), however, it is ratheridifft to understand how such a phase can
form in the Sb—Cu system because of the large atomsmatch (~ 15%) between Cu and
Sb [76,77]. Therefore, the observation of almosntdtal two—dimensional surface alloys in
both cases reveals that the main driving forcesfdonation is the tendency to chemical
ordering, almost independently of size—-mismatchvbeh deposit and substrate atoms. The
Cu — Sb system has been widely studied for (100)&hl1) Cu surface orientations [76,77],
considering both segregation and dissolution obdied Sb layers. Previous situ STM,
Auger electron spectroscopy (AES), and low enetggteon diffraction (LEED) studies of

the dissolution and segregation of ~ 1 ML of SbQur(111) has revealed that at ~ 400°C,



the dissolution stops, due to formation of a swfalfoy which exhibits a @/3x+/3) R30°
superstructure which is fully consistent with oreaBom per unit cell in the(p3x+/3) R30°

structure[78]. The dissolution and segregation kinetics #res closely linked to the
equilibrium surface segregation.

At higher Sb coverages, a p(2x2) reconstructionbessn observed on Ag(111), and
explained as an ordered p(2x2)-Sb overlayer supesed on the(y/3x+3)R30-Sb
surface [72,73]. A similar structure at higher $iverages has not been reported on the Cu-—
Sb system. Theoretical calculations have shown thatcreation of(v/3x+/3) R30=Sbh
surface alloy is energetically favoured [75]. Theamanism underlying the dissolution and
segregation of the large Sb (atomic radius = 0riffY atoms deposited on the (111) close—
packed Cu (atomic radius = 0.128 nm) surface lisastiopen topic for investigation.

From an experimental point of view, the first amble methods capable of
investigating surfaces at the atomic level weréatition methods in the late 20s [17,79]
followed by scanning tunneling microscopes in thée [70s [80-82]. Quantifying and
understanding the structure of surfaces, and péatly of adsorbates on surfaces, is a key
step to understanding many aspects of the behawioaurfaces including the electronic
structure and the associated chemical propertiesh Bow—energy electron diffraction
(LEED) and reflection high—energy electron diffiaot (RHEED) has for example brought
many successes in understanding atomic surfacestaotion [83—-85]. One of the major
disadvantages of these methods is that the suidacspresented in the reciprocal space,
making interpretation of measured physical dataenmaricate.

The first real space experimental technique capabimaging atoms at a surface is

the field ion microscope (FIM) [86-88]. While thimethod has been widely and



successfully used to study the diffusion of adatamd clusters at a surface, it is not suited
to investigate large areas of nanostructure—covareglilar surfaces.

The cornerstone of modern growth investigation Veaéd by the invention of the
scanning tunneling microscope (STM) in 1982 by Binand Rohrer (Nobel laureates in
1986) [80,81] which will be the main experimentablt for this study. The invention of the
STM solved one of the most intriguing problems \ihiascinated surface scientist for quite
some time, the Si(111)—(7x7) reconstruction [81,89ther than providing images of
surfaces and adsorbate atoms and molecules wittecggented resolution, the STM has
also been used previously to modify surfaces, famgle by locally pinning molecules to a
surface [90] and by transfer of an atom from theViSiip to the surface [91]. Recent
developments in nanoscience make it possible tineeg artificial structures at surfaces
[92—-99]. The STM tip can be used as an engineanirapalytical tool, to fabricate artificial
atomic—scale structures where novel quantum phenaroan be probed and properties of
single atoms and molecules can be studied at am@atevel [82,100,101]. These structures
include quantum corrals [100,101] and atomic ch{ifg].

The STM can also be operated in the spectroscomen(8TS) to study the local
electronic structure of a sample's surface. Thissisally done by sweeping the bias voltage
V and measuring the tunneling currénthile maintaining constant tip—sample separaton
which results in current vs. voltage-Y) curves characteristic of the electronic structaitra
specific X,y location on the sample surface [103-105]. By nucadly differentiatingl-V,
the conductancdl/dV can be obtained. The interpretationdddV spectra can be complex
but it can be shown that, under ideal conditiai&lV is a good measure of the sample

density of states (DOS) [103-105]. This method nsakeossible to get energy spectra of



very small objects at the surface. This can be usethe microelectronics industry, for

example, to control electrical properties of tratwis, especially those of a very small size.



1.2. OBJECTIVES OF PRESENT WORK

The main aim of this project is to utilize an UlHigh Vacuum Variable Temperature

Scanning Tunneling Microscope (UHV VT-STM) to stutig dissolution and segregation

of fractional monolayer of antimony grown on copfiEt1) surfaces situ.

The main objectives are:

(1)

(2)

3)

(4)

(5)

Optimize the VT-STM system in order to obtain marplgy of Cu(111), HOPG
and Si(111) with atomic scale resolution in ordecalibrate the STM especially
using the well known Si surfaces

Systematic study the nature of surface reconstmictdf conducting and
semiconducting materials in UHV

Investigate the atomic interaction of the Cu—SHhesysand its various structural
phases as a function of annealing temperature

Obtain local Auger spectral data at various tentpega on the segregation of Sb
to the Cu(111) surface in order to calculate diffilg, segregation energy and
activation energy of the Cu—Sb system

Perform current—voltage measurements to obtainabdduinformation regarding

the electronic structure of the Cu—Sb system



1.3. THESIS OUTLINE

The thesis is structured as followBhapter 2, introduces the theoretical background
on surfaces and various processes such as readimsteuat surfaces, the kinetics of thin
film growth and types of growth. The chapter alswraduces the basic concepts of
segregation and the modified Darken model whiclcriless segregation phenomenon for
binary systems.

Chapter 3 focuses on the main experimental method of thaighehe scanning
tunneling microscopy (STM). The chapter contairesriecessary background information to
understand the experimental work presented laténarthesis. These include the theory of
electron tunneling and the operation principlestted STM system. The background on
scanning tunneling spectroscopy is also explainedktail in this chapter. The chapter also
explores the unprecedented resolution of the STMthglying the surfaces of well known
substrates such as Si(111) and HOPG in detail.

Chapter 4 comprises the experimental techniques and proesdiihese include the
theory of surface sensitive techniques (AES, LEEID}e UHV VT-STM system and its
components together with tip fabrication processesalso discussed.

Chapter 5 looks at the adsorption and dissolution studiesutimonolayer Sb grown
on Cu(111) surface to get better insight into tteerdc structure/s of the surface alloy and
the influence of temperature at the sample surficaddition, the chapter reports on the
experimental segregation studies of Sb on the coggraple.

Chapter 6 looks at the added advantage of being able to icqelectronic
information simultaneously with topographical dattilizing STS which allow direct

comparisons of the topography and the electricatastteristics of the sample surface.

10



Chapter 7 focuses on discussions and conclusions. Key poegrding experimental
results from dissolution, segregation and the cotalice measurements are summarized to

give a better insight with a complete conclusionhef study.

11
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CHAPTER 2

THEORY

2.1 Introduction

The inception of modern surface science techniglagéss back to the early 1960s.
The breakthrough in the field resulted from a camabion of factors, including progress in
ultra high vacuum technology, the development giegxnental methods sensitive to the
surface atomic structure and the appearance offpged digital computers.

A surface is created by cleaving a solid and breakif bonds between the atoms of
the cleavage planes [1-5]. The work done in fornangnit area of a new surface is called
the surface energy and is denotedybyhe surface free energy of noble metals (Cu, Ag,
Au) is more than three times higher than that of dar Waals substrates like graphite. It is
this surface free energy which drives adsorptioth @atalysis and explains why metals are
very active materials in such processes [4].

It is conventional to use the-axis for the surface normal, leavixgandy for
directions in the surface. The interest in surfgmeperties of a material usually
encompasses the bulk properties of the materiatrefare, understanding of the surface
properties requires a good knowledge of bulk priogger Almost all surface science studies

are concerned with addition of controlled amount fofeign atoms (adsorbates) on
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atomically clean surfaces. There are various wayshich adsorbates or molecules can be
introduced onto the host material surface (sulest{éi.

The adatoms can condense onto the surface fronp@r@hase through a process
called adsorption or alternatively segregate frdra sample bulk, or diffuse along the
surface. Knowledge of the structure of surfacesgarticularly of adsorbates on surfaces is
a key step to understanding many aspects of thavimir of surfaces including the

electronic structure and the associated chemicggpties.

2.2 The FCC(111) surface structure

Surface structures of metals, being the most studiieall surface structures illustrate
the degree of reproducibility and accuracy achiter/llg modern surface science techniques.
Many metal elements crystallize in the face—centengbic (FCC) structure. Among them
are the noble metals copper (Cu), silver (Ag), aymd (Au) [7]. In the atomic
configuration, noble metals are characterized mompletely filled d-level subshell and
one single s—type valence electron. In the solitesthese electrons are strongly delocalized
to form an sp—derived band. Close to the Fermitlekie electronic properties are found to
be in very good agreement with that of a free—ebectmodel [8]. Even though the surface
region is in principle a three—dimensional (3D)itgnhaving a certain thickness, all
symmetry properties of the surface are 2D — meathiagsurface structure is periodic only
in two directions. Atoms in the bulk of FCC (111patarials have coordination number 12
while those at the surface have 9 nearest neighbdiums means that the mean-square

amplitude of the surface atoms is much larger thahe bulk.
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The surface energies per atom increase with deogeasordination of the surfac
atoms.For low index surfaces (FCCmetals (figure 2.1) the stability decreases inttaad
7(111) <y(100) <y (110).The surface layer of the {111} surface has «fold rotation axis
and three nortrivial mirror planes. The surface lattice has t“different” three fold hollow
sites, the hexagonal close packHCP) site and the face centredbx (FCC) site. The
packing density is the highest for the {111} sugsacfollowed by the {100} and finally tr

{110} surfaces.

FCC hollow On top
HCP Bridge

Figure 2.1. The (a)(111), (b) (100), and (c) (110) phases of F€ystals and the adsorpti
sites for adatoms [9].

2.3 Relaxation andreconstruction of surfaces

The subsequent processes which involves the rearramgsnoé surface (and ne
surface) atoms to form a structure with a diffeneatiodicity and/or symmetry than that
the bulk crystal are called relaxation and recamsion. The driving force behind ese
processes are the energetics of the system (i.e. the desire to reduce the surface

energy by increasing the coordination number ofaser atoms and this is achieved
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several ways, as shown in figure 2.2. As with atlgesses, there are kinetic limitations,
which prevent or hinder these rearrangements at temperatures. Relaxations and
reconstructions often occur for atomically clearfazes in vacuum, in which the interaction

with any another medium is not at play.

2.3.1 Relaxation

Atoms at the surface of a crystal have fewer neaghbthan atoms in the bulk. The
reduction of nearest neighbour gives rise to rabigion in the selvedge. This changed
force field results in the decrease in the layacsmsd perpendicular to the surface (figure
2.2 (a)) with no change either in the periodicifyadlel to the surface or to the symmetry of

the surface unit cell [5].

2.3.2 Reconstruction of clean surfaces

Reconstruction of surfaces is a much more readibeovable effect, involving larger
(yet still atomic scale) displacements of the sefaatoms. Unlike relaxation, the
phenomenon of reconstruction (figure 2.2 (b)) imesl a change in the periodicity of the
surface structure. Surface reconstruction can affee or more layers at the surface, and
can either conserve the total number of atomslayer (a conservative reconstruction) or
have a greater or lesser number than in the bullofe-conservative reconstruction). The
reconstructive surface phase transition can eiticeur spontaneously or be activated by

temperature or by addition of adsorbates [10].
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Figure 2.2 Schematic side view of characteristic rearrangesef suface atoms
(a) relaxed surfaced{, < dpui), (b) Surfaceeconstruction (c) missing row type
reconstruction.

2.3.3 Adsorbate-induced reconstruction

At the lowest level of surface modification, adsads often influence the sub
changes in atomic layer spacings that occur clos¢h¢ surface of a clean substr
observed by diffraction techniqu Certain surfaces (bare (110) Cu, Pd and Ni) atdesia
the clean state while other surfsreconstruct in the presence of adsorbed atoms(Tly)
surfaces of transition metals Ag, Pt and Au tramefoto (:x1) pattern of the missing ro
type of reconstruction iure 2.: (c)) when oxygen is adsorbed onto the surfel1-13].
The thermodynamic driving force for this kind otomstruction is the formation of stro
adsorbatesubstrate bonds that are comparable to or strotiger the bonds betwe

sulstrate atoms in the clean substrate sur

2.4 Adsorption

The process of adsorption occurs when a gas oidlisolute accumulates on tF
surface of a solid forming a molecular or atomimf[14,15. A qualitative distinction ca
be made between chemisorption anhysisorption in terms of their relative bindi
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strengths and mechanisms [11,16]. In the case g$igbrption, the adsorbate—substrate
interaction is weak due to van der Waals forces thiedbinding energies are within the
ranges of 10 — 100 meV. The overlap of the wavectfans of the molecule and the
substrate is rather small, thus, the perturbatioinshe structural environment near the
adsorption site is negligible [5,17]. When the ablate—substrate interactions forms strong
chemical bonds that are either covalent or ionithwinding energies of about 1 — 10 eV,
the process is often denoted chemisorption [11{hénlater process, the strong bonds alters
the adsorbate chemical state and alternativelygdsathe structure of the substrate either by
relaxation or reconstruction of the few top atotaigers of the substrate. This process is the
result of the long range order observed on modlsicrystal surfaces with adsorbates
which posses two—dimensional phase characteriseiisbgwn electronic, chemical, and

mechanical properties [17,18].

2.5 Kinetics of adsorption

Consider the kinetic approach for the case of &umi solid surface exposed to a
monatomic gas of adsorbates at temperaifuaad pressur@. From the kinetic theory of
gase = nkgT, the fluxF of the gas molecules or atoms impinging on théaserper unit

area and time is given by [19]

(2.1)
wherep is the partial pressure of the adsorption gas uredsin Torr,m is the mass in
grams of the gas molecule (atomkg, is Boltzmann’'s constant, and@l is the absolute

temperature in Kelvin. The ratio of the adsorptiate to the incident rate is defined as the
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sticking coefficient. The flux is a measure of hfagt material is deposited on the surface. It
does not enter any equation concerning processegected to self-organization, like the

definition of diffusion barriers or the strain fielThus, the flux rate influences the kinetics
of growth only indirectly by determining the densibf adsorbates on the surface and
thereby the mean free path, the nucleation ratslarids and by determining the time scale

of free diffusion between two deposition events.

2.6 The .3 structures on (111) FCC metal surfaces

RoBRoRo

(O Substrate
‘ Adsorbate

Figure 2.3. Schematic diagrams illustrating two possible
surface structures that have(&/3 x +/3) R30° structure, the
(+v/3x+/3) R30°unit cell is outlined: (a) the adatoms sit on the

hollow site of the FCC (111) plane, and (b) thetawhs are
sitting substitutionally within the (111) surfacayér showing
rippling due to the outward shifting of the adsaebatoms [20].

Even though real crystalline surfaces always conpint and/or line defects, the
model of a periodic two—dimensional surface is @ment and adequate for the description
of well-prepared samples with large well-orderedaarand low defect density. The

coverage of foreign species adsorbed on surfacesatomically clean substrates
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characterizes the surface concentration of the reddomaterial and is expressed in
monolayer (ML) units. The adsorption of various atiet adsorbates on (111) surfaces of
metals results in the formation qf/3x+/3)R3Q structures [5, 20-23] at an adsorbate
coverage of ~1/3 ML [14]. Depending on the adsalpatsition on the substrate, the system

can become a surface alloy i.e, substitutiopgx+/3)R30 phase (figure 2.3 (a)) or
alternatively adatom-typg/3x+/3) R3® phase (figure 2.3 (b)). In the prior phase, dokstar

atoms occupy substitutional sites formed by diggtaent of the substrate atoms from the
first atomic layer of the substrate. Examples obss$itutional structures include the
adsorption of Sn, Sb and In on Cu(111), and Ag(Efter annealing above 300°C [14, 20—

23].

2.7 Dynamics of adatoms diffusion

Defects plays a prominent role in many propertiematerials, through their characteristic
production of local distortion and mobility [3,28]2 The Terrace Ledge Kink (TLK) model
(figure 2.4), which is also referred to as the @eer Step Kink (TSK) model, describes the
thermodynamics of crystal surface formation andgfarmation, as well as the energetics of
surface defect formation [25,26]. Upon adsorptiontbe surface, adatoms has (positive)
adsorption energyE,, relative to zero in the vapour. (This energy e&fermred to the

desorption energy).
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Figure 2.4.Schematic illustration of typical surface sites defects on solid surfaces [25].

The desorption rate of adatom is roughly given by

{%]
_ kT
g = V€ " (2.2)

wherev, is the characteristic atomic vibration frequency & expected to vary relatively
slowly (not exponentially) with temperatuiié andkg is Boltzmann constant. In this case,
the desorption energy is assumed to come froncdattibrations only. The adatom can
diffuse over the surface, with energy (migration barrier energy) and the corresponding
frequencyvy (order of 16*s™). SinceEy << E,, surface diffusion is far more likely than
desorption. The probability that during one sectimel adatom will have enough thermal
energy to pass over the barrier is

H:%JGJ (2.3)
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L : , . kgT
In unit time the adatom makeg attempts to pass the barrier, with a probabilityo' °
of surmounting the barrier on each try. The adadidfusion coefficient (jumping a distance
[) is then approximately

D=v,]l Ze_[ kEBaT] (2.4)

The diffusion of lattice atoms occurs by the randuootion of atoms from lattice site
to lattice site. Thus, equation (2.4) is in fac thean square displacement of the random
walker per unit time, or the tracer diffusion cag#nt. It is convenient to express surface
areas in terms of substrate unit cells. TBepecomes the number of unit cells visited by the
adatom per unit time. The adatom lifetime beforgodgtion is given by:

)
7, =vie '’ (2.5)

The characteristic length, within which the adaian move, is

(2.6)
The presence of steps at the substrate surfacesgppress the homogeneous

nucleation of adatoms on terraces [27]. The growichanism will be in favour of

heterogeneous step nucleation which in turn persit®oth two—dimensional growth.

Binding energies for adatoms at step sites areeivei@l larger than on terrace sites due to

the increased coordination.
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2.8 Interaction at the surface

2.8.1 Influence of adsorbates on surfaces

When atoms or molecules are adsorbed on the sudbeesolid, the electronic
structures of both the atom and the solid are pgestli The electronic states on metallic
surfaces are described by wave functions with periproperties in directions parallel to
the surface, and because of this, it is clear that perturbation associated with the
adsorption of an atom need not be very well loedlif this is so, then the adsorption of
one atom will influence the adsorption of anotheerodistances for which the direct
interaction of the two atoms is negligible.

The electrons of the surface states on the (11faces of noble metals (Au, Ag,
and Cu) form a quasi two—dimensional free electgas (2DEG) which is confined to the
first few atomic layers at the crystal surface [28}- They are scattered by the potential
associated with surface defects, e.g. impurity atoadatoms, or step edges, leading to
guantum—interference patterns in the local dersitgtates around these defects. Surface
interactions such as the direct chemical interacéiad the indirect electrostatic (dipole—
dipole), elastic (deformation of substrate lattica)d electronic interactions (Friedel
oscillations in the density of bulk conduction étens), are present at a few atomic

distances [28,31]. Friedel-oscillations at the Fexnergy Er) have periodicity of half the

wavelengthd =27K: of screening electrons [32,33}¢ is the wave vector of the Fermi

energy of an electron. The Friedel type interacti@ween two adatoms on a Cu(111)

surface is given by,
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AE, =

cosk-R+¢) 2.6)

R
whereR is the distance between the adsorbed atoma,constant, and is the azimuthal
angle between the wave vector projection onxthplane and the surface normal [31]. The
lateral range of the force, given by depends on the states providing the screenireof
adatom. The theoretical result of current intergeghat the interaction is particularly long
range when the interaction is mediated by a pgrtitlled surface band of electrons [31]. In
crystalline surfaces of noble metals with brokemctral inversion symmetry, the Fermi
energy:

2 2
E = hKe
2m*

(2.7)

wherefi is Planck’s constant divided byt X is the wave vector of the Fermi energy of an
electron andn* is the electron effective mass. The subtle ingsrjletween orbital and spin
moments through the spin orbit (SO) interactionusel a spin splitting of the electronic
states in these systems. The strength of the gpihinduced spin—splitting is called the
Rashba energy [34—36]. Several studies [29,30,36k®83 shown that the splitting of the
energy bands in the asymmetric surfaces can beneaetidby adsorption of various metals
(Pb, Bi, and Sb) and various gases (O and Xe) dilenmetals and these system have

applications in the field of spintronics.
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2.9 Types of growth

Augmented interest in studies of thin metal filnowth is partly because of the
possibility of growing thin films with novel physat and chemical properties and partly
because of the desire to understand the fundamprdgeésses underlying nucleation and
growth. The growth behaviour usually depends ontktie@modynamics of the new solid
phase formation and the growth kinetics [5,7,39héf¢as thermodynamics tends to drive
the system into its minimum free energy configunatithe trend towards thermodynamic
equilibrium is often hindered by kinetic limitatisnWwhen metal atoms evaporate on a metal
crystal, a supersaturated gas phase of metal a&wgists above the metal surface. The higher
this supersaturation is, the more the kinetics ddminate the nucleation and growth. In
general, on atomically flat surfaces, three priatipodes of growth are established (figure

2.5).

o Frank van der Merwe g (al

o I'\a

4"I — - *

I Layer growth I

‘u’nlmer Weber

|
o0
| Cluster grl:mth

Stranski-Krastanov {c)
Q O

o ; 1
9 i b
¢ b
Layer growth Cluster growth

Figure 2.5 Schematic illustration of different growth mode8Ji4
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2.9.1 Frank—van der Merwe (FM) or layer—by layer

The interatomic interactions between substrate fdimdmaterials are stronger and
more attractive than those between the differearhat species within the film material. The

FM growth requires that

Yit Vs Ys (2.8)
wherey;, y;, andys are the interface free energy, film free energy amndace free energy
respectively. The interface free energy depend¢herstrain and the strength of chemical
interactions between the substrate and the adssrlatthe interface. Equation 2.8 implies
that the sum of the film surface energy and therfate energy must be less than the surface
energy of the substrate in order for wetting tousc@lternatively, it becomes easier for

layer-by-layer growth to occur as the surface epefghe substrate increases.

2.9.2 Volmer—-Weber (VW) or 3D island

This growth mode occurs when the atoms or moleafléise growing film are more
strongly bonded to each other than to the substnalige in the FM growth. This type of
growth is expected if

YitYe > s (2.9)

This type of growth is illustrated by the evaparatof silver on inert substrates such
as HOPG. The Ag atoms form clusters on HOPG. Thsteis nucleate on the substrate
surface and form 3D islands. As these islands gtbwry impinge, coalesce and form

continuous films.
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2.9.3 Stranski—Krastanov (SK) or 3D island—on wetting—lagr growth

The SK growth mode illustrates the intermediatee dastween layer by layer and
island growth. Strained monolayer (or several mayeis) of growth occurs first, with
additional growth occurring in the form of islandacleating on the growing film. As a
result, there is a transition from two—to three-elsional growth. Only whep + vt ~ ys is
satisfied can this type of growth occur. In the @dwth, the lattice mismatch between the
substrate and the absorbate induces a stress shieleved after a number of layers by the

formation of strain islands.

2.10 Introduction to Segregation

The process of segregation is defined as the dhifusf the segregant from the bulk to
the surface. Its parameters are regarded as soergetics and diffusion factors that
constitute surface segregation phenomenon. Theséharsegregation, activation and the
interaction energies as well as the pre—exponeifdietor. By measuring these solute
enrichments on the surface as a function of tenwperaor time, their segregation
parameters such as the pre—exponential fadtoand the activation energy could be
extracted [40—46]. Consequently the data makinthegequilibrium segregation profile can
be utilized to determine other segregation pararseteamely, the interaction coefficient
between the atoms andj, Qj, and segregation energyG;. At the initial stage, the
segregation energy is responsible for driving #gregant atoms from the first bulk layer to

the surface.
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2.11 The modified Darken model

In the modified Darken model [47-49] it is assuntledt the driving force in the
segregating system is the gradient of the chengo&ntial instead of the concentration
gradient as is assumed in the Fick description.SHuygegation process of a binary system is
described by a set of coupled rate equations feuréace S in contact with the bulk
consisting ofN layers. In the original model [48] the net fluxsgfecies(J;) through a plane
atx =bis given by:

ou
J =-MX°| =
i i (ax szb (2.10)

whereM,; is the mobility of the specie'sanXmB the supply concentration in between two

layers (within the plane). This supply concentmatlzetween the planes has no physical
meaning and the first modification to the Darkendelacategorically associates the supply
concentration to a specific layer as:
. oA (i+L))
3.0%0) g x (24 211
1 1771 d ( )

Equation 2.11 then indicates the flux of atoms fritwa { + 1)™ layer to the™ layer with

the supply concentratioﬁ(i(“l’ and the difference in the chemical potential betwte

Iayers,t/i(j+“). The segregation system of surfg¢eand bulkB is therefore described by:

oX? M_Br(ﬂx_Bl
i :|: i i :|A,Ui(Bl'¢) (2.12)

ot d?

And for thej ™Mlayer,
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(2.13)

axii _ Mij+1ajxi(j+1) Ay L) _ Mijai—lxij A
o0 | d? | a N

fori=1,2,...,m-1and = ¢, B, n Now there arenj— 1)(N + 1) rate equations for tHé

+ 1 layers.
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CHAPTER 3

Scanning Tunneling Microscopy (STM)

3.1 INTRODUCTION

STM studies of metal surfaces are still fairly seaas compared to STM studies on
semiconductor surfaces [1]. This is partly dueht lbcalized nature of the charge densities
and, the sp bonding surface states which preseye orrugations nedtr. Metal surfaces
have, on the other hand, more shallow corrugattmminated by delocalized sp states. In
order to image the individual atoms on metal s@$aca higher lateral and vertical
resolution of the scanning tunneling microscopthis a necessary requirement. Today this
has become possible on a routine basis with thé &ed most stable STMs. As a

consequence, there is a rapid increase on STMestwdi metal surfaces [2—-4].

Relying too heavily and uncritically on STM micregths alone may in some
instances lead to misleading conclusions. Thuseweml cases, most STM studies are
supported by conventional surface—sensitive teclesiccapable of providing for instance,

crystallographic, electronic, subsurface and specifemical information.
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3.2 Electron tunneling

The ability of the STM to yield three dimensiondD{) micrographs of surfaces with
resolution of individual atoms and its ability toampulate the atomic landscapes of
conductive surfaces lies on the quantum mecharmpb@&nomenon known as electron
tunneling [4,5]. The concept of electron tunneliveg been extensively studied theoretically
and experimentally long before the invention of nsgtag tunneling microscopy [6].
Tunneling is a microscopic phenomenon where aglartan penetrate and in most cases
pass through a potential barrier assumed to beshidjan the kinetic energy of the particle.
Such a motion is not allowed by the laws of clagsttynamics and is described in detail in
introductory quantum mechanics text books [7-9¢cEbn tunneling originates from the
overlap of wave functions between the moleculegshat tip and surface atoms of the
substrate (figure 3.1).The tunneling process magdmsidered as a charge—transfer process

between electronic states of the tip and the sample

Quantum mechanically speaking, the wave functionaof electron describes its
motions in all region of space. For example, if eamsider the one dimensional tunneling
model, the wave function of the electrons is goedrhy the Schrédinger equation given by:

n o
2moz’

Y(2+U(9 =EyY(9) (3.1)

wherem s the particle masg,is Plancks constant divided by,2andy is the wave
function. The solution for the electron wave fuoatiin the classically allowed regidh >

U(2) is a plane wave
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W(2) =y ()™ (3.2)

wherez is the width of the tunneling barrianis the mass of the electrdd,is the potential
across the gap (the applied bias), &nid the energy of the electrons in this case trathwi

of the gap and:

k=Y = 2m(§ ~U) (3.3)

is the wave vector. The electron is moving (in eith positive or negative direction) with a

/ .
constant momentump, =hk=[2IT(E—U)]12, or a constant velocity, =p,/M, the

same as classical. In the classically forbidderiore§ < U(z), equation (3.2) has the

following solution:

W(z2) =ye™”’ (3.4)

y2mu - (3.5)

where [= -

is the decay constant which describes a stateeoklctron decaying in thez Hirection.

The probability density of observing an electronamea pointz is proportional to

‘l,l/(o)‘ze_z’gz which has a nonzero value in the barrier regibasta nonzero probability to

penetrate a barrier. Another solutia#(z) = (0)€’*, describes an electron state decaying

in the =z direction.
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3.3 STM principle of operation

To explore, in real space the atomic—scale realraudfaces in STM, a conducting
atomically sharp tip (typically W or Pt—Ir alloy)ounted on three mutually perpendicular
piezoelectric transducers (a ceramic material thgtands or contracts in response to a
change in the applied voltage) is brought into elpsoximity (~0.1 nm) of a metallic or

semiconducting surface under applied bias volt&¥ggs)as in figure 3.1(a).

@) +——
Feedback| Computer
Z&amplifier
A

Tip
9
m Energy
Sample f >

X

(b)

&

. Height

Lacuum

Figure 3.1. (a) Schematic representation of the STM. (b) Tungeprocess
between the tip and sample across a vacuum bafrieidth d and heightz.
The electron wave functiong andys decay exponentially into vacuum.

The wavelike properties of electrons permit thentutanel beyond the surface into
regions of space that are forbidden to them claligibut permitted quantum mechanically
(figure 3.1(b)). This vacuum tunneling establislresmall tunnel currenit,, within the

nano—ampere rangg,10]. When the tip—sample distance increasesur@g3.1), the
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probability of finding such tunneling electrons deEgses exponentially (equation 3.7). The
tunneling current of electrons is extremely sewsitd the distance between the atoms at the
apex of the STM tip and the atoms of the underlyspgcimen. This gives rise to the local
character of STM measurements, which makes it plessd visualize surface structures
with sub—angstrom resolution and to detect vari@iemic—scale defects that are

inaccessible by diffraction and spectroscopic tegpies [11,12].

The measured tunneling current depends on thetglerighe electronic states, work
functions of the tip — sample and the voltage llasBecause tunneling current is
proportional to the local density of states (LDO®par the Fermi level, the tip follows a
contour of a constant density of states during icgnin constant current mode. The
presence of adsorbates on the surface alters tH@SLID the surrounding area and the
adsorbates are in general found to be imaged e@bkeprotrusions or depressions with
respect to the bare surface. The output currefarditvhen the probe tip is directly on top of
an atom (smaller distance) as compared to wherprbige tip is above a region between

atoms (larger distance).

3.4 Tunneling current

When there is no applied bias voltagsi{s = 0), there is no net flow of electrons
(figure 3.2 (a@)) since the Fermi levgt of both the tip and sample is equal, i.e., theligra
is zero. WherVpias > 0, (figure 3.2(b)) the Fermi level of the sam@eaised bWhpias, the
voltage difference between the tip and the sampdates an electric field, which causes

electrons in the occupied state of the sample &migim mechanically tunnel into the empty
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state of the tip. When the applied bias voltAges < 0 (figure 3.2 c), electrons in the
occupied state of the tip tunnel into unoccupieatesof the sample. The electrons must
satisfy Schrédinger’s equation (3.1) as they turamebdss the tip—sample gap, whether it be

in vacuum or ambient conditions.

(a) b c
) Sample (b) © Tip
i
Samp i ip Sample
Bt +Vhias
B —> E-Vbias . -
Vpias= 0 Vpias> 0 Vpias < 0

Figure 3.2.Schematic of a metal-insulator—-metal tunneling fiemcat
various bias voltages. The light blue area reptssetectron filled
states and the brown area is the empty states.

The tunneling current is directly proportional ke thumber of surface electron states
within an energy windowe), whereV is the voltage anér is the Fermi level, as shown

below.

| 0% |jwO)e™” (3.6)

From equation 3.6 the probability of the electraugcessfully crossing the gap
between the tip and the sample (tunneling curréngy proportional to the tip—sample

distance,

| ~e %2 (3.7)

For most tip materialk ~1, which means for STM, the tunneling currentréases
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(decreases) by about an order of magnitude foryedecrease (increase) of the tip—sample
distance by 1 A respectively. This exponential delesce on distance allows for precise

vertical measurements. Under small bMs<(¢), the tunneling current can be expressed as

| =Vp(E, )&% gz (3.8)

wherep(Er ) is the local density of states (LDOS) at thenfieenergy level, based on the
assumption that a small bias voltage will not alker LDOS near the Fermi level, the work
function ¢ is in units ofeV and the tip—sample separatipis in units of A. The validity of
this assumption is justified under usual STM candg (weak coupling). Experimentally,
the apparent barrier height (ABH) can be measuyectbording the tunneling current as a

function of the tip—sample separation, based oridlh@wving equation

aln1\’
~ 095
@ P J (3.9)

As mentioned before, all these discussions aredanensional. Considering that the
lateral dimension of the tip apex is usually muengér than the decay length of the
tunneling current (a few A), this one—dimensioniatyre is rather accurate. The measured
ABH can be used as an indicator of surface cleaséinsince a slightly contaminated metal
surface will have a smaller work function than ttiean metal. There will usually be a

charge transfer from metal to the adsorbed moleduoleering the work function.
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3.5 Bardeen theory of tunneling

In contrast to the rather simple principle of elenttunneling in STM illustrated
above, a complete theoretical description is compléith a few simplifications, a widely
used basic theory for STM can be constructed d&agrielastic tunneling processes called
the Bardeen approach to tunneling [6]. Bardeemmeling theory was published in 1961

and applied to the scanning tunneling microscod©B8 by Tersoff and Hamann [13].

The approach considers the tunnel junction as wisystems with wavefunctions
andy. The approach showed that the tunneling matrisneteM is determined by a surface
integral on a separation surface between the titlaen specimen, i.e.,

M= (| 9%y %X s (3.10)
2m 2, 0z 0z

wherey andy are the wave functions of the two electrodes (tip sample) [14]. The rate
of electron transfer is determined by the Fermidgolrule [14]. The probabilityw of an
electron in the statg at energy levek, tunneling to a statg of energy leveE, obeys the

following equation:
27, .2
WZI‘M‘ IE, -E,) (3.11)

whereE, andE, is the energy of the statgsandy, respectively. The delta function implies
electrons can only tunnel to and from states withgame energy. Tunneling without losing
energy is known as elastic tunneling. The totahalimg current is thus the sum over all

possible states. Taking into consideration the bdtsge, the currentthus becomes,
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=V (1 (E. ~ev+e)- 1(E el (E,-ev+elo,(EpreM[ae (2

wheref(E) is the Fermi function and the density of state©f) are given by,. The Fermi

distribution function acts as a step function giyin

eV
=2 py(E-eV + e)o,(E+e)M e
0 (3.13)

Assuming ‘M‘zdoes not change much over the integration intentamay be

considered a constant and thus equation 3.13 become
ev
1 0 [ p,(Ec=eV +£)p,(E,+e)de (3.14)
0

The tunnel current is the integrated product of @S of both electrodes. If both
electrodes are normal metals, i.e. their DOS aite \fle see that the integral yieldg V. In
most cases the interest is in the DOS of just ¢eetrede, not the product of both. If one
electrode has a constant DOS then the derivatitieeofunneling current at small voltages is

given by

di
Sy DAl —ev) (3.15)

and this derivative conductance equation becomeguihiction of the metal DOS [15,16].
On adsorbate—covered metal surfaces, the measiiddc8ntours become strongly bias—
dependent. The applied bias voltage can be chostr imillivolt regime for metals due to

the lack of a bulk energy gap at the Fermi lever. & given tunnel current, a small bias is
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preferable for obtaining high spatial resolutios, @ consequence of small tip—surface

separation.

3.6 Modes of operation

3.6.1 Constant current imaging mode

The most common imaging mode is the constant cumegging mode (figure 3.3).
In the later, as the tip is raster scanned achessample surface, a feedback control loop is
used to compare the measured tunneling currep) 0 a preset constant valug)(

typically 0.5 — 5 nA.

|
/@/v .. .. .. PathoftheTip

V —— o e e o,

Figure 3.3.Schematic representation of the constant currextemo

If the measured current is less than the setpibiatloop responds by moving the tip
closer to the sample or else the tip retracts ge ¢he measured current is greater than the
setpoint value. The feedback signal, proportiomalttte difference betweeh,, and I,
provides a correction voltage to th¢ransducer and thus causes the distariween the

tip and the surface to change when surface atoengarersed. A topographic image of the
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sample surface with uniform electronic propertiegenerated by the computer recording

the change in tip positianas a function of lateral positior,y) [5,9].

The constant current topographs contain both gemmand electronic structure
information. Generally, metals have the highestsdgrof states near the Fermi level, thus
protrusions in STM micrographs corresponds to tlwation of the highest density of states
[17]. The constant current mode was the first modeorically developed for STM and its

main advantage is the observation of surfaces wdriemot atomically flat [18].

3.6.2 Constant height imaging mode

Alternatively, in the constant height mode (figidd), the tip scans the surface of
the sample at nearly constant height and constadtage while the tunneling current varies

[18,19].

Path of the Tip

<

Figure 3.4 Constant height mode illustration.

In this mode the feedback mechanism is switched@fhsequently, as the current
varies with the electron density of states, momupof the probe current as a function of x—

y displacement yields a topographical representatibthe surface morphology. In this
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mode, much faster imaging of atomically flat sueacan be achieved since the feedback
loop and the piezoelectric driver does not haveegpond to the surface features passing

under the tip [18].

Typically, in commercial scanning probe microscomsh scan line consists of 512
points and scanning proceeds with line scanninguiacies in the 1-60 Hz range. For
scanning flat areas of the order of 40 nm x 40 mrenealler, where atomic and molecular—
scale images are collected, scan line frequengi¢isel 8—-60 Hz range are commonly used.
Some of the distinct advantages of fast imagindude the observation of dynamic
processes in real time and at reduced data calte¢time and minimal image distortion

[18,19].

3.7 Scanning Tunneling Spectroscopy (STS)

STS is an extension of the tunneling junction ekpent [6,11,20,21], but with a
richer information content. Actually, the inceptioh the STM was driven by an idea to
perform tunneling spectroscopy locally on an amss Ithan 100 A in diameter [22]. A
concrete suggestion of a scanning tunneling spempy (STS) experiment was made by
Selloni et al. [23] on graphite and the actual expents were done by Feenstra and co—

workers [24,25].

Several review articles and books [26—-28] have bpehlished with extensive
information about the technique; however, whatofoB is a brief summary of the relevant
points. The STS measurements are taken while dubéek loop of the STM is temporarily

disabled. While the tip is at a constant heighg lties voltage is varied through a range
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(usually a few volts), and the current generatedthmy bias voltage is recorded. This
procedure generates a current—voltdg®)(curve, from which a great deal of information

can be gathered [29]. TheV curve can be manipulated in order to generate iffexehtial

dl
conductance curved—vvs V, as well as the normalized differential conducéamcrve,

:;—%vsv which both provides information that is the comtmn of the tip DOS and the

sample DOS when the bias voltage range is lower tha work functions of both tip and

sample. [26,30,31].

3.7.1 Current Imaging Tunneling Spectroscopy (CITS)

Current Imaging Tunneling Spectroscopy (CITS) imethod of taking data where
topography and-V are taken simultaneously [32]. A scan line for thypography is taken
by raster scanning the tip across the sample. iphis tnoved back along the scan line and
full I-V curve at each pixel of a topographic micrograghtaken. When performing CITS,
eachl-V consists of a single voltage sweep and each wkagep has a number of data
points. Feed—back circuit interrupted and biasagdtrampedy reset to its original value,
and progress along the raster scan. The topogtaphgorrelation provided by this method
provides a powerful diagnostic tool, in particulaegions of different local electronic
structure can be identified [33, 34]. By adding aduilation voltage to the bias voltage, a
lock—in amplifier can be used to simultaneously suea the differential conductance,
dl/dV. Assuming the density of states of the tip is fitetdl/dV is proportional to the LDOS

as shown in equation 3.15. More generallydV is related to the convolved tip and sample
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local density of states (LDOS). Like the topograplaya,l-V data is affected by the same

issues discussed below which influences STM measnts.

3.7.2 Constant Current Spectroscopy

While constant height spectroscopy can reveal atgteal of information about a
sample, it is limited by the dynamic range of thEM& |-V converter. Constant current
spectroscopy is useful for acquiring spectroscapiiermation over a voltage range that is

not limited by the STM’3-V converter.

In this mode, the STM feedback loop remains actwel maintains a constant
current as the voltage is varied. In this modé/dV and the tip heightz(V) are
simultaneously recorded [35]. Althoughi/dV is no longer simply proportional to the
LDOS, peaks irdl/dV (and corresponding steps #(V)) indicate regions where the LDOS

rapidly changes with voltage, such as tunnelingmasces or band edges.

3.7.3 Constant Voltage Spectroscopy

This mode is useful for estimating the sample whariction. The tunneling current
is recorded as a function of the tip heighAt low voltage, and assuming constant electric

field within the junction, one finds that:

dinl _2/2mg, (3.16)

dd(z2)  *
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wherem is the electron mass ar@is an effective barrier height [1]. Thus, by plogiln|
versusz, we expect a straight line and its slope can lkesl us calculatez. While it is
difficult to directly relateggto the sample work functiog [7], adsorbate—induced changes

in @generally correlate with changes ggmeasured using other techniquesdIAlV image

maps out the location of the density of electrons particular energy, i.e. it images the
differential conductivity at certain energies ottee surface of the sample. Most surfaces do
not have a spatially varying density of states givan energy and thereforedddV map on
such a surface would be uniform. However, certainditions such as a surface state band
edge or adsorbates on a surface can create allypatiying density of states at a given

energy.

3.8 STM Major Components

To achieve atomic resolution with the STM, majorlidnges lies in the following
formidable experimental problems: isolation of thgeriment from natural vibrations of ~
100 Hz that are present in every laboratory [3)],td sample position control with sub
angstrom precision, tip sharpness and quality ef sample surface. These formidable

challenges will be addressed in the following sei
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3.8.1 Vibration Isolation

Since tunneling current depends exponentially @angap between the tip and the
sample, minute vibrations, such as those causedolse and people walking around the
building can hinder the achievement of atomic netsoh and the stability of the STM
system. The typical corrugation amplitude for STinages is about 0.1 A. Therefore, the

disturbance from external vibration should be reduto less than 0.01 A [12].

To reduce the influence of external vibration widessigning the instrument, Binnig
and Rohrer employed a vibration isolation systemchvhutilizes soft metal springs with
resonance frequency smaller than the frequenciesingo from the surrounding and
permanent magnets [22,37]. The principle is baseddaly current damping mechanism. As
the magnets (fixed on the STM stage) move reldtive conductive block of copper, eddy
currents are induced in the metal [12,37]. A magnitld caused by these currents acts

oppositely on the magnets/STM stage and dampensotien in all directions.

3.8.2 Electronic feedback control system

The key to scanning tunneling microscopy is thetr@brof the position of the tip
probe with respect to the sample surface. To addhescomplexity of control and scanning
movement of the probe tip in three dimensions @efim figure 3.1(a), the tip is mounted
on a piezoelectric tube scanner that can be drwign high accuracy by an electronic
feedback control system [37]. Other functions cé #lectronic feedback control system

includes ensuring the presence of a tunneling nurbetween the tip and the sample
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surface, acquisitions of surface structure datailatedfacing with the computer controller in

order to store and analyze the acquired data.

3.8.3 The STM Tip

The STM tip geometry (sharpness), shape (mechanig@aness), and chemical
composition (cleanness) are the key features widetermine lateral resolution and
reproducibility of STM scans [38—41]. In order &solve small features such as atoms at the
surface of a sample, it is necessary to utilizedab® tip, ideally comparable in size to the

features at the surface [41].

The electrical characteristics of the tip, as veallthe environment where it will be
used (ambient or vacuum), should be taken into iderstion when selecting the tip
material. Transition metals are superior candidagesiuse their d—band electron orbitals are
more pointed than the s—, p—, or f-band orbitald #mus the tunneling current is
predominantly contributed by the d state [42,43]ngsten is very hard, has high electrical
conductivity and it can be easily electro—chemiceliched in KOH or NaOH solutions to a
fine point [44,45]. In UHV conditions, tungsten (Winds to fit the necessary requirements

for a probe tip and is commonly used in STM measerds.

3.8.4 Images and Filtering

In STM images, the spatial variation of the tip-gior the strength of the tunneling
current is represented by a colour—coded contdisen measurements are taken in constant
current mode, the contrast refers to the spatiahtian of the z—height of the tip, and such

57



an image is called the height image. For operatiahe constant—height mode, the image
contrast refers to the spatial variation of therggth of the tunneling current. The acquired
images are dubbed current images and often exibigher contrast of the morphological
and atomic—scale details than the height imagesveder, the latter provide more correct
topographic information. In this work, intensityage images of both types are presented.
Brighter spots correspond generally to elevatedasarregions in height images, and to

places with stronger current interaction in curiemdges.

During STM measurements, it is common to observatians of the image details
in atomic—scale patterns depending on the expetaheanditions [46,47]. Image variation
may occur spontaneously due the instability of tipeand the surface, even when the
scanning is carried out without changing the expental conditions. Alternatively, image
variation may reflect a change in the tip—sampbtagice and tip—sample interaction. If a
sample surface has structural features which aedlenthan the tip apex, the imaging roles
of the tip and surface are reversed so that thehgpe appears in the image [48-50]. A
plane fit adjustment is necessary when the sampface under examination is not exactly
perpendicular to the scanrefaxis. This and other procedures of image modiboate.g.,
low pass and high pass filtering, flattening, ergsscan lines) are typically included in the
scanning probe image processor software packagl’)SPhis filtering highlights the
periodic features of the image but loses infornmatidoout the non periodic features that

might have resulted from local defects of the tip.
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3.9 Atomic resolution on well known substrates

The analysis of surface features from tunnelingg@sanaturally brings into question
the interpretation of the source of the symmetrg apparent heights displayed in STM
images. Considering that tunneling depends, not thd tip—sample distance, but also on
the electronic properties of the tip and sampleennls, it is worth noting that constant
current STM images contain valuable geometric aedtmnic structure information of
materials. Prior to performing STM measurementsCar-Sb system, it is customary to
determine whether the STM system is calibratedatomic resolution measurements by
studying the surfaces of calibration standards ssc8i(111) and HOPG. The acquired data,
which is the Si—Si atomic distances on the Si serfand the C-C distances on HOPG, is
compared to that reported in literature and a amieh on the calibration of the STM is

drawn.

3.10 Highly Oriented Pyrolytic Graphite (HOPG)

Highly Oriented Pyrolytic Graphite (HOPG) is a umgform of graphite which has
preferable orientation in the (0001) plane [37—39]e crystal structure is characterized by
an arrangement of carbon atoms (planarbsmds whose C—C bond length is about 0.142
nm) in stacked parallel layers called grapheneu(@g3.5). The graphene layers are held
together by weak van der Waals forces, thus the tasleave HOPG and the underling
reason for the writing capabilities of a pencil f4@]. This is an easily renewable material
and ideal atomically flat surface and provides @&kbeound with only carbon in the

elemental signature thus making results in a felss background which is vital for
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scanning probe microscopy (SPM) measurements #@gire uniform, flat, and clean
substrates for both calibration and/ or growth aehestructures. The lattice of graphite
consists of two equivalent interpenetrating tridagwcarbon sublattices and, each one

contains half of the carbon atoms within the uglt (figure 3.5).

6.7 A

I | st layer
26 A  mmemmee-- 2 nd layer

Figure 3.5.(a) Schematic representation side view of thecgire of the bulk
hexagonal graphite crystal (ABAB stacking), showihg two non—equivalent
types of carbon atom sites: The in—layer nearedioce-carbon distance is
0.142 nm and carbon layers are separated by 0.33%hk) Top view of the
two top most graphene layers [43].

Each atom within a single (0001) plane has thremes neighbours: the A-type
carbon atoms lie directly above the carbon atomth@flayer beneath and they share their
electron density, while the B—type carbon atomsi@ated above the centers of the carbon
hexagons of the underlying layer [38—41]. The Betgprbon atoms show a higher electron
density near the Fermi level compared to A—sitesvadent from STM images. The carbon
atoms in each graphene layer form a grid of hexageith 0.142 nm distances between

atoms and the layers are 0.35 nm apart [43].
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3.10.1 Experimental

The HOPG samples were 1 Tof ZYH grade from Veeco. Samples were prepared
by the scotch—tape pilling method in air and imragzly introduced into the UHV chamber
via a fast entry lock system. The STM observatiaese carried out with a commercial
Ultra—High Vacuum Variable Temperature STM (OmicrdlanoTechnology GmbH)
operated in the constant current imaging modebatsa pressure of < 5 x 1®Torr at room
temperature. The probe tips were prepared by eldutmical etching a 0.3 mm tungsten

wire in NaOH solution. Further details on the STiMfabrication are given i€hapter 4.

3.10.2 Results and Discussion

There has been many proposed mechanism in exglainenanomalies observed on HOPG
surfaces [44-49], however, this section will onlycds on the measured inter atomic
distances between carbon atoms on HOPG as comigatieel reported literature. Figure 3.6
shows atomic resolution of pristine clean surfat&él@PG studied by ultra high vacuum
VT-STM system. Both triangular and the honeycombucstires were obtained
simultaneously after a few minutes of scanningufgg3.6 (a) depicts a regular triangular
structure showing every second (B-type) carbon atoeach hexagon of graphite which is
attributed to the non—equivalency of the graphitess The periodicity of the triangular
structures is about 0.246 + 0.01 nm, which is ireament with the spacing between two
neighbouring B-site carbon atoms as representatienine scan in figure 3.6 (c). Six

nearest equidistance neighbours surround eachegEom.
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In figure 3.6 (a) the carbon atoms appear as iedipspots having their long axis along the
[Z_Lqu lattice direction. The image shows a 2—fold symiogiattern where every second

carbon atom is missing. The corresponding line s@fajure 3.6 (c)) shows clearly

pronounced maxima with almost the same height.
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Figure 3.6. Topographic constant—height STM images of grapf\tgs —0.4 V, Iy, 2 NA).
One hexagonal surface unit cell with the two beasiems A (white) and B (black) is
superimposed in each image for clarity. (a) Typi&dIM image of HOPG showing the
trigonal lattice structure (2.45 nm x 2.45 nm). lggal image (2.44 nm x 2.44 nm) showing
honeycomb rings of the hexagonal structure, botmé B—type carbon atoms are imaged. The
inserts on the top left show the 3D view of eaclagm (c) lllustrates the line profile taken
along the line A to B in (a) and (d) is the linade along the line C to D in (b).
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Figure 3.6 (b) depicts the regular graphene homefcetructure presented in hexagonal
rings with lattice distance of 0.142 + 0.02 nm esponding to the atomic distance between
two adjacent A and B type carbon atoms in graphitas is further illustrated by the

corresponding cross section scans in figure 3.6 (d)

The regular graphene honeycomb structure, disgaggplete graphite surface lattice
(figure 3.6 (b)) with visible six carbon atoms ceck hexagon (inset in figure 3.6 (b)). The
centers of the hexagonal rings appear as dark.hbiesdistance between the centers of the
holes is 0.246 £ 0.01 nm. The bright spots withhhigtensity correspond to the B-site
carbon atoms while the A-site atoms appear as sgooihts. The images were easily
reproducible on different samples and with différéntips. The STM results obtained on
HOPG are consistent with other experimental findiog graphite as in the schematic of
figure 3.5. The results confirm the capabilitiedted STM in achieving atomic resolution on

HOPG which in this study is used as a calibratiandard.
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Figure 3.7.(a) STM image of Moiré patterns on HOPGs: 0.3 V, ki 2.7 nA. (b)
Line trace taken along the line in (a) showingdhwmlitude of the patterns
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A mis-orientation between graphene layers by aneangsults in a superlattice
which forms an interference pattern known as a &pattern - with the same symmetry,
but super periodic features (figure 3.7 (a)). Tlhsevved STM contrast of Moiré pattern
comes from the strong influence of the layers afese electronic structures near the Fermi
level. Since the HOPG was not treated chemicallyhermally in these studies, the top most
graphele layer must have been rotated during clgavin these structures, both the
sublattice symmetry and the linear band disperarenpreserved over the unit cell which is
contrary to the AB (Bernal) stacking of bilayer gin@ne. The periodicity of the superlattice
is about 3.45 + 0.02 nm. The line trace in figuré ®) depicts the corrugations of the Moiré

patterns.

3.11 Si(111) — 7x7 reconstruction

The surfaces of Si(111)-7x7 is one of the most dmated and fascinating object of
investigation in both theoretical and experimemalerials science [50-52]. The large unit
cell (2.76 nm x 2.76 nm) of the reconstructed sigfprovides a platform for testing the
unprecedented resolution of the STM and is an ideplate for the growth of well-

ordered nanostructures.
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Figure 3.8. Schematic diagram for Si(111)-7x7
“DAS” model [7]. (a) Top view: atoms on (111)
layers with the decreasing heights indicated by dot
of decreasing sizes. (b) Side view: dangling bonds
are located at the topmost of all adatoms, reshsito
and holes [55].

The first real space atomic image of this surfa@es wbtained by Binnig et al. in

their landmark STM experiment [53], in which twelbeight spots corresponding to the

topmost adatoms were revealed. The accepted mioglele( 3.8) in explaining the geometry

of the Si(111)-7x7 surface reconstruction is thenat-adatom-—stacking fault (DAS)

proposed by Takayanagi et al. [54]. The DAS modslirtes the several features of the

energetically stable unit cell of the (7x7) reconstion (figure 3.8). These includes 12

adatoms per 7x7 unit cell, a vacancy in each cpfhdimers (two bounded atoms) on each

side of the triangular halves, stacking fault ireaf the halves, and 19 dangling bonds in

each unit cell (reduced from 49 of the unreconstdisurface) [54]. The minimization of

the dangling bonds is the cause of the reconstructr rearrangement of surface atoms,
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which differs from the bulk. The periodicity of theeconstructed surface has unit cell
dimensions which are seven times that of the keriinated surface structure, and thus the
name (7x7). The side view shows that the stackaggience in the right half of the unit is

the same as in bulk Si(111) while the stacking saqe in the left half is faulted [56].

3.11.1 Experimental

The sample was an-type silicon strip of 1 mmand 0.5 mm thick, (111)—
orientation, ~0.32 cm conductivity, from Omicron NanoTechnology. TBesample was
outgassed by substrate heating at 630°C for 12shiaudHV. After degassing, the sample
was annealed by direct current heating (passingecuthrough the Si sample) to 850°C
while keeping the chamber pressure below I¥IDorr. Sample temperature was increased
instantly to 1200°C (flash) for 20—60 sec, in ortierclean the surface of contaminants
(particularly carbon and oxygen). After the appiima of 3—4 flashes the sample is fast
cooled at 1°C/s to 600°C while monitoring the pueesand then slowly decreasing the
temperature (at a rate of 0.4°C) to room tempezatlihis process yields pristine clean

surfaces and nearly perfect (7x7) reconstructiariicoed by AES and LEED.

3.11.2 Results and Discussion

Figure 3.9 depicts a representative STM imagehef(7x7) reconstructed surface
imaged at room temperature. All images were medsareonstant current mode with a W
tip. The intensity scales in the images corresptmda height difference. The white

protrusions correspond to the outermost surfacasat{adatoms). The black lines outline the
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rhombic unit cell. It is known from literature thidie two triangles building the rhombic unit
cell are not identical. Below one triangle (FHU@)stacking fault occurs in the layer below
the 6 adatoms which appear bright. The other tlearfgHUC) in the unit cell has no
stacking fault relative to the bulk structure. Eadtthe unit cells has dimensions of 2.76 +
0.01 nm. Figure 3.9 (a) displays a negative bias7(~/) STM image of the spatial
distribution of occupied surface electronic stqféled—state) of Si (111) 7x7 surface over
an area of 19.1 nm x 15.2 nm. The image revealslgnmeously the 12 adatoms and 6 rest
atoms in each rhombic unit cell. Further, in eaomer of the cell a hole exists (corner
hole). Each depression or corner hole has 6 gbtbeuding Si adatoms surrounding it. The
faulted half of the 7x7 unit cell (FHUC) can be tohiguished from the unfaulted half

(UHUC) by their brighter appearance in the filledesimage.

The contrast difference is because there is maxegelhon the adatoms in the faulted
half of the unit cell compared to those in the uited half [52,55]. In both the FHUC and
UHUC, the corner adatoms (marked 1 and 6) and #mtre adatom (marked 3 and 4)
exhibit stronger corrugations while the rest atgmarked 2 and 5) appears as saddle points.
This is because the electronic states of adatomslaser to the Fermi level than those of
the rest atoms and this effect is illustrated mdearly in the cross—sectional profile in

figure 3.9 (b) taken along the image in figure &P
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Figure 3.9. (a) High resolution STM image of occupied statésSglll) — 7 x 7 surface
revealing 12 adatoms and 6 rest atoms per (7 »nif)call. The image was recorded by sample
bias voltage of —1.7 V and tunneling current of @4 (b) The line profile taken along the line in
(a). Labels “1,” “2,” and “3” denote the corner &uola, the rest atom, the center adatom in the
FHUC, and labels “4”, “5”, and“6"denote the cengatatom, the rest atom, the corner adatom in
the UHUC, respectively. (c) Unoccupied states SthMde taken at a bias of 1.7 V and 0.4 nA
(11.7 nm x 10.5 nm). (d) Line trace taken alonglitein (c).

The missing corner adatom defect seen at the surfagure 3.9 (a)) has no
influence on the position of its adjacent rest atohich is still imaged by STM. In the
accompanying figure 3.9 (b), the high resolutiorastupied surface states STM image is
shown taken with a positive bias (1.7 V). The Iprefile in figure 3.9 (d) taken along the

line in figure 3.9 (c) denotes the positions angnawetry of both the adatoms and rest
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atoms on the FHUC andglJHUC Figure 3.10 illustrates the LEED pattern of thel $1()
sample acquired after cycles of flash cleaninghefsgample. The hexagonal arrangemel

Si atoms is readily seen from the bright diffrastgpots

Figure 3.10.Diffraction pattern of Si(111) taken at 68 eV affieassh cleaning

3.12 Summary

The calibration of the ultra high vacuum variable temgpere scanning tunnelir
microscopy system wasarried out b studying the sdaces of well known calibratio
standards such as HOPG and Si(111) at the atorale € resolutionSTM scans were
taken at different scan angle0° — 360°)to exclude any tip artifacts from the acquired S
data. The carbon to carbon distances &he surfacecorrugations were compared to -
reported theoretical and experimental values on @@Rd they were in full agreement. T
Si(111)- 7x7 surface reconstruction was acquired and dimensibtise seven times larg

than the bulk unit cell was measures to be 2.7 on averagevhich was as expected wh
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compared to literature studies on Si(111) by STMese calibration studies were a pre-
requisite prior to studying surfaces of complicadggtems such as the €3b surface which
is the main system for this study. Thus the religbof the STM results to follow is intact
given that the UHV VT-STMystem was confirmed to be calibrated for atomsolrgion

studies at surfaces of conducting and semicondyatisterials.
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CHAPTER 4

Experimental Facilities and Procedures

4.1 Tip fabrication

All STM probe tips were homemade utilizing a W-Tgk semiautomatic etching
device from Omicron Nanotechnology, Germany [1].08 mm diameter tungsten wire
placed at the centre of the cell (figure 4.1) wasduas an anode, and a stainless steel wire

loop was used as a counter electrode (cathode).

Tungsten(W) wire

Stainless steel loop wire

NaOH solution

Figure 4.1 Schematic diagram of the electrochemical cell
showing the W wire (anode) being etched in NaOHitgmh. The
cathode consists of stainless steel wire loop whkiaiounds the
anode (W).
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Figure 4.2.Scanning electron microscope image of atomically
sharp STM probe tip after etching.

The cathode was partially immersed into a 0.5 Maadium hydroxide (NaOH)
solution using a micrometer drive to control thedgta of the wire under the surface of the
solution. After the tungsten wire was aligned & tlentre of the stainless steel wire loop, a
DC current of a 3 mA was then applied through thed the solution to drive the etching

reaction. The electrochemical reactions at theozitand anode were as follows [2]:

cathode: 6HO + 6e — 3H  + 60H
2 2(9)

(4.1)
— 2— —
anode: V}/S)+ 80OH — WO4 + 4H20 + 6e

At the anode, tungsten underwent an oxidative tifsm of W to WQ?, which is

soluble in water. At the cathode, water underwexction to form bubbles of hydrogen

gas and OHions. Because of these electrochemical reactiegsations 4.1) the wire was

etched at the contact areas with the solution fitimsing a neck between the top part of the
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wire and the lower end. As etching progressesnduk gets thinner and eventually breaks
under the weight of the lower end of the wire legvbehind a sharp tip (figure 4.2). As
soon as a sudden drop in current was detecteddgdaack loop, an electronic circuit stops

the process preventing over etching. Ultra shapwere obtained when using this method.

Alternatively one can use the AC self—terminatingtimod, where the tip is inserted
into the electrolyte and biased, generating a atirtieat is constantly monitored by the
feedback loop. In this method however, the wireanak is completely etched away from
the bottom end of the wire up to the wire elect®lyterface. As the wire cross—section is
etched away, the current decreases until it reaglms—set value, at which time the bias is
removed and etching presumably stops. It has bbsereed, however, that if the tip is left
in contact with the electrolyte following etchingere is residual etching of the tip (and tip
blunting), even without bias being applied and thibe AC method requires constant

monitoring.

STM experiments are a time consuming process andrgky it is good practice to
assess the sharpness of the tips that are prothedect performing experiments. The tip is
normally removed from the solution, rinsed thordyghith distilled water and dried with
nitrogen, and then optical microscope and scanalegtron microscope are used to check
the tip sharpness. A tip considered suitable foMS@xperiments (figure 4.2) is then
transferred into the UHV system where it can beseed further by applying a strong
electric field; this dislodges the surface atomstha tip until only a few (ideally, one)
remains. The SEM images shows an STM tip with diamef 52 nm, however, in reality

the diameter of the tip is much smaller than the measured in SEM.
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4.2 Characterization Techniques

4.2.1 The UHV variable temperature STM system

The Variable Temperature UHV Scanning Probe Miaspgcsystem from Omicron,
Germany, GmbH (figure 4.3) is composed of two parte main (experimental) chamber

and fast entry chamber.
The experimental chamber is equipped with:

» Scanning Tunneling Microscope stage

» LEED-Auger electron spectrometer: operated by etipipthe same electron gun,
grids and optics of a SPECTALEED tool.

» Sputter gun: sample sputtering with Ar+ ions opegatvith a ISE 10 sputter ion
source.

» Heating/cooling sample manipulator. Molecular evapar: organic molecules and
materials with low sublimation point can be evapedafrom a T—controlled
Knudsen cell (up to a temperature of ~1200 K).

* lon getter pump and titanium sublimation pump

» Cryostat for liquid helium bath

o Carousel with up to 6 sample position for storirgnple plates and tip transfer

plates.
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The fast entry chamber includes:

» Magnetically activated sample transfer rod andepasated from the main

chamber by means of a load-lock.

e Turbopump and roughing pump

Figure 4.3 The VT-UHV STM system from Omicron at the Natib@antre for Nano-Structured
Materials, CSIR. (1) LEED and Auger optics, (2) Heg manipulator, (3) Sputter gun, (4) CCD
camera, (5) STM stage, (6) Effusion cell, (7) LHgostat, (9) Viewing window, and (9) Wobble
stick.
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The UHV system can be cooled down to 25 K by flanliquid Helium bath cryostat,
which is then pumped by a diaphragm pump. Radidteating can be achieved at the STM
stage by using radiative heating sample plates twkantains an embedded solid—state
pyrolytic boron nitride (PBN) heating element ttediows for temperatures up to 750 K.
Direct heating with temperatures up to 1500 K isi@ged via an electrical connection when

the direct current heating sample plate is insartexithe sample acceptance stage.

A temperature ramping facility is not available fibre commercial Omicron VT—
STM, and a major part of the development of thérimsentation is required. However to
calibrate temperature measurements, the desighehe anstrument measured the sample
temperature when the thermocouple was attachedtlgite the sample plate and when the
thermocouple was attached to its permanent postiorthe manipulator plate and the
average of the measurements were recorded and givesigh estimate to the sample
surface temperature. One of the major issues reagatide VT STM is that it does not have
facilities for accurate coverage measurementsngdugrowth such as a thickness monitor.
The system relies on calibration curves which giveugh estimate of the thickness which

has an error approximated to be 10%.

The sample is mounted in the STM sample stagetiwitsurface pointing downwards
and the tip is approached to the sample from th®imoup. The coarse approach, up to
some tens of microns, is made using a CCD—camésa fifie approach is then performed
automatically by computer. Conversely to most STMsthis instrument the sample is at
ground potential and the bias is applied to theSgmples are introduced via the fast entry
lock of the UHV system without breaking vacuum. Thanipulator allows samples to be

located at various positions inside the UHV chanfbersample preparations and analysis
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operations. The manipulator is equipped with sarhplating facility (up to 1500 K) and a

thermocouple for the sample temperature monitoring.

Substrate heating is achieved in two methods (doecadiative heating). From the
manipulator, the sample can be transferred to Tié¢ Sage by docking the sample plate on
the sample acceptor stage in the UHV SPM, just altbg protruding STM tip. Viewports
on the bolt—-on chamber allow optimal observatiotheftip/sample coarse positioning using

the external CCD camera.

4.2.2 Low—energy electron diffraction (LEED)

The surface of a crystalline solid in vacuum iseyaily defined as few (less than
10) outermost atomic layers of the solid that dignificantly from the bulk. It may be
atomically clean or it may have foreign atoms aledron it or incorporated on it. A
complete characterization of a solid surface reguknowledge of not only what atoms are
present but also where they are. Under suitablegpation conditions, the surface atoms of
many materials are ordered and there are no réstiscto their movement to find their
equilibrium positions. LEED is one of the most pofuk techniques to determine the
crystallographic quality of a surface, preparedhezitas a clean surface, or with ordered
adsorbate overlayers.

Analysis of LEED patterns and intensities provities size and shape of the surface
unit cell, the degree of order, and detailed atbmcture with a precision of the order of
picometers. It may be used in one of two ways: itatdlely and quantitatively [3,5,8]. In
gualitative analysis, the diffraction pattern ixomled and analysis of the spot positions

yields information on the size, symmetry and rotadl alignment of the adsorbate unit cell
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with respect to the substrate unit cell. In quatitrie analyss, the intensities of the vario
diffracted beams are recorded as a function ofrttident electron beam energy to gene
so—calledl-V (intensity vs. voltagecurves which, by comparison with theoretical cup
may provideaccurate information on om positions.A typical experimental arrangeme
used in a LEED experiment is illustrated in figdt4. An electron gun is used to produc

well monochromatielectron beam [4

Screen

Viewport

Electron gun

+5SEkV

Figure 4.4.Schematic of the LEED optics.

The eleaton beam of energy 1 500 eV igncident normally on the sample surfa
These electrons are scattered mainly from the feat layers of the crystalline samy
following the Bragg diffraction conditions. The lacattered electrons are of two typ
elastically scattered electrons ming a set of diffracted beams which create the It
pattern, and inelastically scattetelectrons, whichmay make up 99% of the toiflux. The
de Broglie wavelengths of these electrons are within 2.74 A t&®5which is optimal fol

crystallographic studies on the surfaces. Moreémeelectrons within this energy range,
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inelastic mean free path is 5 A to 10 A, which gsiigalent to about 3-5 atomic layers [5].
Hence LEED is an excellent surface sensitive tootfystallographic studies.

After reaching the first retarding grid;Gwhich is earthed, the elastically scattered
electrons are accelerated towards the fluorescemeers, which carries a high positive
potential (of the order of 5 — 6 kV). This providée electrons in the diffracted beams with
enough energy to excite the fluorescence materigthe screen, so that a pattern of bright
LEED spots corresponding to particular diffractileams and actual images of the
reciprocal lattice is seen. The next two grids @Ad G) are electrically coupled and are
negatively biased at a potential slightly below #lectron beam energy. These grids
represent the filtering section where only the étedastically scattered electrons are
allowed to pass. The fourth grid {/Gs also grounded to provide a field free regiongost—
diffraction acceleration. The potential on thes&lgis adjusted to minimize the diffuse
background to the LEED pattern. The diffracted spmill move towards the centre of the
image and higher order diffracted beams come imov\as the primary energy of the
incident electrons is increased. The interpretatiotmhe changes in position and the intensity
of the spots as a function of incident electron rgmereveal much about surface
reconstructions. For a more extensive review dfatifion techniques and LEED, the reader

is directed to several text books [5-7].

4.2.3 Auger electron spectroscopy (AES)

The process of obtaining detailed information om shrface of a material is without
doubt the most important and fundamental practeeessary for surface analysis. Auger

electron spectroscopy (AES) is used predominamtlghteck elemental composition of a
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freshly prepared surfacgith good spatial resolutic under UHV condition [3,9]. AES is
surface sensitive due to the strong inelastic egag which occurs at the energies
interest (~ 50-3KeV). Electrons with these energies originate nleasurface becaushere
is a high probability that the scattering processdk deplete them of the energy th
require to escape into vacuu

The process of creating an Auger electron staresnvehprimary electron with sufficie
energy from an electroneam produces a hole in an inner shell of an atothe sampls
(atomic ionization)such as the K shell (figure <. When an electron from a higher sr
(L,) fills the hole, energy is released. The energy may begbnim allow an electron in ¢
outer shell (L) to leave the atom, and hereby becs an Auger electron (Electrc
emission). This excitation process is denoted K& ;L, Auger transition and is shown
figure 4.5 The final stage of the spectroscopy entails #teation of Auger electrorwith
high sensitivity, and determining their kinetic egies utilizing a loc-in amplifier and
energy analyzer respectively.

Auger electron

Vacuum level

Valence band
eo o0 o0 L, eo o0 o0 L, eo o0 OO L,

L L, oo L, 0 L,
k 0@ k I‘Q k

Ground state Initial excited state Final state

Figure 4.5.Energy level diagrarof an Auger process. Electron frdmdrops into theK level
with the emission of ah,electron
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The Auger electron will have energy given by
E=E-Bi-EKo 4.2)

It is obvious that at least two energy states &meet electrons must take part in an Auger
process. This is why H and He atoms cannot givetdsAuger electrons. Several transitions
(KL1L1, KL1L, LM1My, etc.) can occur with various transition probaiedi. The energy of
the Auger electron is characteristic of the pastaim and independent of the incident beam
energy. Therefore, measurement of Auger electroaergées constitutes a method of
elemental identification. As a result of small Augggnals on a high background AES is
usually carried out in the derivative mode to segprthe large background of the true
secondary electrons [3,4]. The differentiation isrfprmed by superimposing a small
alternating voltage on the outer cylinder voltagel aynchronously detecting the inphase
signal from the electron multiplier with a lock—amplifier. In this mode the detector
current contains the first derivatie#/dV as the prefactor of the phase—sensitively detected
AC signal. Auger line energies are usually givendference works as the position of the

minimum of the derivative spectrudN/dE[3].
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CHAPTER 5

Dissolution of Sb on Cu(111)

5.1 Introduction

For miscible metals, when one kind grows on thesighsurface, the atoms near the
interfaces will interdiffuse and form an alloy, whiwill affect the properties of the grown
film. More interestingly, for materials such as alstX (X= Bi, Pb, Sb) on Ag(111) or
Cu(111), a kind of surface alloy formation is fowntber some conditions where every third

substrate atom in the topmost layer is replacedrbglloy X atom resulting in /3 x +/3)

R30°-X structure [1-4]. As illustrated on the Cu-Sb bjnphase diagram (figure 5), the
miscibility of Sb in the bulk is ~ 1 at%. These tgyss of surface alloys between heavy
metals and noble metals were recently identified\blyet al. [5] as a new class of materials
having long range order and exhibit large spintsipdj of their surface states. The unusual
embedded substitutional structure for an adsorbaéat structure involving larger atomic
mass adatoms was already proposed years ago f@=b2) on Cu(111) and Cu(100) [6].
While the existence of various surface phases e widely recognized [7-14], the

number of quantitative structure determinatiorscisially quite small.
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Figure 5. Binary alloy phase diagram of Cu and Sb in atdapéed from Massalski [15]

The system chosen for this study is antimony ($ba(111), which is investigated
in detailin situusing UHV variable temperature scanning tunnefmgoscopy (VT-STM)
and its subsystems. Figure 5 depicts the binarggdagram for copper and antimony. The
Cu(111) — Sb system is quite analogous to the AQ(+1Sb in a manner that both system
present a tendency to phase separate, a strorggeswségregation tendency of antimony
(Sb) and a lattice mismatch effect which causepling of the adsorbate atoms slightly
above the substrate atoms [7—13]. The solubilit$3lofin the bulk of copper (Cu) is limited
by an intermetalic compound 3D—3b which is analogous for Sb/Ag(111) system

[12,13,15]. Sb was chosen as the surfactant andogetgat coverages of < 1 ML, which is

88



the critical coverage for the Sb to induce a stagkault in the Cu(111) surface [1-6]. The
surface coverage is defined as the ratio betweenbau of surface sites occupied by
adsorbates and the total number of surface sitesthee corresponding unit is the monolayer

(ML).

5.2 Experimental procedure

High purity (99.99%) copper single crystals witheotation accuracy of ~ 1° of the
crystallographic (111) plane with 2 mm thickness avith surface roughness < 0.Q&
from MaTeck, Germany, were used as substrates. slibstrates were mounted on a
Tantalum base plate with the polished side on tapiatroduced to the UHV system via a
fast entry lock. To remove contaminants (sulphuggen and carbon), the substrate was

cleaned by cycles of sputtering and subsequentaéingen UHV as follows:

1. The Cu sample was sputtered with” Aons at 2 keV at room temperature for 5
minutes

2. The sample was annealed at 550°C and sputtered fagd minutes at 2 keV

3. The sample was further heated at 650°C for ~20 t@without sputtering to level

off sputter damage and concentration gradients.

Steps (2) and (3) were repeated four times urgilitmpurity level was below the detection
limit of AES and LEED indicated a sharpx() pattern. Temperature was monitored using a
chromel-alumel thermocouple modified such that T@was in contact with the sample

plate and very close to the crystal.
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A Knudsen effusion cell was used for antimony (99®purity) growth at a source
temperature of ~455°C and a deposition rate of MD/4. The chamber pressure was kept
below 5107'° Torr during growth. The coverage of Sb was cotetbby the evaporation
time, measured deposition rates and crucible tesyer charts supplied with the UHV
system. The adsorbate coverage was calculateddoguired STM data after growth. The
STM work was done in a UHV system (VT-STM, Omicrblanotechnology, GmbH)
equipped with sample characterization equipment siscLEED, AES optics, STM stage,
effusion cell and sputter gun. LEED was utilizedstady the sample surface before and
after growth in reciprocal space. STM was used dterthine ordered structural phases
induced by Sb adsorption on the atomically clear{1Ci) surface. STM images were
obtained with a low bias ranging from 0.3 to 0.0@lts in constant current mode in which
the tip height was varied to keep the tunnelingentrconstant while the tip was scanned
laterally.

The STM data is displayed in a top—view with theemsity scale representing surface
features, the darker levels corresponding to loweng areas and brighter areas
corresponding to higher lying areas. The effecamfiealing the as—deposited surface was
studied, and followed by subsequent annealing tognessively higher temperatures

followed by cooling to room temperature.
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5.3 RESULTS AND DISCUSSION

5.3.1 Atomically clean Cu(111)

Careful characterization of the clean copper (Klijace before deposition of Sb is
a prerequisite in understanding the growth mecharisd behaviour of the Cu(111) — Sb
system. The STM data for all recorded images isrtakt different scanning directions to
exclude any tip—induced artifacts. In most STM iem@f metallic surfaces, the observed
maxima are attributed to the effective atomic posg [14,15].

An STM image of atomically resolved hexagonal e of Cu (111) surface is
depicted in figure 5.1 (a) with nearest neighbagtashce of 0.257 + 0.01 nm (indicated by
the line C in the topography image). This value pares well with values of 2.56 nm [16]
for the atomically clean Cu(111). The variations attributed to surface layer vibrations.
The “intensity” scale next to the image illustratee height of the features on the image
ranging from 0 — 39.6 pm. The corresponding linefifg (figure 5.1 (b)) taken along the
line AB in figure 5.1 (a) depicts the corrugatiohthe Cu atoms to be ~ 0.024 nm on

average.
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Figure 5.1. (a) High resolution STM image of atomically cle@n(111) surface (2.50 nm x 2.50
NM) Vpias = =1 MV, lyn = 2 NA. The black rhombus indicates the (1x1) well and hexagon is
superimposed to illustrate the arrangement of Gumatat the surface. The superimposed unit
vectors on the topography image illustrate theativas on the FCC Cu surface. (b) Corresponding
line scan along the line AB in (ak). LEED pattern of the bare Cu(111) surface reedrat 114 eV

showing the (1x1) main spots.

The atomic spacing is measured from the top ofctlest of a protrusion to nearest
protrusion and is alternatively confirmed by a wall detection method where unit cells are
superimposed on the entire STM image and atomicisgare extrapolated from the unit
vectors. This unit cell detection feature is preddy the commercially available scanning

probe image processor (SPIP) software packagexpectd, the LEED pattern (figure 5.1

92



(c)) of the bare copper surface depicts a typital ) pattern characteristic of a well ordered
(111) surface at a beam energy of 114 eV. The npattieistrates bright spots with low
background intensity. The hexagonal arrangeme@uchtoms in reciprocal space is readily

seen from the pattern.

5.4 Growth of Sb on clean Cu(111) surfaces

The first step of the growth process is chemisorpof the atomic species on the
surface of the substrate. Chemisorption is genesadiimple process for atomic species. For
molecular species, however, chemisorption is of@anmore complex, involving bond
breaking and surface interactions between multiptéecules. When atoms from the gas
phase come into contact with a metal surface theorbdtes experiences the periodic
substrate atomic lattice mediated by both the sarfanergy of the substrate and the
surfactant nature of the Sb adsorbates (changer eita surface energy of the growing layer
or growth kinetics). The binding energy of the atistes is subject to lateral variation with
local minima corresponding to energetically favdulegoositions called the adsorption sites.
As presented irchapter 2, real surfaces very often consist of mixtures lat terraces
presenting steps, kinks, and point defects. Thdserption sites are separated by energy
barriers being significantly smaller than the egebarrier for desorption. The minimum
energy difference between adjacent sites is theatngp energy barrieE,. The reported
surface energy for low index copper orientatiores 8r707 eV per atom for (111), followed

by 0.906 eV per atom for (100) and 1.23 eV per aflmn(110) [23].
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After growth, a thermodynamic interaction and raisition of the near surface
crystal layers establishes the final configuratidhe high resolution STM image of figure
5.2 (a) was acquired after deposition of ~ 0.3 Mb & the atomically clean Cu(111)

surface, at room temperature.

Height [pm]

05 10 15 20
Position [nm]

Figure 5.2.(a) Atomic resolution STM image upon deposition-6f43 ML of Sb Vpias= 5 mV,

lun = 4 nA). Adsorbate atoms substitute into top lagar lattice sites and are imaged as
protrusions. Inset in (a) shows corresponding oen taken along the line in (a) showing the
corrugation of Sb adatoms on copper. (b) LEED paitaptured at beam energy of 116 eV.

Figure 5.2 (a) show bright spots (protrusions) \Wwhitan be associated with Sb atoms
on the Cu surface. The Sb atoms are more or lesomay distributed on the Cu surface.
The inset on figure 5.2 (a) illustrates the cortigyes of the Sb atoms on the Cu surface
along the line C to D. As the Sb atoms leave th&cthey are at high temperature ~
450°C and are incident on a substrate kept at r@mmnperature. Upon landing on the Cu
surface, the Sb adsorbate atoms interact strongly the Cu surface, showing a strong

tendency to wet the surface due to the surfactantre of Sb (figure 5.2 (a)). This type of
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growth mechanism (Frank van der Merwe) can be éurtimderstood by taking into account
Young's equation defined as [24]

Js= Yas * 7a COSO (5.1)
where ys, yas and y, are the surface free energy, interface free endilyy, free energy
respectively and is the contact angle between adsorbate and sudhst@itowing equation
(5.1), it is possible to determine beforehand whethetal atoms or molecules are going to
wet the surface or not. For a contact angle of@reks, the metal atoms wet the surface and
equation (5.1) becomes= yas + ya

After growth ksT << Ep which means the Sb adsorbates are confined to the
adsorption sites, i.e. the effect of the lateral sLwface corrugation on the Sb adsorbate
motion becomes large. However, before this equilibr state, the Sb atoms must be
sufficiently mobile to reach adsorption sites ommium free energy through a diffusion

process which follows an Arrhenius behaviour gitagn

b =D, exp(—RETam j (5.2)

whereD is the diffusion coefficient, is the activation energy barrier abg is the pre—
exponential factor called diffusivity. The site 8b atoms remain stable for long period of
time (minutes) during STM scans in contrast todhgcipated high diffusivity of single Sb
adsorbate atoms on FCC surfaces. This might beéadiliee Sb atoms being embedded in the
first Cu layer, forming a surface alloy with Cu(3XEurface or alternatively, it could be due
to the surfactant nature of Sb which means theaseanfeach thermodynamically equilibrium

and lowest energy configuration in this manner.
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A number of STM images similar to that of figur@ %a) were used to calculate the
surface Sb coverage after growth. This was donsebgcting an area in figure 5.2 (a) and
other similar STM images showing Sb atoms. Fromwkmatomic radius of copper atoms
(and the atomic resolution data of bare Cu(11i)gare 5.1 (a)), the number of Cu atoms
which can fully populate the selected area wasroted. Using the scanning probe image
processor (SPIP) software, the number of Sb atdntiseaselect area was acquired. Even
though the Sb atoms are randomly distributed aftewth, the Cu(111) surface retain its
structure after growth as seen from the LEED pastéfigure 5.1 (c)), thus the ratio of the
Sb atoms with respect to the Cu substrate atomscaraputed and a value of 0.43 + 0.02
ML was obtained for the Sb surface coverage. Thisieris a true representation of the
surface coverage after growth and is within acdd#ptanagnitude when compared to the
estimated 0.3 ML as measured from calibration w@bleich are with a 10 % error.

The corresponding LEED studies gave a diffuse pat(Ggure 5.2 (b)) which
displayed no additional features to the (1x1) clearfiace. LEED is an averaging technique
and since Sb atoms are not arranged in a reguttarpawithin the Cu(111) surface, the
presence of Sb atoms after growth do not influgheehexagonal arrangement of the Cu
substrate atoms. The presence of defects, in #8e &b atoms on the atomically clean
Cu(111) surface results in broadening and weakeafntpe spots and an increase in the

background intensity.
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5.5 Stages of dissolution

5.5.1 Annealing at 360°C

The most simple reason for a contrast betweenrdifteatom species at the surface
is a true topographic effect, i.e., the differemceatom size and/or difference in atomic
position (height). Discrimination between differemietal atoms at many different alloy
surfaces has been observed in constant current,raogkenomenon known as chemical
contrast [27]. To initiate the dissolution procetbe Cu(111) — Sb surface was annealed at
360 £ 10°C for 12 hours as captured by STM in fgbir3 (a). The array of bright dots in the
image (marked B) are identified with the Sb atonislevthe dull or less bright (marked D)
and smaller dots correspond to isolated Cu atorh$hid annealing temperatutdesT ~ Ep,
to kT >> E;,, which means the thermal energies are close taxoeeeling the migration
energy barrier and thus the effect of the latemalsGrface corrugation on the Sb adsorbate
motion becomes smaller or even negligible. Surfaggation is thus less restricted and the
adatoms transport or diffuse freely on the surfaiteout confinement to specific sites.

In order to minimize the surface energy of the @Qaflthe Sb atoms re—arrange
themselves in an almost regular fashion which atdilong range order. This effect is
demonstrated by the rearrangement of Sb atoms finenpreviously random distribution
after growth (figure 5.2 (a)) to an arrangementchihis almost hexagonal on the Cu(111)
surface. The line profile (figure 5.3 (b)) takeoray the line A to B in figure 5.3 (a) depicts
the corrugation of both the Cu (green and turquoiaekers) and Sb (blue and red markers)

atoms. The spacing between Sb atoms was measubed~+d.586 nm on average and Cu
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nearest neighbour was 0.461 nm as seen on fig@réa5b) which is almost double the

spacing on clean Cu(111).
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Figure 5.3. (a) Atomically resolved STM image of Sb atoms ipavated in a Cu(111) after
annealing at 360°C (8.74 nm x 8.30 nm). The imags teken aWp,s = 1 mV, lyn = 2 NA
tunneling conditions. The side bar show heightrim fb) A line scan taken along the line in (a).

(c) 3D view of the image in (a) showing the cortigyas of both Sb and Cu substrate atoms. (d)
LEED shows hexagonal diffraction pattern.
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This increase in Cu—Cu spacing illustrates thatahire surface (both Cu and Sb
atoms) has undergone surface reconstruction ddhi@gannealing process. Figure 5.3 (c)
depicts a 3—dimensional view of the far left pantmf figure 5.3 (a) where Cu atoms appear
smaller and lower than the Sb atoms. The variatiaorrugation and size of the Sb and Cu
atoms is self-evident from the line profile in figu5.3 (b). The degree of rippling at the
surface can be expressed in terms of the effeataddi of the Sb atomic species
accommodated into the surface of the Cu substiidte. STM observations suggest that
surface alloy formation is favourable even at 360AJthough the surface has not
completely reconstructed to a complete recognizabiectural phase, LEED exhibits an
average of the contributions of all domains exgtom a surface in this case a sharp and

well contrasted pattern with no extra spots of @algenal closed packed surface (figure 5.3

(d)).

5.5.2 Annealing at 400°C

Upon increasing the sample temperature, the sasplface may start to melt at
temperatures well below the bulk melting point af € 1084°C. It is known that for Cu,
surface adatoms begins to appear on the surface &39°C which eventual results to the
onset of surface premelting (the localized lossrgétalline order at surfaces and defects at
temperatures below the bulk melting transition)hwitanar disorder at and above 930°C
[29-32]. In this case the annealing temperaturevay below the roughening or the
premelting temperature, thus the influence of preing is excluded from experimental

observations.
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A careful analysis of the Cu-Sb sample after ammgaht 400°C for 12 hours

indicate the dissolution of Sb and showeg& x /3) R30°-Sb superstructure (figure 5.4

(a-b)).

Figure 5.4.(a—b) STM images clearly showing the six Cu attimas surrounds each Sb atom in a
Cu(111) /3 x 4/3) R30—-Sb reconstruction,s = 1 mV, Iy, = 2 nA). The intensity scale in (a)

represent tunnelling current variations in pA whfl® show variations of height in pm. The
superimposed hexagon is with respect to the Sbsafimiack dots) and the open white circles
represent Cu atoms. The superimposed triangleasaxiated to two in—equivalent Cu atoms and
a Sb atom at the centre resulting in surface asymgrire(b).

At Vpias = 1 mV, lyn = 2 nA tunneling conditions, both Sb and Cu atcans
simultaneously imaged by STM. The verticgl ¢orrugations of figure 5.4 (a—b) represent
(height variations in pm) and (tunneling currentpit) respectively. At a closer look of
figure 5.4 (b) it is possible to discern that Sbnag¢ occupy substitutional sites surrounded
by six Cu atoms, three of them being displaced fthenlattice site positions of the (111)
plane. This indicates that the substitutional ctt@raof surface segregation is a general
result for metallic systems, independent of themataradii mismatch between Sb and Cu.
The Sb coverage was determined to be more thad.3heIL which is the critical coverage

to induce the conventional(+/3x+/3) R30°-Sb superstructure, thus the annealing
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temperature of 400°C is sufficient to drive off axcess Sb to the subsurface and produce
an ordered surface phase.

The Sb atoms adopt the symmetry of the substrat@FCC) atoms. The spacings
between the Sb atoms show an increase from 0.58@snaeen from the initial stages of

dissolution (figure 5.3 (a)) to ~ 0.826 nm (figir& (b)).
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Figure 5.5.(a) Line trace along the line A to B in figure %a) showing the amplitude of the
corrugation in pico—amps vs distance in nm. (b)eEhdimensional (3D) view of the high
magnification STM image of the image in figure ®J. The superimposed star is associated
with two in—equivalent Cu atoms and a Sb atom atcémntre resulting in surface asymmetry.
(c) Schematic representation of the CuSb atomangement at the surface. (d) LEED pattern
of the sample surface at 114 eV illustrating th® x +/3) R30=Sb superstructure.
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The increase in temperature results in the incr@aghe diffusion of the atomic
species on the sample surface which later reacm#iesquilibrium, but not after the bonds
holding the atoms together are broken and the cinfearrange to a stable configuration
with the lowest energy possible. The process ofasar reconstruction is thus directly
responsible for increase in bond length. The twis sé triangles in figure 5.4 (b) of Cu
atoms along the <112>-type direction illustratese #ymmetry breaking of the (111)
surface. This observations rules out the proposedei(seesection 2.9 of Sb atom sitting
as adatoms on the Cu surface due to the largeetiife in atomic radius between Cu and
Sb.

It can be noted that the rearrangement of Sb atoroscupy substitutional sites on
the surface alloy is unusual, but not unprecedejitefl]. A similar surface alloy formation
was observed in previous studies of Sb/Ag(111)][@d&tice mismatch ~1 %) indicating
that the main driving force for the two dimensiof@D) surface alloy formation is due to
the tendency of the constituent materials (Cu andt® chemically order which is almost
independent of the lattice mismatch between Cutgtiesand Sb deposit. It is known that
perfectly symmetrical structures can be distormdards less symmetrical, but more stable
ones in order to minimize their energy by enhanthegweight of the bonding states in the
LDOS [10,19]. It is thus appealing to interpret dwntrast observed on the acquired STM
images as being due to the reconstruction of thaai layer in which three Cu atoms
forming a triangle “go up” whereas the other thfge down” i.e., the Cu atoms are
vertically shifted from their equilibrium positionsrom the STM images (figure 5.4 (a—b))
the Sb atoms remain centered in the <112> —typeetitons and followed by two lower Cu

atoms evident in the line scan of figure 5.5 (d)e Dut of plane displacement (rippling) of
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Sb incorporated into the copper surface is congisteh the picture of the larger antimony
atoms substituting for copper as illustrated by 82 view in figure 5.5 (b) and the
schematic in figure 5.5 (c).

The corresponding corrugation shown in figure &)ig strong but it should be kept
in mind that what is measured here is the corrogadif the surface charge density which
can be enhanced with respect to the individual atatthe surface. The inclusion of the Sb
in the Cu matrix induces strain in the Cu layerahhieads to a large distortion within the
Cu top layer chains. The strain is reduced by &terél shifting of the Cu atoms which is
evident from the outward relaxation of the surfatems (figure 5.5 (b)). Previous studies
using a density functional theory (DFT) method bpdMfruff and Robinson [9] found that

for (v/3x+/3) R30°-Sb periodicity, the stacking—faulted configuratia indeed more

stable than an unfaulted configuration. Their oi#di structural parameters were in
excellent agreements with the experimental datailoéd by Bailey et al. [8dnd Umezawa
et al. [17]. In a similar study de Vries et al. j2ported that at a coverage of 0.33 ML Sb,
the top layer atoms reside at hexagonal closedeggbls&llow sites relative to the underlying
Cu(111) surface, while for coverages below 1/3 Mig Sb atoms are embedded randomly
at FCC positions in the top surface layer. Fromdbgquired STM data in this study, Sb
atoms buckle outward by ~0.23 nm (i.e. the extenvhich the constituent atoms of the
alloy layer are not strictly coplanar) comparedthe previous reported theoretical and
calculated values of 0.25 nm [18]. The outward xal@n of the alloy atoms in these
surface alloys using quantitative low-energy elactdiffraction (LEED) was determined
previously by Gierz et al. [1]. The hexagonal scefssymmetry is then broken by this

displacement as illustrated in the three—dimensipicéure in figure 5.5 (b).
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The (+/3 x +/3) R30°-Sb structure was investigated by LEED and the spoeding
LEED pattern (figure 5.5 (d)) presents the.3x+/3) R30°-Sb reconstruction

corresponding to 1/3 ML Sb when taken at 114 eMr&gpots (superspots) are visible on
the diffraction pattern compared to the clean Cdiase of figure 5.1 (c) showing only the

integer—order or main spots. This arrangement ofase atoms can be understood by
considering that, in vacuum, the valence electrensily of metal surfaces is reduced by
spilling—over and results in tensile surface stredsch is relived by allowing large

substitutional Sb atoms to be accommodated on theuBstrate surface. It is rather intricate
to be more quantitative from the analysis of theMSimages, thus, a detailed structural

analysis using the spectroscopic part of the STemsred.

5.5.3 Annealing at 600°C

The sample was further annealed at 600°C for 12sh@I'M scans were taken at a
sample temperature of ~250°C and captured somewloaé complex super structure
(figure 5.6 (a)) which can be explained by bothekpental and theoretical models. The
STM data provides some insight into the orderingaveur of the Sb atoms in the surface
after annealing. The intense spots define the dyeedodicity, as indicated by the unit cell
drawn as a black rhombus in figure 5.6 (a). Theeegf ordering is strongly dependent on

both the composition of adsorbate atoms and amgemperature.
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Figure 5.6 (a) Fourier filtered STM image showing the.3x2.3)R30° superstructure. The
(2+/3x24/3) unit cell is depicted by the black rhombus. Theesimpposed black dots represent

positions of the overlayer Sh atoms, while theristiy dots represent the substitutional Sb atoms
and the red dots are associated with copper atbamneling conditionsVy.= 1 mV, Iy, = 3 nA.
Both the Sb and Cu atoms are resolved and the bfackbus outlines they3x2/3) R30 unit cell

while the white rhombus depicts the (2x2) sub—CEfle inset shows a 3D view of the image. (b)
Line scan taken along the black line AB in (a) simg/ithe corrugations of both Sb and Cu atoms

In this study, it is proposed that, the atomicafigolved STM images (figure 5.6 (a))
reveals two types of antimony atoms at the Cu(l1%&mnple surface forming a
(2+/3 x 2+/3) R30°-Sb superstructure. The variation in LDOS can bel usedifferentiate
between different atoms at the surface. LDOS cehtrecludes cases where one type of
atom is significantly larger and/or geometricaligher than the other and, hence, imaged
higher by STM. The difference in size (metallic iradf Sb and Cu is large ~ 15 pm in
radius. With such a large size difference, it hadé expected that the Sb atoms relax
outwards from the Cu surface layer. The overlayeat®ms which sits on the HCP sites of

the (/3 x +/3) R30°-Sb surface alloy appear with brighter contrast fom $TM image as
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observed after annealing. The other set of Sb awmmshe substitutional Sb atoms on the
Cu(111) plane which are represented by grey ciiolégure 5.6 (a).

Furthermore, depicted in figure 5.6 (b) is the ggation of both Sb and Cu atoms
taken along the line A to B in figure 5.6 (a). T¢wrugation of the overlayer Sb atom with
the substitutional Sb and copper atoms are imageaadasidual entities by STM. The effect
of imaging the cluster of atoms as a single pradrugs seen through the variation in height
of the real overlayer atom and the cluster of atddigse inspection of the image in figure
5.6 (a) reveals that the evidently large measuistarices (~0.83 nm) between the bright
spots as well as the different symmetry of thellaceas near each bright spot prove that the
corrugation maxima in the STM images cannot begassi to single antimony atoms in a
lattice plane of Cu. However a closer look aftdtefing of the image show clearly the
atomic positions of different atoms (inset on figus.5 (a)). From this observation it is
evident that the large lattice mismatch betweera@d Sb does not necessarily hinder the
formation of a surface alloy even at high temperestuEach overlayer Sb atom in a lattice
plane has about six nearest neighbours at varimtandes as illustrated by the measured
distances of figure 5.6 (a).

Starting from the measured distances between ttragadion maxima in the local,
well-ordered areas of the over layer Sb atoms P0r88), the ordered antimony structures
can hence be explained if each protrusion measwittdSTM, (i.e., maxima of the local
electronic density of states), is assigned to ardissociated Sb atom sitting on top of two
Cu atoms and a substitutional Sb atom thus forraitgfrahedron molecule. Sb is known to
form tetrahedrons at temperatures above 555°C §25The tetrahedron molecule is well

resolved in the 3D image which is an inset on fg&r6 (a) taken on the marked white
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rectangle. Taking into consideration the convolutiath the STM tip, this arrangement of
atoms represents an upper limit for the latera¢ € Sb and thus agrees well with the
observed contrast on the STM images. Figure 5.7ll(etrates the proposed schematic

representation of the real-space structural mddéleosurface alloy.

.Cu

‘ Sb (Overlayer)
‘ Sb (Substitutional

Figure 5.7. (a) Atomic model for thg+/3x 2+/3) R30-Sb superstructure outlining Sbh
atoms adsorbed in FCC (or HCP) hollow sites abosabstitutional(r/3x+/3) R30°-Sb

structure. The(v/3x+/3) R30, (2x2) and(2+/3x2+/3) R30 unit cells are outlined. (b)

Fourier filtered 3D view of STM image in (a) shogirmore details of the atomic
positions. (c) Corresponding LEED patter takenQft°€ at beam energy of 114 eV.
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The model outlines an overlayer of Sb atoms (blackles in figure 5.7 (a))
superimposed on an Sb-substituted/3 x /3) R30°-Sb surface with a periodicity
corresponding to a p(2x2) phase relative to theb@li4 substrate. The preference for the
formation of a Sb p(2x2) structure is highlightgdtbe proposed structural model.

From a theoretical standpoint, the traditional apph for the determination of an
alloy structure implies, in principle, a searchotlgh any possible configuration until the

most energetically favourable is found. From theppised structural model (figure 5.7 (a)),
the most likely coverage of Sb atoms is threeve &dditional Sb atoms p@f\@ unit mesh

relative to the+/3 starting structure. Thus the proposed Sb coverdgtheo surface as
acquired by STM is ~0.43 ML. The model shows owataSb atoms to occupy identical
sites, bonding to two Cu atoms and one substitati8b atom in a set of hollow sites in the
substrate. From both the experimental and the gexponodel, it can be seen that the new
structure which give rise to the p@ reconstruction penetrates deeper into the copper
substrate. It can be seen from the model that (g&2) unit cell is consistent with @b
stoichiometry for this alloy phase.

The symmetry of the surface and its structures agiqularly well resolved as
represented by the 3D images of figure 5.7 (b). Suréace reconstruction of the Cu(111) —

Sb system depict®./3x 24/3)R30°—Sb structure showing overlayer Sh atoms surroubgted
Cu atoms together with substitutional Sb atoms.imilar (2+/3x 2+/3)R30° structure was
obtained for Sb/Ag(111) and In/Cu(111) systems(28] at ~ 0.6 ML coverage, but has
not been reported for Cu(111) — Sb system.

The arguments given previously in explaining thés x +/3) R30°-Sb structure that

Sb enters the Cu surface substitutionally are sdfiplicable on the observed
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(2+/3x 24/3)R30°=Sb structure. The sample surface shows a honeystmntture and still
retains the(/3 x +/3) R30° periodicity with a substantial displacement of thebsurface

atoms. To differentiate between different atomsmfrthe acquired STM images, the
proposed model of figure 5.7 (a) is taken into adermtion and serves as a guide for atomic
positions at the sample surface. It is also interggo note that, in spite of the higher strain
induced by larger Sb atoms inside the Cu substiiagealloying effect of the strong Sb—Cu
bonds results in the net effect of Sb interdiffasieading to the formation of a &b phase
in the near-surface layers or alternatively Cu atahffuses upwards to form gsb as in
the case of In/Cu(111) system [28].

The Cu—Cu distance is measured to be ~ 0.287 naverage with rippling value of
~ 0.02 nm with respect to substitutional Sb atohtee mean distance of the Sb overlayer
protrusions (intense spots) as measured from thd fBiages is ~0.831 nm on average.

This Sb—Sb atom distance is comparable to the SHis&ince measured on the'3 x /3)

R30°-Sb structure of the surface alloy at 400°C (figbtd (b)). The lack of alternate

ordering patterns that compete energetically with ane observed in the STM data above,
leads to the conclusion that for higher temperatutiee system reconfigure its self to an
energetically metastable configuration which ameuanta suppressed number of Cu atoms
at the surface as observed experimentally. The 8atd show both the Sb and Cu atoms at
the surface, however the observed surface strucduitcommensurate with the substrate

lattice which makes linking the experimental datghie model a complex exercise.
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For further investigation of the metastable Cu(¥21)3 x 2+/3) R30°-Sb phase,
LEED patterns were taken and showegka/3 x 2~/3) R30°-Sb structure (figure 5.7 (c)).
The LEED pattern of the surface taken at 114 eVvgldoa ring around the (0.0) beam spot
characteristic of an ordere@ /3 x 2+/3) R30°-Sb structure. The ring—shaped diffraction
pattern indicates a uniform Sb adatom distributtonthe Cu surface [21]. The two rings
composed by twelve equidistant spots are consistéhtthe growth of a hexagonal film
forming three equivalent rotational domains [22fcreasing the LEED electron energy up
to 360 eV showed no influence to thexZ® pattern, suggesting that the reconstruction
persist into deeper layers below the surface imglylesegregation. Once the xi? pattern
has appeared, no further changes on the diffragitern were observed when the sample
temperature was increased. This indicates that(2l@y p(%2) Sb structure is formed and
that no more than the proposed number of Sb attays &n the substrate even at higher
temperatures. Upon cooling to room temperature LD pattern reverted to a

(/3 x 4/3) R30° pattern which implies that the Sb concentrationpgesl to that of the

(/3 x +/3) R30°structure and the adsorbed atoms change sitesydhis phase transition.

5.5.4 Annealing at 700T

Figure 5.8 (a) displays an STM image of sampleasarfafter annealing at 700°C.
After a careful examination of the STM image anel tbrresponding line profile (figure 5.8
(b)), it is possible to distinguish between themaitopositions of the Sb and Cu atoms. The
interatomic spacing between the Sb atom8.810+0.002 nm which is comparable to the

measured spacings between Sb of the previous egpsuperstructures at 400 and 600°C.
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The STM data reveals only four Cu atoms insteathefsix surrounding each Sb
atom (figure 5.8 (a)). This implies that each hexead arrangement of Sb atoms has two

atoms less than i+/3 x +/3) R30° and thus the Sb surface concentration at thisatdev
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Figure 5.8(a) STM image Vuias = 0.7mV,lwn = 4 nA) of Sb dissolved at the Cu (111) surfaderaf
annealing at ~700°C forming hexagonal arrangemeésat @/3x +/3) R30+ (2x1), (b) line profile
taken along the line in (a), (c) three—dimensioneW of the STM image in (a) and (d) Schematic
illustration of the positions of both the Sb and&@oms.
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The reduction in Sb surface coverage is attribtitedesegregation given that the
surface coverage reverts back to the 0.3 ML whempgais cooled to room temperature and
thus the reappearance of th¢3 x +/3) R30°-Sb superstructure. The Cu atoms are centered
in the <110> — type directions. The line scan guffe 5.8 (b) taken along the line in figure
5.8 (a) depicts the relative corrugations betwéen3b and Cu atoms as represented by the
colour coding of arrows on both the image and ihe $can. The average distance between
Cu—Cu atoms is 0.757 nm. The STM data still mamtdie rippling effect (0.02 nm)
observed on the previoys/3 x 1/3) R30°reconstruction.

The displacement (rippling) of antimony incorpothteto the copper surface is also
consistent with the picture of the larger antimamyms substituting for copper, however the
STM data illustrates that the hexagonal arrangeroetite Cu substrate atoms have been

perturbed (figure 5.8 (c)). The+/3 x +/3) R30° structure is considered to be the more

thermodynamically stable configuration given thatan be seen from both dissolution and
segregation, thus the long range structure in &duB (a) observed after annealing at high
temperatures might be due to kinetic limitationthatsurface.

Many alloys do not have long-range chemically cedgohases at all or the order—
disorder transition temperature is too low, so that mobility of the atoms is too small to
form long range ordered structure during anneaéing cooling down. This is mainly a
problem of the bulk, but it can also occur in theface layer, where diffusion is usually
much faster. The STM data shows thaf3 x +/3) R30° is still present at this elevated
temperature together with a (2x1) structure as seetie proposed schematic of figure 5.8

(d) in real space. Similar structures showings x +/3) R30° + (2x1) have been proposed
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before for superlattices on substrates with hexalglattice with their corresponding LEED
pattern similar to the schematic in figure 5.8[@D)].

Previous studies by Comin et al. [6] reportgd/3 x +/3) R30°-Sb patterns for Te
covered Cu(11l) and Cu(100) at coverages of 0.38 @@5 ML. Given that Te is
comparable in size to Sb, it is highly appealingexpect a similar behaviour when Sb is
grown on Cu(111) at submonolayer coverage. It ghligi probable that at this annealing
temperature, the Cu atoms desorbed from the suofaakernatively diffused to the bulk to
leave fewer copper atoms than in the conventiqrés x +/3) R30°-Sb structure. Other
explanations will be the nearly substitutional Simetization previously displaces Cu
adatom decoration, or the combination of theseofactThe STM measurements are not
enough to distinguish between these possibilittesils complementary techniques are

required for the understanding of the interestingriayer structure.

5.6 Segregation of Sb on Cu(111)

To study the segregation behaviour of Sb on Cu(ld $)ngle crystal was doped by
~ 0.02 at. % of Sb at the backside. The sampleanasaled for 3 weeks at 900°C under an
argon atmosphere. The sample was introduced tWTh&TM UHV system and subjected
to the cleaning cycles as $ection 5.2 Surface concentration of the Sb atoms segregding
the surface of Cu was monitored by Auger electrpecsoscopy while the sample
temperature was increased linearly from 300 K t0 B6 The Auger peak—to—peak height
was acquired using the AugerProfiler program. TiESAbeaks for Sb (488—-462 eV) and Cu

(910-925 eV) were recorded at a beam current QfALQiith a beam voltage of 3 keV. To

113



rule out the presence of impurities during the Auge, a full AES spectra was taken
before and after each run.

The AES peak-to—peak heights (APPH) were conveédadrface concentration and
plotted as a function of sample temperature inrégbL9. The fit to experimental data was
normalized to 33 at% maximum surface Sb coveraga Jimulations using the modified
Darken model were considered. The first simulati@s with Sb bulk concentration of 0.2
at% and the second with Sb bulk of 0.3 at%. Theegggion parameters obtained for the
fits are summarized in the inset of figure 5.9.rfrthe graph it is clear that the higher Sb
bulk concentration is the better fit. The fits wergood indication that the measured data

has a typical segregation profile.

Manual segregation temperature ramp (0.012 K/s)

* Measured
——S5imlConc=0.2at%
0.3 ——Sim2 conc.=0.3at%

0.2
DO(lll) =1.0x 105 mzs-l

0.15 Q =233 kJ.mol*

0.1 AG11y= 89 kJ.mol*

Sb fractional surface concentration

Q(Cqu) =-3 kJ.morl

300 400 500 600 700 800 900 1000

Temperature (K)

Figure 5.9. The experimental segregation results for the Cy(klifaces of Cu
(0.02 % Sb). The data were obtained by increasiagtystal temperature linearly at
a rate of 0.012 Kdwhile the Sb concentration at the surface was medsas a
function of temperature. The simulation with 0.3%t(red curve ) was a best fit.
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The maximum concentrations calculated from APPH iaregreement with the
(/3 x +/3) R30°-Sb superstructure that was observed by LEED, winiditates a 33 at.%
coverage of the surface. The same behaviour batspmmetric way is also observed for
dissolution kinetics. Thus, the segregation stugas a very good indication of the surface
coverage at different temperatures during STM nressents on the dissolution Cu-Sb
system. The AES data shows a decrease in Sb coattemttowards the end of the
segregation run which is collaborated by the révegrof the LEED pattern from a high
temperature structure of the metastaplés x +/3) R30°+ (2x2) to the more energetically
favourable(+/3 x +/3) R30°structure. While the interaction between molecalésorbed on
surfaces in general is dominated by Van der Waalslectrostatic forces and hence is
attractive, however in this study a repulsion iat¢ion Qcusp= -3 kJmol') was found to be
dominant between the Cu and Sb atoms. The effetiedo an exchange of electric charge
between the Sb and Cu substrate atoms and a matiarizof the interface potential of the

CuSb system.

5.7 Summary

In spite of the low miscibility (~ 1 at %) and l@@tomic size mismatch (15%) in Cu—
Sb system, surface alloy formation at the submgmolaegion was observed even at
~360°C. The STM experimental data support a strattodel for the Cu(111)}/3 x +/3)
R30°-Sb structure in which Sb atoms displace up to f/the first-layer of Cu atoms at
~400°C. The Sb atoms are displaced outward witheso the first—layer Cu atoms. This

structural phase was obtained for both dissolutind segregation samples. Annealing to
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elevated temperatures transforms the Cu(fd2)x +/3) R30°-Sb structure to the less
energetically favourable Cu(11(®)+/3x2+/3) R30°-Sb and (2+/3x+/3)R30°-Sb
metastable structures. This structural transitias been reported on Cu-Te system but not
in Cu-Sb systems. A complete summary of the stractransition followed as a function
of increasing temperature and surface Sb concenmtrah the CuSb systenis tabulated in
tablel.

Additional measurements using complementary teclmsigare required to fully
characterize the long range properties and to fuigerstand the driving force responsible
for the occurrence of the new structures. The tlaat there is rippling observed in all the
reported surface structures is a reminder thatstdllition of electronic charge at the
surface creates a relaxation which also plays atgivole in producing the rippling on

metal on metal surfaces.

Temperature Structural Sb Adsorption Techniques References
°C phase Concentration % sites
400 (J3x+3)R30° 30 HCP STM,LEED,AES" [7-9,18]
600 (2/3x2/3)R30° 43 FCC hollow STM,AES,LEED" [3,20,21,29]
700 (243x+/3)R30° 25 HCP STMAES | [6,22]

Table 1. Summary of the acquired experimental dataCu(111)-Sb system as a function of
annealing temperature. All STM data was acquirégl @annealing for 12 hours in UHV.

The higher relative corrugation of the topmost 8bms compared to the Cu atoms
observed at 700°C could be evidence for a highlldeasity of states on Sb, possibly
resulting from the occurrence of Sb—Cu bonds. Agiogly a superposition of the Cu and
Sb atoms in the dimer is imaged as single protrugiih the STM. Despite the complexity
of the observed STM data obtained at elevated teahpes, for the reported structural

phases, the data were best described by a modelving an ordered p(2x2), p(2x1)
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overlayer structure superimposed on th¢3 x +/3) R30°-Sb surface (figure 5.10). The

resolution of the data collected on the segregagirofile was not enough to fully conclude

on the presence of the high temperature structbesrved on the segregation sample.
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CHAPTER 6

Scanning Tunneling Spectroscopy (STS)

6.1 INTRODUCTION

The electrons in surface states of materials anéresd to the surface normal between
the vacuum barrier and a crystal surface. Surftate svavefunctions decay exponentially
into the solid with a decay length dependent up@nmagnitude of the band gap. The states
are separated in momentum from the continuum df lavels which also occur at a metal
surface. In the presence of an impurity, electtates will scatter off the impurity incurring
a phase, and for the continuum states these phaldargely interfere and so leave the
primary variation in the LDOS that due to the soefstate. Surface states which occur near
the centre of the surface Brillouin zone (BZ) delsast rapidly into the vacuum, and hence
provide the dominant contribution to the LDOS walkside the metal surface-precisely the
regime of operation of the STM which can measupgi@ximately) the LDOS.

The capability of the STM to identifying the chemadi®ature of an adsorbed species
by its apparent height with respect to the sampidase motivated intense efforts in
studying the electronic structure of both Cu andsBécies present at the sample surface
using the Scanning Tunneling Spectroscopy (ST®nigae. The power of the STM/STS to

measure the electronic structure with sub—atomatiapresolution and the reliability of
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these measurementdepends on the condition of the tunnel junc When atomic
resolution is achieved, the tip DOS is usually lygdtructured. This fact must be conside
carefully in the interpretation of the simultanelyuacquired tunneling spectriDuring
current image tunneling spectrosy (CITS), the data can beverlaid with a grid indicatin
the positions of the individuil-V acquisitions and the individubtV curves can be select
and presented on drV curve window Tunneling spectroscopy is able to detect vale

states within a feweV of the Fern level and to provide chemical images.
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Figure 6. averagel-V curve of HOPGThe top inset in figure 6 is a topography STM imad:
HOPG while the bottom inset is the constant curremage tunneling spectroscopic (CIT
micrograph taken with a bias of 0.3and 2 nA tunneling conditions.

STS thus provides essential information about cbelty—active valence orbital:
such as the highest occupi(HOMO) and thelowest unoccupied molecular orbit
(LUMO), respectively.As in the consta—current mode, the iage is scanned pixdy
pixel, but additionally, a curre-voltage curve is taken at every pix&b test the spectr

resolution of the STS mode, measurements were ctedion pristine clean HOF surface
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(figure 6). All acquired tunneling spectra repreésam average of all curves at the surface to
produce a singlé-V curve. HOPG has a gap in the momentum spacetheewaves are out
of phase, thus depresses the conductance aroukerme level and consequently bends the
LDOS at low bias voltages and thus the shape o$pleetra in figure .6The top inset in figure

6 is a topography STM image of HOPG while the buttmset is the constant current image
tunneling spectroscopic (CITS) micrograpdiken with a bias of 0.3 V and 2 nA tunneling

conditions.

6.2 STS of Cu(111) at room temperature

STS experiments were carried out on a surface wéi-defined electronic structure
Cu(111), with the aim to characterize the electatates of the sample surface. The basic

and theoretical concepts which underlie the STBrtigcie are outlined isection 3.5

300

—k—1

200

100

Tunnel current (nA)

-100

-200 +
— T T T T T T T T T
-150 -100 -50 0 50 100

Sample bias (mV)

150

Figure 6.1. (a) Spatially resolved constant current image tlingespectroscopic (CITS)
micrograph of Cu(111l) obtained at fixed bias vaitagf 2.5 mV. (b)I-V curves spectra
corresponding to the areas marked in (a) showingliieebehaviour of the copper sample at room
temperature.
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The |-V curves spectra were extracted from the currentgimga tunneling
spectroscopy (CITS) data (figure 6.1 (a)). The ltieg spots represent larger field emission
current from Cu atoms. THeV data represents an average of all curves on tii@csuto
produce a singlé-V curve representative of the sample surface (figutgb)). The images,
spectra, and-V curves were all reproducible. The measured curves depict an ideal
metallic behaviour close to the Fermi level. Thimyides the significant possibility of
distinguishing surface atoms of different chemitatiures accessible by STM at the sample

surface.
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Figure 6.2 Average conductance spectra of the Cu(111) sasupface
at room temperature which is the first derivativehe -V map in 6.1

(a). The inset illustrates unperturbed surfacesstatarEr showing the
step-like onset near -8.0 mV.
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The first derivative HdV can be obtained from the measured/ curves by
numerical differentiation. Although slight variati® in the shape of derivative conductance
spectra are observed, the basic features are eprpducibly obtained. Area—averaged
conductance spectra show the well known sharp;-kkepincrease in the LDOS which is
typical for a 2D electron system (figure 6.2). Etenically speaking, most metals surfaces
resemble a free electron gas more than orbitals weiatively well-defined energies. The
inset in figure 6.2 depicts a sharp feature at €/mvhich can be directly interpreted in

terms of the surface-state band edge, i.e.Hor-8 meV Cu(111). The obtainedi/dV

spectrum is essentially identical to the one oletdiby Vazquez de Parga et al. [1] on
Cu(111) at room temperature which exhibits onlyeakpwith the onset at 0.4 eV. The shape
of their conductance spectra originated frbm curves with a metallic behaviour close to
the Fermi level which is characteristic of the Stieg type surface states on Cu(111)

(figure 6.2)).

The drastic feature, which is the sudden droglidV at ~ 8.0 meV can be explained
as the sudden decrease in the surface LDOS atieniengre than 8 meV below:Evhich
reflects the onset of tunneling from the surfacaestband. One source of error in the
interpretation of STS data comes from tip-heightiataons, in this study this error is
negligible since the feedback loop is switch offidg data acquisition. In a similar study by
Everson et al. [2] on Au(111) at room temperattliedl/dV curves were explained in terms
of surface states which arose on the (111) surfaicesble metals as a result of the gap that
exists along™L line in their bulk band structure [3,4]. This kinflspectrum is typical of a
large number of spectra which were recorded undeargety of tunneling conditions at

room temperature. What is more consistent fromtgpecto spectrum is the width of the
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onset, which forms the basis of the analysis abdweguantify this width, which is denoted
As, the geometrical definition is illustrated by tiveset, extrapolating the slope at the
midpoint of the rise to the continuation of the doaotance above and below the onset. The
width As of the onset is related to the surface-statdilife r =7/As [5-8]. Perhaps the most
spectacular applications of this spectroscopic omeasents is that the feature in STS
spectra would be the only manifestation of surfsteges, if the crystal surface were perfect,
i.e. if there were no structural imperfections sashstep edges and adatoms. However, it is
well known that real surfaces possesses kinks,sstegcancies, etc, thus the periodic
potential experienced by the surface-state elestican be considerably altered in close

proximity to defects, and this naturally leads ¢attering by foreign surface and sub-surface

atoms.
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Figure 6.3 1-V curves of Cu (111) sample showing variations efc¢hrve
shape with applied bias voltage at different ptksi
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While these scattering processes can affectof the surface state onset, a
guantitative analysis of these effects in termagois desirable. This property is of interest
when studying the electronic properties of segesjabntrolled amount of impurity atoms

(eg., Sb) at the sample surface of low index plarfie®ble metals.

To aid in the interpretation of the STM/STS acqdidata of the Cu sample surface,
it is desirable to carry out systematic imagingyirag the set point current and polarity
thereby changing tip—sample separations. The paositof the peaks shift with applied
voltage are shown in figure 6.3. For comparide¥, spectra taken with sample bias of £ 1
mV show a saturation threshold at 130 mV as sedigune 6.3. It was observed that the
V curves measured over small voltage (+ 100 mV)wats were linear exhibiting metallic
behaviour. By increasing the voltage range, thelinearity first increased slightly, and
when the voltage range exceeded the valu&gf fanaEr) for reverse ande aie pana-Er) for
forward biased voltages, the nonlinearity increasegnatically, as shown by plots taken at
+ 1mV. (bias polarity determines whether unoccumeaccupied sample electronic states
are probed). The most interesting and surprisisglt@btained from thé-V curves shown
in figure 6.3 is that the tunnelling current strhngaturates at £ 1mV sample voltages as
compared to + 2.5 mV. This saturation is directdenice that the flow of the tunneling
current is limited by some sort of charge transpoethanism in the sample. By varying the
amount of the applied bias voltage, one can séhecelectronic states that contribute to the
tunneling current and, in principle, measure thealoelectronic density of states. For
instance, the current increases strongly if thelieghpbias voltage allows the onset of
tunneling into a maximum of the unoccupied sampézteonic density of states. At a

negative sample bias, mainly the sample's emptgsstae probed with negligible influence
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of the tip's occupied states. On the other hantheling from the sample to the tip is much
more sensitive to the electronic structure of this €mpty states which often influences the

spectroscopic STM studies of the sample's occugisgds.
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Figure 6.4. Series of normalized differential conductance Bpec
illustrating the DOS of the Cu (111) sample surface

A series of normalized differential conductance soeaments were performed for
all the curves reported in figure 6.3 and a typiséctrum is shown in figure 6.4. The
dependence of the measured spectroscopic date maltie of the tunneling conductariee
V can be compensated for normalizing the differént@nductance lddV to the total
conductancé-V showed that the normalized quantity reflects {eeteonic density of states

reasonably well by minimizing the influence of ti-sample separation.
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Depending on the crystalline structure and morpdwlof the tip, the differential
conductance spectra, either show only the surféae ©f the bare Cu surface or are
dominated by intense peaks due to electronic spnances. Metals do not possess a gap
between the valence and conduction band, and tieugatriations in DOS is relatively small

in Cu (figure 6.4).

6.3 SUMMARY

The electronic properties of the Cu(111l) surfaceewstudied by CITS at room
temperature over different bias voltages. The sdaat structure of vicinal Cu surfaces
shows a two-dimensional behaviour for low energies above the onset of the surface
state. In the case of noble metals, a steplikeifeandl/dV curves is explained in terms of a
two-dimensional surface-state band. Ultimately, ardigss of the particular materials
system chosen, the research proposed in this ttesibe applied to enhance the knowledge
in the field of nano sciences. Furthermore, if ghagenues of research are pursued, it would
enable a full characterization of the nanostrugtubat might be used as the components
and interconnects in future nanoelectronic devicEbe two different approaches:
differential conductivitydl/dV or the normalized differential conductivitdl(dV)I/V were
used in studying the electronic properties of thes@mple surface. THeV characteristic
measurements of the Cu(111)-Sb system at varioogpeaeatures which present new
challenges for investigation of 2 dimensional elmttgas system at atomic scale are

ongoing.
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CHAPTER 7

SUMMARY AND CONCLUSION

High spatial resolution STM images were attainedH&®PG, Si(111), and Cu(111)
surfaces and the acquired data was used for th& MWl-calibration purposes. The acquired
hexagonal crystal structures of the cleaved HORfether with the 0.246 + 0.02 nm C-C
distances were comparable to literature valueseiQtian the conventional honeycomb and
triangular structures of HOPG, superlattices widriqgdicity of ~ 3.45 £ 0.02 nm called
Moiré patterns were observed in atomic details.

The complex Si(111) 7 reconstruction was obtained and the observatwns
surface faulted and unfaulted half unit cells ahensions 2.76 + 0.01 nm were in good
agreement with reported theoretical and experinhelatia.

After repeated cycles of sputtering and annealmyiHV, an atomically clean and
well ordered Cu(111) sample was revealed in atateiail by STM. The Cu—Cu atomic
spacing was measured to be ~ 0.257 + 0.01 nm aageend the angle between adjacent
rows of Cu atoms was found to be 60° which is atteréstic of a Cu(111) crystal surface.

The in situ STM system was further used in conjunction withEDEand AES to
grow and characterise monolayer Sb coverages gfoayn a Knudsen effusion cell on

surfaces of Cu(111) in UHV. The total concentratdrsb atoms at the sample surface was
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calculated from STM data after growth and was daeiteed to be ~ 0.43 ML on average.
After growth Sb atoms were randomly arranged onGtél11) surface. The Cu-Sb surface
alloy’s evolution was followed as a function of aafing temperature from 300°C up to
700°C. Although Sb is much larger than Cu, thigdaatomic size mismatch does not
impede surface alloy formation even at 300°C (&gurl). At this annealing temperature,
the initial stages of dissolution of Sb onto the Stuface is evident from the re-arrangement
of Sb atoms at the surface from random distributmmecognizable patches of hexagonal
arrangement. Highly crystalline alloy overlayerwihg distinct structural phases ranging

from the conventional and energetically most faebie (/3 x /3) R30%-Sb at 400°C, and
metastable (1/3 x +/3) R30-Sb + p(22) at 600°C, and(/3x +/3) R3C-Sb + p(x1)

structure at 700°C were obtained for the first t{frgure 7.1).

Hexa gonal Cu-Sb

Figure 7.1. Schematic models of the Cu-Sb and their correspgnd
annealing temperatures.
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The coverage associated with thg3 x +/3) R30°-Sb phase was found to be 0.3

ML and clearly favours a structural model basedSinatoms occupying substitutional
rather than overlayer sites within the top Cu(ler substituting one—third of the Cu
atoms. At the monolayer Sb coverage, STM resultge hshown that the Sb-induced
compressive stress gets so high that it is relidyedegregation to the surface by some of
the Sb atoms that were formerly alloyed into theame layer resulting in the reported
metastable structural phases at 600°C and 700°Ghdfmore, the STM micrographs also
show that the six Cu atoms surrounding each Sb ,atorthe (111) plane, are strongly
perturbed, since they appear in the atomicallylvesbimages to be vertically and laterally
displaced from their expected positions resultimgribroken surface symmetry which is a
desirable effect in spintronics application.

The acquired topographic STM data was consoliddigdsegregation studies
utilising AES technique on the surface alloy atfedént temperatures. LEED, AES and
STM studies were used to distinguish between atgmoisitions of Cu and Sb in the
complex metastable2 /3 x 2+/3) R30°-Sb structural phase and a possible structural model
for the ordered Sb surface phase was proposedstiHfece alloy structural phase was only
stable in the temperature range 240-250°C afteciwthie Sb surface concentration dropped
from 0.34 ML to 0.3 ML which is a critical coverage induce the(/3 x +/3) R30°-Sh
superstructure. For the metastable structural pblasened at 600°C and 700°C, the data are
best described by a model involving an ordere&l2and p(21)-Sb overlayer (periodicity

relative to the substrate) superimposed on th&s x /3) R30° — Sb surface alloy,

respectively. These results demonstrate that thenta between the interface energy and

the elastic strain energy determines the stahitimadf different interface structures on the
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atomic scale. In particular, a continuous changdaitice parameters with increasing
temperature (Table 2) was found for the long-ramgdered structures, indicating a
substrate-mediated repulsive intermolecular intaadQcyus,= 3 kdmot') as confirmed by

AES studies. Not only was the registry of the tapelr atoms, but also their out—of—plane
relaxations were determined. The acquired surfacetares on the Cu-Sb system as a

function of annealing temperature are summarizethéychematic model on figure 7.1.

Annealing Sh
Surface structures Temperature Cu-Cu (nm) Sb—Sb (nm) Roughness concentration
(°C) (hm) (%)
27

Cu(111) -
Semi hexagonal 43
(v/3 x +/3) R30°-Sb 30
(2+/3 x 2~/3) R30°-Sb 43
(2+/3 x \/3) R30°-Sb 25

Table 2. Summary of the acquired STM data on theSBusystem.

The surface roughness was measured as a functiannefling temperature (Table
2). There data show an increase in roughness giftevth of Sb at the surface of copper
which latter decrease when the equilibrium strieigrobtained at 400°C. At equilibrium,
the surface atoms rearrange to a more energetsialhte configuration and thus lower the
surface energy of the system. There after them@nisncrease in sample roughness with
increasing temperature which is expected as tHasitih of surface atoms increases with
increasing temperature and also evident from theease in spacing between atoms (both
Cu—C and Sb-Sb) at high temperatures. Therefore figiire 7.1 and Table 2 gives an
inclusive description of the behaviour of surfatenss at the Cu—Sb system as a function of

annealing temperature.
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The spectroscopic information with an unprecedespatial resolution ultimately at
the atomic level, such as site—specific informatiengenerally not provided by area—
integrating surface analytical techniques. By penfag atomically resolved current
imaging tunneling spectroscopy (CITS) measuremehts,atomic origins of the various
electronic states of the Cu(111) were directly aebeed. The acquired data show metallic
behaviour of the Cu sample at room temperature. e conductivity has been acquired
for Cu(111) surface using both the direct measungsnffom conductance measurements
and DOS maps at finite voltages and in the presefisarface states. The technique of STS
is still in its infancy, thus the ability to pinpuior relate the topographic data on a surface
with different atomic species to the spectroscagpa and consequently the ultimate goal
of elemental identification has proven be a chajieg task.Nevertheless, the possibility of
measuring the local down to atomic resolut@lectronic density of states of Cu(111) surface
using both the conductance and differential coreha® maps has been demonstrated. This
approach should be applicable to studies of peatios of both bulk and surface metallic
band structure by adsorbates. Improvement in thalugon of the STS technique is highly
desirable.

The consequences of surface diffusion are eas#ly seimages taken by a scanning
tunneling microscope (STM), but its mechanism cardly be determined because of the
limited time resolution of the STM which is of mascopic dimensions. Thus, consistent
efforts should be made in further improvements takenthe STM/STS more sensitive,
robust and reliable, obviously this requires depilg a better understanding of surface

processes such as self—~assembled monolayers olficreetaemiconducting surfaces.
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The successful combination of all the techniquescdieed (STM, STS, LEED,
AES) presented crucial information on understanditgyractions at the atomic scale, highly
relevant in surface science and sub fields. Theéuéwo of scanning probe based science
and technology is thus of relevance in the excuarsigo the nano world fuelled with
exciting possibilities. These studies provide parthe basic underpinning understanding
that is necessary for surface alloys to be fullgleted for their functional properties such
as temperature sensing and catalytic activities.firther application of the surface alloys
in research areas such as electronics and othkndiegical applications, a thorough
understanding of dopant behaviour in these maseisatssential. That being said, this study
has showed in details that it is possible to eregir@ acquire particular arrangement of
atomic species on a substrate occupying specities sas driven by the systematic

thermodynamics of the sample surface.
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FUTURE PROSPECTS

The studies presented in this thesis, while thexe tsvanced the knowledge in the
field of nanoscale surface science growth and camaation, have left ample room for

future research. What follows in this chapter areations identified for future research.

» It would be of considerable interest to have theelfie of theoretical studies which
might cast some light on the underlying drivingc®ffor the surface reconstructions

regardless of the materials system involved angttral phases.

* Investigate and compare the diffusivities, segiegatenergies and activation
energies obtained by Auger spectroscopy with tlodained by scanning tunneling

spectroscopy through IV curves and discuss thkitios.

» Conduct STS measurements in conjunction with tigeegmtion studies to determine
the change in electronic properties on atomic sobléhe surface alloys as the Sb
concentration increases with increasing temperattnieh will ultimately results in
specific atomic material identification. Such sesliwill also give insight on the
perturbation of the local DOS of the Cu surface thg presence of controlled

impurities, in this case Sb atoms.
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