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ABSTRACT 

 

The thesis deals with adsorption, self–assembly and surface reactions of Sb 

atoms on solid Cu(111) substrates. It is of genuine interest in materials science and 

technology to develop strategies and methods for reproducible growth of extended 

atomic and molecular assemblies with specific and desired chemical, physical and 

functional properties. When the mechanisms controlling the self-organized phenomena 

are fully disclosed, the self-organized growth processes can be steered to create a wide 

range of surface nanostructures from metallic, semiconducting and molecular materials. 

The experimental technique used to study ordered phases and phase transitions of Sb on 

Cu(111) substrates was the Scanning Tunneling Microscopy (STM) – an outstanding 

method to gain real space information of the atomic scale realm of adsorbates on 

crystalline surfaces. It is a general trend to conduct studies on well known structures 

before one begins working on complicated systems. Therefore, in this study, Si(111) 

Cu(111) and HOPG surfaces were studied in atomic detail to confirm the calibration 

and the resolution capabilities of the instrument. The acquired data were comparable to 

the reported theoretical and experimental data in literature. 

The investigated Cu(111) – Sb system is characterized by a complex interplay 

between adsorbate interactions and adsorbate substrate interactions which in this study 

manifests through self–assembly processes. Both low energy electron diffraction 

(LEED) and Auger electron spectroscopy (AES) were utilized to determine the 

substrate cleanliness prior to the growth of a submonolayer Sb coverage (0.43 ± 0.02 

ML Sb as calculated from the acquired STM data). The freely diffusing Sb adatoms on 
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the copper surface were thermally excited from a random distribution of Sb atoms after 

growth to a finally rearrangement to more energetically stable configuration. The 

experimental results illustrated the presence of a surface alloy after annealing at 

~360°C. The Cu – Cu spacing increased from 0.257 ± 0.01 nm (atomically clean 

Cu(111)) to 0.587 ± 0.02 nm after annealing at 360°C. At that temperature, the STM 

images showed the surface protrusions of different sizes and contrast, attributed to Cu 

and Sb atoms. 

In addition to the conventional )3× 3( R30°–Sb structural phase acquired at 

~400°C, new metastable structural phases: )32 × 3(2 R30°–Sb and )3 × 3(2 R30°–

Sb were obtained for the first time after annealing at 600°C and 700°C, respectively. 

STM data after annealing at 600°C and 700°C was best described by a structural model 

involving an ordered p(2×2) and p(2×1) overlayer structures superimposed onto the 

)3× 3( R30°–Sb surface, respectively. At elevated temperatures LEED showed ring 

shaped diffraction patterns composed of twelve equidistant spots which are consistent 

with the growth of a hexagonal film forming three equivalent rotational domains. All 

the superstructures were found to favour a structural model based on Sb atoms 

occupying substitutional rather than overlayer sites within the top Cu(111) layer.  

Other than the dissolution of Sb onto Cu(111), the study report also on the segregation 

of Sb on Cu together with STS measurements. The surface chemical reactivity on an 

atom–by–atom basis of the Cu sample surface was studied by current imaging tunneling 

spectroscopy (CITS). The local density of states (LDOS) were derived from dI/dV maps 

at low tunneling voltages by a simultaneous measurement of high resolution 

topographic micrographs. The use of surface sensitive techniques (LEED, AES, STM, 
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STS) in studying the surface alloy in question has enabled more precise statements to be 

made about the surface structure of the system at various temperatures. Based on the 

experimental results, a comprehensive study of the adsorption and segregation 

behaviour of Sb on Cu(111), including the mechanisms for phase formation at the 

atomic scale is presented in this study 
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OPSOMMING 

 

Die proefskrif handel oor die adsorpsie, selfrangskikking en oppervlakreaksie 

van Sb atome op ‘n soliede Cu(111) substraat. In die materiaalwetenskap en tegnologie 

is dit belangrik om strategieë en metodes te ontwikkel wat die reproduserende groei van 

ingewikkelde atomiese en molekulêre strukture, met spesifieke voorafbeplande 

chemiese, fisiese en funksionele eienskappe, vestig. Indien die meganismes, 

verantwoordelik vir die verskynsel van selfrangskikking, verstaan word, kan hierdie 

groeiprosesse gemanipuleer word om ‘n wye reeks nanostrukture op die oppervlak van 

metale, halfgeleiers en molekulêre materiale te bewerkstellig. In hierdie ondersoek oor 

geordende fases en fase oorgange van Sb op ‘n Cu(111) substraat, is die 

Skandeertonnelmikroskoop (STM) as eksperimentele tegniek gebruik. Dit is ‘n 

besonderse metode om inligting, op die atomiese vlak en in werklike ruimte, van ‘n 

geadsorbeerde stof op kristallyne oppervlakke te verkry. Dit is algemeen dat ondersoeke 

van hierdie aard eers op welbekende strukture gedoen word, voordat met meer 

komplekse studies begin word. In hierdie ondersoek is die Si(111), Cu(111) en HOPG 

oppervlakke op ‘n atomiese vlak ondersoek om die herhaalbaarheid, kalibrasie en 

oplosvermoë van die instrument te bevestig. Die gemete data was dan ook vergelykbaar 

met die gerapporteerde, teoretiese en eksperimentele, data in die literatuur.  

Die Cu(111) – Sb sisteem wat ondersoek is, is gekenmerk deur ‘n komplekse 

wisselwerking van reaksies tussen die adsorbate en ook tussen die geadsorbeerde stof 

en die substraat, wat manifesteer in selfrangskikkings prosesse. Beide lae-energie-

elektrondiffraksie (LEED) en Augerelektronspektroskopie (AES) is gebruik om die 
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suiwerheid van die substraat te bepaal alvorens ‘n sub-monolaag Sb bedekking (0.43 ± 

0.02 ML Sb soos bereken vanaf die STM data) gedeponeer is. Die geadsorbeerde Sb 

atome het willekeurige posisies op die oppervlak ingeneem, waarna dit termies 

gestimuleer is om na energeties meer stabiele konfigurasies te diffundeer. Die 

eksperimentele resultate dui die teenwoordigheid van ‘n oppervlaklegering na 

uitgloeiing by ~360°C aan. Die Cu – Cu spasiëring toon ‘n toename vanaf 0.257 ± 0.01 

nm (atomies skoon Cu(111)) tot 0.587 ± 0.02 nm, na uitgloeiing. By hierdie 

temperature gee die STM-beelde oppervlak veranderings van verskillende groottes en 

kontraste, wat toegeskryf word aan die Cu en Sb atome.  

Bo en behalwe die konvensionele )3× 3( R30°–Sb struktuur by ~400°C, is 

nuwe metastabiele strukture )32 × 3(2 R30°–Sb en )3 × 3(2 R30°–Sb na 

uitgloeiing by 600°C en 700°C respektiewelik vir die eerste keer waargeneem. Die 

STM data, na uitgloeiing by 600°C en 700°C, word die beste beskryf deur ‘n strukturele 

model, waar geordende oorstrukture van p(2×2) en p(2×1) respektiewelik 

gesuperponeer is op die )3× 3( R30°–Sb oppervlak. By verhoogde temperature toon 

die LEED patrone ringvormige diffraksiepatrone bestaande uit twaalf kolle, ewe ver 

van mekaar, wat vereenselwig word met ‘n heksagonale lagie, met drie ekwivalente 

rotasie gebiede. Daar is gevind dat al die superstrukture ‘n strukturele model bevredig 

wat gebaseer is op Sb atome wat eerder substitusionele posisies as posisies bo-op die 

Cu(111) laag inneem.  

Die ondersoek rapporteer verder oor die segregasie van Sb op die Cu, tesame 

met STS metings. Die chemiese reaktiwiteit van die Cu-oppervlak, op ‘n atoom-tot-

atoom grondslag, is met behulp van stroombeeldtonnelspektroskopie (SBTS) bestudeer. 
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Die lokale toestandsdigtheidfunksie is afgelei vanaf die dI/dV karterings by lae tonnel-

potensiaalverskille met ‘n gelyktydige meting van hoë resolusie topografiese beelde. 

Die gebruik van oppervlak sensitiewe tegnieke (LEED, AES, STM, STS) in die 

bestudering van die oppervlaklegering het gelei tot meer akkurate waarnemings oor die 

oppervlakstrukture van die sisteem by verskillende temperature. Gegrond op 

eksperimentele resultate, word ‘n omvattende ondersoek na die adsorpsie- en 

segregasiegedrag van Sb op Cu(111), insluitend die meganismes van fasevorming, op 

die atomiese vlak aangebied. 
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CHAPTER 1  
 

 

INTRODUCTION 
 

 

1.1. BACKGROUND 

 

Materials and their properties have fascinated the human race since the past centuries 

when fabrication was regarded more as an art than a science [1–3]. Today's way of life 

depends heavily on the ability of a few million transistors to process data and a few million 

more to store it, whether temporarily or permanently [4–10]. Until now, investigative 

research is still carried out in the field of materials and surface science which is primarily 

intended to expand the range of knowledge and properties of materials of various types for 

both technological and fundamental applications [4–12]. Given that most material products 

come in the form of alloys, some of the ongoing questions in the field of materials science 

includes, whether different elemental materials are immiscible when combined under 

controlled conditions, whether or not the materials dissolve in one another, and, if they do, 

to what extent. Alternatively will they react to form a compound? If so, in what atomic 

ratios (or stoichiometry)? And how does processing conditions influence the product of the 

combined materials?  
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The field of modern surface science is driven by the ever increasingly specialized 

intricate set of characterization tools that are drawn from a wide range of scientific 

disciplines utilized to give answers to some, if not all of the above–mentioned questions 

with a high degree of accuracy [11–17]. Due to the demand for faster processing speeds and 

huge storage capacity of electronic devices, the study of materials has ushered in the field of 

nanoscience and nanotechnology where materials are investigated in dimensions less than 

100 nm [4,5,18–20]. In particular, the control of the shape and size in nanostructural growth 

has been a very hot research field topic [19–21], since the properties and applications of 

nanostructures mainly depend on their shape, size and surface morphology [9, 22–25]. 

It can be argued with considerable justification that the field of nanotechnology is 

driven by the possibility of fabricating tailor–designed nanostructures with unique 

properties. Two different approaches are generally used in the fabrication of nanostructures, 

namely, top–down and bottom–up. The top–down method mainly includes photolithography 

and etching techniques which permit the creation of nanostructures over large sample areas 

[4,5,18]. Other examples of top–down include carbon nano structures produced by ball 

milling of graphite [26] and arc discharge. The photolithography process has some 

disadvantages, such as the sizes of nanostructures are limited by wavelength of the photons 

used in the photolithography and mask sizes [4,5,20]. On the other hand, in bottom–up 

approach the building block materials for fabricating self–assembled nanostructures are 

atoms, molecules or clusters [4–7,18,20]. Bottom–up examples include chemical vapour 

deposition (CVD) [27,28], molecular beam epitaxy (MBE) [29-31], sputtering, liquid to 

solid nucleation, pulsed laser deposition (PLD) [32–34], sol–gel techniques [35–37], to 

mention but a few. The self–assembled nanostructures can be formed in a growth 
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environment taking advantages of some energetic, geometric and kinetic effects of over–

layer materials and substrates where molecules diffuse from atomic to the mesosopic scale 

[18,20,38]. In this study, the latter approach is utilized to grow thin film layers by 

controlling the flux of the deposited material, the kinetics and thermodynamics of the 

underlying substrate. 

Crystalline surfaces of noble metals (Cu, Ag, Au) have broken translational bulk 

symmetry [39], i.e., when the surface is translated in any direction it will look different than 

in the bulk. The lack of translational symmetry along the surface normal (perpendicular to 

the surface) results in electronic states localized perpendicular to the surface, the so–called 

surface states [40–42]. These surface states are localized to the first few atomic layers at the 

crystal surface and form a quasi two–dimensional free electron gas (2DEG) which is 

confined to the first few atomic layers at the crystal surface [6,43,44]. Therefore, the 

electrons strongly influence the interaction between the surface and its environment and 

thereby contribute to the chemistry of surfaces, such as adsorption processes, equilibrium 

surface structures, or catalytic reactions [10,54,46]. Furthermore, surface states are 

responsible for long–range substrate mediated adsorbate interactions, which dominate the 

bulk–state mediated contribution for large adsorbate–adsorbate separation [47,48]. In 

addition, the contribution from surface states is relevant for the total energy balance of 

surface reconstructions [6,40]. 

Thin films are of special interest especially when they have a thickness of only a few 

monolayers. Properties of such films may drastically differ from their bulk due to the 

surface restriction to two dimensions and due to the interaction with the substrate [49–51]. 

The surfaces of bulk alloys are of practical interest for their chemical properties be it novel 
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activity or selectivity to certain reactions [52–54] in a way which differs from the 

constituent elements in isolation or novel passiveness to corrosion. Our understanding of the 

chemical and physical phenomena on surfaces is far from complete, and the application of 

surface science methods to investigate these phenomena is a manifestation of a general trend 

to the study of surfaces of increasing complexity.  

Copper (Cu) has proved to be a favoured substrate for studies of ultra–thin metallic 

film growth for many reasons, including the relative ease of cleaning and maintaining 

surface cleanliness, the high level of crystalline quality and the advantages of a full d–band 

electronic configuration allowing high resolution studies of the surface and bulk electronic 

structure [55]. Some adsorbate species such as antimony (Sb) and indium (In) are known to 

act as surfactants in both homo – and hetero – epitaxy because of their low surface energy 

[56,57]. These adsorbates appear to induce layer–by–layer growth [58] in systems which 

otherwise tend to island growth, whilst remaining at the surface as the growth proceeds 

rather than being incorporated into the growing film [59,60]. Despite increased interest in 

the applications of surfactants on metal growth, the microscopic mechanisms of dissolution 

and segregation of Sb is not yet fully understood [61]. Established examples of this 

phenomenon is the role of Sb as a surfactant on the growth of Co on Cu(111) [62] and the 

growth of Ag on Ag(111) [63,64].  

The phenomenon of surface segregation is defined as the preferential enrichment of 

one component of a multi–component system at a boundary or interface [65–68]. The extent 

of segregation is influenced by strain energy due to the atomic size mismatch between the 

solute and the solvent, as well as the differences in their surface energies [52,69,70]. During 

surface segregation the surface enthalpy is different from the bulk enthalpy and occurs at 
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finite temperatures (or in the materials growth process) when energy activation barriers to 

diffusion are overcome.  

When monolayers of Sb are grown on Cu(111) or Ag(111) there are generally two 

proposed atomic structural models [71,72]. On the first model, Sb atoms are located above 

the (111) surface in face centered stacking sites as adatoms, while the second structure, 

involves Sb atoms sitting substitutionally within the (111) surface layer of the substrate [71–

74]. Previous experimental [71–73] and theoretical [74,75] studies have suggested that the 

energetics of this systems are such that in the ordered 0.33 ML Ag(111) )3× 3( R30°–Sb 

or Cu(111) )3× 3( R30°–Sb phase, the Sb atoms substitute one–third of the outermost 

substrate (Ag or Cu) atoms to produce an ordered surface alloy which shows out–ward 

relaxation of the Sb atoms. Thus these previously reported studies rules out the first 

proposition of Sb sitting as adatoms on the substrate. 

The formation of the )3× 3( R30° superstructure, is well understood in the case of 

Sb–Ag system since Ag and Sb form bulk intermetallic compounds and their atomic radii 

mismatch is small (~1%), however, it is rather difficult to understand how such a phase can 

form in the Sb–Cu system because of the large atomic mismatch (~ 15%) between Cu and 

Sb [76,77]. Therefore, the observation of almost identical two–dimensional surface alloys in 

both cases reveals that the main driving forces for formation is the tendency to chemical 

ordering, almost independently of size–mismatch between deposit and substrate atoms. The 

Cu – Sb system has been widely studied for (100) and (111) Cu surface orientations [76,77], 

considering both segregation and dissolution of deposited Sb layers. Previous in situ STM, 

Auger electron spectroscopy (AES), and low energy electron diffraction (LEED) studies of 

the dissolution and segregation of ~ 1 ML of Sb on Cu(111) has revealed that at ~ 400°C, 
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the dissolution stops, due to formation of a surface alloy which exhibits a p )3× 3( R30° 

superstructure which is fully consistent with one Sb atom per unit cell in the p )3× 3( R30° 

structure [78]. The dissolution and segregation kinetics are thus closely linked to the 

equilibrium surface segregation.  

At higher Sb coverages, a p(2×2) reconstruction has been observed on Ag(111), and 

explained as an ordered p(2×2)–Sb overlayer superimposed on the )3× 3( R30°–Sb 

surface [72,73]. A similar structure at higher Sb coverages has not been reported on the Cu–

Sb system. Theoretical calculations have shown that the creation of )3× 3( R30°–Sb 

surface alloy is energetically favoured [75]. The mechanism underlying the dissolution and 

segregation of the large Sb (atomic radius = 0.159 nm) atoms deposited on the (111) close–

packed Cu (atomic radius = 0.128 nm) surface is still an open topic for investigation. 

From an experimental point of view, the first available methods capable of 

investigating surfaces at the atomic level were diffraction methods in the late 20s [17,79] 

followed by scanning tunneling microscopes in the late 70s [80–82]. Quantifying and 

understanding the structure of surfaces, and particularly of adsorbates on surfaces, is a key 

step to understanding many aspects of the behaviour of surfaces including the electronic 

structure and the associated chemical properties. Both low–energy electron diffraction 

(LEED) and reflection high–energy electron diffraction (RHEED) has for example brought 

many successes in understanding atomic surface reconstruction [83–85]. One of the major 

disadvantages of these methods is that the surface is represented in the reciprocal space, 

making interpretation of measured physical data more intricate. 

The first real space experimental technique capable of imaging atoms at a surface is 

the field ion microscope (FIM) [86–88]. While this method has been widely and 
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successfully used to study the diffusion of adatoms and clusters at a surface, it is not suited 

to investigate large areas of nanostructure–covered singular surfaces.  

The cornerstone of modern growth investigation was laid by the invention of the 

scanning tunneling microscope (STM) in 1982 by Binnig and Rohrer (Nobel laureates in 

1986) [80,81] which will be the main experimental tool for this study. The invention of the 

STM solved one of the most intriguing problems which fascinated surface scientist for quite 

some time, the Si(111)–(7×7) reconstruction [81,89]. Other than providing images of 

surfaces and adsorbate atoms and molecules with unprecedented resolution, the STM has 

also been used previously to modify surfaces, for example by locally pinning molecules to a 

surface [90] and by transfer of an atom from the STM tip to the surface [91]. Recent 

developments in nanoscience make it possible to engineer artificial structures at surfaces 

[92–99]. The STM tip can be used as an engineering or analytical tool, to fabricate artificial 

atomic–scale structures where novel quantum phenomena can be probed and properties of 

single atoms and molecules can be studied at an atomic level [82,100,101]. These structures 

include quantum corrals [100,101] and atomic chains [102]. 

The STM can also be operated in the spectroscopy mode (STS) to study the local 

electronic structure of a sample's surface. This is usually done by sweeping the bias voltage 

V and measuring the tunneling current I while maintaining constant tip–sample separation z 

which results in current vs. voltage (I–V) curves characteristic of the electronic structure at a 

specific x,y location on the sample surface [103-105]. By numerically differentiating I–V, 

the conductance dI/dV can be obtained. The interpretation of dI/dV spectra can be complex 

but it can be shown that, under ideal conditions, dI/dV is a good measure of the sample 

density of states (DOS) [103-105]. This method makes it possible to get energy spectra of 
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very small objects at the surface. This can be used in the microelectronics industry, for 

example, to control electrical properties of transistors, especially those of a very small size.  
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1.2. OBJECTIVES OF PRESENT WORK  

 

The main aim of this project is to utilize an Ultra–High Vacuum Variable Temperature 

Scanning Tunneling Microscope (UHV VT–STM) to study the dissolution and segregation 

of fractional monolayer of antimony grown on copper (111) surfaces in situ.  

 

The main objectives are: 

(1) Optimize the VT–STM system in order to obtain morphology of Cu(111), HOPG 

and Si(111) with atomic scale resolution in order to calibrate the STM especially 

using the well known Si surfaces 

(2) Systematic study the nature of surface reconstruction of conducting and 

semiconducting materials in UHV 

(3) Investigate the atomic interaction of the Cu–Sb system and its various structural 

phases as a function of annealing temperature 

(4) Obtain local Auger spectral data at various temperatures on the segregation of Sb 

to the Cu(111) surface in order to calculate diffusivity, segregation energy and 

activation energy of the Cu–Sb system 

(5) Perform current–voltage measurements to obtain valuable information regarding 

the electronic structure of the Cu–Sb system  
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1.3. THESIS OUTLINE 

 

The thesis is structured as follows: Chapter 2, introduces the theoretical background 

on surfaces and various processes such as reconstructions at surfaces, the kinetics of thin 

film growth and types of growth. The chapter also introduces the basic concepts of 

segregation and the modified Darken model which describes segregation phenomenon for 

binary systems. 

Chapter 3 focuses on the main experimental method of the thesis, the scanning 

tunneling microscopy (STM). The chapter contains the necessary background information to 

understand the experimental work presented later in the thesis. These include the theory of 

electron tunneling and the operation principles of the STM system. The background on 

scanning tunneling spectroscopy is also explained in detail in this chapter. The chapter also 

explores the unprecedented resolution of the STM by studying the surfaces of well known 

substrates such as Si(111) and HOPG in detail. 

Chapter 4 comprises the experimental techniques and procedures. These include the 

theory of surface sensitive techniques (AES, LEED). The UHV VT–STM system and its 

components together with tip fabrication processes are also discussed.  

Chapter 5 looks at the adsorption and dissolution studies of submonolayer Sb grown 

on Cu(111) surface to get better insight into the atomic structure/s of the surface alloy and 

the influence of temperature at the sample surface. In addition, the chapter reports on the 

experimental segregation studies of Sb on the copper sample. 

Chapter 6 looks at the added advantage of being able to acquire electronic 

information simultaneously with topographical data utilizing STS which allow direct 

comparisons of the topography and the electrical characteristics of the sample surface. 
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Chapter 7 focuses on discussions and conclusions. Key points regarding experimental 

results from dissolution, segregation and the conductance measurements are summarized to 

give a better insight with a complete conclusion of the study.  
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CHAPTER 2  
 

 

THEORY 
 

2.1 Introduction 
 

The inception of modern surface science techniques dates back to the early 1960s. 

The breakthrough in the field resulted from a combination of factors, including progress in 

ultra high vacuum technology, the development of experimental methods sensitive to the 

surface atomic structure and the appearance of high–speed digital computers.  

A surface is created by cleaving a solid and breaking of bonds between the atoms of 

the cleavage planes [1–5]. The work done in forming a unit area of a new surface is called 

the surface energy and is denoted by γ. The surface free energy of noble metals (Cu, Ag, 

Au) is more than three times higher than that of van der Waals substrates like graphite. It is 

this surface free energy which drives adsorption and catalysis and explains why metals are 

very active materials in such processes [4]. 

It is conventional to use the z–axis for the surface normal, leaving x and y for 

directions in the surface. The interest in surface properties of a material usually 

encompasses the bulk properties of the material. Therefore, understanding of the surface 

properties requires a good knowledge of bulk properties. Almost all surface science studies 

are concerned with addition of controlled amount of foreign atoms (adsorbates) on 
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atomically clean surfaces. There are various ways in which adsorbates or molecules can be 

introduced onto the host material surface (substrate) [6].  

The adatoms can condense onto the surface from a vapour phase through a process 

called adsorption or alternatively segregate from the sample bulk, or diffuse along the 

surface. Knowledge of the structure of surfaces and particularly of adsorbates on surfaces is 

a key step to understanding many aspects of the behaviour of surfaces including the 

electronic structure and the associated chemical properties. 

 

2.2 The FCC(111) surface structure 
 

Surface structures of metals, being the most studied of all surface structures illustrate 

the degree of reproducibility and accuracy achievable by modern surface science techniques. 

Many metal elements crystallize in the face–centered cubic (FCC) structure. Among them 

are the noble metals copper (Cu), silver (Ag), and gold (Au) [7]. In the atomic 

configuration, noble metals are characterized by a completely filled d–level subshell and 

one single s–type valence electron. In the solid state, these electrons are strongly delocalized 

to form an sp–derived band. Close to the Fermi–level, the electronic properties are found to 

be in very good agreement with that of a free–electron model [8]. Even though the surface 

region is in principle a three–dimensional (3D) entity having a certain thickness, all 

symmetry properties of the surface are 2D – meaning the surface structure is periodic only 

in two directions. Atoms in the bulk of FCC (111) materials have coordination number 12 

while those at the surface have 9 nearest neighbours. This means that the mean–square 

amplitude of the surface atoms is much larger than in the bulk.  



 

The surface energies per atom increase with decreasing coordination of the surface 

atoms. For low index surfaces of 

γ(111) < γ(100) < γ (110). The surface layer of the {111} surface has a six

and three non–trivial mirror planes. The surface lattice has two 

sites, the hexagonal close packed (

packing density is the highest for the {111} surfaces, followed by the {100} and finally the 

{110} surfaces.  

 

Figure 2.1. The (a) (111), 
sites for adatoms [9]. 

 

2.3 Relaxation and reconstruction 
 

The subsequent processes which involves the rearrangements of surface (and near 

surface) atoms to form a structure with a different periodicity and/or symmetry than that of 

the bulk crystal are called relaxation and reconstruction. The driving force behind th

processes are the energetics of the system [4,5]

energy by increasing the coordination number of surface atoms and this is achieved in 

FCC hollow 
HCP 
hollow 

(a) 
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The surface energies per atom increase with decreasing coordination of the surface 

For low index surfaces of FCC metals (figure 2.1) the stability decreases in the trend 

The surface layer of the {111} surface has a six–

trivial mirror planes. The surface lattice has two “different”

sites, the hexagonal close packed (HCP) site and the face centred cubic (

packing density is the highest for the {111} surfaces, followed by the {100} and finally the 

(111), (b) (100), and (c) (110) phases of FCC crystals and the adsorption 

reconstruction of surfaces  

subsequent processes which involves the rearrangements of surface (and near 

surface) atoms to form a structure with a different periodicity and/or symmetry than that of 

the bulk crystal are called relaxation and reconstruction. The driving force behind th

processes are the energetics of the system [4,5] (i.e. the desire to reduce the surface free 

energy by increasing the coordination number of surface atoms and this is achieved in 

On top 

(b) (c) 

Bridge 

The surface energies per atom increase with decreasing coordination of the surface 

metals (figure 2.1) the stability decreases in the trend 

–fold rotation axis 

”  three fold hollow 

ubic (FCC) site. The 

packing density is the highest for the {111} surfaces, followed by the {100} and finally the 

 

crystals and the adsorption 

subsequent processes which involves the rearrangements of surface (and near 

surface) atoms to form a structure with a different periodicity and/or symmetry than that of 

the bulk crystal are called relaxation and reconstruction. The driving force behind these 

i.e. the desire to reduce the surface free 

energy by increasing the coordination number of surface atoms and this is achieved in 
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several ways, as shown in figure 2.2. As with all processes, there are kinetic limitations, 

which prevent or hinder these rearrangements at low temperatures. Relaxations and 

reconstructions often occur for atomically clean surfaces 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 neighbours than atoms in the bulk. The 

reduction of nearest neighbour gives rise to redistribution in the selvedge. This changed 

force field results in the decrease in the layer spacings d perpendicular to the surface (figure 

2.2 (a)) with no change either in the periodicity parallel 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 readily observable effect, involving larger 

(yet still atomic scale) displacements of the surface atoms. Unlike relaxation, the 

phenomenon of reconstruction (figure 2.2 (b)) involves a change in the periodicity of the 

surface structure. Surface reconstruction can affect one or more layers at the surface, and 

can either conserve the total number of atoms in a layer (a conservative reconstruction) or 

have a greater or lesser number than in the bulk (a non–conservative reconstruction). The 

reconstructive surface phase transition can either occur spontaneously or be activated by 

temperature or by addition of adsorbates [10]. 

 



 

Figure 2.2. Schematic side view of characteristic rearrangements of sur
(a) relaxed surface (d12 

reconstruction. 

 

2.3.3 Adsorbate–induced reconstruction 
 

At the lowest level of surface modification, adsorbates often influence the subtle 

changes in atomic layer spacings that occur close to the surface of a clean substrate 

observed by diffraction techniques.

the clean state while other surface

surfaces of transition metals Ag, Pt and Au transforms to (2

type of reconstruction (figure 2.2

The thermodynamic driving force for this kind of reconstruction is the formation of strong 

adsorbate–substrate bonds that are comparable to or stronger than the bonds between 

substrate atoms in the clean substrate surface.

 

2.4 Adsorption 
 

The process of adsorption occurs when a gas or liquid 

surface of a solid forming a molecular or atomic film [

be made between chemisorption and p
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. Schematic side view of characteristic rearrangements of sur
12 < dbulk), (b) Surface reconstruction (c) missing row type of 

induced reconstruction  

At the lowest level of surface modification, adsorbates often influence the subtle 

changes in atomic layer spacings that occur close to the surface of a clean substrate 

observed by diffraction techniques. Certain surfaces (bare (110) Cu, Pd and Ni) are stable in 

the clean state while other surfaces reconstruct in the presence of adsorbed atoms. The (110) 

surfaces of transition metals Ag, Pt and Au transforms to (2×1) pattern of the missing row 

igure 2.2 (c)) when oxygen is adsorbed onto the surface [

The thermodynamic driving force for this kind of reconstruction is the formation of strong 

substrate bonds that are comparable to or stronger than the bonds between 

strate atoms in the clean substrate surface. 

The process of adsorption occurs when a gas or liquid solute accumulates on the 

surface of a solid forming a molecular or atomic film [14,15]. A qualitative distinction can 

made between chemisorption and physisorption in terms of their relative binding 

. Schematic side view of characteristic rearrangements of surface atoms 
reconstruction (c) missing row type of 

At the lowest level of surface modification, adsorbates often influence the subtle 

changes in atomic layer spacings that occur close to the surface of a clean substrate 

Certain surfaces (bare (110) Cu, Pd and Ni) are stable in 

reconstruct in the presence of adsorbed atoms. The (110) 

1) pattern of the missing row 

when oxygen is adsorbed onto the surface [11–13]. 

The thermodynamic driving force for this kind of reconstruction is the formation of strong 

substrate bonds that are comparable to or stronger than the bonds between 

accumulates on the 

]. A qualitative distinction can 

hysisorption in terms of their relative binding 
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strengths and mechanisms [11,16]. In the case of physisorption, the adsorbate–substrate 

interaction is weak due to van der Waals forces and the binding energies are within the 

ranges of 10 – 100 meV. The overlap of the wave functions of the molecule and the 

substrate is rather small, thus, the perturbations of the structural environment near the 

adsorption site is negligible [5,17]. When the adsorbate–substrate interactions forms strong 

chemical bonds that are either covalent or ionic with binding energies of about 1 – 10 eV, 

the process is often denoted chemisorption [11]. In the later process, the strong bonds alters 

the adsorbate chemical state and alternatively changes the structure of the substrate either by 

relaxation or reconstruction of the few top atomic layers of the substrate. This process is the 

result of the long range order observed on most single crystal surfaces with adsorbates 

which posses two–dimensional phase characterised by its own electronic, chemical, and 

mechanical properties [17,18]. 

 

2.5 Kinetics of adsorption 
 

Consider the kinetic approach for the case of a uniform solid surface exposed to a 

monatomic gas of adsorbates at temperature T and pressure p. From the kinetic theory of 

gases p = nkBT, the flux F of the gas molecules or atoms impinging on the surface per unit 

area and time is given by [19] 

Tmk

p
F

Bπ2
=

    (2.1)

 

 
where p is the partial pressure of the adsorption gas measured in Torr, m is the mass in 

grams of the gas molecule (atoms), kB is Boltzmann’s constant, and T is the absolute 

temperature in Kelvin. The ratio of the adsorption rate to the incident rate is defined as the 
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sticking coefficient. The flux is a measure of how fast material is deposited on the surface. It 

does not enter any equation concerning processes connected to self–organization, like the 

definition of diffusion barriers or the strain field. Thus, the flux rate influences the kinetics 

of growth only indirectly by determining the density of adsorbates on the surface and 

thereby the mean free path, the nucleation rate of islands and by determining the time scale 

of free diffusion between two deposition events. 

 

2.6 The 3  structures on (111) FCC metal surfaces 
 

 

Figure 2.3. Schematic diagrams illustrating two possible 
surface structures that have a )3× 3( R30° structure, the 

)3× 3(  R30° unit cell is outlined: (a) the adatoms sit on the 
hollow site of the FCC (111) plane, and (b) the adatoms are 
sitting substitutionally within the (111) surface layer showing 
rippling due to the outward shifting of the adsorbate atoms [20]. 

 
Even though real crystalline surfaces always contain point and/or line defects, the 

model of a periodic two–dimensional surface is convenient and adequate for the description 

of well–prepared samples with large well–ordered areas and low defect density. The 

coverage of foreign species adsorbed on surfaces of atomically clean substrates 

Adsorbate 
Substrate 
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characterizes the surface concentration of the adsorbed material and is expressed in 

monolayer (ML) units. The adsorption of various metallic adsorbates on (111) surfaces of 

metals results in the formation of )3× 3( R30º structures [5, 20–23] at an adsorbate 

coverage of ~1/3 ML [14]. Depending on the adsorbate position on the substrate, the system 

can become a surface alloy i.e, substitutional )3× 3( R30° phase (figure 2.3 (a)) or 

alternatively adatom–type )3× 3( R30º phase (figure 2.3 (b)). In the prior phase, adsorbate 

atoms occupy substitutional sites formed by displacement of the substrate atoms from the 

first atomic layer of the substrate. Examples of substitutional structures include the 

adsorption of Sn, Sb and In on Cu(111), and Ag(111) after annealing above 300°C [14, 20–

23]. 

 

2.7 Dynamics of adatoms diffusion 
 

Defects plays a prominent role in many properties of materials, through their characteristic 

production of local distortion and mobility [3,24,25]. The Terrace Ledge Kink (TLK) model 

(figure 2.4), which is also referred to as the Terrace Step Kink (TSK) model, describes the 

thermodynamics of crystal surface formation and transformation, as well as the energetics of 

surface defect formation [25,26]. Upon adsorption on the surface, adatoms has (positive) 

adsorption energy Ea, relative to zero in the vapour. (This energy is referred to the 

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

 

The desorption rate of adatom is roughly given by  









−

= Tk

E

ad
B

a

evr
     (2.2) 

where νa is the characteristic atomic vibration frequency and is expected to vary relatively 

slowly (not exponentially) with temperature T, and kB is Boltzmann constant. In this case, 

the desorption energy is assumed to come from lattice vibrations only. The adatom can 

diffuse over the surface, with energy Ed (migration barrier energy) and the corresponding 

frequency νd (order of 1014 s–1). Since Ed << Ea, surface diffusion is far more likely than 

desorption. The probability that during one second the adatom will have enough thermal 

energy to pass over the barrier is 









−

= Tk

E

dj
B

d

evP
     (2.3) 
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In unit time the adatom makes νd attempts to pass the barrier, with a probability of 








−

Tk

E

B

d

e  

of surmounting the barrier on each try. The adatom diffusion coefficient (jumping a distance 

l) is then approximately 







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E

d
B

a

elvD 2
     (2.4) 

The diffusion of lattice atoms occurs by the random motion of atoms from lattice site 

to lattice site. Thus, equation (2.4) is in fact the mean square displacement of the random 

walker per unit time, or the tracer diffusion coefficient. It is convenient to express surface 

areas in terms of substrate unit cells. Then D becomes the number of unit cells visited by the 

adatom per unit time. The adatom lifetime before desorption is given by: 









−

−= Tk

E

aa
B

a

ev 1τ
     (2.5) 

The characteristic length, within which the adatom can move, is  
 

aDL τ=
     

(2.6) 

The presence of steps at the substrate surface can suppress the homogeneous 

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

heterogeneous step nucleation which in turn permits smooth two–dimensional growth. 

Binding energies for adatoms at step sites are in general 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 surface of a solid, the electronic 

structures of both the atom and the solid are perturbed. The electronic states on metallic 

surfaces are described by wave functions with periodic properties in directions parallel to 

the surface, and because of this, it is clear that the perturbation associated with the 

adsorption of an atom need not be very well localized. If this is so, then the adsorption of 

one atom will influence the adsorption of another over distances for which the direct 

interaction of the two atoms is negligible.  

The electrons of the surface states on the (111) surfaces of noble metals (Au, Ag, 

and Cu) form a quasi two–dimensional free electron gas (2DEG) which is confined to the 

first few atomic layers at the crystal surface [28–30]. They are scattered by the potential 

associated with surface defects, e.g. impurity atoms, adatoms, or step edges, leading to 

quantum–interference patterns in the local density of states around these defects. Surface 

interactions such as the direct chemical interaction and the indirect electrostatic (dipole–

dipole), elastic (deformation of substrate lattice) and electronic interactions (Friedel 

oscillations in the density of bulk conduction electrons), are present at a few atomic 

distances [28,31]. Friedel–oscillations at the Fermi energy (EF) have periodicity of half the 

wavelength Fkπλ 2= of screening electrons [32,33]. kF is the wave vector of the Fermi 

energy of an electron. The Friedel type interaction between two adatoms on a Cu(111) 

surface is given by, 
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n
F

R

Rk
E

)2cos(
int

ϕ+=∆
     

(2.6) 

where R is the distance between the adsorbed atoms,  n a constant, and φ is the azimuthal 

angle between the wave vector projection on the xy plane and the surface normal [31]. The 

lateral range of the force, given by n, depends on the states providing the screening of the 

adatom. The theoretical result of current interest is that the interaction is particularly long 

range when the interaction is mediated by a partially filled surface band of electrons [31]. In 

crystalline surfaces of noble metals with broken structural inversion symmetry, the Fermi 

energy: 

*2

22

m

k
E F

F

h=
      

(2.7) 

where ћ is Planck’s constant divided by 2π, kF is the wave vector of the Fermi energy of an 

electron and m* is the electron effective mass. The subtle interplay between orbital and spin 

moments through the spin orbit (SO) interaction induces a spin splitting of the electronic 

states in these systems. The strength of the spin orbit induced spin–splitting is called the 

Rashba energy [34–36]. Several studies [29,30,36–38] have shown that the splitting of the 

energy bands in the asymmetric surfaces can be enhanced by adsorption of various metals 

(Pb, Bi, and Sb) and various gases (O and Xe) on noble metals 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 film growth is partly because of the 

possibility of growing thin films with novel physical and chemical properties and partly 

because of the desire to understand the fundamental processes underlying nucleation and 

growth. The growth behaviour usually depends on the thermodynamics of the new solid 

phase formation and the growth kinetics [5,7,39]. Whereas thermodynamics tends to drive 

the system into its minimum free energy configuration, the trend towards thermodynamic 

equilibrium is often hindered by kinetic limitations. When metal atoms evaporate on a metal 

crystal, a supersaturated gas phase of metal atoms exists above the metal surface. The higher 

this supersaturation is, the more the kinetics will dominate the nucleation and growth. In 

general, on atomically flat surfaces, three principal modes of growth are established (figure 

2.5). 

 

 

Figure 2.5. Schematic illustration of different growth modes [40]. 
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2.9.1 Frank–van der Merwe (FM) or layer–by layer 
 

The interatomic interactions between substrate and film materials are stronger and 

more attractive than those between the different atomic species within the film material. The 

FM growth requires that 

γi + γf ≤ γs,     (2.8) 

where γi, γf, and γs are the interface free energy, film free energy and surface free energy 

respectively. The interface free energy depends on the strain and the strength of chemical 

interactions between the substrate and the adsorbates at the interface. Equation 2.8 implies 

that the sum of the film surface energy and the interface energy must be less than the surface 

energy of the substrate in order for wetting to occur. Alternatively, it becomes easier for 

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

 

2.9.2 Volmer–Weber (VW) or 3D island 
 

This growth mode occurs when the atoms or molecules of the growing film are more 

strongly bonded to each other than to the substrate unlike in the FM growth. This type of 

growth is expected if  

 γi + γf  > γs      (2.9) 

This type of growth is illustrated by the evaporation of silver on inert substrates such 

as HOPG. The Ag atoms form clusters on HOPG. The clusters nucleate on the substrate 

surface and form 3D islands. As these islands grow, they impinge, coalesce and form 

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

The SK growth mode illustrates the intermediate case between layer by layer and 

island growth. Strained monolayer (or several monolayers) of growth occurs first, with 

additional growth occurring in the form of islands nucleating on the growing film. As a 

result, there is a transition from two–to three–dimensional growth. Only when γi + γf ~ γs is 

satisfied can this type of growth occur. In the SK growth, the lattice mismatch between the 

substrate and the absorbate induces a stress which is relieved after a number of layers by the 

formation of strain islands. 

 

2.10 Introduction to Segregation 
 

The process of segregation is defined as the diffusion of the segregant from the bulk to 

the surface. Its parameters are regarded as some energetics and diffusion factors that 

constitute surface segregation phenomenon. These are the segregation, activation and the 

interaction energies as well as the pre–exponential factor. By measuring these solute 

enrichments on the surface as a function of temperature or time, their segregation 

parameters such as the pre–exponential factor D0 and the activation energy E could be 

extracted [40–46]. Consequently the data making up the equilibrium segregation profile can 

be utilized to determine other segregation parameters, namely, the interaction coefficient 

between the atoms i and j, Ωij, and segregation energy ∆Gi. At the initial stage, the 

segregation energy is responsible for driving the segregant 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 assumed that the driving force in the 

segregating system is the gradient of the chemical potential instead of the concentration 

gradient as is assumed in the Fick description. The segregation process of a binary system is 

described by a set of coupled rate equations for a surface S in contact with the bulk 

consisting of N layers. In the original model [48] the net flux of species i(Ji) through a plane 

at x = b is given by: 

bx

iB
iii x

XMJ
=
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





∂
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    (2.10) 

where Mi is the mobility of the species i and ��
�   the supply concentration in between two 

layers (within the plane). This supply concentration between the planes has no physical 

meaning and the first modification to the Darken model categorically associates the supply 

concentration to a specific layer as: 
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Equation 2.11 then indicates the flux of atoms from the (j + 1)–th layer to the j–th layer with 

the supply concentration )1( +j
iX and the difference in the chemical potential between the 

layers 
),1( jj

i
+µ . The segregation system of surface φ  and bulk B is therefore described by:  
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And for the j–th layer, 
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for i = 1,2, …, m – 1 and j = �, B1,.. N. Now there are (m – 1)( N + 1) rate equations for the N 

+ 1 layers.  
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CHAPTER 3  
 

 

 

Scanning Tunneling Microscopy (STM) 
 

 

3.1 INTRODUCTION 
 

STM studies of metal surfaces are still fairly scarce as compared to STM studies on 

semiconductor surfaces [1]. This is partly due to the localized nature of the charge densities 

and, the sp bonding surface states which present large corrugations near EF. Metal surfaces 

have, on the other hand, more shallow corrugations dominated by delocalized sp states. In 

order to image the individual atoms on metal surfaces, a higher lateral and vertical 

resolution of the scanning tunneling microscope is thus a necessary requirement. Today this 

has become possible on a routine basis with the best and most stable STMs. As a 

consequence, there is a rapid increase on STM studies on metal surfaces [2–4]. 

Relying too heavily and uncritically on STM micrographs alone may in some 

instances lead to misleading conclusions. Thus in several cases, most STM studies are 

supported by conventional surface–sensitive techniques capable of providing for instance, 

crystallographic, electronic, subsurface and specific chemical information. 
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3.2 Electron tunneling 
 

The ability of the STM to yield three dimensional (3D) micrographs of surfaces with 

resolution of individual atoms and its ability to manipulate the atomic landscapes of 

conductive surfaces lies on the quantum mechanical phenomenon known as electron 

tunneling [4,5]. The concept of electron tunneling has been extensively studied theoretically 

and experimentally long before the invention of scanning tunneling microscopy [6]. 

Tunneling is a microscopic phenomenon where a particle can penetrate and in most cases 

pass through a potential barrier assumed to be higher than the kinetic energy of the particle. 

Such a motion is not allowed by the laws of classical dynamics and is described in detail in 

introductory quantum mechanics text books [7–9]. Electron tunneling originates from the 

overlap of wave functions between the molecules at the tip and surface atoms of the 

substrate (figure 3.1).The tunneling process may be considered as a charge–transfer process 

between electronic states of the tip and the sample. 

Quantum mechanically speaking, the wave function of an electron describes its 

motions in all region of space. For example, if we consider the one dimensional tunneling 

model, the wave function of the electrons is governed by the Schrödinger equation given by: 

)()()(
2 2

22

zEzUz
zm

ψψ =+
∂
∂− h

   (3.1) 

where m is the particle mass, ћ is Plancks constant divided by 2π, and ψ is the wave 

function. The solution for the electron wave function in the classically allowed region E > 

U(z) is a plane wave 
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ikzez ±= )0()( ψψ      (3.2) 

where z is the width of the tunneling barrier, m is the mass of the electron, U is the potential 

across the gap (the applied bias), and E is the energy of the electrons in this case the width 

of the gap and: 

h

)(2 UEm
k

−
=      (3.3) 

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

constant momentum [ ] 2/1)(2 UEmkpz −== h , or a constant velocity mpv zz /= , the 

same as classical. In the classically forbidden region E < U(z), equation (3.2) has the 

following solution: 

zez βψψ −= )0()(      (3.4) 

where 
h

)(2 EUm −
=β      (3.5) 

is the decay constant which describes a state of the electron decaying in the +z direction. 

The probability density of observing an electron near a point z is proportional to 

ze βψ 22)0( −
 which has a nonzero value in the barrier region, thus a nonzero probability to 

penetrate a barrier. Another solution, zez βψψ )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 realm of surfaces in STM, a conducting 

atomically sharp tip (typically W or Pt–Ir alloy) mounted on three mutually perpendicular 

piezoelectric transducers (a ceramic material that expands or contracts in response to a 

change in the applied voltage) is brought into close proximity (~0.1 nm) of a metallic or 

semiconducting surface under applied bias voltage (Vbias) as in figure 3.1(a).  

 

 

Figure 3.1. (a) Schematic representation of the STM. (b) Tunneling process 
between the tip and sample across a vacuum barrier of width d and height z. 
The electron wave functions ψt and ψs decay exponentially into vacuum. 

 

The wavelike properties of electrons permit them to tunnel beyond the surface into 

regions of space that are forbidden to them classically but permitted quantum mechanically 

(figure 3.1(b)). This vacuum tunneling establishes a small tunnel current Itun within the 

nano–ampere range [9,10]. When the tip–sample distance increases (figure 3.1), the 

Sample 
Z 

Y 
X 

Tip 

eV 

Tip 

Sample 

� 

ψs 

ψt 

d 

(b) 

Feedback 
amplifier 

 

Computer 

(a) 



45 
 

probability of finding such tunneling electrons decreases exponentially (equation 3.7). The 

tunneling current of electrons is extremely sensitive to the distance between the atoms at the 

apex of the STM tip and the atoms of the underlying specimen. This gives rise to the local 

character of STM measurements, which makes it possible to visualize surface structures 

with sub–angstrom resolution and to detect various atomic–scale defects that are 

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

The measured tunneling current depends on the density of the electronic states, work 

functions of the tip – sample and the voltage biased. Because tunneling current is 

proportional to the local density of states (LDOS) near the Fermi level, the tip follows a 

contour of a constant density of states during scanning in constant current mode. The 

presence of adsorbates on the surface alters the LDOS in the surrounding area and the 

adsorbates are in general found to be imaged either as protrusions or depressions with 

respect to the bare surface. The output current differs when the probe tip is directly on top of 

an atom (smaller distance) as compared to when the probe tip is above a region between 

atoms (larger distance). 

 

3.4 Tunneling current 
 

When there is no applied bias voltage (Vbias = 0), there is no net flow of electrons 

(figure 3.2 (a)) since the Fermi level EF of both the tip and sample is equal, i.e., the gradient 

is zero. When Vbias > 0, (figure 3.2(b)) the Fermi level of the sample is raised by Vbias, the 

voltage difference between the tip and the sample creates an electric field, which causes 

electrons in the occupied state of the sample to quantum mechanically tunnel into the empty 
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state of the tip. When the applied bias voltage Vbias < 0 (figure 3.2 c), electrons in the 

occupied state of the tip tunnel into unoccupied state of the sample. The electrons must 

satisfy Schrödinger’s equation (3.1) as they tunnel across the tip–sample gap, whether it be 

in vacuum or ambient conditions.  

 

Figure 3.2. Schematic of a metal–insulator–metal tunneling junction at 
various bias voltages. The light blue area represents electron filled 
states and the brown area is the empty states. 

 

The tunneling current is directly proportional to the number of surface electron states 

within an energy window (eV), where V is the voltage and EF  is the Fermi level, as shown 

below. 

zE
E eI F

eVF

βψ 22)0( −
−

∑∝
  

 (3.6) 

From equation 3.6 the probability of the electrons successfully crossing the gap 

between the tip and the sample (tunneling current) I is proportional to the tip–sample 

distance, 

zkeI 2~ −

 
    (3.7) 

For most tip materials k ~1, which means for STM, the tunneling current increases 
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(decreases) by about an order of magnitude for every decrease (increase) of the tip–sample 

distance by 1 Å respectively. This exponential dependence on distance allows for precise 

vertical measurements. Under small bias (V < �), the tunneling current can be expressed as 

zeEVI F φρ 0252.1)( −=
  

  (3.8) 

where ρ(EF ) is the local density of states (LDOS) at the Fermi energy level, based on the 

assumption that a small bias voltage will not alter the LDOS near the Fermi level, the work 

function � is in units of eV and the tip–sample separation z is in units of Å. The validity of 

this assumption is justified under usual STM conditions (weak coupling). Experimentally, 

the apparent barrier height (ABH) can be measured by recording the tunneling current as a 

function of the tip–sample separation, based on the following equation 

2
ln
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   (3.9) 

As mentioned before, all these discussions are one dimensional. Considering that the 

lateral dimension of the tip apex is usually much larger than the decay length of the 

tunneling current (a few Å), this one–dimensional picture is rather accurate. The measured 

ABH can be used as an indicator of surface cleanliness, since a slightly contaminated metal 

surface will have a smaller work function than the clean metal. There will usually be a 

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

In contrast to the rather simple principle of electron tunneling in STM illustrated 

above, a complete theoretical description is complex. With a few simplifications, a widely 

used basic theory for STM can be constructed describing elastic tunneling processes called 

the Bardeen approach to tunneling [6]. Bardeen’s tunneling theory was published in 1961 

and applied to the scanning tunneling microscope in 1983 by Tersoff and Hamann [13].  

The approach considers the tunnel junction as two subsystems with wavefunctions χ 

and ψ. The approach showed that the tunneling matrix element M is determined by a surface 

integral on a separation surface between the tip and the specimen, i.e., 

dS
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zz
∫
=










∂
∂−

∂
∂=

0

*
*

2

χψψχh    (3.10) 

where ψ and χ are the wave functions of the two electrodes (tip and sample) [14]. The rate 

of electron transfer is determined by the Fermi golden rule [14]. The probability w of an 

electron in the state ψ at energy level Eψ tunneling to a state χ of energy level Eχ obeys the 

following equation: 

)(
2 2

χψδπ
EEMw −=

h
    (3.11) 

where Eψ and Eχ is the energy of the states ψ and χ, respectively. The delta function implies 

electrons can only tunnel to and from states with the same energy. Tunneling without losing 

energy is known as elastic tunneling. The total tunneling current is thus the sum over all 

possible states. Taking into consideration the bias voltage, the current I thus becomes, 
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(3.12) 

where f(E) is the Fermi function and the density of states (DOS) are given by ρn. The Fermi 

distribution function acts as a step function giving 
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   (3.13) 

Assuming 
2M does not change much over the integration interval, it may be 

considered a constant and thus equation 3.13 becomes 

( ) ( )∫ ++−∝
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FF dEeVEI
0

21 εερερ    (3.14) 

The tunnel current is the integrated product of the DOS of both electrodes. If both 

electrodes are normal metals, i.e. their DOS are flat, we see that the integral yields I α  V. In 

most cases the interest is in the DOS of just one electrode, not the product of both. If one 

electrode has a constant DOS then the derivative of the tunneling current at small voltages is 

given by 

( )eVE
dV

dI
F −∝ 1ρ     (3.15) 

and this derivative conductance equation becomes the function of the metal DOS [15,16]. 

On adsorbate–covered metal surfaces, the measured STM contours become strongly bias–

dependent. The applied bias voltage can be chosen in the millivolt regime for metals due to 

the lack of a bulk energy gap at the Fermi level. For a given tunnel current, a small bias is 
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preferable for obtaining high spatial resolution, as a 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 current imaging mode (figure 3.3). 

In the later, as the tip is raster scanned across the sample surface, a feedback control loop is 

used to compare the measured tunneling current (Itun) to a preset constant value (I0), 

typically 0.5 – 5 nA.  

 

Figure 3.3. Schematic representation of the constant current mode. 

 

If the measured current is less than the setpoint, the loop responds by moving the tip 

closer to the sample or else the tip retracts in case the measured current is greater than the 

setpoint value. The feedback signal, proportional to the difference between I tun and I0, 

provides a correction voltage to the z transducer and thus causes the distance z between the 

tip and the surface to change when surface atoms are traversed. A topographic image of the 

V 
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sample surface with uniform electronic properties is generated by the computer recording 

the change in tip position z as a function of lateral position (x,y) [5,9].  

The constant current topographs contain both geometric and electronic structure 

information. Generally, metals have the highest density of states near the Fermi level, thus 

protrusions in STM micrographs corresponds to the location of the highest density of states 

[17]. The constant current mode was the first mode historically developed for STM and its 

main advantage is the observation of surfaces which are not atomically flat [18].  

 

3.6.2 Constant height imaging mode 
 

Alternatively, in the constant height mode (figure 3.4), the tip scans the surface of 

the sample at nearly constant height and constant voltage while the tunneling current varies 

[18,19].  

 

Figure 3.4. Constant height mode illustration. 

 

In this mode the feedback mechanism is switched off. Consequently, as the current 

varies with the electron density of states, monitoring of the probe current as a function of x–

y displacement yields a topographical representation of the surface morphology. In this 
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mode, much faster imaging of atomically flat surfaces can be achieved since the feedback 

loop and the piezoelectric driver does not have to respond to the surface features passing 

under the tip [18].  

Typically, in commercial scanning probe microscopes, each scan line consists of 512 

points and scanning proceeds with line scanning frequencies in the 1–60 Hz range. For 

scanning flat areas of the order of 40 nm × 40 nm or smaller, where atomic and molecular–

scale images are collected, scan line frequencies in the 8–60 Hz range are commonly used. 

Some of the distinct advantages of fast imaging include the observation of dynamic 

processes in real time and at reduced data collection time and minimal image distortion 

[18,19].  

 

3.7 Scanning Tunneling Spectroscopy (STS) 
 

STS is an extension of the tunneling junction experiment [6,11,20,21], but with a 

richer information content. Actually, the inception of the STM was driven by an idea to 

perform tunneling spectroscopy locally on an area less than 100 Å in diameter [22]. A 

concrete suggestion of a scanning tunneling spectroscopy (STS) experiment was made by 

Selloni et al. [23] on graphite and the actual experiments were done by Feenstra and co–

workers [24,25].  

Several review articles and books [26–28] have been published with extensive 

information about the technique; however, what follows is a brief summary of the relevant 

points. The STS measurements are taken while the feedback loop of the STM is temporarily 

disabled. While the tip is at a constant height, the bias voltage is varied through a range 
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(usually a few volts), and the current generated by the bias voltage is recorded. This 

procedure generates a current–voltage (I–V) curve, from which a great deal of information 

can be gathered [29]. The I–V curve can be manipulated in order to generate the differential 

conductance curve 
dV

dI
vs V, as well as the normalized differential conductance curve, 

IdV

VdI
vs V which both provides information that is the convolution of the tip DOS and the 

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

sample. [26,30,31]. 

 

3.7.1 Current Imaging Tunneling Spectroscopy (CITS) 
 

Current Imaging Tunneling Spectroscopy (CITS) is a method of taking data where 

topography and I–V are taken simultaneously [32]. A scan line for the topography is taken 

by raster scanning the tip across the sample. The tip is moved back along the scan line and 

full I–V curve at each pixel of a topographic micrograph are taken. When performing CITS, 

each I–V consists of a single voltage sweep and each voltage sweep has a number of data 

points. Feed–back circuit interrupted and bias voltage ramped, V reset to its original value, 

and progress along the raster scan. The topography I–V correlation provided by this method 

provides a powerful diagnostic tool, in particular, regions of different local electronic 

structure can be identified [33, 34]. By adding a modulation voltage to the bias voltage, a 

lock–in amplifier can be used to simultaneously measure the differential conductance, 

dI/dV. Assuming the density of states of the tip is flat the dI/dV is proportional to the LDOS 

as shown in equation 3.15. More generally, dI/dV is related to the convolved tip and sample 
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local density of states (LDOS). Like the topography data, I–V data is affected by the same 

issues discussed below which influences STM measurements. 

 

3.7.2 Constant Current Spectroscopy 
 

While constant height spectroscopy can reveal a great deal of information about a 

sample, it is limited by the dynamic range of the STM’s I–V converter. Constant current 

spectroscopy is useful for acquiring spectroscopic information over a voltage range that is 

not limited by the STM’s I–V converter.  

In this mode, the STM feedback loop remains active and maintains a constant 

current as the voltage is varied. In this mode, dI/dV and the tip height, z(V) are 

simultaneously recorded [35]. Although dI/dV is no longer simply proportional to the 

LDOS, peaks in dI/dV (and corresponding steps in z(V)) indicate regions where the LDOS 

rapidly changes with voltage, such as tunneling resonances or band edges. 

 

3.7.3 Constant Voltage Spectroscopy 
 

This mode is useful for estimating the sample work function. The tunneling current 

is recorded as a function of the tip height z. At low voltage, and assuming constant electric 

field within the junction, one finds that: 
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where m is the electron mass and aφ  is an effective barrier height [1]. Thus, by plotting ln I 

versus z, we expect a straight line and its slope can be used to calculate aφ . While it is 

difficult to directly relate aφ  to the sample work function sφ  [7], adsorbate–induced changes 

in aφ  generally correlate with changes in sφ  measured using other techniques. A dI/dV image 

maps out the location of the density of electrons at a particular energy, i.e. it images the 

differential conductivity at certain energies over the surface of the sample. Most surfaces do 

not have a spatially varying density of states at a given energy and therefore a dI/dV map on 

such a surface would be uniform. However, certain conditions such as a surface state band 

edge or adsorbates on a surface can create a spatially varying density of states at a given 

energy.  

 

3.8 STM Major Components 
 

To achieve atomic resolution with the STM, major challenges lies in the following 

formidable experimental problems: isolation of the experiment from natural vibrations of ~ 

100 Hz that are present in every laboratory [36], tip to sample position control with sub 

angstrom precision, tip sharpness and quality of the sample surface. These formidable 

challenges will be addressed in the following sections. 
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3.8.1 Vibration Isolation 
 

Since tunneling current depends exponentially on the gap between the tip and the 

sample, minute vibrations, such as those caused by noise and people walking around the 

building can hinder the achievement of atomic resolution and the stability of the STM 

system. The typical corrugation amplitude for STM images is about 0.1 Å. Therefore, the 

disturbance from external vibration should be reduced to less than 0.01 Å [12].  

To reduce the influence of external vibration when designing the instrument, Binnig 

and Röhrer employed a vibration isolation system which utilizes soft metal springs with 

resonance frequency smaller than the frequencies coming from the surrounding and 

permanent magnets [22,37]. The principle is based on eddy current damping mechanism. As 

the magnets (fixed on the STM stage) move relative to a conductive block of copper, eddy 

currents are induced in the metal [12,37]. A magnetic field caused by these currents acts 

oppositely on the magnets/STM stage and dampens its motion in all directions. 

 

3.8.2 Electronic feedback control system 
 

The key to scanning tunneling microscopy is the control of the position of the tip 

probe with respect to the sample surface. To address the complexity of control and scanning 

movement of the probe tip in three dimensions defined in figure 3.1(a), the tip is mounted 

on a piezoelectric tube scanner that can be driven with high accuracy by an electronic 

feedback control system [37]. Other functions of the electronic feedback control system 

includes ensuring the presence of a tunneling current between the tip and the sample 
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surface, acquisitions of surface structure data and interfacing 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 (mechanical rigidness), and chemical 

composition (cleanness) are the key features which determine lateral resolution and 

reproducibility of STM scans [38–41]. In order to resolve small features such as atoms at the 

surface of a sample, it is necessary to utilize a probe tip, ideally comparable in size to the 

features at the surface [41].  

The electrical characteristics of the tip, as well as the environment where it will be 

used (ambient or vacuum), should be taken into consideration when selecting the tip 

material. Transition metals are superior candidates because their d–band electron orbitals are 

more pointed than the s–, p–, or f–band orbitals and thus the tunneling current is 

predominantly contributed by the d state [42,43]. Tungsten is very hard, has high electrical 

conductivity and it can be easily electro–chemically etched in KOH or NaOH solutions to a 

fine point [44,45]. In UHV conditions, tungsten (W) tends to fit the necessary requirements 

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

 

3.8.4 Images and Filtering 
 

In STM images, the spatial variation of the tip–height or the strength of the tunneling 

current is represented by a colour–coded contrast. When measurements are taken in constant 

current mode, the contrast refers to the spatial variation of the z–height of the tip, and such 
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an image is called the height image. For operation in the constant–height mode, the image 

contrast refers to the spatial variation of the strength of the tunneling current. The acquired 

images are dubbed current images and often exhibit a higher contrast of the morphological 

and atomic–scale details than the height images. However, the latter provide more correct 

topographic information. In this work, intensity scale images of both types are presented. 

Brighter spots correspond generally to elevated surface regions in height images, and to 

places with stronger current interaction in current images. 

During STM measurements, it is common to observe variations of the image details 

in atomic–scale patterns depending on the experimental conditions [46,47]. Image variation 

may occur spontaneously due the instability of the tip and the surface, even when the 

scanning is carried out without changing the experimental conditions. Alternatively, image 

variation may reflect a change in the tip–sample distance and tip–sample interaction. If a 

sample surface has structural features which are smaller than the tip apex, the imaging roles 

of the tip and surface are reversed so that the tip shape appears in the image [48–50]. A 

plane fit adjustment is necessary when the sample surface under examination is not exactly 

perpendicular to the scanner z–axis. This and other procedures of image modification (e.g., 

low pass and high pass filtering, flattening, erasing scan lines) are typically included in the 

scanning probe image processor software package (SPIP). This filtering highlights the 

periodic features of the image but loses information about 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 tunneling images naturally brings into question 

the interpretation of the source of the symmetry and apparent heights displayed in STM 

images. Considering that tunneling depends, not only the tip–sample distance, but also on 

the electronic properties of the tip and sample materials, it is worth noting that constant 

current STM images contain valuable geometric and electronic structure information of 

materials. Prior to performing STM measurements on Cu–Sb system, it is customary to 

determine whether the STM system is calibrated for atomic resolution measurements by 

studying the surfaces of calibration standards such as Si(111) and HOPG. The acquired data, 

which is the Si–Si atomic distances on the Si surface and the C–C distances on HOPG, is 

compared to that reported in literature and a conclusion on the calibration of the STM is 

drawn. 

 

3.10 Highly Oriented Pyrolytic Graphite (HOPG) 
 

Highly Oriented Pyrolytic Graphite (HOPG) is a unique form of graphite which has 

preferable orientation in the (0001) plane [37–39]. The crystal structure is characterized by 

an arrangement of carbon atoms (planar sp2 bonds whose C–C bond length is about 0.142 

nm) in stacked parallel layers called graphene (figure 3.5). The graphene layers are held 

together by weak van der Waals forces, thus the ease to cleave HOPG and the underling 

reason for the writing capabilities of a pencil [40–42]. This is an easily renewable material 

and ideal atomically flat surface and provides a background with only carbon in the 

elemental signature thus making results in a featureless background which is vital for 
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scanning probe microscopy (SPM) measurements that require uniform, flat, and clean 

substrates for both calibration and/ or growth of nanostructures. The lattice of graphite 

consists of two equivalent interpenetrating triangular carbon sublattices and, each one 

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

 

Figure 3.5. (a) Schematic representation side view of the structure of the bulk 
hexagonal graphite crystal (ABAB stacking), showing the two non–equivalent 
types of carbon atom sites: The in–layer nearest carbon–carbon distance is 
0.142 nm and carbon layers are separated by 0.335 nm. (b) Top view of the 
two top most graphene layers [43]. 

 

Each atom within a single (0001) plane has three nearest neighbours: the A–type 

carbon atoms lie directly above the carbon atoms of the layer beneath and they share their 

electron density, while the B–type carbon atoms are located above the centers of the carbon 

hexagons of the underlying layer [38–41]. The B–type carbon atoms show a higher electron 

density near the Fermi level compared to A–sites as evident from STM images. The carbon 

atoms in each graphene layer form a grid of hexagons with 0.142 nm distances between 

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

 

(a) (b) (a) 

A 

B 
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3.10.1 Experimental 
 

The HOPG samples were 1 cm2 of ZYH grade from Veeco. Samples were prepared 

by the scotch–tape pilling method in air and immediately introduced into the UHV chamber 

via a fast entry lock system. The STM observations were carried out with a commercial 

Ultra–High Vacuum Variable Temperature STM (Omicron NanoTechnology GmbH) 

operated in the constant current imaging mode at a base pressure of < 5 × 10–10 Torr at room 

temperature. The probe tips were prepared by electrochemical etching a 0.3 mm tungsten 

wire in NaOH solution. Further details on the STM tip fabrication are given in Chapter 4. 

 

3.10.2 Results and Discussion 
 

There has been many proposed mechanism in explaining the anomalies observed on HOPG 

surfaces [44–49], however, this section will only focus on the measured inter atomic 

distances between carbon atoms on HOPG as compared to the reported literature. Figure 3.6 

shows atomic resolution of pristine clean surface of HOPG studied by ultra high vacuum 

VT–STM system. Both triangular and the honeycomb structures were obtained 

simultaneously after a few minutes of scanning. Figure 3.6 (a) depicts a regular triangular 

structure showing every second (B–type) carbon atom in each hexagon of graphite which is 

attributed to the non–equivalency of the graphite sites. The periodicity of the triangular 

structures is about 0.246 ± 0.01 nm, which is in agreement with the spacing between two 

neighbouring B–site carbon atoms as represented in the line scan in figure 3.6 (c). Six 

nearest equidistance neighbours surround each apparent atom.  
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In figure 3.6 (a) the carbon atoms appear as elliptical spots having their long axis along the 

]1001[  lattice direction. The image shows a 2–fold symmetric pattern where every second 

carbon atom is missing. The corresponding line scan (figure 3.6 (c)) shows clearly 

pronounced maxima with almost the same height.  

 

Figure 3.6. Topographic constant–height STM images of graphite (Vbias –0.4 V, I tun 2 nA). 
One hexagonal surface unit cell with the two basis atoms A (white) and B (black) is 
superimposed in each image for clarity. (a) Typical STM image of HOPG showing the 
trigonal lattice structure (2.45 nm × 2.45 nm). (b) Ideal image (2.44 nm × 2.44 nm) showing 
honeycomb rings of the hexagonal structure, both A and B–type carbon atoms are imaged. The 
inserts on the top left show the 3D view of each image. (c) Illustrates the line profile taken 
along the line A to B in (a) and (d) is the line trace along the line C to D in (b). 
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Figure 3.6 (b) depicts the regular graphene honeycomb structure presented in hexagonal 

rings with lattice distance of 0.142 ± 0.02 nm corresponding to the atomic distance between 

two adjacent A and B type carbon atoms in graphite. This is further illustrated by the 

corresponding cross section scans in figure 3.6 (d). 

The regular graphene honeycomb structure, displays complete graphite surface lattice 

(figure 3.6 (b)) with visible six carbon atoms on each hexagon (inset in figure 3.6 (b)). The 

centers of the hexagonal rings appear as dark holes. The distance between the centers of the 

holes is 0.246 ± 0.01 nm. The bright spots with high intensity correspond to the B–site 

carbon atoms while the A–site atoms appear as saddle points. The images were easily 

reproducible on different samples and with different W tips. The STM results obtained on 

HOPG are consistent with other experimental findings on graphite as in the schematic of 

figure 3.5. The results confirm the capabilities of the STM in achieving atomic resolution on 

HOPG which in this study is used as a calibration standard. 

 

 

Figure 3.7. (a) STM image of Moiré patterns on HOPG. Vbias : 0.3 V, Itun: 2.7 nA. (b) 
Line trace taken along the line in (a) showing the amplitude of the patterns 
 

(a) (b) 
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A mis-orientation between graphene layers by an angle results in a superlattice 

which forms an interference pattern known as a Moiré pattern - with the same symmetry, 

but super periodic features (figure 3.7 (a)). The observed STM contrast of Moiré pattern 

comes from the strong influence of the layers on surface electronic structures near the Fermi 

level. Since the HOPG was not treated chemically or thermally in these studies, the top most 

graphele layer must have been rotated during cleaving. In these structures, both the 

sublattice symmetry and the linear band dispersion are preserved over the unit cell which is 

contrary to the AB (Bernal) stacking of bilayer graphene. The periodicity of the superlattice 

is about 3.45 ± 0.02 nm. The line trace in figure 3.7 (b) depicts the corrugations of the Moiré 

patterns. 

 

3.11 Si(111) – 7×7 reconstruction 
 

The surfaces of Si(111)–7×7 is one of the most complicated and fascinating object of 

investigation in both theoretical and experimental materials science [50–52]. The large unit 

cell (2.76 nm × 2.76 nm) of the reconstructed surface provides a platform for testing the 

unprecedented resolution of the STM and is an ideal template for the growth of well–

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

 

The first real space atomic image of this surface was obtained by Binnig et al. in 

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

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

of the Si(111)–7×7 surface reconstruction is the dimer–adatom–stacking fault (DAS) 

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

energetically stable unit cell of the (7×7) reconstruction (figure 3.8). These includes 12 

adatoms per 7×7 unit cell, a vacancy in each corner, 3 dimers (two bounded atoms) on each 

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

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

the dangling bonds is the cause of the reconstruction or rearrangement of surface atoms, 
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which differs from the bulk. The periodicity of the reconstructed surface has unit cell 

dimensions which are seven times that of the bulk terminated surface structure, and thus the 

name (7×7). The side view shows that the stacking sequence in the right half of the unit is 

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

 

3.11.1 Experimental 
 

The sample was an n–type silicon strip of 1 mm2 and 0.5 mm thick, (111)–

orientation, ~0.3 Ω cm conductivity, from Omicron NanoTechnology. The Si sample was 

outgassed by substrate heating at 630°C for 12 hours in UHV. After degassing, the sample 

was annealed by direct current heating (passing current through the Si sample) to 850ºC 

while keeping the chamber pressure below 1×10–10 Torr. Sample temperature was increased 

instantly to 1200ºC (flash) for 20–60 sec, in order to clean the surface of contaminants 

(particularly carbon and oxygen). After the application of 3–4 flashes the sample is fast 

cooled at 1°C/s to 600°C while monitoring the pressure and then slowly decreasing the 

temperature (at a rate of 0.4ºC) to room temperature. This process yields pristine clean 

surfaces and nearly perfect (7×7) reconstruction confirmed by AES and LEED. 

 

3.11.2 Results and Discussion 
 

Figure 3.9 depicts a representative STM images of the (7×7) reconstructed surface 

imaged at room temperature. All images were measured in constant current mode with a W 

tip. The intensity scales in the images correspond to a height difference. The white 

protrusions correspond to the outermost surface atoms (adatoms). The black lines outline the 
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rhombic unit cell. It is known from literature that the two triangles building the rhombic unit 

cell are not identical. Below one triangle (FHUC), a stacking fault occurs in the layer below 

the 6 adatoms which appear bright. The other triangle (UHUC) in the unit cell has no 

stacking fault relative to the bulk structure. Each of the unit cells has dimensions of 2.76 ± 

0.01 nm. Figure 3.9 (a) displays a negative bias (–1.7 V) STM image of the spatial 

distribution of occupied surface electronic states (filled–state) of Si (111) 7×7 surface over 

an area of 19.1 nm × 15.2 nm. The image reveals simultaneously the 12 adatoms and 6 rest 

atoms in each rhombic unit cell. Further, in each corner of the cell a hole exists (corner 

hole). Each depression or corner hole has 6 of the protruding Si adatoms surrounding it. The 

faulted half of the 7×7 unit cell (FHUC) can be distinguished from the unfaulted half 

(UHUC) by their brighter appearance in the filled sate image. 

The contrast difference is because there is more charge on the adatoms in the faulted 

half of the unit cell compared to those in the unfaulted half [52,55]. In both the FHUC and 

UHUC, the corner adatoms (marked 1 and 6) and the centre adatom (marked 3 and 4) 

exhibit stronger corrugations while the rest atoms (marked 2 and 5) appears as saddle points. 

This is because the electronic states of adatoms are closer to the Fermi level than those of 

the rest atoms and this effect is illustrated more clearly in the cross–sectional profile in 

figure 3.9 (b) taken along the image in figure 3.9 (a) 
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Figure 3.9. (a) High resolution STM image of occupied states of Si(111) – 7 × 7 surface 
revealing 12 adatoms and 6 rest atoms per (7 × 7) unit cell. The image was recorded by sample 
bias voltage of –1.7 V and tunneling current of 0.4 nA. (b) The line profile taken along the line in 
(a). Labels “1,” “2,” and “3” denote the corner adatom, the rest atom, the center adatom in the 
FHUC, and labels “4”, “5”, and“6”denote the center adatom, the rest atom, the corner adatom in 
the UHUC, respectively. (c) Unoccupied states STM image taken at a bias of 1.7 V and 0.4 nA 
(11.7 nm × 10.5 nm). (d) Line trace taken along the line in (c). 

 

The missing corner adatom defect seen at the surface (figure 3.9 (a)) has no 

influence on the position of its adjacent rest atom which is still imaged by STM. In the 

accompanying figure 3.9 (b), the high resolution un–occupied surface states STM image is 

shown taken with a positive bias (1.7 V). The line profile in figure 3.9 (d) taken along the 

line in figure 3.9 (c) denotes the positions and asymmetry of both the adatoms and rest 
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atoms on the FHUC and the UHUC.

sample acquired after cycles of flash cleaning of the sample. The hexagonal arrangement of 

Si atoms is readily seen from the bright diffraction spots. 

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

3.12 Summary 

The calibration of the ultra high vacuum variable temperature scanning tunneling 

microscopy system was carried out by

standards such as HOPG and Si(111) at the atomic scale of resolution. 

taken at different scan angles (

data. The carbon to carbon distances and 

reported theoretical and experimental values on HOPG and they were in full agreement. The 

Si(111) – 7×7 surface reconstruction was acquired and dimensions of the seven times larger 

than the bulk unit cell was measures to be 2.76 nm
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e UHUC. Figure 3.10 illustrates the LEED pattern of the Si(111) 

sample acquired after cycles of flash cleaning of the sample. The hexagonal arrangement of 

Si atoms is readily seen from the bright diffraction spots.  

 

Diffraction pattern of Si(111) taken at 68 eV after flash cleaning.

 

 

calibration of the ultra high vacuum variable temperature scanning tunneling 

carried out by studying the surfaces of well known calibration 

standards such as HOPG and Si(111) at the atomic scale of resolution. 

taken at different scan angles (0° – 360°) to exclude any tip artifacts from the acquired STM 

The carbon to carbon distances and the surface corrugations were compared to the 

reported theoretical and experimental values on HOPG and they were in full agreement. The 

surface reconstruction was acquired and dimensions of the seven times larger 

than the bulk unit cell was measures to be 2.76 nm on average which was as expected when 

Figure 3.10 illustrates the LEED pattern of the Si(111) 

sample acquired after cycles of flash cleaning of the sample. The hexagonal arrangement of 

 

Diffraction pattern of Si(111) taken at 68 eV after flash cleaning. 

calibration of the ultra high vacuum variable temperature scanning tunneling 

rfaces of well known calibration 

standards such as HOPG and Si(111) at the atomic scale of resolution. STM scans were 

to exclude any tip artifacts from the acquired STM 

corrugations were compared to the 

reported theoretical and experimental values on HOPG and they were in full agreement. The 

surface reconstruction was acquired and dimensions of the seven times larger 

which was as expected when 
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compared to literature studies on Si(111) by STM. These calibration studies were a pre-

requisite prior to studying surfaces of complicated systems such as the Cu–Sb surface which 

is the main system for this study. Thus the reliability of the STM results to follow is intact 

given that the UHV VT–STM system was confirmed to be calibrated for atomic resolution 

studies at surfaces of conducting and semiconducting materials. 
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CHAPTER 4  
 

 
 

Experimental Facilities and Procedures 
 

4.1 Tip fabrication 
 

All STM probe tips were homemade utilizing a W–Tek tip semiautomatic etching 

device from Omicron Nanotechnology, Germany [1]. A 0.3 mm diameter tungsten wire 

placed at the centre of the cell (figure 4.1) was used as an anode, and a stainless steel wire 

loop was used as a counter electrode (cathode).  

 

Figure 4.1. Schematic diagram of the electrochemical cell 
showing the W wire (anode) being etched in NaOH solution. The 
cathode consists of stainless steel wire loop which surrounds 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 Molar sodium hydroxide (NaOH) 

solution using a micrometer drive to control the length of the wire under the surface of the 

solution. After the tungsten wire was aligned at the centre of the stainless steel wire loop, a 

DC current of a 3 mA was then applied through the tip to the solution to drive the etching 

reaction. The electrochemical reactions at the cathode and anode were as follows [2]: 

cathode: 6H
2
O + 6e

– 
→ 3H

2(g)
+ 6OH

– 

(4.1) 

anode: W
(s) 

+ 8OH
– 
→ WO

4

2– 
+ 4H

2
O + 6e

–
 

 

At the anode, tungsten underwent an oxidative dissolution of W to WO4
2, which is 

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

gas and OH
–
 ions. Because of these electrochemical reactions (equations 4.1) the wire was 

etched at the contact areas with the solution thus forming a neck between the top part of the 

100 µm 
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wire and the lower end. As etching progresses, the neck gets thinner and eventually breaks 

under the weight of the lower end of the wire leaving behind a sharp tip (figure 4.2). As 

soon as a sudden drop in current was detected by a feedback loop, an electronic circuit stops 

the process preventing over etching. Ultra sharp tips were obtained when using this method. 

Alternatively one can use the AC self–terminating method, where the tip is inserted 

into the electrolyte and biased, generating a current that is constantly monitored by the 

feedback loop. In this method however, the wire material is completely etched away from 

the bottom end of the wire up to the wire electrolyte interface. As the wire cross–section is 

etched away, the current decreases until it reaches a pre–set value, at which time the bias is 

removed and etching presumably stops. It has been observed, however, that if the tip is left 

in contact with the electrolyte following etching, there is residual etching of the tip (and tip 

blunting), even without bias being applied and thus the AC method requires constant 

monitoring. 

STM experiments are a time consuming process and generally it is good practice to 

assess the sharpness of the tips that are produced before performing experiments. The tip is 

normally removed from the solution, rinsed thoroughly with distilled water and dried with 

nitrogen, and then optical microscope and scanning electron microscope are used to check 

the tip sharpness. A tip considered suitable for STM experiments (figure 4.2) is then 

transferred into the UHV system where it can be sharpened further by applying a strong 

electric field; this dislodges the surface atoms of the tip until only a few (ideally, one) 

remains. The SEM images shows an STM tip with diameter of 52 nm, however, in reality 

the diameter of the tip is much smaller than the one 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 Microscopy system from Omicron, 

Germany, GmbH (figure 4.3) is composed of two parts: The main (experimental) chamber 

and fast entry chamber.  

The experimental chamber is equipped with: 

• Scanning Tunneling Microscope stage 

• LEED–Auger electron spectrometer: operated by exploiting the same electron gun, 

grids and optics of a SPECTALEED tool.  

• Sputter gun: sample sputtering with Ar+ ions operated with a ISE 10 sputter ion 

source. 

• Heating/cooling sample manipulator. Molecular evaporator: organic molecules and 

materials with low sublimation point can be evaporated from a T–controlled 

Knudsen cell (up to a temperature of ~1200 K).  

• Ion getter pump and titanium sublimation pump  

• Cryostat for liquid helium bath 

• Carousel with up to 6 sample position for storing sample plates and tip transfer 

plates. 
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The fast entry chamber includes: 

• Magnetically activated sample transfer rod and is separated from the main 

chamber by means of a load–lock. 

• Turbopump and roughing pump 

 

 

Figure 4.3. The VT–UHV STM system from Omicron at the National Centre for Nano-Structured 
Materials, CSIR. (1) LEED and Auger optics, (2) Heating manipulator, (3) Sputter gun, (4) CCD 
camera, (5) STM stage, (6) Effusion cell, (7) LHe cryostat, (9) Viewing window, and (9) Wobble 
stick. 
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The UHV system can be cooled down to 25 K by filling a liquid Helium bath cryostat, 

which is then pumped by a diaphragm pump. Radiative heating can be achieved at the STM 

stage by using radiative heating sample plates which contains an embedded solid–state 

pyrolytic boron nitride (PBN) heating element that allows for temperatures up to 750 K. 

Direct heating with temperatures up to 1500 K is achieved via an electrical connection when 

the direct current heating sample plate is inserted into the sample acceptance stage.  

A temperature ramping facility is not available for the commercial Omicron VT–

STM, and a major part of the development of the instrumentation is required. However to 

calibrate temperature measurements, the designers of the instrument measured the sample 

temperature when the thermocouple was attached directly to the sample plate and when the 

thermocouple was attached to its permanent position on the manipulator plate and the 

average of the measurements were recorded and gives a rough estimate to the sample 

surface temperature. One of the major issues regarding the VT STM is that it does not have 

facilities for accurate coverage measurements; during growth such as a thickness monitor. 

The system relies on calibration curves which give a rough estimate of the thickness which 

has an error approximated to be 10%. 

The sample is mounted in the STM sample stage with the surface pointing downwards 

and the tip is approached to the sample from the bottom up. The coarse approach, up to 

some tens of microns, is made using a CCD–camera. The fine approach is then performed 

automatically by computer. Conversely to most STMs, in this instrument the sample is at 

ground potential and the bias is applied to the tip. Samples are introduced via the fast entry 

lock of the UHV system without breaking vacuum. The manipulator allows samples to be 

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

thermocouple for the sample temperature monitoring. 

Substrate heating is achieved in two methods (direct or radiative heating). From the 

manipulator, the sample can be transferred to the STM stage by docking the sample plate on 

the sample acceptor stage in the UHV SPM, just above the protruding STM tip. Viewports 

on the bolt–on chamber allow optimal observation of the tip/sample coarse positioning using 

the external CCD camera.  

 

4.2.2 Low–energy electron diffraction (LEED) 
 

The surface of a crystalline solid in vacuum is generally defined as few (less than 

10) outermost atomic layers of the solid that differ significantly from the bulk. It may be 

atomically clean or it may have foreign atoms adsorbed on it or incorporated on it. A 

complete characterization of a solid surface requires knowledge of not only what atoms are 

present but also where they are. Under suitable preparation conditions, the surface atoms of 

many materials are ordered and there are no restrictions to their movement to find their 

equilibrium positions. LEED is one of the most powerful techniques to determine the 

crystallographic quality of a surface, prepared either as a clean surface, or with ordered 

adsorbate overlayers.  

Analysis of LEED patterns and intensities provides the size and shape of the surface 

unit cell, the degree of order, and detailed atom structure with a precision of the order of 

picometers. It may be used in one of two ways: qualitatively and quantitatively [3,5,8]. In 

qualitative analysis, the diffraction pattern is recorded and analysis of the spot positions 

yields information on the size, symmetry and rotational alignment of the adsorbate unit cell 



 

with respect to the substrate unit cell. In quantitative analysi

diffracted beams are recorded as a function of the incident electron beam energy to generate 

so–called I–V (intensity vs. voltage) 

may provide accurate information on at

used in a LEED experiment is illustrated in figure 4.

well monochromatic electron beam [4].

 

Figure 

 

The electron beam of energy 10 

These electrons are scattered mainly from the first few layers of the crystalline sample 

following the Bragg diffraction conditions. The backscattered electrons are of two types; 

elastically scattered electrons for

pattern, and inelastically scattered 

de Broglie wave–lengths of these electrons are within 2.74 Å to 0.55 Å, which is optimal for 

crystallographic studies on the surfaces. Moreover for electrons within this energy range, the 

82 

with respect to the substrate unit cell. In quantitative analysis, the intensities of the various 

diffracted beams are recorded as a function of the incident electron beam energy to generate 

(intensity vs. voltage) curves which, by comparison with theoretical curves, 

accurate information on atom positions. A typical experimental arrangement 

used in a LEED experiment is illustrated in figure 4.4. An electron gun is used to produce a 

electron beam [4]. 

 

Figure 4.4. Schematic of the LEED optics. 

ron beam of energy 10 – 500 eV is incident normally on the sample surface. 

These electrons are scattered mainly from the first few layers of the crystalline sample 

following the Bragg diffraction conditions. The backscattered electrons are of two types; 

elastically scattered electrons forming a set of diffracted beams which create the LEED 

pattern, and inelastically scattered electrons, which may make up 99% of the total 

lengths of these electrons are within 2.74 Å to 0.55 Å, which is optimal for 

crystallographic studies on the surfaces. Moreover for electrons within this energy range, the 

s, the intensities of the various 

diffracted beams are recorded as a function of the incident electron beam energy to generate 

curves which, by comparison with theoretical curves, 

A typical experimental arrangement 

. An electron gun is used to produce a 

incident normally on the sample surface. 

These electrons are scattered mainly from the first few layers of the crystalline sample 

following the Bragg diffraction conditions. The backscattered electrons are of two types; 

ming a set of diffracted beams which create the LEED 

may make up 99% of the total flux. The 

lengths of these electrons are within 2.74 Å to 0.55 Å, which is optimal for 

crystallographic studies on the surfaces. Moreover for electrons within this energy range, the 
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inelastic mean free path is 5 Å to 10 Å, which is equivalent to about 3–5 atomic layers [5]. 

Hence LEED is an excellent surface sensitive tool for crystallographic studies.  

After reaching the first retarding grid G1, which is earthed, the elastically scattered 

electrons are accelerated towards the fluorescent screen, which carries a high positive 

potential (of the order of 5 – 6 kV). This provides the electrons in the diffracted beams with 

enough energy to excite the fluorescence material in the screen, so that a pattern of bright 

LEED spots corresponding to particular diffraction beams and actual images of the 

reciprocal lattice is seen. The next two grids (G2 and G3) are electrically coupled and are 

negatively biased at a potential slightly below the electron beam energy. These grids 

represent the filtering section where only the quasi–elastically scattered electrons are 

allowed to pass. The fourth grid (G4) is also grounded to provide a field free region for post–

diffraction acceleration. The potential on these grids is adjusted to minimize the diffuse 

background to the LEED pattern. The diffracted spots will move towards the centre of the 

image and higher order diffracted beams come into view as the primary energy of the 

incident electrons is increased. The interpretation of the changes in position and the intensity 

of the spots as a function of incident electron energy reveal much about surface 

reconstructions. For a more extensive review of diffraction 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 on the surface of a material is without 

doubt the most important and fundamental practice necessary for surface analysis. Auger 

electron spectroscopy (AES) is used predominantly to check elemental composition of a 



 

freshly prepared surface with good spatial resolution

surface sensitive due to the strong inelastic scattering which occurs at the energies of 

interest (~ 50–3K eV). Electrons with these energies originate near the 

is a high probability that the scattering processes will deplete them of the energy they 

require to escape into vacuum. 

The process of creating an Auger electron starts when a primary electron with sufficient 

energy from an electron beam produces a hole in an inner shell of an atom in the sample 

(atomic ionization) such as the K shell (figure 4.5

(L1) fills the hole, energy is released. The energy may be enough to allow an electron in an 

outer shell (L2) to leave the atom, and hereby become

emission). This excitation process is denoted as a KL

figure 4.5. The final stage of the spectroscopy entails the detection of Auger electrons 

high sensitivity, and determining their kinetic energies utilizing a lock

energy analyzer respectively. 

Figure 4.5. Energy level diagram 
with the emission of an L2 electron.
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with good spatial resolution under UHV conditions

surface sensitive due to the strong inelastic scattering which occurs at the energies of 

eV). Electrons with these energies originate near the surface because 

is a high probability that the scattering processes will deplete them of the energy they 

require to escape into vacuum.  

The process of creating an Auger electron starts when a primary electron with sufficient 

beam produces a hole in an inner shell of an atom in the sample 

such as the K shell (figure 4.5). When an electron from a higher shell 

the hole, energy is released. The energy may be enough to allow an electron in an 

) to leave the atom, and hereby becomes an Auger electron (Electron 

emission). This excitation process is denoted as a KL1L2 Auger transition and is shown in 

. The final stage of the spectroscopy entails the detection of Auger electrons 

high sensitivity, and determining their kinetic energies utilizing a lock–

 

Energy level diagram of an Auger process. Electron from L1 drops into the 
electron. 

under UHV conditions [3,9]. AES is 

surface sensitive due to the strong inelastic scattering which occurs at the energies of 

surface because there 

is a high probability that the scattering processes will deplete them of the energy they 

The process of creating an Auger electron starts when a primary electron with sufficient 

beam produces a hole in an inner shell of an atom in the sample 

When an electron from a higher shell 

the hole, energy is released. The energy may be enough to allow an electron in an 

an Auger electron (Electron 

Auger transition and is shown in 

. The final stage of the spectroscopy entails the detection of Auger electrons with 

–in amplifier and 

 

drops into the K level 
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The Auger electron will have energy given by  

E = EK – EL1 – EL2     (4.2) 

It is obvious that at least two energy states and three electrons must take part in an Auger 

process. This is why H and He atoms cannot give rise to Auger electrons. Several transitions 

(KL1L1, KL1L2, LM1M2, etc.) can occur with various transition probabilities. The energy of 

the Auger electron is characteristic of the parent atom and independent of the incident beam 

energy. Therefore, measurement of Auger electron energies constitutes a method of 

elemental identification. As a result of small Auger signals on a high background AES is 

usually carried out in the derivative mode to suppress the large background of the true 

secondary electrons [3,4]. The differentiation is performed by superimposing a small 

alternating voltage on the outer cylinder voltage and synchronously detecting the inphase 

signal from the electron multiplier with a lock–in amplifier. In this mode the detector 

current contains the first derivative dI/dV as the prefactor of the phase–sensitively detected 

AC signal. Auger line energies are usually given in reference works as the position of the 

minimum of the derivative spectrum dN/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 the other’s surface, the atoms near the 

interfaces will interdiffuse and form an alloy, which will affect the properties of the grown 

film. More interestingly, for materials such as metals X (X= Bi, Pb, Sb) on Ag(111) or 

Cu(111), a kind of surface alloy formation is found under some conditions where every third 

substrate atom in the topmost layer is replaced by an alloy X atom resulting in a )3 × 3(

R30˚–X structure [1–4]. As illustrated on the Cu–Sb binary phase diagram (figure 5), the 

miscibility of Sb in the bulk is ~ 1 at%. These systems of surface alloys between heavy 

metals and noble metals were recently identified by Ast et al. [5] as a new class of materials 

having long range order and exhibit large spin splitting of their surface states. The unusual 

embedded substitutional structure for an adsorbate–metal structure involving larger atomic 

mass adatoms was already proposed years ago for Te (Z=52) on Cu(111) and Cu(100) [6]. 

While the existence of various surface phases has been widely recognized [7–14], the 

number of quantitative structure determinations is actually quite small.  
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Figure 5. Binary alloy phase diagram of Cu and Sb in at%, adapted from Massalski [15] 

 

The system chosen for this study is antimony (Sb) on Cu(111), which is investigated 

in detail in situ using UHV variable temperature scanning tunneling microscopy (VT–STM) 

and its subsystems. Figure 5 depicts the binary phase diagram for copper and antimony. The 

Cu(111) – Sb system is quite analogous to the Ag(111) – Sb in a manner that both system 

present a tendency to phase separate, a strong surface segregation tendency of antimony 

(Sb) and a lattice mismatch effect which causes rippling of the adsorbate atoms slightly 

above the substrate atoms [7–13]. The solubility of Sb in the bulk of copper (Cu) is limited 

by an intermetalic compound 3D–Cu2Sb which is analogous for Sb/Ag(111) system 

[12,13,15]. Sb was chosen as the surfactant and employed at coverages of < 1 ML, which is 
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the critical coverage for the Sb to induce a stacking fault in the Cu(111) surface [1–6]. The 

surface coverage is defined as the ratio between number of surface sites occupied by 

adsorbates and the total number of surface sites, and the corresponding unit is the monolayer 

(ML).  

 

5.2 Experimental procedure 
 

High purity (99.99%) copper single crystals with orientation accuracy of ~ 1° of the 

crystallographic (111) plane with 2 mm thickness and with surface roughness < 0.03 µm 

from MaTeck, Germany, were used as substrates. The substrates were mounted on a 

Tantalum base plate with the polished side on top and introduced to the UHV system via a 

fast entry lock. To remove contaminants (sulphur, oxygen and carbon), the substrate was 

cleaned by cycles of sputtering and subsequent annealing in UHV as follows: 

 

1. The Cu sample was sputtered with Ar+ ions at 2 keV at room temperature for 5 

minutes 

2. The sample was annealed at 550°C and sputtered again for 5 minutes at 2 keV 

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

off sputter damage and concentration gradients. 

Steps (2) and (3) were repeated four times until the impurity level was below the detection 

limit of AES and LEED indicated a sharp (1×1) pattern. Temperature was monitored using a 

chromel–alumel thermocouple modified such that the TC 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 (99.99% purity) growth at a source 

temperature of ~455°C and a deposition rate of ~0.1ML/s. The chamber pressure was kept 

below 5×10–10 Torr during growth. The coverage of Sb was controlled by the evaporation 

time, measured deposition rates and crucible temperature charts supplied with the UHV 

system. The adsorbate coverage was calculated from acquired STM data after growth. The 

STM work was done in a UHV system (VT–STM, Omicron Nanotechnology, GmbH) 

equipped with sample characterization equipment such as LEED, AES optics, STM stage, 

effusion cell and sputter gun. LEED was utilized to study the sample surface before and 

after growth in reciprocal space. STM was used to determine ordered structural phases 

induced by Sb adsorption on the atomically clean Cu(111) surface. STM images were 

obtained with a low bias ranging from 0.3 to 0.001 volts in constant current mode in which 

the tip height was varied to keep the tunneling current constant while the tip was scanned 

laterally.  

The STM data is displayed in a top–view with the intensity scale representing surface 

features, the darker levels corresponding to lower lying areas and brighter areas 

corresponding to higher lying areas. The effect of annealing the as–deposited surface was 

studied, and followed by subsequent annealing to progressively 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 (111) surface before deposition of Sb is 

a prerequisite in understanding the growth mechanism and behaviour of the Cu(111) – Sb 

system. The STM data for all recorded images is taken at different scanning directions to 

exclude any tip–induced artifacts. In most STM images of metallic surfaces, the observed 

maxima are attributed to the effective atomic positions [14,15].  

An STM image of atomically resolved hexagonal structure of Cu (111) surface is 

depicted in figure 5.1 (a) with nearest neighbour distance of 0.257 ± 0.01 nm (indicated by 

the line C in the topography image). This value compares well with values of 2.56 nm [16] 

for the atomically clean Cu(111). The variations are attributed to surface layer vibrations. 

The “intensity” scale next to the image illustrates the height of the features on the image 

ranging from 0 – 39.6 pm. The corresponding line profile (figure 5.1 (b)) taken along the 

line AB in figure 5.1 (a) depicts the corrugation of the Cu atoms to be ~ 0.024 nm on 

average. 
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Figure 5.1. (a) High resolution STM image of atomically clean Cu(111) surface (2.50 nm × 2.50 
nm) Vbias = –1 mV, I tun = 2 nA. The black rhombus indicates the (1×1) unit cell and hexagon is 
superimposed to illustrate the arrangement of Cu atoms at the surface. The superimposed unit 
vectors on the topography image illustrate the directions on the FCC Cu surface. (b) Corresponding 
line scan along the line AB in (a). (c). LEED pattern of the bare Cu(111) surface recorded at 114 eV 
showing the (1×1) main spots. 

 

The atomic spacing is measured from the top of the crest of a protrusion to nearest 

protrusion and is alternatively confirmed by a unit cell detection method where unit cells are 

superimposed on the entire STM image and atomic spacing are extrapolated from the unit 

vectors. This unit cell detection feature is provided by the commercially available scanning 

probe image processor (SPIP) software package. As expected, the LEED pattern (figure 5.1 
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(c)) of the bare copper surface depicts a typical (1×1) pattern characteristic of a well ordered 

(111) surface at a beam energy of 114 eV. The pattern illustrates bright spots with low 

background intensity. The hexagonal arrangement of Cu atoms 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 chemisorption of the atomic species on the 

surface of the substrate. Chemisorption is generally a simple process for atomic species. For 

molecular species, however, chemisorption is often far more complex, involving bond 

breaking and surface interactions between multiple molecules. When atoms from the gas 

phase come into contact with a metal surface the adsorbates experiences the periodic 

substrate atomic lattice mediated by both the surface energy of the substrate and the 

surfactant nature of the Sb adsorbates (change either the surface energy of the growing layer 

or growth kinetics). The binding energy of the adsorbates is subject to lateral variation with 

local minima corresponding to energetically favourable positions called the adsorption sites. 

As presented in chapter 2, real surfaces very often consist of mixtures of flat terraces 

presenting steps, kinks, and point defects. These adsorption sites are separated by energy 

barriers being significantly smaller than the energy barrier for desorption. The minimum 

energy difference between adjacent sites is the migration energy barrier Em. The reported 

surface energy for low index copper orientations are: 0.707 eV per atom for (111), followed 

by 0.906 eV per atom for (100) and 1.23 eV per atom for (110) [23].  
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After growth, a thermodynamic interaction and redistribution of the near surface 

crystal layers establishes the final configuration. The high resolution STM image of figure 

5.2 (a) was acquired after deposition of ~ 0.3 ML Sb on the atomically clean Cu(111) 

surface, at room temperature. 

 

 

Figure 5.2. (a) Atomic resolution STM image upon deposition of ~0.43 ML of Sb (Vbias = 5 mV, 
I tun = 4 nA). Adsorbate atoms substitute into top layer Cu lattice sites and are imaged as 
protrusions. Inset in (a) shows corresponding line scan taken along the line in (a) showing the 
corrugation of Sb adatoms on copper. (b) LEED pattern captured at beam energy of 116 eV. 

 

Figure 5.2 (a) show bright spots (protrusions) which can be associated with Sb atoms 

on the Cu surface. The Sb atoms are more or less randomly distributed on the Cu surface. 

The inset on figure 5.2 (a) illustrates the corrugations of the Sb atoms on the Cu surface 

along the line C to D. As the Sb atoms leave the source they are at high temperature ~ 

450°C and are incident on a substrate kept at room temperature. Upon landing on the Cu 

surface, the Sb adsorbate atoms interact strongly with the Cu surface, showing a strong 

tendency to wet the surface due to the surfactant nature of Sb (figure 5.2 (a)). This type of 

(a) 

C 

D 

2.4 nm 

(b) 
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growth mechanism (Frank van der Merwe) can be further understood by taking into account 

Young’s equation defined as [24] 

γs = γas  + γa cos θ     (5.1) 

where γs, γas and γa are the surface free energy, interface free energy, film free energy 

respectively and θ is the contact angle between adsorbate and substrate. Following equation 

(5.1), it is possible to determine beforehand whether metal atoms or molecules are going to 

wet the surface or not. For a contact angle of 0 degrees, the metal atoms wet the surface and 

equation (5.1) becomes γs = γas  + γa
. 

After growth kBT << Em which means the Sb adsorbates are confined to the 

adsorption sites, i.e. the effect of the lateral Cu surface corrugation on the Sb adsorbate 

motion becomes large. However, before this equilibrium state, the Sb atoms must be 

sufficiently mobile to reach adsorption sites of minimum free energy through a diffusion 

process which follows an Arrhenius behaviour given by  








 −=
RT

E
DD actexp0

    (5.2) 

where D is the diffusion coefficient, Eact is the activation energy barrier and D0 is the pre–

exponential factor called diffusivity. The site of Sb atoms remain stable for long period of 

time (minutes) during STM scans in contrast to the anticipated high diffusivity of single Sb 

adsorbate atoms on FCC surfaces. This might be due to the Sb atoms being embedded in the 

first Cu layer, forming a surface alloy with Cu(111) surface or alternatively, it could be due 

to the surfactant nature of Sb which means the surface reach thermodynamically equilibrium 

and lowest energy configuration in this manner.  
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A number of STM images similar to that of figure 5.2 (a) were used to calculate the 

surface Sb coverage after growth. This was done by selecting an area in figure 5.2 (a) and 

other similar STM images showing Sb atoms. From known atomic radius of copper atoms 

(and the atomic resolution data of bare Cu(111) in figure 5.1 (a)), the number of Cu atoms 

which can fully populate the selected area was determined. Using the scanning probe image 

processor (SPIP) software, the number of Sb atoms at the select area was acquired. Even 

though the Sb atoms are randomly distributed after growth, the Cu(111) surface retain its 

structure after growth as seen from the LEED patterns (figure 5.1 (c)), thus the ratio of the 

Sb atoms with respect to the Cu substrate atoms was computed and a value of 0.43 ± 0.02 

ML was obtained for the Sb surface coverage. This value is a true representation of the 

surface coverage after growth and is within acceptable magnitude when compared to the 

estimated 0.3 ML as measured from calibration tables which are with a 10 % error. 

The corresponding LEED studies gave a diffuse pattern (figure 5.2 (b)) which 

displayed no additional features to the (1×1) clean surface. LEED is an averaging technique 

and since Sb atoms are not arranged in a regular pattern within the Cu(111) surface, the 

presence of Sb atoms after growth do not influence the hexagonal arrangement of the Cu 

substrate atoms. The presence of defects, in this case Sb atoms on the atomically clean 

Cu(111) surface results in broadening and weakening of the 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 between different atom species at the surface 

is a true topographic effect, i.e., the difference in atom size and/or difference in atomic 

position (height). Discrimination between different metal atoms at many different alloy 

surfaces has been observed in constant current mode, a phenomenon known as chemical 

contrast [27]. To initiate the dissolution process, the Cu(111) – Sb surface was annealed at 

360 ± 10°C for 12 hours as captured by STM in figure 5.3 (a). The array of bright dots in the 

image (marked B) are identified with the Sb atoms while the dull or less bright (marked D) 

and smaller dots correspond to isolated Cu atoms. At this annealing temperature, kBT ~ Em  

to kBT >> Em which means the thermal energies are close to or exceeding the migration 

energy barrier and thus the effect of the lateral Cu surface corrugation on the Sb adsorbate 

motion becomes smaller or even negligible. Surface migration is thus less restricted and the 

adatoms transport or diffuse freely on the surface without confinement to specific sites. 

In order to minimize the surface energy of the Cu(111), the Sb atoms re–arrange 

themselves in an almost regular fashion which exhibits long range order. This effect is 

demonstrated by the rearrangement of Sb atoms from the previously random distribution 

after growth (figure 5.2 (a)) to an arrangement which is almost hexagonal on the Cu(111) 

surface. The line profile (figure 5.3 (b)) taken along the line A to B in figure 5.3 (a) depicts 

the corrugation of both the Cu (green and turquoise markers) and Sb (blue and red markers) 

atoms. The spacing between Sb atoms was measured to be ~ 0.586 nm on average and Cu 
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nearest neighbour was 0.461 nm as seen on figure 5.3 (a–b) which is almost double the 

spacing on clean Cu(111). 

 

 

Figure 5.3. (a) Atomically resolved STM image of Sb atoms incorporated in a Cu(111) after 
annealing at 360°C (8.74 nm × 8.30 nm). The image was taken at Vbias = 1 mV, I tun = 2 nA 
tunneling conditions. The side bar show height in pm. (b) A line scan taken along the line in (a). 
(c) 3D view of the image in (a) showing the corrugations of both Sb and Cu substrate atoms. (d) 
LEED shows hexagonal diffraction pattern. 
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This increase in Cu–Cu spacing illustrates that the entire surface (both Cu and Sb 

atoms) has undergone surface reconstruction during the annealing process. Figure 5.3 (c) 

depicts a 3–dimensional view of the far left portion of figure 5.3 (a) where Cu atoms appear 

smaller and lower than the Sb atoms. The variation in corrugation and size of the Sb and Cu 

atoms is self–evident from the line profile in figure 5.3 (b). The degree of rippling at the 

surface can be expressed in terms of the effective radii of the Sb atomic species 

accommodated into the surface of the Cu substrate. The STM observations suggest that 

surface alloy formation is favourable even at 360°C. Although the surface has not 

completely reconstructed to a complete recognizable structural phase, LEED exhibits an 

average of the contributions of all domains existing on a surface in this case a sharp and 

well contrasted pattern with no extra spots of a hexagonal closed packed surface (figure 5.3 

(d)).  

 

5.5.2 Annealing at 400°C 
 

Upon increasing the sample temperature, the sample surface may start to melt at 

temperatures well below the bulk melting point of Cu ~ 1084°C. It is known that for Cu, 

surface adatoms begins to appear on the surface above 530°C which eventual results to the 

onset of surface premelting (the localized loss of crystalline order at surfaces and defects at 

temperatures below the bulk melting transition) with planar disorder at and above 930°C 

[29–32]. In this case the annealing temperature is way below the roughening or the 

premelting temperature, thus the influence of pre–melting is excluded from experimental 

observations.  
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A careful analysis of the Cu–Sb sample after annealing at 400°C for 12 hours 

indicate the dissolution of Sb and showed a )3 × 3( R30˚–Sb superstructure (figure 5.4 

(a–b)). 

 

 

Figure 5.4. (a–b) STM images clearly showing the six Cu atoms that surrounds each Sb atom in a 
Cu(111) – )3 × 3( R30̊–Sb reconstruction (Vbias = 1 mV, I tun = 2 nA). The intensity scale in (a) 
represent tunnelling current variations in pA while (b) show variations of height in pm. The 
superimposed hexagon is with respect to the Sb atoms (black dots) and the open white circles 
represent Cu atoms. The superimposed triangles are associated to two in–equivalent Cu atoms and 
a Sb atom at the centre resulting in surface asymmetry in (b). 

 

At Vbias = 1 mV, Itun = 2 nA tunneling conditions, both Sb and Cu atoms are 

simultaneously imaged by STM. The vertical (z) corrugations of figure 5.4 (a–b) represent 

(height variations in pm) and (tunneling current in pA) respectively. At a closer look of 

figure 5.4 (b) it is possible to discern that Sb atoms occupy substitutional sites surrounded 

by six Cu atoms, three of them being displaced from the lattice site positions of the (111) 

plane. This indicates that the substitutional character of surface segregation is a general 

result for metallic systems, independent of the atomic radii mismatch between Sb and Cu. 

The Sb coverage was determined to be more than the 0.3 ML which is the critical coverage 

to induce the conventional )3 × 3( R30˚–Sb superstructure, thus the annealing 
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temperature of 400°C is sufficient to drive off any excess Sb to the subsurface and produce 

an ordered surface phase.  

The Sb atoms adopt the symmetry of the substrate Cu (FCC) atoms. The spacings 

between the Sb atoms show an increase from 0.587 nm as seen from the initial stages of 

dissolution (figure 5.3 (a)) to ~ 0.826 nm (figure 5.4 (b)).  

 

 

Figure 5.5. (a) Line trace along the line A to B in figure 5.4 (a) showing the amplitude of the 
corrugation in pico–amps vs distance in nm. (b) Three–dimensional (3D) view of the high 
magnification STM image of the image in figure 5.4 (b). The superimposed star is associated 
with two in–equivalent Cu atoms and a Sb atom at the centre resulting in surface asymmetry. 
(c) Schematic representation of the CuSb atomic arrangement at the surface. (d) LEED pattern 
of the sample surface at 114 eV illustrating the )3 × 3( R30 –̊Sb superstructure. 

(c) Sb Cu 

(b) 
(a) 

(d) 
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The increase in temperature results in the increase in the diffusion of the atomic 

species on the sample surface which later reach thermal equilibrium, but not after the bonds 

holding the atoms together are broken and the surface rearrange to a stable configuration 

with the lowest energy possible. The process of surface reconstruction is thus directly 

responsible for increase in bond length. The two sets of triangles in figure 5.4 (b) of Cu 

atoms along the <112>–type direction illustrates the symmetry breaking of the (111) 

surface. This observations rules out the proposed model (see section 2.5) of Sb atom sitting 

as adatoms on the Cu surface due to the large difference in atomic radius between Cu and 

Sb.  

It can be noted that the rearrangement of Sb atoms to occupy substitutional sites on 

the surface alloy is unusual, but not unprecedented [7–9]. A similar surface alloy formation 

was observed in previous studies of Sb/Ag(111) [2,9] (lattice mismatch ~1 %) indicating 

that the main driving force for the two dimensional (2D) surface alloy formation is due to 

the tendency of the constituent materials (Cu and Sb) to chemically order which is almost 

independent of the lattice mismatch between Cu substrate and Sb deposit. It is known that 

perfectly symmetrical structures can be distorted towards less symmetrical, but more stable 

ones in order to minimize their energy by enhancing the weight of the bonding states in the 

LDOS [10,19]. It is thus appealing to interpret the contrast observed on the acquired STM 

images as being due to the reconstruction of the surface layer in which three Cu atoms 

forming a triangle “go up” whereas the other three “go down” i.e., the Cu atoms are 

vertically shifted from their equilibrium positions. From the STM images (figure 5.4 (a–b)) 

the Sb atoms remain centered in the <112> –type directions and followed by two lower Cu 

atoms evident in the line scan of figure 5.5 (a). The out of plane displacement (rippling) of 
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Sb incorporated into the copper surface is consistent with the picture of the larger antimony 

atoms substituting for copper as illustrated by the 3D view in figure 5.5 (b) and the 

schematic in figure 5.5 (c). 

The corresponding corrugation shown in figure 5.5 (a) is strong but it should be kept 

in mind that what is measured here is the corrugation of the surface charge density which 

can be enhanced with respect to the individual atoms at the surface. The inclusion of the Sb 

in the Cu matrix induces strain in the Cu layer which leads to a large distortion within the 

Cu top layer chains. The strain is reduced by the lateral shifting of the Cu atoms which is 

evident from the outward relaxation of the surface atoms (figure 5.5 (b)). Previous studies 

using a density functional theory (DFT) method by Woodruff and Robinson [9] found that 

for )3 × 3( R30˚–Sb periodicity, the stacking–faulted configuration is indeed more 

stable than an unfaulted configuration. Their obtained structural parameters were in 

excellent agreements with the experimental data obtained by Bailey et al. [8] and Umezawa 

et al. [17]. In a similar study de Vries et al. [2] reported that at a coverage of 0.33 ML Sb, 

the top layer atoms reside at hexagonal closed packed hollow sites relative to the underlying 

Cu(111) surface, while for coverages below 1/3 ML, the Sb atoms are embedded randomly 

at FCC positions in the top surface layer. From the acquired STM data in this study, Sb 

atoms buckle outward by ~0.23 nm (i.e. the extent to which the constituent atoms of the 

alloy layer are not strictly coplanar) compared to the previous reported theoretical and 

calculated values of 0.25 nm [18]. The outward relaxation of the alloy atoms in these 

surface alloys using quantitative low-energy electron diffraction (LEED) was determined 

previously by Gierz et al. [1]. The hexagonal surface symmetry is then broken by this 

displacement as illustrated in the three–dimensional picture in figure 5.5 (b).  
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The )3 × 3( R30˚–Sb structure was investigated by LEED and the corresponding 

LEED pattern (figure 5.5 (d)) presents the )3 × 3( R30˚–Sb reconstruction 

corresponding to 1/3 ML Sb when taken at 114 eV. Extra spots (superspots) are visible on 

the diffraction pattern compared to the clean Cu surface of figure 5.1 (c) showing only the 

integer–order or main spots. This arrangement of surface atoms can be understood by 

considering that, in vacuum, the valence electron density of metal surfaces is reduced by 

spilling–over and results in tensile surface stress which is relived by allowing large 

substitutional Sb atoms to be accommodated on the Cu substrate surface. It is rather intricate 

to be more quantitative from the analysis of the STM images, thus, a detailed structural 

analysis using the spectroscopic part of the STM is desired. 

 

5.5.3 Annealing at 600°C 
 

The sample was further annealed at 600°C for 12 hours. STM scans were taken at a 

sample temperature of ~250°C and captured somewhat more complex super structure 

(figure 5.6 (a)) which can be explained by both experimental and theoretical models. The 

STM data provides some insight into the ordering behaviour of the Sb atoms in the surface 

after annealing. The intense spots define the overall periodicity, as indicated by the unit cell 

drawn as a black rhombus in figure 5.6 (a). The degree of ordering is strongly dependent on 

both the composition of adsorbate atoms and annealing temperature.  
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Figure 5.6. (a) Fourier filtered STM image showing the o30)32× 3(2 R  superstructure. The

)32 × 3(2 unit cell is depicted by the black rhombus. The superimposed black dots represent 
positions of the overlayer Sb atoms, while the intensity dots represent the substitutional Sb atoms 
and the red dots are associated with copper atoms. Tunneling conditions: Vbias= 1 mV, I tun = 3 nA. 
Both the Sb and Cu atoms are resolved and the black rhombus outlines the )32 × 3(2 R30̊  unit cell 
while the white rhombus depicts the (2×2) sub–cell. The inset shows a 3D view of the image. (b) 
Line scan taken along the black line AB in (a) showing the corrugations of both Sb and Cu atoms. 

 

In this study, it is proposed that, the atomically resolved STM images (figure 5.6 (a)) 

reveals two types of antimony atoms at the Cu(111) sample surface forming a 

)32 × 3(2 R30˚–Sb superstructure. The variation in LDOS can be used to differentiate 

between different atoms at the surface. LDOS contrast includes cases where one type of 

atom is significantly larger and/or geometrically higher than the other and, hence, imaged 

higher by STM. The difference in size (metallic radii) of Sb and Cu is large ~ 15 pm in 

radius. With such a large size difference, it has to be expected that the Sb atoms relax 

outwards from the Cu surface layer. The overlayer Sb atoms which sits on the HCP sites of 

the )3 × 3( R30˚–Sb surface alloy appear with brighter contrast on the STM image as 
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observed after annealing. The other set of Sb atoms are the substitutional Sb atoms on the 

Cu(111) plane which are represented by grey circles in figure 5.6 (a).  

Furthermore, depicted in figure 5.6 (b) is the corrugation of both Sb and Cu atoms 

taken along the line A to B in figure 5.6 (a). The corrugation of the overlayer Sb atom with 

the substitutional Sb and copper atoms are imaged as individual entities by STM. The effect 

of imaging the cluster of atoms as a single protrusion is seen through the variation in height 

of the real overlayer atom and the cluster of atoms. Close inspection of the image in figure 

5.6 (a) reveals that the evidently large measured distances (~0.83 nm) between the bright 

spots as well as the different symmetry of the local areas near each bright spot prove that the 

corrugation maxima in the STM images cannot be assigned to single antimony atoms in a 

lattice plane of Cu. However a closer look after filtering of the image show clearly the 

atomic positions of different atoms (inset on figure 5.5 (a)). From this observation it is 

evident that the large lattice mismatch between Cu and Sb does not necessarily hinder the 

formation of a surface alloy even at high temperatures. Each overlayer Sb atom in a lattice 

plane has about six nearest neighbours at various distances as illustrated by the measured 

distances of figure 5.6 (a).  

Starting from the measured distances between the corrugation maxima in the local, 

well–ordered areas of the over layer Sb atoms (0.832 nm), the ordered antimony structures 

can hence be explained if each protrusion measured with STM, (i.e., maxima of the local 

electronic density of states), is assigned to one undissociated Sb atom sitting on top of two 

Cu atoms and a substitutional Sb atom thus forming a tetrahedron molecule. Sb is known to 

form tetrahedrons at temperatures above 555°C [25,26]. The tetrahedron molecule is well 

resolved in the 3D image which is an inset on figure 5.6 (a) taken on the marked white 
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rectangle. Taking into consideration the convolution with the STM tip, this arrangement of 

atoms represents an upper limit for the lateral size of Sb and thus agrees well with the 

observed contrast on the STM images. Figure 5.7 (a) illustrates the proposed schematic 

representation of the real–space structural model of the surface alloy.  

 
 

Figure 5.7. (a) Atomic model for the )32 × 3(2 R30̊–Sb superstructure outlining Sb 

atoms adsorbed in FCC (or HCP) hollow sites above a substitutional )3 × 3( R30˚–Sb 

structure. The )3 × 3( R30̊ , (2×2) and )32 × 3(2 R30̊  unit cells are outlined. (b) 
Fourier filtered 3D view of STM image in (a) showing more details of the atomic 
positions. (c) Corresponding LEED patter taken at 200°C at beam energy of 114 eV. 
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The model outlines an overlayer of Sb atoms (black circles in figure 5.7 (a)) 

superimposed on an Sb–substituted )3 × 3( R30˚–Sb surface with a periodicity 

corresponding to a p(2×2) phase relative to the Cu bulk substrate. The preference for the 

formation of a Sb p(2×2) structure is highlighted by the proposed structural model.  

From a theoretical standpoint, the traditional approach for the determination of an 

alloy structure implies, in principle, a search through any possible configuration until the 

most energetically favourable is found. From the proposed structural model (figure 5.7 (a)), 

the most likely coverage of Sb atoms is three to five additional Sb atoms per 32 unit mesh 

relative to the 3 starting structure. Thus the proposed Sb coverage of the surface as 

acquired by STM is ~0.43 ML. The model shows overlayer Sb atoms to occupy identical 

sites, bonding to two Cu atoms and one substitutional Sb atom in a set of hollow sites in the 

substrate. From both the experimental and the proposed model, it can be seen that the new 

structure which give rise to the p(2×2) reconstruction penetrates deeper into the copper 

substrate. It can be seen from the model that the p(2×2) unit cell is consistent with Cu3Sb 

stoichiometry for this alloy phase.  

The symmetry of the surface and its structures is particularly well resolved as 

represented by the 3D images of figure 5.7 (b). The surface reconstruction of the Cu(111) – 

Sb system depicts o30)32× 3(2 R –Sb structure showing overlayer Sb atoms surrounded by 

Cu atoms together with substitutional Sb atoms. A similar o30)32× 3(2 R structure was 

obtained for Sb/Ag(111) and In/Cu(111) systems [3,20,28] at ~ 0.6 ML coverage, but has 

not been reported for Cu(111) – Sb system.  

The arguments given previously in explaining the )3 × 3( R30˚–Sb structure that 

Sb enters the Cu surface substitutionally are still applicable on the observed 
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o30)32 × 3(2 R –Sb structure. The sample surface shows a honeycomb structure and still 

retains the )3 × 3( R30˚ periodicity with a substantial displacement of the subsurface 

atoms. To differentiate between different atoms from the acquired STM images, the 

proposed model of figure 5.7 (a) is taken into consideration and serves as a guide for atomic 

positions at the sample surface. It is also interesting to note that, in spite of the higher strain 

induced by larger Sb atoms inside the Cu substrate, the alloying effect of the strong Sb–Cu 

bonds results in the net effect of Sb interdiffusion leading to the formation of a Cu3Sb phase 

in the near-surface layers or alternatively Cu atoms diffuses upwards to form Cu3Sb as in 

the case of In/Cu(111) system [28].  

The Cu–Cu distance is measured to be ~ 0.287 nm on average with rippling value of 

~ 0.02 nm with respect to substitutional Sb atoms. The mean distance of the Sb overlayer 

protrusions (intense spots) as measured from the STM images is ~0.831 nm on average. 

This Sb–Sb atom distance is comparable to the Sb–Sb distance measured on the )3 × 3(

R30˚–Sb structure of the surface alloy at 400°C (figure 5.4 (b)). The lack of alternate 

ordering patterns that compete energetically with the one observed in the STM data above, 

leads to the conclusion that for higher temperatures, the system reconfigure its self to an 

energetically metastable configuration which amounts to a suppressed number of Cu atoms 

at the surface as observed experimentally. The STM data show both the Sb and Cu atoms at 

the surface, however the observed surface structure is incommensurate with the substrate 

lattice which makes linking the experimental data to the model a complex exercise.  
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For further investigation of the metastable Cu(111) )32 × 3(2 R30˚–Sb phase, 

LEED patterns were taken and showed a )32 × 3(2 R30˚–Sb structure (figure 5.7 (c)). 

The LEED pattern of the surface taken at 114 eV showed a ring around the (0.0) beam spot 

characteristic of an ordered )32 × 3(2 R30˚–Sb structure. The ring–shaped diffraction 

pattern indicates a uniform Sb adatom distribution on the Cu surface [21]. The two rings 

composed by twelve equidistant spots are consistent with the growth of a hexagonal film 

forming three equivalent rotational domains [22]. Increasing the LEED electron energy up 

to 360 eV showed no influence to the (2×2) pattern, suggesting that the reconstruction 

persist into deeper layers below the surface implying desegregation. Once the p(2×2) pattern 

has appeared, no further changes on the diffraction pattern were observed when the sample 

temperature was increased. This indicates that a Cu(111) p(2×2) Sb structure is formed and 

that no more than the proposed number of Sb atoms stays on the substrate even at higher 

temperatures. Upon cooling to room temperature the LEED pattern reverted to a 

)3 × 3( R30˚ pattern which implies that the Sb concentration dropped to that of the 

)3 × 3( R30  ̊structure and the adsorbed atoms change sites during this phase transition. 

 

5.5.4 Annealing at 700°C  

 
Figure 5.8 (a) displays an STM image of sample surface after annealing at 700°C. 

After a careful examination of the STM image and the corresponding line profile (figure 5.8 

(b)), it is possible to distinguish between the atomic positions of the Sb and Cu atoms. The 

interatomic spacing between the Sb atoms is 0.810±0.002 nm which is comparable to the 

measured spacings between Sb of the previous reported superstructures at 400 and 600°C.  
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The STM data reveals only four Cu atoms instead of the six surrounding each Sb 

atom (figure 5.8 (a)). This implies that each hexagonal arrangement of Sb atoms has two 

atoms less than in )3 × 3( R30  ̊ and thus the Sb surface concentration at this elevated 

temperature has reduced from 0.3 ML.  

 

 

Figure 5.8 (a) STM image (Vbias  = 0.7mV, I tun = 4 nA) of Sb dissolved at the Cu (111) surface after 
annealing at ~700°C forming hexagonal arrangement of a )3 × 3( R30̊+ (2×1), (b) line profile 
taken along the line in (a), (c) three–dimensional view of the STM image in (a) and (d) Schematic 
illustration of the positions of both the Sb and Cu atoms. 
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The reduction in Sb surface coverage is attributed to desegregation given that the 

surface coverage reverts back to the 0.3 ML when sample is cooled to room temperature and 

thus the reappearance of the )3 × 3( R30˚–Sb superstructure. The Cu atoms are centered 

in the <110> – type directions. The line scan in figure 5.8 (b) taken along the line in figure 

5.8 (a) depicts the relative corrugations between the Sb and Cu atoms as represented by the 

colour coding of arrows on both the image and the line scan. The average distance between 

Cu–Cu atoms is 0.757 nm. The STM data still maintain the rippling effect (0.02 nm) 

observed on the previous )3 × 3( R30˚ reconstruction. 

The displacement (rippling) of antimony incorporated into the copper surface is also 

consistent with the picture of the larger antimony atoms substituting for copper, however the 

STM data illustrates that the hexagonal arrangement of the Cu substrate atoms have been 

perturbed (figure 5.8 (c)). The )3 × 3( R30  ̊ structure is considered to be the more 

thermodynamically stable configuration given that it can be seen from both dissolution and 

segregation, thus the long range structure in figure 5.8 (a) observed after annealing at high 

temperatures might be due to kinetic limitations at the surface. 

Many alloys do not have long–range chemically ordered phases at all or the order–

disorder transition temperature is too low, so that the mobility of the atoms is too small to 

form long range ordered structure during annealing and cooling down. This is mainly a 

problem of the bulk, but it can also occur in the surface layer, where diffusion is usually 

much faster. The STM data shows that )3 × 3( R30˚ is still present at this elevated 

temperature together with a (2×1) structure as seen on the proposed schematic of figure 5.8 

(d) in real space. Similar structures showing )3 × 3( R30  ̊+ (2×1) have been proposed 
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before for superlattices on substrates with hexagonal lattice with their corresponding LEED 

pattern similar to the schematic in figure 5.8 (d) [22].  

Previous studies by Comin et al. [6] reported )3 × 3(2 R30˚–Sb patterns for Te 

covered Cu(111) and Cu(100) at coverages of 0.33 and 0.25 ML. Given that Te is 

comparable in size to Sb, it is highly appealing to expect a similar behaviour when Sb is 

grown on Cu(111) at submonolayer coverage. It is highly probable that at this annealing 

temperature, the Cu atoms desorbed from the surface or alternatively diffused to the bulk to 

leave fewer copper atoms than in the conventional )3 × 3( R30˚–Sb structure. Other 

explanations will be the nearly substitutional Sb dimerization previously displaces Cu 

adatom decoration, or the combination of these factors. The STM measurements are not 

enough to distinguish between these possibilities, thus complementary techniques are 

required for the understanding of the interesting overlayer structure.  

 

5.6 Segregation of Sb on Cu(111) 
 

To study the segregation behaviour of Sb on Cu(111), a single crystal was doped by 

~ 0.02 at. % of Sb at the backside. The sample was annealed for 3 weeks at 900ºC under an 

argon atmosphere. The sample was introduced to the VT–STM UHV system and subjected 

to the cleaning cycles as in section 5.2. Surface concentration of the Sb atoms segregating to 

the surface of Cu was monitored by Auger electron spectroscopy while the sample 

temperature was increased linearly from 300 K to 960 K. The Auger peak–to–peak height 

was acquired using the AugerProfiler program. The AES peaks for Sb (488–462 eV) and Cu 

(910–925 eV) were recorded at a beam current of 10 µA with a beam voltage of 3 keV. To 
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rule out the presence of impurities during the Auger run, a full AES spectra was taken 

before and after each run. 

The AES peak–to–peak heights (APPH) were converted to surface concentration and 

plotted as a function of sample temperature in figure 5.9. The fit to experimental data was 

normalized to 33 at% maximum surface Sb coverage. Two simulations using the modified 

Darken model were considered. The first simulation was with Sb bulk concentration of 0.2 

at% and the second with Sb bulk of 0.3 at%. The segregation parameters obtained for the 

fits are summarized in the inset of figure 5.9. From the graph it is clear that the higher Sb 

bulk concentration is the better fit. The fits were a good indication that the measured data 

has a typical segregation profile. 

 

 
Figure 5.9. The experimental segregation results for the Cu(111) surfaces of Cu 
(0.02 % Sb). The data were obtained by increasing the crystal temperature linearly at 
a rate of 0.012 Ks–1while the Sb concentration at the surface was measured as a 
function of temperature. The simulation with 0.3 at. % (red curve ) was a best fit. 

 

D0(111) = 1.0×10-5 m2s-1 

Q = 233 kJ.mol-1 

∆G(111) = 89 kJ.mol-1 

Ω(CuSb) = -3 kJ.mol-1 
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The maximum concentrations calculated from APPH are in agreement with the 

)3 × 3( R30˚–Sb superstructure that was observed by LEED, which indicates a 33 at.% 

coverage of the surface. The same behaviour but in a symmetric way is also observed for 

dissolution kinetics. Thus, the segregation studies gave a very good indication of the surface 

coverage at different temperatures during STM measurements on the dissolution Cu–Sb 

system. The AES data shows a decrease in Sb concentration towards the end of the 

segregation run which is collaborated by the reverting of the LEED pattern from a high 

temperature structure of the metastable )3 × 3( R30˚ + (2×2) to the more energetically 

favourable )3 × 3( R30˚ structure. While the interaction between molecules adsorbed on 

surfaces in general is dominated by Van der Waals or electrostatic forces and hence is 

attractive, however in this study a repulsion interaction (ΩCuSb = -3 kJmol-1) was found to be 

dominant between the Cu and Sb atoms. The effect is due to an exchange of electric charge 

between the Sb and Cu substrate atoms and a minimization of the interface potential of the 

CuSb system. 

 

5.7 Summary 
 

In spite of the low miscibility (~ 1 at %) and large atomic size mismatch (15%) in Cu–

Sb system, surface alloy formation at the submonolayer region was observed even at 

~360°C. The STM experimental data support a structural model for the Cu(111) )3 × 3(

R30˚–Sb structure in which Sb atoms displace up to 1/3 of the first–layer of Cu atoms at 

~400°C. The Sb atoms are displaced outward with respect to the first–layer Cu atoms. This 

structural phase was obtained for both dissolution and segregation samples. Annealing to 
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elevated temperatures transforms the Cu(111) )3 × 3( R30˚–Sb structure to the less 

energetically favourable Cu(111) )32 × 3(2 R30˚–Sb and )3 × 3(2 R30˚–Sb 

metastable structures. This structural transition has been reported on Cu–Te system but not 

in Cu–Sb systems. A complete summary of the structural transition followed as a function 

of increasing temperature and surface Sb concentration on the Cu–Sb system is tabulated in 

table1. 

Additional measurements using complementary techniques are required to fully 

characterize the long range properties and to fully understand the driving force responsible 

for the occurrence of the new structures. The fact that there is rippling observed in all the 

reported surface structures is a reminder that redistribution of electronic charge at the 

surface creates a relaxation which also plays a pivotal role in producing the rippling on 

metal on metal surfaces.  

 

Temperature 
° C 

Structural 
phase 

Sb 
Concentration % 

Adsorption 
sites 

Techniques References 

400 ( 3×3 )R30° 30 HCP STM,LEED,AES [7-9,18] 

600 ( 32×32 )R30° 43 FCC hollow STM,AES,LEED [3,20,21,28] 

700 ( 3×32 )R30° 25 HCP STM,AES [6,22] 

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

The higher relative corrugation of the topmost Sb atoms compared to the Cu atoms 

observed at 700°C could be evidence for a high local density of states on Sb, possibly 

resulting from the occurrence of Sb–Cu bonds. Accordingly a superposition of the Cu and 

Sb atoms in the dimer is imaged as single protrusion with the STM. Despite the complexity 

of the observed STM data obtained at elevated temperatures, for the reported structural 

phases, the data were best described by a model involving an ordered p(2×2), p(2×1) 
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overlayer structure superimposed on the )3 × 3( R30˚–Sb surface (figure 5.10). The 

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

on the presence of the high temperature structures observed on the segregation sample. 
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CHAPTER 6  
 

 

 

Scanning Tunneling Spectroscopy (STS) 
 

6.1 INTRODUCTION  
 

The electrons in surface states of materials are confined to the surface normal between 

the vacuum barrier and a crystal surface. Surface state wavefunctions decay exponentially 

into the solid with a decay length dependent upon the magnitude of the band gap. The states 

are separated in momentum from the continuum of bulk levels which also occur at a metal 

surface. In the presence of an impurity, electron states will scatter off the impurity incurring 

a phase, and for the continuum states these phases will largely interfere and so leave the 

primary variation in the LDOS that due to the surface state. Surface states which occur near 

the centre of the surface Brillouin zone (BZ) decay least rapidly into the vacuum, and hence 

provide the dominant contribution to the LDOS well outside the metal surface-precisely the 

regime of operation of the STM which can measure (approximately) the LDOS. 

The capability of the STM to identifying the chemical nature of an adsorbed species 

by its apparent height with respect to the sample surface motivated intense efforts in 

studying the electronic structure of both Cu and Sb species present at the sample surface 

using the Scanning Tunneling Spectroscopy (STS) technique. The power of the STM/STS to 

measure the electronic structure with sub–atomic spatial resolution and the reliability of 
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depends on the condition of the tunnel junction.

resolution is achieved, the tip DOS is usually highly structured. This fact must be considered 

carefully in the interpretation of the simultaneously acquired tunneling spectra. 

current image tunneling spectroscopy (CITS), the data can be overlaid with a grid indicating 

the positions of the individual I–V acquisitions and the individual I–V curves can be selected 

curve window. Tunneling spectroscopy is able to detect valence 

of the Fermi level and to provide chemical images. 

curve of HOPG The top inset in figure 6 is a topography STM image of 
HOPG while the bottom inset is the constant current image tunneling spectroscopic (CITS) 
micrograph taken with a bias of 0.3 V and 2 nA tunneling conditions. 

 

STS thus provides essential information about chemically–active valence orbitals, 

such as the highest occupied (HOMO) and the lowest unoccupied molecular orbitals

As in the constant–current mode, the image is scanned pixel 

pixel, but additionally, a current–voltage curve is taken at every pixel. To test the spectral 

resolution of the STS mode, measurements were conducted on pristine clean HOPG

-2 -1 0 1 2

Voltage(V)

depends on the condition of the tunnel junction. When atomic 

resolution is achieved, the tip DOS is usually highly structured. This fact must be considered 

carefully in the interpretation of the simultaneously acquired tunneling spectra. During 

overlaid with a grid indicating 

curves can be selected 

unneling spectroscopy is able to detect valence 

 

The top inset in figure 6 is a topography STM image of 
HOPG while the bottom inset is the constant current image tunneling spectroscopic (CITS) 

active valence orbitals, 

lowest unoccupied molecular orbitals 

age is scanned pixel by 

. To test the spectral 

resolution of the STS mode, measurements were conducted on pristine clean HOPG surface 
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(figure 6). All acquired tunneling spectra represent an average of all curves at the surface to 

produce a single I–V curve. HOPG has a gap in the momentum space, i.e., the waves are out 

of phase, thus depresses the conductance around the Fermi level and consequently bends the 

LDOS at low bias voltages and thus the shape of the spectra in figure 6. The top inset in figure 

6 is a topography STM image of HOPG while the bottom inset is the constant current image 

tunneling spectroscopic (CITS) micrograph taken 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 with well–defined electronic structure 

Cu(111), with the aim to characterize the electronic states of the sample surface. The basic 

and theoretical concepts which underlie the STS technique are outlined in section 3.5.  

 

 

Figure 6.1. (a) Spatially resolved constant current image tunneling spectroscopic (CITS) 
micrograph of Cu(111) obtained at fixed bias voltage of 2.5 mV. (b) I–V curves spectra 
corresponding to the areas marked in (a) showing metallic behaviour of the copper sample at room 
temperature. 
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The I–V curves spectra were extracted from the current imaging tunneling 

spectroscopy (CITS) data (figure 6.1 (a)). The brighter spots represent larger field emission 

current from Cu atoms. The I–V data represents an average of all curves on the surface to 

produce a single I–V curve representative of the sample surface (figure 6.1 (b)). The images, 

spectra, and I–V curves were all reproducible. The measured I–V curves depict an ideal 

metallic behaviour close to the Fermi level. This provides the significant possibility of 

distinguishing surface atoms of different chemical natures accessible by STM at the sample 

surface. 

 

 

Figure 6.2. Average conductance spectra of the Cu(111) sample surface 
at room temperature which is the first derivative of the I–V map in 6.1 
(a). The inset illustrates unperturbed surface state near EF showing the 
step-like onset near -8.0 mV. 
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The first derivative dI/dV can be obtained from the measured I–V curves by 

numerical differentiation. Although slight variations in the shape of derivative conductance 

spectra are observed, the basic features are very reproducibly obtained. Area–averaged 

conductance spectra show the well known sharp, step–like increase in the LDOS which is 

typical for a 2D electron system (figure 6.2). Electronically speaking, most metals surfaces 

resemble a free electron gas more than orbitals with relatively well–defined energies. The 

inset in figure 6.2 depicts a sharp feature at -8 meV which can be directly interpreted in 

terms of the surface-state band edge, i.e. for E
Γ

=-8 meV Cu(111). The obtained dI/dV 

spectrum is essentially identical to the one obtained by Vázquez de Parga et al. [1] on 

Cu(111) at room temperature which exhibits only a peak with the onset at 0.4 eV. The shape 

of their conductance spectra originated from I-V curves with a metallic behaviour close to 

the Fermi level which is characteristic of the Shockley type surface states on Cu(111) 

(figure 6.2)).  

The drastic feature, which is the sudden drop in dI/dV at ~ 8.0 meV can be explained 

as the sudden decrease in the surface LDOS at energies more than 8 meV below EF which 

reflects the onset of tunneling from the surface state band. One source of error in the 

interpretation of STS data comes from tip-height variations, in this study this error is 

negligible since the feedback loop is switch off during data acquisition. In a similar study by 

Everson et al. [2] on Au(111) at room temperature, the dI/dV curves were explained in terms 

of surface states which arose on the (111) surfaces of noble metals as a result of the gap that 

exists along Γ-L line in their bulk band structure [3,4]. This kind of spectrum is typical of a 

large number of spectra which were recorded under a variety of tunneling conditions at 

room temperature. What is more consistent from spectrum to spectrum is the width of the 
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onset, which forms the basis of the analysis above. To quantify this width, which is denoted 

∆s, the geometrical definition is illustrated by the inset, extrapolating the slope at the 

midpoint of the rise to the continuation of the conductance above and below the onset. The 

width ∆s of the onset is related to the surface-state life time τ =h /∆s [5-8]. Perhaps the most 

spectacular applications of this spectroscopic measurements is that the feature in STS 

spectra would be the only manifestation of surface states, if the crystal surface were perfect, 

i.e. if there were no structural imperfections such as step edges and adatoms. However, it is 

well known that real surfaces possesses kinks, steps, vacancies, etc, thus the periodic 

potential experienced by the surface-state electrons can be considerably altered in close 

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

atoms.  

 

 

Figure 6.3. I–V curves of Cu (111) sample showing variations of the curve 
shape with applied bias voltage at different polarities. 
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While these scattering processes can affect ∆s of the surface state onset, a 

quantitative analysis of these effects in terms of ∆s is desirable. This property is of interest 

when studying the electronic properties of segregated controlled amount of impurity atoms 

(eg., Sb) at the sample surface of low index planes of noble metals.  

To aid in the interpretation of the STM/STS acquired data of the Cu sample surface, 

it is desirable to carry out systematic imaging varying the set point current and polarity 

thereby changing tip–sample separations. The positions of the peaks shift with applied 

voltage are shown in figure 6.3. For comparison, I–V spectra taken with sample bias of ± 1 

mV show a saturation threshold at 130 mV as seen in figure 6.3. It was observed that the I–

V curves measured over small voltage (± 100 mV) intervals were linear exhibiting metallic 

behaviour. By increasing the voltage range, the nonlinearity first increased slightly, and 

when the voltage range exceeded the value of (Econ band–EF) for reverse and (Evale band–EF) for 

forward biased voltages, the nonlinearity increased dramatically, as shown by plots taken at 

± 1mV. (bias polarity determines whether unoccupied or occupied sample electronic states 

are probed). The most interesting and surprising result obtained from the I–V curves shown 

in figure 6.3 is that the tunnelling current strongly saturates at ± 1mV sample voltages as 

compared to ± 2.5 mV. This saturation is direct evidence that the flow of the tunneling 

current is limited by some sort of charge transport mechanism in the sample. By varying the 

amount of the applied bias voltage, one can select the electronic states that contribute to the 

tunneling current and, in principle, measure the local electronic density of states. For 

instance, the current increases strongly if the applied bias voltage allows the onset of 

tunneling into a maximum of the unoccupied sample electronic density of states. At a 

negative sample bias, mainly the sample's empty states are probed with negligible influence 
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of the tip's occupied states. On the other hand, tunneling from the sample to the tip is much 

more sensitive to the electronic structure of the tip's empty states which often influences the 

spectroscopic STM studies of the sample's occupied states.  

 

 

Figure 6.4. Series of normalized differential conductance spectra 
illustrating the DOS of the Cu (111) sample surface. 

 

A series of normalized differential conductance measurements were performed for 

all the curves reported in figure 6.3 and a typical spectrum is shown in figure 6.4. The 

dependence of the measured spectroscopic data on the value of the tunneling conductance I–

V can be compensated for normalizing the differential conductance dI/dV to the total 

conductance I–V showed that the normalized quantity reflects the electronic density of states 

reasonably well by minimizing the influence of the tip–sample separation.  
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Depending on the crystalline structure and morphology of the tip, the differential 

conductance spectra, either show only the surface state of the bare Cu surface or are 

dominated by intense peaks due to electronic tip resonances. Metals do not possess a gap 

between the valence and conduction band, and thus the variations in DOS is relatively small 

in Cu (figure 6.4). 

 

6.3 SUMMARY 
 

The electronic properties of the Cu(111) surface were studied by CITS at room 

temperature over different bias voltages. The electronic structure of vicinal Cu surfaces 

shows a two-dimensional behaviour for low energies just above the onset of the surface 

state. In the case of noble metals, a steplike feature in dI/dV curves is explained in terms of a 

two-dimensional surface-state band. Ultimately, regardless of the particular materials 

system chosen, the research proposed in this thesis can be applied to enhance the knowledge 

in the field of nano sciences. Furthermore, if these avenues of research are pursued, it would 

enable a full characterization of the nanostructures that might be used as the components 

and interconnects in future nanoelectronic devices. The two different approaches: 

differential conductivity dI/dV or the normalized differential conductivity (dI/dV)I/V were 

used in studying the electronic properties of the Cu sample surface. The I-V characteristic 

measurements of the Cu(111)-Sb system at various temperatures which present new 

challenges for investigation of 2 dimensional electron gas system at atomic scale are 

ongoing. 
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CHAPTER 7  
 

 

 

 

SUMMARY AND CONCLUSION 
 

High spatial resolution STM images were attained on HOPG, Si(111), and Cu(111) 

surfaces and the acquired data was used for the VT-STM calibration purposes. The acquired 

hexagonal crystal structures of the cleaved HOPG together with the 0.246 ± 0.02 nm C–C 

distances were comparable to literature values. Other than the conventional honeycomb and 

triangular structures of HOPG, superlattices with periodicity of ~ 3.45 ± 0.02 nm called 

Moiré patterns were observed in atomic details. 

The complex Si(111) –7×7 reconstruction was obtained and the observations of 

surface faulted and unfaulted half unit cells of dimensions 2.76 ± 0.01 nm were in good 

agreement with reported theoretical and experimental data.  

After repeated cycles of sputtering and annealing in UHV, an atomically clean and 

well ordered Cu(111) sample was revealed in atomic detail by STM. The Cu–Cu atomic 

spacing was measured to be ~ 0.257 ± 0.01 nm on average and the angle between adjacent 

rows of Cu atoms was found to be 60˚ which is characteristic of a Cu(111) crystal surface. 

The in situ STM system was further used in conjunction with LEED and AES to 

grow and characterise monolayer Sb coverages grown from a Knudsen effusion cell on 

surfaces of Cu(111) in UHV. The total concentration of Sb atoms at the sample surface was 
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calculated from STM data after growth and was determined to be ~ 0.43 ML on average. 

After growth Sb atoms were randomly arranged on the Cu(111) surface. The Cu–Sb surface 

alloy’s evolution was followed as a function of annealing temperature from 300°C up to 

700°C. Although Sb is much larger than Cu, this large atomic size mismatch does not 

impede surface alloy formation even at 300°C (figure 7.1). At this annealing temperature, 

the initial stages of dissolution of Sb onto the Cu surface is evident from the re-arrangement 

of Sb atoms at the surface from random distribution to recognizable patches of hexagonal 

arrangement. Highly crystalline alloy overlayers having distinct structural phases ranging 

from the conventional and energetically most favourable )3 × 3( R30º–Sb at 400ºC, and 

metastable )3 × 3( R30º–Sb + p(2×2) at 600ºC, and )3 × 3( R30º–Sb + p(2×1) 

structure at 700ºC were obtained for the first time (figure 7.1).  

 

 

Figure 7.1. Schematic models of the Cu–Sb and their corresponding 
annealing temperatures. 
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The coverage associated with the )3 × 3( R30°–Sb phase was found to be 0.3 

ML and clearly favours a structural model based on Sb atoms occupying substitutional 

rather than overlayer sites within the top Cu(111) layer substituting one–third of the Cu 

atoms. At the monolayer Sb coverage, STM results have shown that the Sb–induced 

compressive stress gets so high that it is relieved by segregation to the surface by some of 

the Sb atoms that were formerly alloyed into the surface layer resulting in the reported 

metastable structural phases at 600°C and 700°C. Furthermore, the STM micrographs also 

show that the six Cu atoms surrounding each Sb atom, in the (111) plane, are strongly 

perturbed, since they appear in the atomically resolved images to be vertically and laterally 

displaced from their expected positions resulting in a broken surface symmetry which is a 

desirable effect in spintronics application.  

The acquired topographic STM data was consolidated by segregation studies 

utilising AES technique on the surface alloy at different temperatures. LEED, AES and 

STM studies were used to distinguish between atomic positions of Cu and Sb in the 

complex metastable )32 × 3(2 R30°–Sb structural phase and a possible structural model 

for the ordered Sb surface phase was proposed. This surface alloy structural phase was only 

stable in the temperature range 240–250°C after which the Sb surface concentration dropped 

from 0.34 ML to 0.3 ML which is a critical coverage to induce the )3 × 3( R30°–Sb 

superstructure. For the metastable structural phase obtained at 600ºC and 700ºC, the data are 

best described by a model involving an ordered p(2×2) and p(2×1)–Sb overlayer (periodicity 

relative to the substrate) superimposed on the )3 × 3( R30° – Sb surface alloy, 

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

the elastic strain energy determines the stabilization of different interface structures on the 
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atomic scale. In particular, a continuous change in lattice parameters with increasing 

temperature (Table 2) was found for the long-range ordered structures, indicating a 

substrate-mediated repulsive intermolecular interaction (ΩCuSb = 3 kJmol-1) as confirmed by 

AES studies. Not only was the registry of the top layer atoms, but also their out–of–plane 

relaxations were determined. The acquired surface structures on the Cu–Sb system as a 

function of annealing temperature are summarized by the schematic model on figure 7.1. 

 
 

Surface structures                                 
Annealing 

Temperature 
(°C) 

 
Cu–Cu (nm) 

 
Sb–Sb (nm) 

 
Roughness 

(nm) 

Sb 
concentration 

(%) 

Cu(111) 27 0.257±0.02 - 1.613 - 
Semi hexagonal 360 0.461±0.02 0.587±0.03 2.031 43 

)3 × 3( R30°–Sb 400 0.626±0.01 0.826±0.001 1.706 30 

)32 × 3(2 R30°–Sb 600 0.286±0.001 0.816±0.002 2.054 43 

)3 × 3(2 R30°–Sb 700 0.757±0.002 0.817±0.001 4.013 25 

 
Table 2. Summary of the acquired STM data on the Cu–Sb system. 

 
The surface roughness was measured as a function of annealing temperature (Table 

2). There data show an increase in roughness after growth of Sb at the surface of copper 

which latter decrease when the equilibrium structure is obtained at 400°C. At equilibrium, 

the surface atoms rearrange to a more energetically stable configuration and thus lower the 

surface energy of the system. There after there is an increase in sample roughness with 

increasing temperature which is expected as the diffusion of surface atoms increases with 

increasing temperature and also evident from the increase in spacing between atoms (both 

Cu–C and Sb–Sb) at high temperatures. Therefore both figure 7.1 and Table 2 gives an 

inclusive description of the behaviour of surface atoms at the Cu–Sb system as a function of 

annealing temperature. 
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The spectroscopic information with an unprecedented spatial resolution ultimately at 

the atomic level, such as site–specific information is generally not provided by area–

integrating surface analytical techniques. By performing atomically resolved current 

imaging tunneling spectroscopy (CITS) measurements, the atomic origins of the various 

electronic states of the Cu(111) were directly determined. The acquired data show metallic 

behaviour of the Cu sample at room temperature. The STM conductivity has been acquired 

for Cu(111) surface using both the direct measurements from conductance measurements 

and DOS maps at finite voltages and in the presence of surface states. The technique of STS 

is still in its infancy, thus the ability to pinpoint or relate the topographic data on a surface 

with different atomic species to the spectroscopy signal and consequently the ultimate goal 

of elemental identification has proven be a challenging task. Nevertheless, the possibility of 

measuring the local down to atomic resolution electronic density of states of Cu(111) surface 

using both the conductance and differential conductance maps has been demonstrated. This 

approach should be applicable to studies of perturbations of both bulk and surface metallic 

band structure by adsorbates. Improvement in the resolution of the STS technique is highly 

desirable. 

The consequences of surface diffusion are easily seen in images taken by a scanning 

tunneling microscope (STM), but its mechanism can hardly be determined because of the 

limited time resolution of the STM which is of macroscopic dimensions. Thus, consistent 

efforts should be made in further improvements to make the STM/STS more sensitive, 

robust and reliable, obviously this requires developing a better understanding of surface 

processes such as self–assembled monolayers on metallic or semiconducting surfaces. 
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The successful combination of all the techniques described (STM, STS, LEED, 

AES) presented crucial information on understanding interactions at the atomic scale, highly 

relevant in surface science and sub fields. The evolution of scanning probe based science 

and technology is thus of relevance in the excursion into the nano world fuelled with 

exciting possibilities. These studies provide part of the basic underpinning understanding 

that is necessary for surface alloys to be fully exploited for their functional properties such 

as temperature sensing and catalytic activities. For further application of the surface alloys 

in research areas such as electronics and other technological applications, a thorough 

understanding of dopant behaviour in these materials is essential. That being said, this study 

has showed in details that it is possible to engineer or acquire particular arrangement of 

atomic species on a substrate occupying specific sites as driven by the systematic 

thermodynamics of the sample surface. 
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FUTURE PROSPECTS 
 

The studies presented in this thesis, while they have advanced the knowledge in the 

field of nanoscale surface science growth and characterization, have left ample room for 

future research. What follows in this chapter are directions identified for future research. 

 
• It would be of considerable interest to have the benefit of theoretical studies which 

might cast some light on the underlying driving force for the surface reconstructions 

regardless of the materials system involved and structural phases.  

 

• Investigate and compare the diffusivities, segregation energies and activation 

energies obtained by Auger spectroscopy with those obtained by scanning tunneling 

spectroscopy through IV curves and discuss their relation. 

 

• Conduct STS measurements in conjunction with the segregation studies to determine 

the change in electronic properties on atomic scale of the surface alloys as the Sb 

concentration increases with increasing temperature which will ultimately results in 

specific atomic material identification. Such studies will also give insight on the 

perturbation of the local DOS of the Cu surface by the presence of controlled 

impurities, in this case Sb atoms. 
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