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1 Introduction 

 
Solid surfaces play a vital role in many modern industries, from heterogeneous catalysis to 

microelectronics. The high level of research in the area began in the 1960s with the introduction of 

ultra high vacuum (UHV) equipment. Some techniques that were in use prior to the advent of UHV 

(e.g. Low energy electron diffraction (LEED)), can still be found in most modern surface science 

laboratories. The development of UHV has given the opportunity to study solid surfaces and the 

reactions of molecules with the surface in an environment largely free of contamination, something 

that severely limited surface scientists in the past.  

 

A large part of solid state theory assumes three-dimensional periodicity. A surface breaks the 

periodicity in one dimension, changing the electrical and atomic structure. With electrical devices 

becoming ever smaller, the solid surface plays an increasing role in their electronic properties. Study of 

solid surfaces in UHV leads to an improved understanding of the nature of solid surfaces, and hence 

has an impact on many modern day industries. The development of anti-corrosion coatings is based on 

knowledge of surface alloys. Heterogeneous catalysis is another such industry, where understanding 

how the surface affects the adsorbed species to increase the rate of reaction may lead to cheaper and 

more effective catalysts. Many catalysts in use today incorporate precious metals, such as platinum 

which is to be used widely in this project.  

 

The aim of this project is to characterise some of the systems of interest in these industries by 

investigation of their surface properties, growth modes, adsorption characteristics and interface 

properties with a focus on metal-metal and metal-oxide systems. The most effective way to 

characterise solid surfaces is via the combination of techniques which probe electrical, atomic and 

vibrational properties. Therefore many chambers combine techniques such as LEED, Auger Emission 

Spectroscopy (AES), X-ray Photoelectron Spectroscopy (XPS), Electron Energy Loss Spectroscopy 

(EELS) and ion scattering (LEIS or MEIS). This allows all the chemical and structural information on 

a solid surface to be obtained without having to transfer the sample from one piece of equipment to 

another, avoiding the contamination and consequent changes to the surface chemical composition and 

structure that such transfers would inevitably produce. 

 

The majority of the experimental work in this project will be performed using the CAICISS 

chamber at Warwick. In addition to the ion scattering system, the chamber is equipped with LEED, 

XPS and AES. 
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2  Review of Key Texts 
 

Five key texts have been chosen to give a background on surface science in general in 

addition to a theoretical background on the techniques to be used during this project. 

 
2.1 Modern Techniques of Surface Science [1] 
 
 This text gives a good introduction to the field of surface science. The chosen chapters cover 

surface crystallography, electron spectroscopies and incident ion techniques.  

 

 Chapter 2 introduces surface crystallography and the Wood notation, used in the majority of 

publications to describe surface geometries. The 3D and 2D Ewald spheres on which techniques such 

as RHEED and LEED are based are then introduced. The ways in which LEED can be used to observe 

surface periodicity, steps, domains, thermal vibrations and defects are presented before moving on to 

look at RHEED. Here we see that RHEED is more sensitive to small defects in the surface than LEED. 

Therefore samples must be prepared more carefully for RHEED study. X-ray methods of surface 

structure determination are then discussed. Generally, X-ray techniques are not surface specific in 

comparison with electron techniques, but ideas for overcoming this problem are discussed. 

 

 Chapter 3 discusses electron spectroscopies. These techniques are based on the detection of 

electrons in the 5-2000eV energy range which are emitted or scattered from the surface. Surface 

sensitivity and specificity considerations are discussed along with the equipment required. Some 

electron spectroscopy techniques, including AES and XPS are discussed from theoretical and 

experimental standpoints. Topics covered here include the physical processes behind the techniques, 

experimental constraints, shifts in peak positions depending on the atomic environment and ways to 

use AES and XPS for both qualitative and quantitative data analysis. Quantities such as chemical 

composition and overlayer thickness can be obtained from these techniques. Modifications on the 

techniques are discussed, including the use of synchrotron sources. The physical processes and uses of 

other techniques including APS, UPS and IPES are discussed towards the end of the chapter. 

 

Chapter 4 looks at the various incident ion techniques used in surface science. Ion scattering, 

both in the form of CAICISS and MEIS, will yield a large section of the data in this project. It begins 

with some of the basic theory of ion scattering. The authors then move on to look at charge exchange 

processes which play a large part in the surface specificity of incident ion techniques. These processes 

can be utilised to gain information on the surface via ion neutralisation spectroscopy (INS). The basic 

theoretical and experimental requirements are addressed along with the role played by neutralisation in 

ion scattering spectroscopy (ISS). Important structural effects such as shadowing and blocking are then 

introduced, which help in determination of adsorbate positions and surface reconstructions. The nature 

of the scattered ion signal with changing incidence angle is described. The simplifications in looking at 

180º scattering are discussed before justifying measurements in time-of-flight mode. The authors 

conclude that LEIS can offer structural and compositional information on surfaces in a simple and 

surface specific way, with quantitative analysis being difficult.  
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The next topic covered is MEIS. Again, theoretical and experimental considerations are 

discussed along with the use of MEIS for depth profiling. Sputtering of particles from the surface is 

also discussed and is contrasted to SIMS. 

 

To conclude, this text provides a background to the surface science techniques to be used 

during this project. Many examples are given with discussion of theoretical and experimental aspects 

of each technique. 

 

2.2 Practical Surface Analysis [2] 
The chosen chapters of this text look at two genres ion scattering experiments, both of which 

will be used during the project. Chapter 9 looks at low energy ion scattering (LEIS). LEIS techniques 

use incident ion energies in the region of 1keV to derive surface structure information. Chapter 10 

deals with ion scattering at higher energies (MEIS (~100keV), RBS(~1MeV)). This gives information 

from several atomic layers into the solid and can be used for depth profiling and interface analysis. 

 

 Chapter 9 begins with an introduction to ion scattering and puts it in context with other 

surface science techniques. From this it can be seen that LEIS is a surface sensitive technique which 

gives the positions of atomic cores near the surface in real space – one of the most important problems 

in surface science. The effects of ion neutralisation in LEIS are identified which help to give rise to the 

increased surface sensitivity in LEIS. Structural analysis by LEIS is then discussed in detail. Topics 

covered include reasons for backscattering through 180º (as in CAICISS), as well as the effects of 

surface roughness. The theory of LEIS is also covered, including interaction potentials. Shadowing and 

blocking are introduced and give rise to scattered intensity peaks in various crystal directions. Other 

topics covered include scattering cross-sections, ion neutralisation processes and simulation of LEIS 

data. The LEIS variations (ALICISS, NICISS, etc) are then discussed in terms of required equipment 

as well as the advantages and disadvantages of the different modes. Finally the applications of LEIS 

for chemical and structural analysis are discussed, including metal and metal alloy surfaces. 

 

 Chapter 10 begins with an introduction to MEIS and outlines the advantages of this technique 

over Rutherford Backscattering (RBS), which uses high energy ions (~1 MeV). The theory of MEIS is 

given along with basic experimental requirements. Examples of thin film, surface and interface 

analysis by MEIS are given and methods for simulation (via Monte Carlo calculations) are discussed. 

The authors conclude that MEIS is a powerful surface sensitive technique for high resolution surface 

and interface analysis but does have some constraints when dealing with light elements and damage to 

the sample.  
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2.3 Ion Beam Crystallography of Surfaces and Interfaces [3] 
 
 This review focuses on the use of Rutherford Backscattering (RBS) for analysis of surfaces 

and interfaces. This technique is closely related to MEIS.  

 

 The review begins with an introduction to the motivation for studying solid surfaces. The 

author highlights the progression of RBS from thin film analysis to the study of clean surfaces in UHV 

environments. The review then moves on to the more theoretical aspects of RBS with a detailed 

description of shadowing and blocking phenomena. This allows information on the structure of the 

solid to be obtained. The effects of relaxation and reconstruction on the backscattered ion yield are 

discussed. The author then explains the nature of the angle-dependent backscattered ion yield, 

mentioning the origins of the surface peak, energy losses from deeper layers and blocking dips in the 

ion yield. The necessary instrumentation for RBS is also described. The effects of ion beam damage on 

the ion yield are discussed, before moving on to discuss the quantitative analysis of RBS data via 

Monte Carlo simulations including several proposed models.  

  

 The next section of the review discusses the effects of atomic geometry and the dynamics of 

metal surfaces. The origins of relaxed and reconstructed surfaces are discussed. The author discusses 

the nature of adsorption sites and adsorbate-surface atom bond lengths. The study of dynamics of 

surfaces is addressed, including the use of lattice dynamics theory and Monte Carlo simulations to 

support surface vibration amplitude data from RBS.  

 

In the final part of the review, RBS studies of thin films and interfaces are discussed. The 

possible applications of thin films are listed, and it is mentioned that knowledge of the film-substrate 

interface is vital as this plays a large part in determining the properties of the thin film. The effects of 

lattice matching and growth mode are discussed with examples of various systems. 

 

 Whilst this project will most likely not include RBS experiments, the review gives a good 

background to an alternative method of surface and interfacial studies with many of the ideas also 

being applicable to MEIS. 

 

2.4 Low Energy Ion Scattering at Surfaces [4] 
 This review gives an overview of the field of low energy ion scattering in metal, alloy, 

catalytic and semiconductor systems. With CAICISS being a modification of the original LEIS 

experiments, the review is particularly relevant to this project. 

 

 The review begins with a general introduction to surface science and its applications. The 

review then moves on to look at ion scattering theory, showing how 180º scattering simplifies data 

analysis. The surface specificity of LEIS is also discussed, and it is this which makes LEIS an 

excellent choice for studying the top 2-3 layers of a chosen sample. The development of quantitative 
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data analysis techniques, from Monte Carlo calculations to the FAN backscattering simulation package 

is then given. FAN will be used in this project to simulate CAICISS data. 

 

 The next section discusses the various LEIS techniques and required equipment. The 

advantages of detection of ions and neutrals are discussed, as are the advantages of 180º scattering and 

detection in time-of-flight mode. The use of alkali metal ions to reduce ion neutralisation effects is also 

included, as is the closely-related technique of direct recoil spectroscopy. 

 

 The author then moves on to discuss how LEIS can be used for chemical and structural 

surface analysis, including studies on adsorbates, alloys and thin film growth. Surface segregation, 

semiconductors and surface defects are also addressed. The final parts of the review deal with ion-

surface inelastic collisions, charge exchange and other energy loss mechanisms. Also discussed are the 

scattering of molecules and the advantages of ion scattering over other surface science techniques. 

 

 Overall, this review gives a good overview of LEIS, and hence CAICISS, including 

theoretical, experimental and analytical aspects of the field.  

 

 

2.5 Introductory Solid State Physics [5] 
  

The main theme of the selected sections of this text illustrate the nature of some of the basic 

properties of metal solids including the free electron gas, and how electronic characteristics of metals 

can be approximated using this approach.  

 

 Chapter 6 looks at the general properties of solids such as electrical conductivity, behaviour 

under stress and the Ohmic behaviour of most metallic elements. The free electron gas and periodic 

potentials are then introduced. The density of states and the Fermi energy within the free electron gas 

are derived and discussed. Plasmons are introduced and their observation can help in chemical 

identification. X-ray spectroscopy is also covered briefly, along with quantities such as electronic heat 

capacity and magnetic susceptibility. The electronic and optical properties of the free electron gas are 

discussed. A description of the Hall Effect is then given, which shows the motion of free electrons 

under a magnetic field. Thermal conductivity in the free electron gas is considered, leading to the result 

that alloying will increase thermal and electrical conductivities of the solid. Finally, the authors look at 

the free electron gas in terms of many-body interactions and the dielectric function. 

 

 Chapter 7 deals with the periodic potential in metals, starting with a consideration of electrons 

in free atoms and solids. The origin of chemical shifts in core level binding energies of solids relative 

to free atoms is described (important for core level spectroscopies). Energy gaps and the effect of the 

periodic potential on valence electrons is discussed and leads to the Brillouin zone concept. The degree 

to which the zones are filled governs whether a material exhibits metallic, semiconductor or insulating 

behaviour. Section 7.7 deals with very weak potentials and the consequent elimination of band gaps (ie. 
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a free electron gas). The contrast between core electron states and valence electron states is also shown. 

Ideas such as hybridisation and the tight binding model are introduced to enable the band structure for 

the transition metals to be solved. Brief consideration of certain types of metals (eg. rare earth metals) 

is given in the remainder of the chapter. 

 

 Chapter 8 looks at the cohesion of simple, transition, post-transition and rare earth metals. 

Cohesive energy can lead to a shift in binding energies in metals, which could be seen in XPS. Chapter 

9 considers the physical properties of metals including the Fermi surface, as well as electrical, thermal 

and magnetic properties. Spectroscopic studies are also included, featuring considerations of optical 

absorption. Particularly relevant to this project, the electronic structures of alloys are considered, 

incorporating alloy phase diagrams. Ideas such as effective mass and the positive hole are introduced 

and a consideration of electrical resistance in alloy systems is given.  

 

 

2.6 Concluding Remarks 
The five texts chosen give a good overview of the field of surface science. They include the 

majority of techniques used in research today, considered from theoretical and practical points of view 

along with comparisons between techniques. The topics mentioned in this review are those directly 

relevant to this project, and it should be noted that many other surface science techniques are covered 

by Woodruff et al [1] and Briggs et al [2, 6] in particular. Myers [5] provides a theoretical description 

of the metallic surfaces themselves, mainly in terms of the free electron model. Overall, these texts 

provide the theoretical and experimental background required for modern surface science research. 
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3 Surface Science Techniques 
 

Modern surface science utilises a broad range of techniques which give chemical and 

structural information [1-4, 6]. Techniques giving chemical information include XPS and AES. The 

structure-probing techniques can be divided into two sub-sections – those which give real-space 

information (e.g. ion scattering), and those which give reciprocal space information (e.g. LEED). This 

wide range of techniques highlights the wide range of physical interactions which can give information 

on a solid surface, from “billiard ball mechanics” (e.g. ion scattering), through diffraction techniques 

(e.g. LEED), to quantum transitions (e.g. XPS, AES) and energy loss techniques (e.g. EELS). A 

general background to some of the techniques to be employed during this project is given in this 

chapter. 

 

 

3.1 Low Energy Ion Scattering (LEIS) 
 

An Introduction to LEIS 

The determination of the elemental composition and the atomic structure of the topmost 

monolayers of a solid is one of the most important problems in surface science, as the properties of the 

surface region play a large part in determining the overall electronic, chemical and structural 

characteristics of the solid.  

 

The surface elemental composition can be determined via many methods, the majority based 

on the fact that electrons in an atom possess a binding energy which must be overcome before the 

electron can become free from the positive nucleus of the atom. Such techniques include AES and XPS 

[1]. The atomic mass can also be determined by sputtering particles from the solid surface via ion 

bombardment (as in SIMS or SNMS [2]), or by desorption (as in TPD [1]). Alternatively LEIS, with 

incident ion energies of around 2-3 keV, can be used for this purpose as the change in energy and 

momentum of the ion during scattering will be dictated by the mass of the scattering atom [1, 2].  

 

The development of LEIS stems from earlier work with higher energy incident ions in RBS 

and MEIS experiments [1-3]. Using lower energy ions has two advantages for surface specific studies 

– higher cross-sections for ion-atom interactions and the higher neutralisation probabilities for noble 

gas ions due to their reduced velocity in LEIS. These effects result in the atom being unable to 

penetrate deeply into the solid and hence LEIS is specific to the top few atomic layers.  

 

The first LEIS experiment was carried out by Smith [7] and suggested that LEIS was the ideal 

method for determination of elemental composition of the surface layer. Ions which undergo multiple 

scattering or penetrate deep into the solid are extremely likely to leave as neutral atoms and will not be 

detected if an ESA is used as the detector. However, it was soon found that the ion neutralisation lead 

to very low ion yields. Several methods were proposed to overcome this, including techniques which 
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come under the banner of ICISS - the use of alkali metal ions (ALICISS [2]) and the detection of ions 

and neutrals (NICISS [2]), both in backscattering time-of-flight (TOF) mode where the energy lost by 

the ion on scattering is shown in a reduced velocity, and hence longer flight time of the particle. 

CAICISS is another variant of backscattering in time-of-flight mode, where the ions are backscattered 

through 180º to a micro-channel plate detector (MCP). Performing the experiment at a given angle of 

incidence yields an energy spectrum of the form shown in figure 3.1. Performing varying incidence 

angle scans gives a spectrum of the type shown in figure 3.2.  

 

 
Figure 3.1 – Typical CAICISS spectra. This example shows the InAs(001) surface treated with 

(NH4)2Sx solution measured in the <001> direction. [8] 
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Figure 3.2 – Polar CAICISS scan of the clean Cu(100) crystal, as used in chapter 5 of this report. 
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LEIS Theory and its Applications 

One of the attractions of LEIS is the relative simplicity of the physics involved. The ideal 

scattering process can be described accurately by a binary collision model [1, 2, 4], which conserves 

energy and momentum, as shown in figure 3.3, and leads to an equation describing the scattering 

process [1]: 
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Where A = M2/M1  

M1 = mass of incident ion 

M2 = mass of target atom 

E0  = kinetic energy of incident ion 

E1  = kinetic energy of scattered ion 

θ1  = scattering angle with respect to incident trajectory 

 

 
Figure 3.3 – Schematic diagram of the ion-surface atom binary collision. [1] 

 

From equation 3.1 it can be seen that if the incident ions have a constant mass and energy and 

the kinetic energy of scattered ions can be measured, then the mass of the scattering atom can be 

deduced. Considering equation 3.1 further, the advantages of scattering through 180º can be seen 

immediately as the equation simplifies to: 
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If quantitative information is required (e.g. relative concentrations of species), species-

dependent effects such as ion neutralisation and scattering cross-section must be considered [2]. Indeed, 

the scattering cross-section is dependent not only on the scattering species but also on the ion-atom 

interaction potential [1, 2]. This potential can be described in two ways – the Molière approximation to 

the Thomas-Fermi model [9, 10], or the Ziegler-Biersack-Littmark (ZBL) function [11]. From this the 

relationship of scattering angle θ1 and impact parameter b can be computed, giving a set of ion 

trajectories of the form shown in figure 3.4. Note the existence of a shadow cone behind the scattering 
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atom, into which no incident ions can penetrate. If another atom lies within the shadow cone, it is 

sheltered from the incident flux and hence cannot contribute to the scattered signal. For low energy 

ions the width of the shadow cone is typically a large fraction of the interatomic spacing in the surface 

region. Figure 3.5 shows the effects of the shadow cone over the top three atomic layers. The 

shadowing caused by surface atoms blocks out the majority of the second layer and all of any deeper 

layers, and hence the scattered signal is almost exclusively of surface origin [1]. This feature makes 

CAICISS a good option for studying the structure and composition of solid surfaces. In more typical 

CAICISS experiments [8, 12, 13], 2-3keV incident ions are used which results in narrower shadow 

cones and hence contributions to the scattered signal from the top two or three atomic layers. This is 

still an excellent degree of surface specificity compared to electron spectroscopy techniques which 

expose several atomic layers [1]. 

 

To investigate surface structure with CAICISS, the orientation of the crystal with respect to 

the incident ion beam is changed during the experiment. This change can either be to the angle of 

incidence (polar angle) or the orientation of the crystal (azimuthal angle). As the angle is varied atoms 

will move into and out of the shadow cones, giving a backscattered signal which has an angular 

dependence. An example of a polar scan is shown in figure 3.6, with an azimuthal scan shown in figure 

3.7. 

 
Figure 3.4 – Scattering trajectories for 1keV He+ ion scattering from an atom showing the existence of 

a shadow cone behind the scattering atom. [1] 

 

 

 
Figure 3.5 – 1keV He+ ion shadow cones from top layer atoms on a Ni(100) surface projected onto the 

substrate atoms. [1] 
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Figure 3.6 – Polar angle scan from a clean Pt(111) surface. 

 
Figure 3.7 – LEIS azimuth pattern for Na+ scattered on Pt(110) at grazing incidence. [2] 

 

The polar scans show several features of importance in determining the structural and 

chemical makeup of the crystal. The scan begins with the angle of incidence set to 0º, such that the 

beam direction is parallel to the surface and each surface atom is shadowed by the previous atom in the 

atomic row. As the angle of incidence increases, the surface atoms begin to emerge from the shadow 

cones until the edge of the cone from one atom is directly focussed on the next atom in the chain, 

producing a large increase in the backscattered ion yield due to trajectory focussing [4]. This is known 

as the surface peak, with the relevant angle of incidence known as the critical angle (geometry shown 

in figure 3.8). The critical angle can be related to the interatomic spacing of the atoms on the surface, 

which is vitally important for characterisation of the surface. 

 

As the angle of incidence is increased further, atoms in the second layer begin to emerge from 

the shadow cones. Again, when the edge of a shadow cone from a surface atom is directly focussed on 

a second layer atom, shown in figure 3.9, an increase in backscattered yield is seen. The angle at which 

this occurs can be used to determine the interlayer spacing between the surface and the second layer. 

This can be used to look for surface relaxations, in which the topmost interlayer spacing may change as 
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a result of, for example, heating or adsorption. Similar effects are seen as the shadow cones from the 

surface and second layer atoms are focussed onto atoms in the third layer. As already discussed, very 

little contribution is seen from deeper layers. To summarize, the polar scans not only offer information 

on the chemical makeup of the surface region, but also interatomic and interlayer spacing information 

which assist in the characterisation of the surface region. 

 

The azimuthal scans show blocking dips along low-index axes in the crystal, helping to 

characterise the structure of the surface and distinguish any reconstructions which may have occurred. 

Azimuthal scans are generally performed at grazing incidence to minimise contributions from layers 

below the surface. 

 

In conclusion we see that LEIS in general (and CAICISS in particular), is an excellent tool for 

surface-specific studies of solids. LEIS is almost unique in its surface specificity has been used in 

several different types of investigations [8, 12, 13]. 

 

 

 
Figure 3.8 – Calculated ion trajectories giving rise to surface peak in CAICISS spectrum. [4] 

 

 
Figure 3.9 – Ion trajectories which give rise to peaks in the CAICISS spectra from the second and 

third layers of the crystal. 
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3.2 Medium Energy Ion Scattering (MEIS)  
 

To probe the sample at greater depth than the top two or three atomic layers, the scattering 

cross-section and shadow cone radius must be reduced and the effects of neutralisation must be 

negated. These aims can be achieved by increasing the kinetic energy of the incident ion beam from a 

few keV to a few hundred keV. The principles of ion scattering in this energy range are very similar to 

LEIS [1,2]. The incident ions in MEIS have a higher velocity than in LEIS and so spend less time near 

each atom along its path, hence reducing the probability of neutralisation. The scattering cross-section 

and shadow cone radius are reduced by increasing the incident energy. This allows information to be 

gained on interfaces within the solid. Incidence along an arbitrary direction gives a scattered ion 

energy spectrum with steps, with the position of the high energy step edges being governed by 

equation 3.1 [1] (figure 3.10). The lower energy components of the peak originate from scattering from 

the same atomic species, but from deeper within the sample. With electronic energy losses being very 

small and the probability of multiple scattering being small due to the small cross-sections, the spread 

of energies in the peak can be directly related to the depth distribution of the species below the surface. 

This allows MEIS to be used as a depth profiling tool, with resolution approaching one atomic layer 

[2]. MEIS is less damaging than other depth profiling techniques such as SIMS [1].  

 

 
Figure 3.10 – Au signal in 250keV He+ ion scattering spectrum from an Al-Au multiple sandwich. [1] 

 

If an arbitrary angle of incidence is chosen in MEIS, the technique does not offer the same 

surface specificity as LEIS. However, by careful choice of the incidence angle relative to the 

crystallographic structure the shadow cones, can be used to exclude scattering contributions from 

subsurface atoms (figure 3.11) [1]. For normal incidence the ion beam will only encounter atoms in the 

top one or two layers. This can be used for studies of surface reconstruction [1, 2]. Alternatively, if the 

ion beam is directed along a low index direction (channelling direction [1-3]), just a surface peak is 

seen. This is in contrast to a random direction in which one sees a large contribution from the substrate 

(figure 3.12) [1]. If scans over a wide range of incidence angles are performed and the scattered yield 

at the surface peak energy is monitored, one sees ‘blocking dips’ which correspond to the major 



 18

crystallographic directions in the crystal (figure 3.13). It is more common to perform this type of 

experiment in the ‘double alignment’ setup [1], where ions are incident along a channelling direction 

and measurements are taken close to blocking directions (analogous to shadow cones, but for scattered 

ions). Referring again to figure 3.11, it can be seen that if the crystal exhibits surface relaxation, the 

shadow cone from the first layer atom may be focussed on to the second layer atom. This would 

produce an enhancement in the surface peak signal. 

 

 

 
Figure 3.11 – Schematic diagram of a section of a cubic (100) surface with a top layer spacing 

expansion of dz . High energy shadow cones along two bulk channelling directions are shown. [1] 

 

 
Figure 3.12 –  2 MeV He+ ion scattering spectra from W(100) with the beam incident along the 

<100> and random directions, showing the large drop in scattered yield when the beam is incident 

along a bulk channelling direction. [1] 
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Figure 3.13 – MEIS blocking pattern from Pt(111) using 173keV H+ ions. [1] 

 

In conclusion, MEIS is a powerful technique for high resolution surface and interface studies. 

Setup of MEIS experiments can be awkward and the study of light elements cannot be performed due 

to their cross-sections being too small. However this is a technique that is widely used in surface 

science and has important applications in the microelectronics industry. 

 

 

3.3 Data Analysis in LEIS and MEIS 
 

Whilst LEIS and MEIS can give information on the crystal geometry, for further quantitative 

information to be obtained from ion scattering experiments the results must be compared with 

computer simulations of trial structures. This can be time-consuming as a trial and error approach has 

to be employed, but does yield accurate information on the surface and/or interface structure.  

 

Simulation of MEIS data is largely based on Monte Carlo calculations [3] and employ a 

‘goodness of fit’ parameter to the results when compared to experimental data. The use of Monte Carlo 

simulations can be very time-consuming with the calculations being very complicated, but they yield 

information on interface and surface composition and geometry that would not be accessible without 

the simulations. Several models have been developed [3], and have moved towards the simulation of 
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three-dimensional structures with the increase in computing power over recent years. The VEGAS 

analysis package [14] will be used for simulation of MEIS data in this project. 

 

The early LEIS simulations used the original MEIS simulations, with a few minor changes 

due to the reduced energy of the incident ions and the larger scattering cross-section. However, the 

simulations followed every possible trajectory of the incident ions, with the vast majority not reaching 

the ‘detector’. In recent years a 3D backscattering simulation (FAN) has been developed for ICISS 

data simulation [4, 15]. A 3D trajectory fan is created from the scattering centre and a full 180º polar 

scan is simulated for up to three atomic species in the sample, allowing immediate comparison to 

experimental data. 

 

3.4 Low Energy Electron Diffraction (LEED) 
 

LEED is based on the conservation of energy and momentum during the scattering of an 

incident electron by the electron cloud of an atom in the sample [1]. This leads to the Ewald sphere 

construction which yields the direction of the diffracted beams which should be seen experimentally. 

The standard experimental setup for LEED is given in Woodruff [1] with an example LEED pattern 

shown in figure 3.14. 

 

LEED can be used in two ways – to gain qualitative or quantitative information. A qualitative 

approach deals with the positions of the diffracted beams and gives information of the size, symmetry 

and rotational alignment of an adsorbed species with respect to the substrate unit cell, as well as 

surface reconstructions [1]. A quantitative approach, such as I(V) LEED [16] or tensor LEED [17], 

which when compared to theoretical simulations, can yield information on atomic positions in the 

system. LEED will be used in a qualitative sense throughout the course of this project as a check for 

surface quality (high background on LEED pattern indicates a poorly-ordered or contaminated surface), 

as well as a tool to investigate surface reconstructions, growth modes and adsorbate coverages. 

 

Whilst LEED will be the main technique of choice for observing surface periodicity in this 

project, other electron diffraction techniques including RHEED and photoelectron diffraction [1] are 

used widely in surface science and can offer valuable structural information. 

 

 
Figure 3.14 – (a) shows the (1x1) LEED pattern obtained from the clean Pt(111) surface. (b) shows 

the real-space atomic arrangement whilst (c) shows the predicted LEED pattern. 

(a) (c) (b)
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3.5 Electron Spectroscopies 
 

Many important surface science techniques involve the detection of electrons emitted from 

the surface in the range of 5eV to 2000eV [1]. In the majority of electron spectroscopy techniques the 

surface specificity comes from the high probability of inelastic scattering (ie. short inelastic scattering 

mean-free-path). Only electrons originating from close to the surface reach the detector without losing 

energy in an inelastic scattering event. Therefore surface specificity is achieved by removing the 

inelastically scattered electrons from the signal.  The remaining electrons have energies characteristic 

of the sample, enabling electron spectroscopies to be used for chemical analysis. Two of the most 

widely-used techniques in surface chemical analysis are X-ray Photoelectron Spectroscopy (XPS or 

ESCA) [1, 18, 19] and Auger Electron Spectroscopy [1], both of which are available on the CAICISS 

chamber at Warwick. 

 
3.5.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS is based on relatively simple physics (figure 3.15). An X-ray photon of energy hν 

penetrates the surface and is absorbed by an electron with binding energy Eb below the vacuum level. 

The electron is then emitted from the solid with a kinetic energy of (hν - Eb). Therefore the energy 

spectrum of emitted electrons reflects the energy distribution of electron states within the solid. In 

practice this simple picture is complicated by the varying x-ray absorption probabilities of different 

states [1]. 

 

 
Figure 3.15  –  Schematic diagram of the photoemission process in XPS. In (a), an incident photon of 

energy hν is absorbed by a core-level electron. If hν is greater than the binding energy, the electron is 

emitted (b) and a core hole is left behind. This may be filled by an electron from a higher state causing 

the emission of a photon or an Auger electron (as is AES, see figure 3.19). 
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Any photon whose energy exceeds the work function of the solid can be used for 

photoelectron spectroscopy. The majority of XPS experiments have been performed with sources at 

two well defined energies – the Al Kα emission line at 1486.6eV and the Mg Kα emission line at 

1253.6eV [1] (e.g. figure 3.16).  

 

Figure 3.16 shows that the XPS spectrum is dominated by a number of sharp emission peaks 

corresponding to the core states of the surface atoms. However there are a number of complications in 

XPS. Firstly inelastic loss ‘tails’ can be seen following each peak, originating from the fact some 

electrons undergo inelastic scattering events before emerging causing some degree of energy loss (the 

deeper the origin of the emitted electron, the larger the energy loss). This can be utilised to obtain a 

chemical depth profile of the sample [18-20]. Figure 3.17 shows additional finer scale features in a 

typical XPS spectrum. Here we see peak splitting due to changes in the chemical environment of the 

Al atoms in an oxide compared to those in the metallic environment. Such changes in the electron 

binding energies are known as chemical shifts, and can be used as a fingerprint to characterise the 

sample [1]. 

 
Figure 3.16  –  A typical XPS spectrum taken using a 1253eV Mg Kα source. The stepped structure of 

the background signal is due to inelastic processes. [1] (Auger peaks discussed in next section) 

 

 
Figure 3.17 – Low binding energy region of an XPS binding energy spectrum of partially oxidised 

aluminium, showing chemical shifts (peaks labelled ‘oxide’) and peaks due to plasmon losses [1]. 
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Figure 3.18 – Schematic of sampling depths at 15° and 45° degrees showing the increase in the 

surface specificity of XPS with decreasing angle of incidence and hence sampling depth. 

 

Only the basic processes in XPS have been discussed here. Surface specificity can be 

enhanced using Angle-Resolved XPS [1] or by going to small angles of incidence (figure 3.18). Other 

effects which influence the energy spectrum exist [1], and broadening due to the energy width of the 

electronic states, phonons and instrumentation must be taken into account in quantitative XPS analysis 

[19]. However, XPS is an excellent tool for both qualitative and quantitative chemical analysis in 

surface science and will be used extensively throughout this project. 

 

 

3.5.2 Auger Electron Spectroscopy and Other Electron Spectroscopies 

With XPS being the main technique in use for chemical characterisation during this project, 

only a brief description of AES is presented here, with more details in Woodruff and Delchar [1].  

 

Core holes can be generated by absorption of electrons or X-rays. Figure 3.16 showed a 

typical XPS spectrum. There are two peaks in the spectrum which do not originate from the XPS 

process. These peaks are due to the emission of Auger electrons resulting from core holes produced by 

X-ray absorption [1]. The core hole is filled with an electron from a higher level together with an 

emission of energy, which may either appear as an emitted photon or be given to another shallowly 

bound electron with an energy characteristic of its original electronic state (figure 3.19). There are 

several different permutations for the energy levels involved in the emission process [1]. Auger 
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electrons may be used as a chemical fingerprint for sample characterisation. Chemical shifts are seen 

when the atomic species is placed in different environments. However they are not as readily seen in 

Auger energy spectra as in XPS, so one often finds AES data presented with the derivative of the 

electron yield rather than the raw data [1]. 

 

Many other electron spectroscopy techniques exist, with the majority used for chemical 

characterisation. These include UPS, EELS, IPES, APS and more [1]. Each has its own unique 

processes and yield different types of information which, when all the data is put together, can help to 

enhance our understanding of solid surfaces. 

 

 
Figure 3.19 – Schematic diagram of Auger electron emission process in AES. (a) and (b) are as in 

XPS (figure 3.15). (c) shows the core hole created by the photoelectron being filled by an electron 

from the 2s level, with the energy released being transferred to a 2p electron which is emitted in (d).  
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4 Instrumentation 

 
The majority of the work during this project will be performed using the CAICISS chamber at 

Warwick which is described in this chapter. Future studies will involve the MEIS facility at the 

Daresbury Laboratory [21]. The CAICISS chamber consists of several components, as shown in 

figures 4.1 to 4.4.  

 

Progressing from left to right on figures 4.1, 4.3 and 4.4, He+ ions of energy 3keV are 

produced by a Nielson ion source [22, 23]. The ions are then extracted, focussed by an Einzel lens and 

pass through a retractable gate valve before entering the main ion column. The ions then encounter a 

collimating aperture followed by a set of vertical and horizontal electrostatic deflection plates for 

steering and chopping of the beam. These are followed by an off-axis port aligner and a chopping 

aperture. The off-axis port aligner is utilised to induce a bend of 2o into the flight path to ensure that 

neutrals, produced by the ion source, fail to pass through the final aperture.  Chopping of the beam was 

achieved using a fast rise time pulse applied to one set of the deflection plates in order to sweep the 

beam across the final aperture.  The resulting short pulses (~ 60 ns) then pass through the centre of a 

micro-channel plate detector (MCP) and down the remaining section of flight tube toward the sample, 

passing by another retractable gate valve.  Ions and neutrals that are scattered back off the sample at 

angles close to 180o are detected in time-of-flight mode. Data acquisition is performed using a EG&G 

Ortec MCB and Maestro II software. For polar scans, the rotation of the sample has been automated 

using a stepping motor controlled by an IBM compatible PC, with each step corresponding to a 

rotation of 1.8°. Sample rotation during azimuthal scans must be performed manually. 

 

The chamber is also equipped with a retractable LEED optic (Omicron), a dual anode X-ray 

source (VG, Mg Kα and Al Kα sources), a 100 mm concentric hemispherical electron analyser (VSW) 

for XPS and AES analysis, a commercial molecular cracker (Oxford Applied Research, UK) and an 

ion gun for sample cleaning via Ar+ bombardment. The sample manipulator is capable of polar and 

azimuthal sample rotation and allows the sample to be moved perpendicular to and parallel to the ion 

beam. The sample holder is equipped with a filament for e-beam sample heating between 20°C and 

800°C, with the temperature being monitored via a chromel-alumel thermocouple close to the sample. 

The main chamber is pumped by a diffusion pump, a titanium sublimation pump and an ion pump, and 

has a nominal base pressure of ≈ 1 x 10-10 mbar. The ion column is pumped via two diffusion pumps, 

with a turbo pump and a rotary vacuum pump used as necessary. The diffusion pumps give the 

required differential pumping between the ion source and the sample, a pressure difference of around 

3-4 orders of magnitude. 

 

Several modifications have been made to the system since its original design [23], with the 

most recent being a trip switch to reduce the possibility of damage to the MCP detector should the 

pressure in the main chamber rise above 1x10-7mbar. The switch shuts down the MCP detector in these 

circumstances and should lengthen the lifetime of the detector.  
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5 Experimental Studies 
 
During the first year of the project, several different systems have been studied using 

CAICISS, XPS and LEED. The main focus of this section is on the investigations into the adsorption 

of O on the Pt(111) surface and the growth of Pt on the Cu(100) surface. SrTiO3 and an AlMnPd 

quasicrystal have also been looked at briefly. Experiments on Pt growth on the Ni(110) and Ni(100) 

surfaces and the effects of oxygen adsorption prior to the Pt deposition are now commencing. 

 

 

5.1 Investigation of Oxygen Adsorption on the Pt(111) Surface [24] 
 
 The adsorption of molecular oxygen on Pt surfaces has been studied extensively over the 

years [25-34].  Research into the platinum oxide system has been motivated by the importance of Pt in 

several catalytic heterogeneous oxidation reactions [35, 36], and fundamentally from a desire to 

understand the physical and chemical interactions of oxygen with the surfaces of noble metals. 

 

Sample Preparation 

 The first stage in any solid surface investigation is to ensure the substrate is free from 

contaminants before deposition or adsorption as this can have an effect on adsorption or growth 

characteristics as well as surface reconstructions. In the Warwick CAICISS system this is achieved by 

cycles of Ar+ bombardment of the sample followed by annealing to 800°C. During this process XPS 

spectra are taken to check for C and O impurities. Following the last cycle the sample undergoes 

extended annealing at 800°C to ensure, with the aid of XPS, that no impurities diffuse from the bulk to 

the surface as well as to repair any damage caused during bombardment. The degree of order and the 

geometry of the surface are then established with LEED. In this case a (1x1) LEED pattern was 

observed, previously shown in figure 3.14.  

  

LEED Observations 

Dosing of atomic oxygen was then carried out over varying timescales with the thermal 

oxygen cracker (Oxford Applied Research, UK). LEED images, taken as a function of atomic oxygen 

exposure, are shown in figure 5.1.  Image (a) shows sharp (1 x 1) spots obtained for the clean Pt(111) 

surface.  Image (b) shows the LEED pattern obtained after exposing the surface to 5 L atomic oxygen 

at 25°C.  The surface is observed to reconstruct to a sharp (2 x 2) pattern.  Such a pattern is 

characteristic of atomic oxygen adsorbed in three fold fcc hollow sites [29]. Further exposure of the 

surface to atomic oxygen (total exposure of 10 L) leads to an increase in the background intensity of 

the LEED pattern, shown in image (c).  The increase in background intensity may be an indication of 

an increase in the disorder of the adlayer, however a faint (2 x 2) pattern can still be observed.  Image 

(d) shows the LEED pattern obtained after exposing the surface to a total of 20 L atomic oxygen.  The 

intensity of the background is observed to increase still further.  More notably, streaks are now 

observed that appear to radiate out from each of the (1 x 1) integral order spots.  Image (e) shows that 

this streaking persists with increasing background intensity until saturation coverage appears to be 
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reached (exposure of 50 L), at which point, the background is so bright that the substrate integral order 

spots are almost obscured (and indeed were obscured at higher exposures), suggesting significant 

reordering in the adlayer or near-surface region. The saturated surface (exposed to 50L) was 

subsequently annealed, in stages, to 500°C.  Following annealing at 250°C the background intensity 

was observed to reduce and the intensity of (1 x 1) spots were observed to increase, suggesting an 

increase in order on the surface.  Compared to the clean surface the (1 x 1) spots were observed to be 

much broader.  After annealing the surface at 400°C a faint (2 x 2) pattern began to emerge.  This 

pattern became much stronger on further annealing, and became sharpest after annealing at 500°C, as 

shown in image (f). This is likely due to a reordering of the sample into a Pt(111) substrate and a 

(2x2)-O overlayer. 

 

An experiment was also carried out to investigate the possibility that the electron beam could 

cause oxygen to desorb from the surface. Figure 5.2(a) shows the (2x2) LEED pattern obtained after 

exposure to 5L of atomic oxygen. LEED images were collected at 90 second intervals ((b) through (d)) 

and show that after 270 seconds only the (1x1) pattern of the clean Pt surface remains. This suggests 

LEED-induced sample degradation. 

 

 
 

Figure 5.1 – LEED patterns from Pt(111)-O sample with various oxygen exposure times. 
 
 

 
Figure 5.2 – Evolution of LEED pattern over a period of 270 seconds, showing the disappearance of 

the (2x2) pattern, and hence adsorbed oxygen, leaving the (1x1) pattern of the clean Pt(111) surface. 
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XPS Observations 

A series of XPS spectra were taken for the high oxygen concentration surface to determine 

whether the (2 x 2)-O atomic state and the high oxygen concentration state were distinguishable, and 

therefore chemically different.  Additionally, due to the quantitative nature of XPS [19], it provided an 

estimate on the concentration of adsorbed O in the surface region. 

 

Figure 5.3 shows O 1s and Pt 4f XPS spectra for the clean Pt surface (a), and the Pt surface 

following a saturation dose (50 L) of atomic oxygen at 25ºC (b). Spectra obtained following 

subsequent annealing at 300ºC (c), and at 500ºC (d) for twenty minutes are also shown.  From the 

LEED it is known that annealing at 500ºC results in the formation of a (2 x 2) LEED pattern.  

Degradation of the O overlayer (in the form of a loss of oxygen from the surface) following XPS did 

not exceed 5%. Using quantification procedures, the concentration of O at the surface following the 

saturation dose has been estimated to be 2.1x1015 atoms cm-2. The O 1s peak following the saturation 

dose (50 L) appears to be asymmetric. Curve fits using a Gaussian-Lorentzian curve-fitting package 

suggest the presence of peaks at 530.2 eV and 531.8 eV with oxygen surface concentrations of 

1.7x1015 atoms cm-2 and 3.8x1014 atoms cm-2 respectively. On annealing the sample at 300ºC for 

twenty minutes no detectable changes in the O 1s spectrum are observed. However, on further 

annealing the sample at 500ºC complete loss of intensity at 530.2 eV is observed leaving only the O 1s 

peak at 531.8 eV. Since a (2 x 2) LEED pattern was observed at this temperature during the LEED 

experiments, this O 1s species is assigned to an overlayer of atomic oxygen. 

 

The Pt 4f XPS spectra in figure 5.3(b), taken following a saturation exposure of atomic 

oxygen, reveals a shoulder on the high binding energy side of the Pt 4f5/2 peak at a binding energy of 

76.8.eV; a positive binding energy shift of 2.4 eV compared to the metallic Pt peak at 74.4 eV. In 

addition, changes in the relative intensities of the Pt 4f5/2 and 4f7/2 peaks are also observed. These 

features indicate the presence of additional structure hidden within the Pt 4f5/2 peak. Following 

annealing at 300ºC no change in the Pt 4f peak envelope is observed. However, on further annealing at 

500ºC, the Pt 4f peak envelope is observed to revert back to that observed for the clean surface. It is of 

particular interest to determine if and how the oxygen is penetrating into the subsurface region of the 

platinum. To investigate this, XPS was performed at a number of take-off angles which varies the 

escape depth of the photoelectrons. Figure 5.4 shows XPS spectra taken at emission angles of normal, 

45o and 15o, whereby an emission angle of 15o is the most surface sensitive in this case. Between 

collecting spectra at each angle the surface was cleaned and re-exposed to a saturation dose of atomic 

oxygen in an effort to negate any possible adlayer degradation. Analysis of the angle resolved spectra 

reveals that there is a dramatic enhancement of emission from the O 1s and Pt 4f shifted peaks 

(indicated by vertical arrows) for glancing electron take-off angles compared to the normal take-off 

angle. Since an enhancement of the surface sensitivity is expected at glancing take-off angles we can 

conclude that the high concentration oxygen state does not exhibit significant bulk penetration.  

However, some surface penetration of oxygen by a place exchange type reconstruction of the Pt atoms 
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in the first two atomic layers can not be ruled out. Indeed the binding energy shifts in the Pt 4f 

spectrum suggest the formation of a Pt oxide species. 

 

 
Figure 5.3 - O 1s and Pt 4f XPS spectra. (a) shows the clean sample prior to exposure to O, (b) shows 

the spectra following the saturation dose (50 L), whilst (c) and (d) show the effects of annealing to 

300ºC and 500ºC respectively. 

 

 
Figure 5.4 - O 1s and Pt 4f angle-resolved XPS spectra with take-off angles of 90º (a), 45º (b) and 15º 

(c) to investigate the characteristics of oxygen adsorption. 
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CAICISS Observations 

CAICISS has been applied to the clean Pt(111) surface, the Pt-O high oxygen concentration 

surface, and to the Pt-O (2 x 2) surface obtained following annealing the high oxygen coverage surface 

at 500°C. An analysis of the CAICISS data and associated scattering simulations (carried out using the 

FAN simulation software) has been used to distinguish between the possible structural models for the 

Pt-O system. 

 

CAICISS experiments were first carried out on the clean Pt(111) surface to test the 

experimental and simulation methodology. Figure 5.5 shows a plot of the experimental Pt scattering 

ion intensity (upper spectrum) and simulated Pt scattering ion intensity (lower spectrum) as a function 

of incidence angle in the <211> azimuth. The data shows a number of features that are well reproduced 

in terms of incident angle position and intensity by the scattering simulations, and provides confidence 

in the applicability of FAN to simulate CAICISS data. 

 

For the structural investigation of the high concentration oxygen state the surface was 

prepared by exposing the clean Pt(111) surface to 50 L of atomic oxygen. XPS was carried out to 

confirm the presence of Pt in the high oxidation state prior to CAICISS. For comparison, CAICISS 

plots along the <211> azimuth as a function of scattering angle for the clean Pt(111) surface, the high 

oxygen concentration Pt(111) surface, and the Pt-O (2 x 2) surface formed by heating the high 

coverage surface are shown together in figure 5.6. 

 

 
Figure 5.5 – Comparison of simulation and experimental data from the clean Pt(111) surface. 
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Figure 5.6 – CAICISS data from the clean Pt surface and the oxygen-saturated surface prior to and 

after heating. 

 

Figure 5.6 shows that there are significant differences between the data sets in the early stages 

of acquisition indicating that there have been significant changes in the overall surface structure. 

However, after a scattering angle of approximately 45o has been reached (or approx. 6 hours of 

acquisition), the data converges on to the clean Pt(111) spectrum. Furthermore, following the 

acquisition of CAICISS data the XPS revealed oxygen was no longer present on the surface. Ion 

stimulated desorption (ISD) [37] is suspected for the loss of oxygen from the surface region. Obviously 

this impacts on the characterisation of oxygen adsorption onto the Pt(111) surface, and comparisons 

with simulated structures were limited to the first 45º. However, it can be concluded that all the oxygen 

(observed using XPS) is on or near the surface, in such away as to be susceptible to ion stimulated 

desorption. It must exist within the top few atomic layers as the sampling depth of the ion beam is 

limited to this region. 

 

With the knowledge of approximate surface concentration from XPS to be 2x1015 atoms cm-2
, 

and in the form of an oxidic species, in addition to the fact that the adsorbed oxygen is prone to ISD in 

CAICISS, two models for the high oxygen concentration surface were simulated by the FAN software. 

The first involves oxygen at interstitial sites - the incorporation of oxygen in octahedral interstitial sites 

between the first and second Pt layers along with the adsorption of oxygen in three fold hollow sites. 
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The second is a substitutional model - the adsorption of oxygen in the second Pt layer by substitution 

with Pt, along with the adsorption of oxygen in three fold hollow sites. Figure 5.7 shows the 

experimental data for the Pt scattering peak intensity as a function of the incidence of angle along the 

<211> azimuth, the results of simulations based on the models described above, and schematics for the 

proposed structures. An adequate simulation for the high oxygen concentration state was not found, in 

particular the relative intensities (or lack of) of the backscattered Pt peaks could not be reproduced well 

in the simulations. However the results of the simulations do appear to favour the substitutional 

adsorption of oxygen in the second Pt layer rather than the incorporation of oxygen within the 

octahedral sites. The feature labelled (I) in the experimental data is only reproduced in the 

substitutional adsorption model simulation. It should be noted that oxygen was not detected in the 

CAICISS spectra. The low O cross-section and its position on the low energy side of the substrate 

spectrum hindered its detection and consequently could be used to provide structural information. 

 

Further CAICISS experiments were performed on the sample after heating of the oxygen-

saturated surface at 500ºC. From LEED and XPS the formation of a (2x2) oxygen overlayer was 

observed. Again, two models were proposed for simulation of the CAICISS data (one with O atoms in 

hcp sites, the other with O atoms in fcc sites), with the results shown in figure 5.8. The features 

labelled (I) and (II) appear to correspond to a structural feature that is only seen when the O atoms 

occupy hcp sites. 

 

 
Figure 5.7 – Experimental data and simulation results for interstitial and substitutional models. 

 

 
Figure 5.8 – CAICISS data and simulation results for the proposed (2x2) oxygen overlayer as 

observed in LEED and XPS. 
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Conclusions 

In summary, from the CAICISS data it is proposed that the high concentration oxygen state is 

formed by substitutional type adsorption of Pt replaced by O in at least the second Pt layer. On 

annealing at 500ºC the surface reconstructs so that O occupies h.c.p hollow sites, in contrast to the 

usual Pt-O (2 x 2) structure obtained following exposure to molecular oxygen. Furthermore, XPS, 

LEED, and CAICISS data provide evidence for the formation of a subsurface oxide at saturation 

exposure (50 L). 

 

 

5.2 Investigation on the Growth and Alloying of Pt/Cu(100)  
 

Alloys and alloy surfaces are important in many modern industries, including anti-corrosion 

coatings, catalysis, electrochemistry and information recording [38-41]. Most heterogeneous catalysts 

in industrial processes are multi-component systems and incorporate platinum. In previous studies it 

has been found that Pt/Cu alloys are catalytically more selective for cracking reactions than pure Pt 

[42]. Therefore the study of the growth of platinum on copper surfaces and the subsequent alloying is 

of particular interest. 

 

Previous studies [43-44] have suggested that platinum grows on copper surfaces in a layer-by-

layer mode, although Belkhou et al [45] observed growth by coalescence of islands as the Pt coverage 

increased through 0.5 ML. With the high degree of surface specificity of CAICISS, one of the aims of 

the investigation was to characterise the growth of platinum on the Cu(100) surface. Studies of 

alloying with various initial Pt surface coverages [44-49] have suggested that the alloy formed is a 

function of annealing temperature. Some studies have suggested the formation of alternate Cu and 

CuPt layers [46-48] whilst others have proposed structures with each layer being of Cu3Pt composition 

[44, 45, 49]. Therefore another aim of this investigation was to characterise the structure of the alloy 

formed upon annealing the Pt/Cu(100) system. 

 

5.2.1 Platinum Thin Film Growth 

A Cu(100) crystal was loaded into the chamber and cleaned using cycles of Ar+ bombardment 

followed by annealing to 800ºC. The sample underwent extended annealing at 800ºC following the 

removal of contaminants from the surface region, with the levels of O and C contamination being 

monitored using XPS. Next, the degree of order on the surface was investigated using LEED, with a 

sharp (1x1) LEED pattern being observed. CAICISS data was then taken of this surface to act as a 

reference for future experiments.  

 

To investigate the Pt thin film growth characteristics the sample was exposed to a home-made 

platinum source in stages until a total time of 5 hours exposure had been reached. This was performed 

in the <100> and <110> directions with LEED, CAICISS and XPS data being taken after each stage of 

platinum deposition. 
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LEED Observations 

Following the initial cleaning of the sample, a sharp (1x1) LEED pattern was observed, 

indicating a well-ordered Cu(100) surface. Following one hour of platinum deposition, weak c(2x2) 

spots were observed (figure 5.9) indicating the presence of platinum on the surface. These spots faded 

with further platinum deposition whilst the background intensity increased, indicating a reduction in 

surface order. After five hours of deposition, no LEED pattern was distinguishable from the 

background. 

 
Figure 5.9 – c(2x2) LEED pattern following one hour of Pt deposition on the Cu(100) surface. 

 

XPS Observations 

The evolution of the Pt 4d peak intensity from XPS is shown in figure 5.10. Whilst there is 

very little, if any shift in the Pt 4d peak binding energy, the data clearly shows the increase in the 

amount of platinum on the surface. Quantitative analysis was carried out and indicated the thickness of 

the Pt film after five hours of deposition to be approximately 5Å. With this being an average over the 

surface, this indicates a platinum film of around 2.75 ML and a deposition rate of approximately 

0.55ML per hour. 

 

 
Figure 5.10 – Evolution of the Pt 4d peak showing the increase in the amount of Pt on the surface. 
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CAICISS Observations 

The evolution of the platinum signal in the <100> direction CAICISS spectra is shown in 

figure 5.11. As the platinum coverage is increased, the surface peak intensity is relatively unchanged, 

but additional structural features corresponding to Pt in the second and third layers begin to appear at 

higher coverages, as would be expected. The general shape of the spectra are the same, indicating 

growth roughly in the Cu(100) registry positions, although interlayer spacings may change relative to 

the bulk Cu spacing of 1.807Å.  

 

 

 
Figure 5.11 – Evolution of the platinum signal in the CAICISS spectra during the deposition process. 

(Data from 5th hour of dosing not shown) 

 

 

CAICISS Simulations 

Using XPS as a guide, several possible structures were simulated for each step in the 

deposition using FAN. Figure 5.12 shows the good agreement between experimental data and the 

simulation at a Pt coverage of 2.75 ML in the <110> direction as indicated by XPS. Structural features 

are well reproduced by the simulation and indicate layer-by-layer growth at higher coverages with 

some surface relaxation. Indeed, this is the case for all data with a Pt coverage above 2 ML. Figure 

5.13 shows the comparison of experimental data and a layer-by-layer growth mode sample at a Pt 

coverage of 1 ML. Here, structural features are seen in the experimental data indicating two or three 

layers of Pt which are not seen in the 1 ML overlayer simulation. With XPS indicating an average film 

thickness of 1 ML but the simulations appearing to rule out layer-by-layer growth, it is proposed that 

the initial stages of Pt growth follows the path proposed by Belkhou et al [45] – islands of Pt which 

coalesce with increasing Pt deposition. Simulations are still ongoing to verify the platinum growth 

mode at low coverages and other techniques may be used to investigate this (eg. SEM, STM). 
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Figure 5.12 – Experiment vs Simulation after 5 hours of Pt deposition. Simulated structure shown 

comprises a 2.75 ML thick Pt film with altered interlayer spacings compared to bulk Pt and Cu. 
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Figure 5.13 – Experiment vs Simulation after 2 hours of Pt deposition. The simulated structure shown 

has a 1 ML thick Pt film on the Cu(100) surface but cannot reproduced some of the structural features 

seen in CAICISS. 
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5.2.2 Alloy Formation 

It has been suggested previously that alloy formation does not occur below 300ºC due to the 

diffusion barrier of Pt in Cu [49]. Therefore an annealing temperature of 200ºC this was chosen as a 

starting point to verify that no alloying occurred below 300ºC. This was achieved by annealing the 

sample after a Pt film of 2.75 ML had been deposited on the Cu(100) surface. XPS data was taken to 

monitor the diffusion of Pt into the bulk, but analysis of this data is not yet complete. Therefore only 

data from CAICISS in the <100> direction is shown here. 

 

CAICISS Observations  

After heating to 200ºC for 30 minutes, no discernable change was seen in XPS or CAICISS, 

indicating that the diffusion barrier had not been overcome and no alloying had occurred. Figure 5.14 

shows CAICISS data taken after this annealing stage and is compared to a simulation of a 2.75 ML 

film of Pt on the surface. The good agreement again indicates the absence of alloying at this stage. 

 

The sample was then heated to 300ºC for 30 minutes. In this case (figure 5.15), CAICISS 

shows a large increase in the intensity of the second and third layer scattering peaks compared figure 

5.14. This suggests that significant diffusion of Pt into the Cu bulk is occurring. Simulations have 

shown that the structure at this annealing stage corresponds to each layer having a Cu3Pt composition 

and rules out the structure containing alternate Cu/CuPt layers. Basic analysis of the CAICISS data 

also suggests this as there are peaks corresponding to scattering from Pt atoms in each of the top three 

layers. 

 

The sample was then heated to 600ºC for 30 minutes, following which XPS showed a 

negligible platinum signal suggesting the large-scale diffusion of platinum away from the surface 

region. In the second azimuth more graduated annealing stages were employed to monitor the diffusion 

of Pt in the region of 300ºC. Analysis of this data is currently ongoing. 

 

Preliminary Conclusions and Work Required to Complete Study 

Preliminary data analysis has shown that platinum grows via the coalescence of islands at low 

coverages before following a layer-by-layer growth mode from approximately 2 ML onwards. Alloy 

formation appears to commence at an annealing temperature of around 300ºC, and an alloy with layers 

of Cu3Pt is formed at this temperature. Annealing to higher temperatures leads to further Pt diffusion 

and the destruction of the Cu3Pt alloy. Further work on the initial clustering growth phase and analysis 

of the XPS data during the annealing process is required to confirm these predictions. Further 

CAICISS experiments may also prove necessary. 
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Figure 5.14 – Comparison of CAICISS data after heating to 200°C and Pt thin film simulation results. 

Good agreement suggests that diffusion of Pt begins above 200°C. 

 
Figure 5.15 – Comparison of CAICISS data following 300°C anneal and simulation of a structure with 

several layers, all of Cu3Pt composition. 
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6 Plan for future studies  
 

May to July 2003 

The analysis of the Pt/Cu(100) XPS data during alloying and CAICISS data at low Pt 

coverages should be completed to conclude the study of the Pt/Cu(100) system.  

CAICISS and XPS experiments are planned on two Ni surfaces – Ni(100) and Ni(110). The 

Ni(100) crystal will be used to investigate the differences in Pt thin film growth and alloy structure 

compared to the Cu(100) surface and previously published Ni-Pt alloy data [50, 51]. The experiments 

will follow approximately the same trend as with the Cu(100) surface with deposition up to around 3 

ML. Experiments on the Ni(110) surface have commenced recently, with the aim being to investigate 

the growth mode of thin Pt films and alloying to relate to the future experiments on Ni(100). With both 

Ni crystals, the effects of adsorbing oxygen onto the surface prior to Pt deposition will be investigated 

to see if this changes growth or alloying characteristics. 

The collection of MEIS data on the Pt/Cu(100) and Sn/Cu systems is also planned in this 

period. The Sn/Cu system is another important alloy in the catalytic industry [52], and CAICISS 

experiments on this system may follow in the future. 

 

August to October 2003 

 This period will involve analysis of the MEIS data collected from the Pt/Cu(100) and Sn/Cu 

samples as well as the acquisition of MEIS data on Ge-Si structures which are important in the 

microelectronic industry. Data analysis from CAICISS and XPS experiments on the two Ni surfaces 

will also be completed during this period. 

 

October 2003 to December 2003 

This period will focus mainly on quasicrystal surfaces. Quasicrystals are materials which 

exhibit no long-range periodicity but still possess many crystalline properties. They also exhibit 

symmetries which are crystallographically forbidden. Such materials have interesting magnetic 

properties [53 and references therein], with the surface structure playing an important role in 

determining these characteristics. Thus far CAICISS has been used to look at the Al70Pd20Mn10 

quasicrystal surface, but the data is yet to show any structure. LEED has also been utilised but no 

patterns have been observed. During the period October to December 2003, CAICISS experiments are 

planned on Al70Pd20Mn10 and NiCr quasicrystal surfaces. These surfaces will also be studied using 

STM and MEIS in conjunction with the Surface Science group at the University of Liverpool. 

 

Additional alloy systems may be considered for CAICISS experiments depending on the 

success of the work on the samples detailed above over the course of the next six months. 
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