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ABSTRACT :

The increase of the surface to volume ratio in fine geometry
microelectronic devices is the motivation to undertake research on thin
silicide and oxide films of transition metals. For probing them with very
high spatial and depth resolutions, surface analytical techniques have
been employed. In the present work, model systems of transition metals
with different number of d electrons, Ti (d2), Ta (d3), Mo (d5) and Cu (d10)
are chosen and their respective oxides and silicides are prepared in UHV
by evaporation using electron beam and effusion cells. The importance of
having clean surfaces suitable for surface science studies has been
highlighted, by finding the effects of ion beam bombardment on the
lineshapes of different electronic transitions, and some angle dependent
XPS studies in case of Si.

The electronic transitions in Auger electron spectroscopy (AES),
electron energy loss spectroscopy (EELS), autoionization and X-ray
photoelectron spectroscopy (XPS) that involve d band, are probed to
understand the d band occupancy and the general, density of states (DOS)
around the Fermi level. Empty DOS available in the d band of transition
metals show some special features in EELS as interband transitions and
quasiatomic p-d transition losses, or autoionization transitions in low
energy AES. Such loss transitions at 39 and 49 eV in Ta, 47 eV in Mo and
45 eV in Ti show changes due to oxidation and silicidation. These features
enhance in oxides but decrease in silicides indicating a redistribution of
the DOS due to the formation of these compounds. The decrease or
increase of the autoionization features at 44.5 eV in Ta, 34 eV in Mo or 41
eV in Ti due to silicidation or oxidation of the respective metals
complements the information obtained by EELS. The multiplet splitting
in AES structure and their change due to oxidation and silicidation is

explained for the different charge transfer process in these two compunds.
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The multiplet splitting originating from the interaction of the p-holes
created in the Auger process and unpaired d electrons is found to decrease
in the oxides, and increase in the silicides. Cu, with ten electrons occupy
the d orbital, does not show the p-d quasiatomic transition and hence no
autoionization. XPS valence band picture is added to these results to
complement the information obtained by AES, ELS or autoionization
process. Simultaneously, Si LVV Auger lineshape changes are observed.
The decrease of the pp contribution out of the three (pp, sp and ss) in the
Si LVV line is attributed to either the formation of some interface states
with the p surface states or the change in the localization of the Si 3s
orbitals. O KVV results indicate the charge transfer in the oxidation which
reduces the multiplet splitting of metal Auger lines. Finally the data for
each material by all the above techniques has been consolidated and
trends of the behaviour of electronic transitions on the number of d
electrons in the metal, have been drawn.

This study has shown the sensitivity and complementarity of all the
techniques used to probe the silicides and oxides. The work has
demonstrated that using conventional electron spectroscopic techniques,
by observing electronic transitions involving d electrons, the DOS highly
proximal to the Fermi level can be monitored. The present studies not only
indicate this approach as a tool to evaluate charge transfer in silicides and
oxides but also, through the data on dependence on transitions on d

electron population, can help tailoring new materials for microelectronic

devices.
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Chapter I
Introduction



Chapter | : INTRODUCTION

1.1 Silicides as device materials :

Since the discovery of the semiconductors in the late thirties, Si has
been the most important electronic material. Application of Si in solid
state semiconductor devices has resulted in numerous applications
including defence, space, communication, amusement media, etc. The
demand for high speed and compact size instruments has driven the
miniaturization of the devices. The driving force has been not only to
look at the interesting new properties of Si, but also to diminish the
semiconductor device dimensions. It has finally led to the idea of
Integrated Circuit (IC) technologyl. As a result the technology has
advanced from small scale integration to very large scale integration, that
arranges more than 10° components (resistors, capacitors, diodes,
transistors) on a single chip (50 mil x 50 mil). These changes in this
technology have taken place very rapidly since 1960. This exponential
growth of the number of components per chip is represented by Moore et
al?, as shown in FIG.1.1.

The primary thrust in IC technology is to make devices that are
smaller in dimension, faster in operation and consume lesser power. In
lieu of the larger packing density, and need for stability and reliability of
the devices, there is a renewed interest in the metallization scheme for
low resistive gate interconnections and ohmic contacts. A prime

requirement of such application is that the structure should be stable
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during device processing {oxidation, diffusion annealing, phosphorus-glass
deposition etc. } following the silicide formation. The stability of silicide
during oxidation is of special interest. In device processing a good
dielectric oxide formed on the silicide is highly desirable . All these
fundamental problems in the tcechnology depend on the design and
fabrication engineering with simullaneous research in tailoring new
materials. It is not only a technological or scientific challenge to make
high speed and reliable devices, but. it should also render it economically
viable. Due to the compactness, low cost of production and fantastic
capabilities, ICs have played a lcading role in the development of

agricultural, industrial and information technology.

1.2 Metallization :

One of the important aspccts of device fabrication is good
metallization, to provide contacts on devices, interconnection between
devices and with the outside world. Also metallization forms components
of an active device (e.g. gates of Field Effect Transistor etc.). There has
been enormous effort to find out properties of materials, modify them and
to tailor-make suitable materials for metallization purposes. Some of the

basic properties required for a good candidate! as metallization material

are as follows :

1) ease of fabrication
i1) low resistivity ,
i) oxidizability,

iv) mechanical stability,



v) no reaction with the final metal { metal for external connection)
vi) non-contamination of the devices,

vii) good device characteristics and carrier life times

viii) thermal and clectrical stability,

ix) low contact resistance and minimal junction.

No metal can fulfill all these desired properties. Initially Al was
thought to be ideal because of its good adheshion, good conductivity and
corrosion resistance3. But, with the shrinkage of the device dimension
laterally and vertically, it is found that it is difficult to use Al because of
its diffusive penetration at high processing temperatures used in IC
fabrication3. So since, metal silicides are considered as better
alternatives. Silicides show metal like resistivity and are capable of
forming protective layers required in integrated circuits. Moreover,
making the metal react with the Si substrate itself forms a metal silicide
which can give an in-situ control of barrier heights and other properties.
Thus the possibility of forming silicides directly on polycrystalline Si (poly
Si) preserves the basic poly Si MOS (Metal oxide semiconductor) gates,
while decreasing the resistance. Even with this, it was found that the
final contact metal, Al, reacts with silicides and penetrates into the Si
device in the fabrication of FET (field effect transistor). So a metal layer,
as a diffusion barrier to Al, was introduced in between Al and the

silicide4 (FIG. 1.2).
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1.3 Oxides :

Like silicides, metal oxides have a vast field of applications and
scientific interest®. Particularly in microelectronics oxides are important
for forming insulating or electrically isolating layers. Also in applications
to corrosion , catalysis or in electrode reactions, oxides are the central
material. The importance of oxides in device processing is based on two
fundamental aspects : (i) The behaviour of the metal films on Si-O system
and the kinetics of growth of metal silicide on Si-O system and ii) stability
of the silicide towards oxygen. These two aspects are important in
selecting the metal for metallization. The following properties of metal

oxides are interesting to get an idea about the stability and stress

accomodating capability during oxidation4,

i) oxide to metal volume ratio,
i1) oxide melting point,
iii) oxygen solubility in metals,

iv) heat of formation of oxides.

Keeping in view all these reqirements for silicides and oxides, an
optimization in choosing the material is necessary. Therefore a good
understanding of both silicides and oxides from different angles is thus

important in microelectronics and other industries.



1.4 Transition metal silicides and oxides :

The interest in transition metal silicides 1s due particularly to two
properties that led to their applications in microelectronic industry,
1) the electrical resistivity generally exhibits a metallic behaviour , with
typical specific resistivity values at room temperature between 15 to 150

pg2 cm.
ii) they exhibit good high temperature stability and useful oxidation

resistance.

Another interesting property in transition metal silicides is their
relatively low value of temperature coefficient of electrical resistivity.
However for some of the transition metal silicides in the middle of the
periodic table (e.g. Cr) this low temperature coefficient is combined with a
high specific resistivity due to semiconducting nature of those silicides
(suitable for fabrication of resistors)®.

In the first application to the S: technology, to replace poly Si, the
material had to be able to withstand high processing temperature, (1000
oC) oxidizing ambients and have low resistivity. These requirements cause
focussing of attention on the refractory metal silicides, which combine
good high temperature stability with specific thin film resistivity around
50 pQem. This value is more than one order of magnitude lower than
highly doped poly-Si . The Schottky Barrier heights in the refractory metal
silicides are quiet controllable ranging from 0.53 --0.65 eV (0.65--0.95 eV
for near noble metals)?. In Si technology generally Si rich silicide, that is

MSi, (metal disilicide) composition of the silicide is required, which is the

most stable phase and is capable of withstanding high processing



temperature. In case of refractory metals there is a tendency of not
forming any intermediate phase. The disihieide 1s formed directly because
of the large negative value of the heat of formation, than in other phases.
Of all the silicides, platinum has been very commonly used as a
contact material. In the gate and interconnection level, poly Si and
refractory metal silicide bilayers have been used to replace the poly Si
and providing a lower resistance. Refractory metal silicides are found to
give the highest compatibility with other device components. The
disilicides of molybdenum (MoSi,), tantalum (TaSiy) and tungsten (WSi,)
have been developed and are found to be successful in achieving good-

quality high-speed microprocessors and Random Access Memories4. More

recently TiSip has replaced the above silicides due to its better
conductivity. CoSis is also found to be interesting in these applications. In

case of oxidation the metallic Cr, Mo, W may pile up in the silicide exposed

to oxidizing conditions. Group IVA and VA elements can reduce SiOp4.

Thus these silicides formed a mixed phase of oxides of both metal and Si.
WSiy and MoSiy are found stable towards oxidation . Whereas Ti, Zr, Hf
disilicides are decomposed to form metal oxides preference to Si-oxides, in
an oxygen atmosphere. Several kinds of oxides are formed by most of the
elements. The heat of formation is found to decrease with oxygen content
in the oxide. But in VLSI only dioxides (oxygen rich) are generally formed
because of the high processing temperature requirement.

About the stability of silicides in the oxidizing ambients, Murarka%
has given several properties of metal-oxygen system like oxide to metal
volume ratio, oxide melting point, heat of formation of oxides and oxygen

solubility, which suggest that IVA and VA disilicides are more stable than



group VIA silicides in oxidizing conditions. The heat of formation of the

oxides of Cr, W, Mo, Nb, V, Co, Pt, Pd are nearly same as or lower than

the heat of formation of SiOs. But in case of Hf, Zr, Ti whose oxides have
considerably higher heat of formation compared to that for SiOy, they are
expected to oxidize differently. Murarka and Chang® have shown that on
oxidation of HfSi, , Hf is oxidised but Si remains unoxidised.

The refractory metal silicide and oxides are already being utilised
in large scale industrial production. However, there have been many un-
understood aspects of silicide formation and interfaces. This is the
motivation for undertaking R and D in model silicide and oxide systems.
Further research in this field can, not only answer some of the limitations
that silicides and oxides encounters at present, but can also lead to new
méterials that can enhance device performance, reliability, stability and
the ability for larger scale integration at lower costs. To understand the
relation between the electronic structure and the formation of silicides and
oxides on model systems and the mechanisms involved, it is important to
use suitable characterization techniques. Along with the electrical and
optical characterization studies, the use of surface analytical techniques
play a very important role in finding the electronic structure and
interface behaviour. Use of surface analytical techniques like AES (Auger
electron spectroscopy) , XPS (X-ray photoelectron spectroscopy), ELS
{energy loss spectroscopy) and SIMS (secondary ion mass spectroscopy)
etc. are benificial in these small dimension devices (increased surface to
volume ratio) where submicron resolution is needed. These techniques
help in separating the behaviour of local regions with shallow information

depths, which is crucial in knowing the effects of different parameters



ambient during the device formation, or in failure analysis. In the
mechanism of formation bonding and non-bonding states below the Fermi
level are studied by PES (photoelectron spectroscopy) and anti-bonding
states above the Fermi level are studied by IPS (inverse photoelectron
spectroscopy) or BIS (Bremsstrahlung isochromat spectroscopy).

Oxidation and silicidation of transition metals can be probed by
AES, and ELS to understand the subtle differences in the electronic
spectral features, in these covalent and ionic compounds, respectively.
Due to chemical reaction the valence band redistribution takes place. In
case of oxidation more vacant states are created where as in silicides the
covalent bonding effectively fills up the vacant states in the metal valence
band. Due to the different valence redistribution in oxides and silicides,
the valence band related transitions show differences in the various
surface excitation features. The valence band DOS manifests itself in the
related transitions as variations in lineshapes of the observed spectra.
Fingerprinting of spectral lineshapes can also be employed to find the
behaviour of silicides when exposed to oxygen at different temperatures.
For refractory metals, particularly, the autoionization process may be one
of the best probes in understanding the DOS (density of states) above
Fermi level in silicidation and oxidation. Autoionization process depends
on the empty states available in the d band, so the p-d antibonding states
in silicidation and charge transfer from metal in oxidation can be

understood in details.



1.5 Materials :

$i(111) : The geometric and the electronic structure of Si is well
characterized and undersood. The valence band of Si, 3s13p3 forms two
distinct band of 3s and 3p of binding energies 8 and 3 eV respectively. It
has a diamond like crystal structure and according to the specific feature
of such crystals, the atoms are bonaed covalently with the neighbouring
atoms, which are formed by well known sp3 hybrids. At the ideal (111)
face, one bond of the sp3 hybrids is broken at every surface atom resulting
in dangling bonds which are perpendicular to the surface. These dangling
bonds are primarily p type electrons® and the backbonds of the surface Si
atoms are primarily sp? like. In the band diagram these narrow half filled
dangling bonds are present around the Fermi level and are called as
'surface states'. The interaction of metal with Si is always driven by its

interaction with the surface states available on the plane.

1.6 Deposit materials : Ti, Ta, Mo and Cu :

Ti (3p%3d2), Ta (5p65d3) , Mo (4p®3d3) and Cu (3p63d10) are the
deposit materials used in this work on Si (111) surface. Molecular oxygen
is used for the oxidizing the metal film or sheet for forming oxides.

In the present work we have undertaken the formation of the
silicides and oxides of some transition metals and probed their electronic
structure and stoichiometry by surface analytical techniques like AES,
EELS and XPS. AES and energy loss spectroscopy are used to monitor the

silicidation as well as oxidation process of refractory transition metals like



Ti, Ta, Mo and noble metal Cu with 2,3,5 and 10 d electrons. Different
Auger transitions, the multiplet splitting and the autoionization process
depending of the d band occupancy are good areas for understanding the
chemistry of these reaction. Different trends for multiplet splitting,
autoionization energy plasmon losses as a function of d electrons are
studied. This approach using conventional core level spectroscopic
techniques prove to be very useful to probe the changes in the DOS, that
are crucial in understanding the silicide and oxide formation and

properties.

In this thesis an attempt has been made to consolidate the results
of the experiments and interpretation of the results in five chapters :

The PRESENT CHAPTER is an introduction and deals with the
choice of materials and motivation for the present work .

The SECOND CHAPTER is an overview of the studies and gives a
brief literature survey of the work done on different transition metal
silicides and oxides for understanding of the geometrical and electronic
aspects of the mechanisms of growth and their dependence on the metal
overlayer coverages. The chapter also discusses the concepts of the
methods of investigations employed during these studies.

CHAPTER 3 describes the experimental set-up used to form the
material and to characterize their electronic structure. In this section the
details of standarizing the insfrument is discussed.

The CHAPTER 4 describes the results and discussions and consists
of three sections. The first section deals with the in-situ cleaning for

surface analysis. It highlights the ion beam effects on the chemical state of

10



the sample during sputter cleaning. In the second section, based on the
techniques utilised, the results are classified technique-wise for electron
energy loss spectroscopy, Auger analysis and autoionization study. XPS
results are included to complement the AES data. The third section
consolidates the results and discussions and highlights the dependence of
the electronic transitions on the nature of the transition metals (d
electrons) as different trends.

CHAPTER 5 is the conclusion chapter which also indicates about the

possible future extension of work and the limitations encountered in the

present studies.

"
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Chapter II
Overview



CHAPTER Il :
OVERVIEW OF STUDIES OF SILICIDES AND
OXIDES OF TRANSITION METALS

Introduction:

This chapter provides a background for the studies carried out, in
terms of the properties of the silicides and oxides, kinetics of their
formation and a brief literature survey to facilitate smooth reading and
understanding of the results and discussions. The chapter also provides a

brief conceptual background to the techniques used in this work.
2 . 1. Properties of silicides and oxides :

In microelectronics silicides are useful because of their metallic
conductivity but oxides are useful for insulation or protection. Due to
different atomic size and different electronegativity values of Si, metal
and oxygen, the geometric and electronic structures are completely
different in the compounds (silicides are covalent compound and oxides
are ionic in nature). So properties dependent on the geometry and
electronic structure of materials show a wide range of differences. Some of
these properties that are of importance for microelectronics are discussed
in brief, namely ,i) resistivity, ii) stress behaviour, iii) crystal structure

and iv) chemical reactivity.
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2.1.1 Silicides

a. Resistivity : The resistivity of any material is fundamentally the
result of the scattering processes of the flowing electrons in the material.
In transition metal silicides the scattering is affected by a large number of
factors like the number of d electrons of the metal, crystalline structure,
size of the atom or metal-silicon and silicon-silicon bond lengths. An
increase in resistivity in a given period may be due to the change in the
crystalline sturcture. But in some cases the effect of the size of the atoms
becomes dominating , specially in case of larger atoms. The relatively low
resistivity of the group VIII metal silicides is due to the short metal-silicon
bond length than Si-Si or metal-metal bond lengthl. Though many inter-
dependencies affect the scattering process in a complicated way, some
systematic trends have been observed. Generally, the resistivity of
metals decreases with the increase in the number of d electrons (except
Mn in the 3d series). But in silicides the resistivity shows a reverse
behaviour in going from group IV A metal disilicides to group VI A metal
disilicides. The change in resistivity along any group or period may also be
due to change in atomic size. Thus resistivity of metal disilicides has been

used as a good measure to confirm the silicidation.

b. Stress behaviour : In the process of silicide formation, the metal
silicon interaction leads to a large volume decrease, which may be
responsible for the stress observed in silicides. Understanding the stress
behaviour in silicides is important because of the necessity of mechanical

stability of the silicide for processing of the integrated circuits. The stress

14



behaviour of silicides varies from metal to metal. But in all metals the
stress increases with the increase in the formation temperature and after
a certain temperature it does not change. In Ti and Ta it is found to be
true, but in case of Co at very high temperature (>800°C ) again the stress
is found to decrease sharply2. This has been interpreted as being due to

epitaxial growth aspects on poly Si at high temperatures.

c. Crystalline structure : Silicides structures vary in complexity.
Usually the number of atoms per unit cell is large. It is found that silicides

of the same composition and group have the same crystalline structure.

Several crystalline structures such as hexagonal (CrSip, VSiy, NbSi,,
TaSis, TiSig), orthorhombic (PtSi), cubic (CoSiy), tetragonal (MoSiy, WSis,

FeSi) have been observed in different silicides3:4.

d. Reactivity : The reactivity of the silicides with chemicals like alkali
solutions, HF solutions or aqua-regia is important to understand because
of their utility in the etching processes in VLSI technology. Silicides are
found soluble in fused alkali solution but hard in aqueous alkali solution.
But fine line etching (Reactive Ion Etching) in VLSI technology demands
the requirement to understand its reactivity towards different gases like
CF4, CF4-Og mixture, SFg, CCly etc. used for dry gas etching. The
reactivity of silicides with oxygen and the growth kinetics of oxides on
silicides is of special importance for developing protective and insulating

oxide layer on it.
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2.1.2 Oxides:

Oxides of transition metals form a special class of materials due to
their interesting properties. Transition metal mono-oxides which are

isostructural, are sometimes metallic, as in TiO and VO and in the other

extreme case are insulating as in MnO. Similarly TiOg is an insulator and

CrO, is metallic and VOg undergoes a metallic to insulator transition at

certain temperaturesS. In microelectronics, transition metal oxide
properties like oxide to metal volume ratio, oxide melting points, oxygen
solubility in metals and heat of formation of the oxide are found to be
important because of the higher stability of oxides than the respective
metals. So many oxide layers in the device not only behave as an-
insulation but forms a protective layer that slows subsequent conversion
of the metal to its oxides. For convenient processing, the subject of low
temperature oxidation is important.

The melting point of oxides decrease as the group number increases
and increases with the atomic weight in a given group (FIG.2.1). Heat of
formation determines the ability of the metal to form an oxide in an
oxidizing ambient. The heat of formation per oxygen atom of various
oxides as compared with the heat per oxygen atom of SiO, is shown by
Murarka (FIG2.2)2. Similarly, the solubility of oxygen in transition metals
was observed to decrease rapidly with increasing group number (at
10009C) . Group IV A elements (refractory metals) have an oxygen
solubility that increases with the atomic weight of metals?. In an oxygen
environment gr. IVA and VA metals can dissolve considerable amount of

oxygen prior to the formation of oxide. Gr. VI A, VII A and VIII have
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almost negligible oxygen solubility. The oxide to metal volume ratio in an

oxygen -metal system is important in studying the oxidation behaviour of

the silicides during oxidation.

2 . 2. Kinetics of silicidation and oxidation :

To create controlled thin film structure for both oxides and

silicides, the kinetics of growth or the mechamism of formation is
important. Fundamentally silicidation is a solid-solid interaction and
oxidation is a gas-solid interaction. Oxygen is highly electronegative with
a large affinity for electrons, which is greater than the work function of
metals, and there are vacant energy levels below the Fermi level of the
metal. As a result, electrons may transfer partially to oxygen even at room
temperature. So its growth mechanism can be explained from this point of
view. But Siis covalently bonded and the bond breaking mechanism for
chemical interaction is yet to be understood properly. Some evidence for
room temperature silicidation observed at a critical thickness of metal
film, leads to the thinking that other parameters play crucial roles in the
initial stages of growth of silicides. So in the following discussion some

typical models for silicidation and oxidation, proposed by different groups

are presented.
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2.2.1. Silicidation :

Typically, silicidation is a solid-solid reaction. Usually, the
substrate is the covalently bonded Si on which a thin film that is metallic
and fine grained is deposited. Upon heating the Si-metal system starts to
form a distinct phase at 2009C and then the monosilicide at around 4000C
and the respective disilicide at approximately 6000C. A general picture of
Ni-Si interaction with temperature is given in FIG.2.3. However these
formation temperatures are widely lower than either the Si or the metal
melting points. The formation temperature is not high enough (even for
refractory metals) such that bulk diffusion would be the dominating mass
transport process. But as the metallic films are usually fine grained, the
mass transport of the metal atoms can occur at their grain boundaries.

In the process of silicidation two phenomena are important, i) How
the Si-Si covalent bonds break and 1) how the Si supply to the metal is

maintained to form a silicide film. Bond breaking is explained in

refractory metal disilicides formation, where high temperature is

required. It is suggested that bond breaking takes place at the weak spots
of the wafer like at kinks and ledges6. A high reaction temperature thus
produces high frequency phonons, which free the surface Si atoms. Thus
the silicide thickness is limited by the supply of Si atoms. Si atom is
thought to be the dominating diffusing species as observed by the marker
studies?. A model for PdoSi on Si (111) shown in FIG.2.4 is given by
Buckley and Moss6. They showed that Pd atoms drop into the three

positions around A and force the central atom out of the way moving it up
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between them so that it nests on top of them to form the second plane of

the silicide.

It is accepted that the growth mechanism of silicidation is a
complicated and a not-well-understood process. Two mechanism are so far
thought for the growth of silicide 1) mass transport and ii) atomic motion
across the metal /silicide and Si/silicide interface. If the thickening of the
silicide film is linear with the square root of time, the formation of silicide
is diffussion controlled i.e. rate determining step is the mass transport of
atoms through the film. If however, the silicide growth is directly
proportional to the annealing time then the growth is dominantly reaction
controlled or interface controlled. In isothermal conditions the ultrathin
film growth of silicide may be nucleation controlled. Thus to simplify the
growth science of silicides, two distinct categories of silicide are made in
the whole transition metals series. (i) Near noble metal (NNM) silicides
and ii) refractory metal silicides (RM). NNM silicides are formed by the
diffusion of predominantly the metal atoms into the Si. And the thickness
growth is a function of square root of time t. In refractory metal
silicidation, Si atoms are the dominantly moving species. And the growth
kinetics show both the tU2 and t behaviour, suggesting the reaction steps
influenced both by interface and diffusion mechanisms8.

In metal rich silicidation , the reaction temperature is very low. In
near-noble metals, where the formation temperature is not sufficient to
break the Si-Si bonds at the surface, the interstitial mechanism of
silicidation is proposed®. Here the metal atoms diffuse into the interstitial
site of Si, as a result of which number of atoms increase in the Si co-

ordination and an atomic hole is created at the initial metal atom
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position. These effects weaken the Si-bonds. In the band picture, charge
transfer from a covalent bond means creation of a hole in the valence
band. But holes are not localised at a bond, thus, to free a Si atom several
interstitial effects near the interface are required. Thus without the free
metal atoms, to form the interstitial, the growth will be stopped. It is

proposed that in metal rich silicides the metal atoms are the dominating
diffusing species®. But CrSiy is formed at a very low temperature where as

Co,Si is formed above 3500C. In these cases the bond breaking mechanism

is still not clear.

The monosilicide phase is followed by the metal rich silicide. But
when monosilicide itself is the first phase, then the explanation becomes
complicated because of lack of sufficient data. However the different
temperatures of monosilicidation is explained as being due to different

diffusivity of metal atoms through metal rich silicides.

2.2.2 Oxidation :

The oxidation process of metal is a simple ionic type of chemical

reaction,

The driving force of oxidation is associated with the free energy change of
the reactants to the oxide itself. The formation depends on other

parameters, like the ambient oxygen pressure being greater than the
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dissociation pressure p of the oxide in equilibrium with the metal, where

b}

p = Exp( AG/RT)

Where AG is the free energy of formationl® of the oxide per mole of
oxygen consumed. Surface oxidation is mostly determined by phase
boundary reactions and diffusion processes. It is proposed thatl9, initially,
the adsorption of oxygen on the clean surface produces a partial ionization
of oxygen atoms. Thus the strong electrical field set between metal and
oxygen ion becomes the driving force for diffusion. The chemical potential
gradient across the thick film also causes the diffusion.

The change in the work function during oxygen adsorption on metal
surface indicates a surface rearrangement. LEED11,12 HEED13 and angle
resolved photoemissionl4 data are available providing the structural
aspect of the oxidation process. In the reconstruction model, the
chemisorption layer is pictured as the coexistence of metal and oxygen
ions. The possibilities are given in FIG.2.5, Thus, it is suggested that
the reconstruction is the necessary step for the development of 3D oxides.
Disordered and amorphous structures have been reported in Al, Si, Cr etc.
In order to explain uptake of the second monolayer of oxygen, Lanyonl®
suggested the mecham’sm of interchange of adsorbed oxygen atoms with
the underlying metal atoms which is since known as place exchange.
According to the suggestion by Mayl6, a part of the heat of chemisorption
is used to form excited oxide molecules with high kinetic energy parallel to

the surface. This can provide transport of the metal atoms over the surface
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Fig.2.5 : Schematic representation of oxidation by place-exchange process in the
presence of gaseous oxygen, a) surface free of defects and b) surface contains
vacancies (Ref.10).



( FIG.2.5). The initial fast oxidation is also explained in terms of place
exchange mechanism. The rate of the place exchange depends on the
number of dipoles formed per unit time. All the available oxygen are
expected to pick up electrons readily since electron tunneling is very easy
in the initial stages of thin film growth on the surface. For elevated
temperatures of oxidation, it is proposed that oxygen starts dissolving into
the metal leaving a virtually clean surface. It has been reported that for

Ni, upto 20 ML of Oy will diffuse into the interior at 500K with a very

high rate and has been attributed to quenching of vacancies10.
2.3. Surface analytical studies of M/Si and M/O systems :

Several processes are developed to make shallow contacts, which is
one of the fundamental goals of microelectronics. In the preparation of
MoSi, films phosgene gas was used for doping the substrate by
phosphorousl7? using snowplowing technique. But metals like Ta, Mo
demand high processing temperatures for silicidation that may cause deep
diffusion of the impurity, thus driving out the shallow contact facility. In

case of codeposition technique the shallow junction is formed by

controlling the deposition of a metal rich Si alloy on Si. Thus PdySi-Si
junction was formed by forming an alloy of PdggSigg on Si, which forms a
silicide layer on successively annealing the deposit. The consumption of Si
is 80 A approximatelyl8. The technique of epitaxial growth of metal films

has revolutionized the silicide technology. In the device fabrication

process, Arsenic is dopedl9 on the metai (Pd, where PdgSi is to be the

transport medium) and the amorphous Si is deposited. It was found that
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in the solid phase epitaxial process below the silicide, a p-n junction was
created by the transportation of As through the silicide. Selecting different
parameters like deposition rate and substrate temperature, the silicides of
Mo, Cr, Ni, Ir are formed succesfully20.2}.

Decrease in the device size poses complications in the measurement
of various properties, since, i) the form of the material changes from the
bulk to the film to the surface, ii) the physical size decreases and iii) the
element concentration decreases from the major components. So analysis
is required for characterization x-y spatial resolution in the 10-100A range
and depth resolution in the 20-30 A range. Thus the material,

characterization or  the development of new material or  the

understanding of kinetics of silicidation and electronic mechanism of
silicidation, require surface sensitive techniques. This has evolved a new
field of work. It is found that the film thickness has a significant role in
the compound formation. Even at room temperature CoSip and NiSig were
found to form with one monolayer of metal deposition in UHV. Generally

these model systems are characterized by surface sensitive techniques like

AES (Auger electron spectroscopy), XPS (X-ray photoelectron

spectroscopy), EELS (electron energy loss spectroscopy), LEED (low
energy electron diffraction), ISS (ion scattering spectroscopy) etc. The

specific role of each technique , its strength and its limitations are

important to be understood.
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2.3.1. Surface analysis of model metal monolayer on Si :

In principle, the cohesive energy between the metal atoms (for the
bulk silicidation) is due to the d band formation. When Si atom enters into
the metal lattice the d band narrows and weakens, thus loosing the
cohesive energy. This loss actually creates the metal-Si bonding states
which are stronger than either of the states from which they originate. In
the photoelectric spectroscopic studies like XPS, UPS (ultraviolet
photoelectron spectroscopy) or using synchrotron radiation, the different
chemical states formed by metal d and Si p electrons at different
temperatures are observed. The main interest of these studies is to
understand common mechanisms for the metal silicidation. It is
proposed® by Tu that in most cases the metal atoms initially enters into
the Si interstitial positions and there by weakens the Si-Si covalent bond,
which initiates an on-set of the reaction. However, Hiraki23 proposed that
the screening mechanism created by the free electrons of the metal
overlayers, weakens the covalent bonding in Si. According to this theory a
critical thickness of the metal overlayer is required to start the
interaction. But in Ag/Si, where interface states are not found, the
conception of critical thickness becomes difficult. So screening is not the
only factor controlling the interaction. Thus an unified mechanism of
silicidation still does not exist, and more efforts on finding the trends are
In progress.

Different d metals like Ti, Ni, Pd, Pt, Ag have been extensively
studied. LEED studies show that Si single crystal surface ﬁndergoes

reconstruction in different patterns when monolayer (ML) level critical
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thickness of film is deposited on it at different conditions of temperatures.
After the same critical thickness of the metal film deposition, the chemical
interaction also starts. In case of Ni, the chemical interaction happens
even at room temperature. At 77K the 3d peak of Ni broadens at 1.5 ML,
thickness24. In case of Ti, the room temperature silicidation is a matter of
controversy. Bultz et. al2® concluded that there is no intermixing of Ti
with Si at room temperature. But Loemen et al26 showed some
intermixing of Ti/Si even at room temperature. But the onset of distinct
reaction is at 250°C for a 100A film. 500°C thermal treatment results in
a monosilicide phase and the disilicide phase is found at approximately
6500C. Of course the room temperature silicidation has also found
evidence in ion scattering experiments and the critical film thickness is
seen to be below 2.8X1015 Ti atoms/cm? (few ML).

In case of Pd, the interstitial diffusion of Pd is explained as the

initiation of the interaction and the critical thickness for the interaction is
observed to be 1ML. Initially Pd,Si phase is found to form. The

synchrotron radiation (PES) studies show the s-p contribution to the

chemical bonding. The binding nature has been observed to be dependent
on the coverage of the Pd on Si27. In case of Pt, at 300K and at 77K,
chemical reactions with Si are observed. By studies using synchrotron
radiation, different 5d nonbonding as well as p-d bonding states are
observed, indicating room temperature growth of Pt on Si28. In the model
proposed by the growth of Pt on Si, the coexistence of the metal and the

reacted material is suggested to be present at the interface.

In Co-Si interaction, distinct phases are observed at different

temperatures. But even at room temperature, UPS showed some

25



intermixed phase of Co-Si. By angle resolved XPS (AR-XPS) the presence
of unreacted Co, for coverages greater than 4ML2? was observed. And XPS
shows the segregation of Si in the Co-overlayer. In V on Si chemisorption
at room temperature, some interface states have been found but have
been attributed to being simple chemisorption states. Stable states are

available at around 200°C. The VSi, phase was observed30 at around 500-

5509C. This temperature is a bit lower than the normal temperature of

disilicidation. Even CrSip, was found to form at lower temperatures at

about 450°C and it is observed that the activation energy is lowest in

case of CrSip formation. Synchrotron radiation studies show some
intermixing of Cr with Si at room temperature3l. The room temperature
intermixing of Si with refractory metals is not easily percieved, as they
need higher temperatures for the disilicidation than the other transition

metals,
Ag/Si interface is probably the most studied system because of the

abrupt interface it forms. Si undergoes reconstruction in various

structures during the deposition of Ag on it. It is found by ISS that there
is some mixing at high temperature deposition. Accordingly, the Rg layer
consists of 2/3 ML of Ag atoms covering the whole surface uniformly and
being embeded in the first double layer of the Si substrate. The embeded
Ag atoms are found in the three fold hollows, approximately 0.7A below
Si surface. However, enough data does not exist to confirm the chemical
interaction of Ag with Si at different temperatures32:33, But it is found
that at very low coverages, (<1ML) significant redistribution of Si s-p

electrons takes place similar to most d metal interfaces.
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The silicidation of Au is not yet clear. It is predicted that Au-Si
system forms some intermixing at the interface. However from Si LVV
lineshape analysis it is assumed that Au-Si alloys with Si<30% is
attributed to the formation of p-d bonding and antibonding structures34.
In the work by Hiraki, the thickness dependent chemical interaction is
suggested35. The chemical shift of Si (2p) and Au (4f;4) for higher amount
of deposition (>3ML) indicates the onset of room temperature intermixing,
thus forming a metal -Si metallic bonding state. However it is clear that
gold does not form any stable silicide , which can act as an interface
barrier for diffusion. UPS36 shows that Au-d band structures move to
higher binding energy and decrease in intensity as a function of
annealing temperature upto 350°C. This suggests some intermixing
between Si and Au, but there is not enough proof that a stable compound
is formed. Recently, spatially resolved AES has shown that Au-Si reacted
at the skin of the Au island formed due to ML deposition on it. From the
core level study of Au 4f and Si 2p by photoelectron spectroscopy, the Au-
Si chemical interaction at low coverages is observed37. But unlike Ag or
Au, Cu forms distinct phases of silicides. The Cu-Si interface shows
silicide like behaviour with intermixing and formation of Cu rich Cu-S8i
compounds. In fact Cu-Si compounds are regarded as electron phases with
electron to atom ratio around 1.75 for the CugSi polymorphs and are not
exactly silicides38. Mechanism of ternary silicide formation in Ti-W-Si
system is given by Umezawa et al.39. Electronic structure for Sn/Si

interface is studied by Anyele et al40. Recent studies on rare earth

silicides include Gd, Er mostly41,42,
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Thus by the photoelectron spectroscopic studies, different
interactions like metal-metal, metal-Si and Si-Si, are interpreted from the
hybridization state formation of metal d and Si s or p (in 44 and 5d
metals). In disilicides or Si rich silicides metal d -Si p hybridization state
dominates to forrﬁ the bonding and antibonding states.

Si LVV Auger transition being a valence band related transition, is
associated with the two hole final states in s or p bands. Thus in the final
LVV Auger transition the main peak is due to the two hole final state in
the p band. Other transitions of the s-p type represents only 10% of the
intensity and the s-s is vanishingly small. Due to silicidation the s and p
orbitals are strongly modified, as discussed in XPS and UPS report3l,
hence some modification in the LVV line of Si is expected, along with the
Auger chemical shift. Significant modifications in Si LVV lineshapes43

are found in nickel silicide at different percentage of Ni. Most significant

changes were observed in PdsSi%4 where the main transition is found to

split giving a complete redistribution of DOS . In case of ZrSiz, NbSi; and

other silicides the p-p related peak is decreased with respect to the peak
contributed by s-p or s-s. However the proper reason for this is still not
clear45. Of course some explanation is available in terms of p type surface
states which is converted into p-d chemical state (interface state). The
behaviour of s band in Si is thought to be different from that in silicide
which may also cause some change in the overall LVV peak shape.

It is important to observe electron energy loss spectra during the
initial stages of growth and to some extent the chemical interaction
between the substrate and the deposit. Different surface related structures

like surface plasmon, surface states etc. show their changes when ML
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deposition is done on Si-substrate. The EELS structure of Ag on Si is
studied at different coverages at different temperatures of the substrate33.
At room temperature the spectra are identical at low coverages, but
different above 1 ML. The Ag bulk like spectrum is obtained at 2.5 ML.
This is the consequence of the 2D growth of Ag on the first monolayer

(Stranski-Krastanov growth mode). In case of gold, in the high

temperature deposition, the main features in EELS narrow, and do not

change their location. This suggests that the system formed after 1 ML is

a stable one. For transition metals with unfilled d band, the interband
transitions are interesting. Because metal-Si interaction basically depletes
the empty states available for the electron energy loss transitions. Thus
with the silicidation along with change of the plasmon loss features,
interband transitions and their changes are observed for different metals

like Fe, Ti46:47 etc. APS (appearence potential spectroscopy) data are

available for low coverages of Ti on Si48.

2.3.2. Surface analysis of oxygen on metals :

The study related to oxides or oxidation of transition metals are
inostly associated with understanding the mechanisms of oxidation. The
initial step of the oxidation process involves chemisorption, followed by
dissociation and finally ionization. It is found that most of the transition
metals form oxides on the surface and the density of the oxide nucleii on
the surface depends on the oxidation temperature and oxygen pressure.

Oxygen-metal reaction is of special interest in surface science to

obtain information of surface chemistry and kinetics of oxidation both
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qualitatively or quantitatively. Particularly, the electronic properties of
the adsorbed surface and the local oxygen bonding geometry is of crucial
importance and interest. Various oxygen states of adsorption have been
distinéuished such as molecular, atomic, chemisorbed and incorporated
oxygen, depending on the reaction parameters e.g. temperature, pressure,
etc. Structural changes with the adsorbed layer e.g. order-disorder
transitions, with respect to the substrate can result in electronic charge
redistribution, and hence in altered reactivity. Also, even low coverages
can induce substitutional reconstruction of the metal surface. Many
metals can have more than one stoichiometric oxide, and this has been
confirmed by all the surface analytical techniques used. The complex
interaction of oxygen with transition metals are best understood by
photoelectron spectroscopy. The most immediate quantity obtained from
photoelectron spectroscopy is the chemical shift. A detailed chemical shift
of around 60 elements due to oxidation is given by Storp and Holm49. It
is concluded that the chemical shifts in the oxides are a function of the
atomic number and heats of formation (particularly for Ti, Nb , Ta).

In terms of kinetic information of oxidation, Ni is the most studied
metal because of its utility in catalysis. The oxidation is described in three
stages. The first stage is dissociative adsorption and in this chemisorption
stage the oxygen atoms reside above fovourable high co-ordination sites.
The second stage is incipient oxidation to a depth of 2-3 atomic layers. A
nucleation and growth model is proposed by Holloway and Hudson59-52 for
Ni (100) and (111) surfaces. The nucleation growth is temperature
dependent. The third stage finally is a slow thickening process. Different

rate laws have been reported for different reaction temperaturesS0-52, The
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best case of molecular oxygen adsorption on Pt (111) system as given by
HREELS (high resolution EELS)53. The oxidation of Pt by molecular
oxygen at different temperatures is studied mostly by HREELS and
results the mixing of the M-O and O-O stretching vibration modes. The
molecularly adsorbed oxygen is also reported54 to exist on polycrystalline

Cu and Cu clusters embeded in oxygen matrices, at very low

temperatures.
The redistribution of the valence band in the third series transition

metal oxides is monitored by Auger electron spectroscopy and the chemical
shift, spin orbit splitting and exchange splitting have been monitored by
Rao et al5. All the surface analytical techniques rely on the exclusive
investigation of the chemical state of different oxides produced in different

techniques, electronic structure, bonding mechanism, the local geometric

site configuration etc. The O KLL Auger spectrum is also deriving
interest where different peak to peak ratios in O KLL Auger transition is
utilised to monitor the amount of charge transfer in the oxidation and the
changes are also explained in terms of the nature of the d band55:56.

Oxidation of silicides : The surface analytical techniques like UPS and

XPS are employed by Nguyen et al57 to understand the kinetics of
oxidation of WSiy where they showed the oxidation of Si, but no W-O

phase formation. The oxidation of TaSi, thin film on Si shows formation
of different suboxides of Ta and Si even at room temperature38. Core
level photoemission azimuthal anisotropy is employed to measure
adsorption site of oxygen on metal system. Fadley5? and coworkers have
used high energy photoelectrons which create electron-atom single

forward scattering to measure O adsorbed on Cu, which provide direct
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information about the adsorption site. It is very important to understand

the oxidation behaviour of silicides to be recommended as gate electrodes,

specially on SiO,. The silicides that are not candidates are those that do
not dissolve oxygen and form oxides with a heat of formation (AHy) lesser
than that of SiO; to maintain the stability of VLSI fabrication during
process. The silicides on metals e.g. Ti. Ta which dissolve oxygen form
oxides, with AHj slightly higher than that of 8i0560, have a tendency to
reduce SiO, and thus form a good bonding layer.

Thus, it is important to get an idea of metal oxides and silicides and
their effect on the Auger lineshapes or ELS features simultaneously, so
that the kinetics of the mechanism of oxidation of silicides can be
understood clearly. Oxides are mostly ionic and silicides are dominantly
covalent in nature, so they leave distinct signature on the Auger
lineshape, autoionization or ELS features. So in oxidation of silicides
the behaviour of metal fingerprint help in characterization of the different
phases of oxides and suboxides formed in the oxidation process and in the
kinetics of oxidation mechanism of silicides. Following is a brief

conceptual (physical basis) introduction of the surface analytical

techniques which have been adapted for our work :

2.4. Concepts of surface analytical probes used :

Generally more than one technique are coupled together to evaluate
any model in surface science . The techniques may couple geometric
information to electronic information, or isolatedly geometric and

electronic information by several complementary techniques. Auger
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electron spectroscopy coupled with ELS is useful in obtaining a complete
understanding of electronic properties of materials. AES with transitions
in the valence band gives the local DOS information while ELS gives the
features above the Fermi level along with the characteristic plasmon
losses. So for the present study AES and ELS are the complementary
techniques. Electron impact autoionization transition is a special spectral
feature in transition metals and may be considered as a part of Auger
electron spectroscopy. A brief introduction of these techniques is given
below, as a preview to the spectral interpretations made for the results
and relavant discussion. An explanation of XPS is also presented for some

of the interpretations based on our XPS results. Basic principles61,62 of

these techniques are shown in F1G.2.6.

2.4.1. Auger electron spectroscopy

For surface analysis Auger electron spectroscopy is widely used
because of its short mean free path and information depth. It is a three

level electronic transition process that occurs when an atom is excited by

an external source. Out of the three levels, if the final two holes are

created in the same orbital, due to the Auger process then it is called
Coster Kronig transition. If all the three levels participating in the’ Auger
process are in the same orbital, the process is called Super Coster Kronig

(SCK) process. Their detection therefore provides a surface sensitive

probe of chemical composition both qualitatively and quantitatively. In

Auger peaks, three parameters are important for the characterization of
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the materials, the energy value of the transition, the peak intensity and

the peak lineshape .
The kinetic energy of the Auger electron E) for three levels Jk, v

and v' is given by61,

Exvv' = Ek - Ey - Byt - Uy
where Uy, is the hole-hole interaction energy between the final state
holes. The Auger energy thus depends on the binding energies of the
three levels associated in the Auger process and hence it is characteristic
of the element. Any shift of energy levels, due to charge transfer in a
reaction, creates a different energy value for Auger transition and is
observed as an Auger chemical shift. The magnitude of Auger chemical

shift is, in general, significantly greater than the photoelectron chemical

shift since three energy levels are involved. The kinetic energy change

between chemical states is given by,
AE(KLL) =3AR(K*) --A&(K),

where A€(K) is 1s energy change and AR(KY) is the change in the
relaxation energy due to chemical interaction in the final singly ionized
state62 Thus chemical interaction to some extent can be identified from
the Auger energy shift, though it is complicated by the final states of
transitions. For quantitative analysis the intensity of Auger transition is
important. A comprehensive discussion on quantification is given by

several authors which show its complicacy and limitations63-67.

Particularly valence band related Auger transition is strongly
influenced by the chemical interaction involved in any electron transfer
Process. The lineshape analysis or the Auger finger printing study of

materials these days finds lot of interest both in experimental and
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theoretical research. In the lineshape, the DOS and the localization of the
final state is reflected. Hence all lineshape analyses start with the
determination of one electron DOS. So it is important to carefully
observe45 the intensity of deconvoluted peaks, width of peaks and
satellites. The lineshape derives contributions from the DOS, different
dynamic losses of electrons and other correlation effects. With the

development of instrumentation, computer software and theoretical

explanation and variation effects like localization behaviour, charge

transfer, polarization etc., Auger lineshapes are now possible to be

understood quite well. In the lineshape analysis, multiplet splitting is one
of the most important parameters in explaining the fine structure. It can
_ v
“ be exp%ined in terms of L-S coupling of two hole final state left in an atom

near the surface after the emission of an Auger electron. Particularly in -

case of transition metals the multiplet splitting is the result of the

incomplete d shell which induces some Coulomb interaction. It is cbserved
that in case of compounds the amplitude of splitting is a direct function of
the ionicity of any compound and the number of unpaired electrons in the
d shell68 Thus it is possible to get information on electronic phenomena
and this motivates the interpretation of Auger lineshapes.

Related to the lineshape analysis, Si LVV lineshape is of one of the
special interest for the present study. The Si LVV lineshape is associated
with three types of of final state valence band Auger transition : twoe p
holes , one s hole and one p hole or two s holes known as the pp, sp and ss
types, respectively. These three contributions are not equal owing to the
surface effects or delocalization of 3s orbitals in the presence of core holes.

So an irregular lineshape convoluted with these three contributions is
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observed in general. Jennison®9 indicated, about the dissimilar transition
intensity of the three transitions as that, the bonding charge must be
excluded from the total charge because Auger process samples the charge
local to the atom with the core hole. This reduces, the ss and sp
contributions because s orbitals are very diffuse in nature. Sometimes it is
thought that the surface effect is the cause for the dominating pp
contribution. As Si surface contains mostly p dangling bonds, the surface
states of p electrons contribute more than the s related transitons. On the
other hand, arguments are made suggesting the dynamic screening effect
that arises from the orthogonality of the initial and final state orbitals
that result due to the initial core hole and final no core hole state. The non
orthogonality introduces the shake-up satellites. The final state shake-off
has effect of redistribution on the Auger intensity over a wide range‘
which reduces some of the components in the overall distribution. Of
course the diffusion of 3s orbitals in the ground state Si, contract in the
presence of a core hole, which causes the reduction in the ss and sp Auger

transitions.
A theoretical expession for generating KVV term is generally given

by'?O,

lkw(E) = B Z[pg RB AE + 83", AUxas p1s P1]
r

here A is Cini-Sawatzky function?1-73, B is the normalization factor, and

P's and p,,'s are core hole screening factors, and atomic Auger matrix
element respectively. AU is the correlation parameter. In the equation,
the different components in A make the total theoretical KVV lineshape

as the sum of components with each 11' component (e.g. ss, sp and pp)
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having an energy shift, 032 and a hole -hole correlation parameter AU

and with each component derived from a fold of the p| and Pr DOS (eg. s

or p). These parameters are chosen to give the optimal agreement with

the experimental results.

2.4.2. Reflected electron energy loss spectroscopy : (also

called slow electron energy loss spectroscopy):

In the electronic excitation spectrum of solids, inelastic electron
Scattering experiments are very useful because of the range of accessible
energies. Inelastic neutron scattering is powerful in the low energy range
while inelastic x-ray scattering is useful for high energy transfer. In the
intermediate range, the inelastic scattering of electrons is the most useful
technique for electronic structure study of the metal surfaces. In the
process of inelastic scattering the primary electron can lose energy in
various processes. The smallest energy loss is due to the excitation of the
latice vibration or creation of phonon, called phonon-losses.The order of
this loss is in the meV range. High- resolution EELS is used to observe
phonon losses to get information about lattice vibrations which is
characteristic of the materials . The electron may excite the cloud of free
electrons causing its oscillation either in the bulk or in the surface. The
loss due to this inelastic scattering is called plasmon loss. The loss due to
two dimensional excitation of the electron group is called surface plasmon

loss and the same in three dimensions is called bulk plasmon loss. The

energy loss to bulk plasmon is"4,
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hoyp, = n(ne?/Eym)¥2

where n is the density of electrons of mass m, and charge e, and &, is the

Permitivity of the medium.

The loss due to surface plasmon,
hog = hoy 2%,

The primary electron may use energy to excite shallow core level
electrons to some empty states in the valence band or in the conduction
band. The plasmon losses given above is derived form the free electron
model of the electron gas where n is the free electron density and thus can
be used to estimate the electron density in the solid. In case of some
transition metals, mostly refractory metals, the free electron model does

not hold good strictly. So the surface plasmon and bulk plasmons do not

show the regular relation given above. The most important feature in
these materials is that they show double plasmon losses for both volume
and surface plasmons. This is attributed to the bce nature of these solids74

where the "lower plasmons” are of special interest and attention.

The inelastic scattering in the ELS is best described by the
'dielectric theory'75. Here the solid is associated with a characteristic
dielectric constant €(q,w) = £;(q,0) + i€5(q,0), a function of wave vector q
and frequency ®. In this model the Coulomb field of the scattering
electrons interacts with electron gas in solid via a dipole field. The
polarization field due to this interaction damps the motion of the

electrons. Thus with the bulk of the dielectric (which is the characteristic

of the solid) the amplitude of the field of electron is screened by a factor

38



1/¢ and the intensity by a factor 1/1€l2. Obviously when the electron is
moving in the dielectic, the damping is proportional to £s.

p(q,w) = -Im {1/€}.
For reflection, which gives the surface information the field is screened by

a factor 1/(1+€)by the polarization field. And the loss is proportional to,
wg(q,0) = Im {1/(1+£)}.

2.4.3. X-ray photoelectron spectroscopy :

All x-ray bombardment of solid surfaces give rise to the

photoelectron emission according to the energy conservation relation,
Ey=hv --Ep -~ ¢

where Ej is the measured kinetic energy, hv is the exciting photon

energy, E}, is the binding energy of the electrons in the solid and ¢ is the

analyser work function. For a standard x-ray spectrometer Mg Ky or Al K

o lines are used as the x-ray sources with energies 1253.6 and 1486.6 eV

and natural line width of 0.7 and 0.85 eV respectively.

Like AES, the most important use of x-ray is to get a qualitative
and quantitave analysis of surface composition®4. Because the binding
energy is measured in XPS, the chemical bonding state can be determined.
Different valence states in compounds can be recognised by the chemical
shift values and peak width changes. The valence band structure can also

be detected by XPS if the energy resolution is sufficient, as by using

monochromatized X-rays.
The intensity is directly related to the quantity of the element

Present on the surface. The quantification by XPS is more reliable than
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AES, because of the following reasons : a) photoionization cross sections
are well known, b) the peak intensities are not influenced by the back

Scattered electrons as in AES, c) the background is lower and easier to

substract.
The lineshape deals with a lot of factors that happens in the process

of photoelectric effect. It is influenced by the surface effects, the satellites
and the ghosts of X-ray, multiplet splitting effect or the shake-up or
shake-off satellite effects. The peak width is also one of the important

Parameters in the characterization of the X-ray induced peaks. It is

directly proportionlal to the width of the level from which the

Photoelectrons are coming. However the width of the x-ray line and the

resolution of the spectrometer matter in the width of the peak. The full

width at half maxima is given by,
AE = (AE,2 + AE,? + AE, )12

where AE,, is the natural width of core level, AE, is the width of photon

source and AE, is the analyser resolution. Se to monitor the peak width

for the understanding of the material characteristics a monochromatized
X-ray beam is prefered62.

The chemical shift in XPS, which is the most immediate quantity
measured for chemical interaction, comes from initial state effects®! and
final state relaxation effects62. The initial state effect contributes mostly
in the chemical shift phenomenon, which happens due to change in the
electronic envirﬁnment of the atom after chemical interaction. However

. - [ t
the chemical shift and peak width change contribution arise due to effec
i . i d extra-
of the core hole in the surrounding electrons, both intra-atomic an

atomic level js relaxation effects.
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2.4.4. Autoionization Process :

Electronic states of atoms or molecules are classified as belonging to

various configurations. The effect of configuration interaction are

particularly conspicious at energy levels above the lowest ionization
threshold where states of different configurations coincide in energy
exactly, since at least some of them belong to the continuous spectrum.
The mixing of a configuration belonging to continuous spectrum
configurations gives rise to the phenomenon of autoionization. The exact
coincidence of energy of different configurations makes the ordinary
perturbation theory inadequate, so that special procedures are required
for the treatment of autoionization?6. Thus autoionization can be defined
as the de-excitation of an excited atom by the emission of an Auger like
electron and is therefore associated with the atomic spectra studies. The
radiation-less transiton because of the autoionization , particularly shown
by the unfilled d electrons is a special probe to understand the above
Fermi level electronic states before or after the chemical interaction.
Principally, (FIG.2.7) when a primary electron impacts with an
atom, it can loose energy by exciting a core electron of the target of
unfilled d transition metals: The process of excitation leaves two cases’’.
In the first case, the core electron is knocked out and the consequent de-

excitation process gives the Super Coster Kronig (SCK) transition (from

the same electronic level),
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L1 L A——— NpéNdD-2 4+ Auger electron
when £y denotes the electron emitted into the continuum. So in this
relaxation process the atom is in the doubly ionised final state. In the
other way of excitation. the p electrons are excited to some empty states

above the Fermi level depending on the availability of the empty states in

the d band. In this process,

i L NpSNgn+1
NpSNdPRH! e NpSNdn-1 4+&¢

This & emitted electron is called the autoinization electron. Thus in the

process of autolonization, the atom is singly lonised.

The process of autoionization is also understood by the model
proposed by Penn in his work’8 for the resonant photoemission on Ni. He
proposed a shake up process which involves the excitation of two-hole
virtual bound states involving correlated d holes which resonantly interact
with 3p--empty d-state transition at the threshold. However the
importance of the core level photoexcitation in producing a resonance in
the satellite was pointed out by Guillot et al”®. In both absorption of
synchrotron radiation and inelastic scattering electrons the transition
from 3p to empty 3d levels , Dietz et al.80 suggested that the interference
lineshape is due to the 3p-3d excitation and the process where by a 3d

electron is excited to the continuum. Thus several atomic models are

available to explain the resonance photoemission in the synchrotron

photoemission or the electron absorption.

According to Hirst8l, for 3d transition metals the Coulomb

correlation energy Uefr between 3d electrons is responsible for the

localization. For such a localized state the energy eigen values depends on
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the occupancy of the 3d band. Since p-d transition is a very fast process,
all the possible final states of the dN*1 state under the influence of 3p core
hole appear in the spectrum. According to Fano?® the detailed shape of
such excitation spectrum is determined by resonant interaction between
different dD+1 discrete configurations and the continuum levels. In the
model calculations dealing particularly with 3d transition metals series,
Davis and Feldkamp82 have ascribed the success of the atomic treatment
in reproducing the solid state results to the strong perturbation of the
open and narrow 3d band width. Autoionization emission associated with
recombination of the resonant p--d transition have been examined by
Zajac et al??. for the 3d transiton metal series. They showed that the
intensity of the emission decreases with increase in the Z and the
separation of the emission peak from the 3p threshold is large towards the
beginning of the series (Sc---Cu} and abruptly drops towards the middle of
the series. An explanation of this trend is available in the work of Davis
and Feldkamp®? as mentioned earlier. For low z elements low spin
coupling was invoked which gave a very broad distribution of multiplet
term of Cr. For higher z values high spin coupling was invoked. The
resonant photoemission work of the 3d transition metals gives the same
conclusions as obtained from the electrom impact autoionization process.
The resonant photoemission for Ni is studied extensively and for Ni and
Cu two hole satellites quiet clearly play an important role in the
photoemission spectra as well. Resonant photoemission for Mn has been
shown by Brhun et al83 and it is shown that at 40 to 56 eV it shows the
resonance. The resonance is interpreted in terms of the strong coupling of

between 3p and 3d excitation levels. The electron impact autolonization
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process for V, Zr, Nb, Mo and Ta is shown by Cornaz et. al84 along with
the SCK transiton and the process is explained in terms of different
principal quantum numbers. The studies on compounds of transition

metals have generated interest in finding the autoionization feature or

resonant electron emission process in oxides and silicide of different

transition metals like Ti. In Mo, Ta, Cr along with their oxides and

silicides.
2.5. Conclusions :

Surface spectrascopic response of materials is different for different

techniques and the complementary nature of these responses helps in
modeling systems. Photoelectrons of materials gives the chemical
information and valence band features at the different stages of reaction.
Plasmon loss structure in Energy Loss study, or multiplet splitting in the
Auger electron study of metals and Auger lineshapes are found to yield
information on changes due to silicidation and oxidation. So our aim is to
explore in these regions to obtain more information, or to establish earlier
concepts. Another interesting property is autoionization. An unfilled
transition metal undergoes such transitions as soon as it is bombarded
with electron beam. So behaviour of autoionization transitions due to
oxidation or silicidation of transition metals provides a good probe, both

for scientific and technological applications. The above discussed

techniques are found to be useful in our studies of silicidation and

oxidation of Ty, Ta, Mo and Cu etc.
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Experimental



Chapter - lll : Experimental

3. Introduction :

This chapter is aimed at providing the experimental details

adopted in sample preparation and their analysis. The samples are

prepared ex-situ in an UHV deposition system

different UHV set ups with different techniques. In the system with CMA
er) the analysis by AES and ELS are done. XPS

stem with a SCA (spherical capacitor

and are analysed by two

(cylindrical mirror analys

experiments are performed by the sy
rs, analysers, and aspects

analyser). Some details of the analysis chambe
ns of the

of standardizing the systems are given here. The limitatio

techniques adopted and their probable solutions are mentioned at the end

of the chapter.
3.1. Need for an UHV environment :

The special kind of defect in solid, the surface, needs some special

g at an atomic level. As surface itself means few

arrangement for studyin
ed for

dition of free surface is requir
re is basically covered with

other atmospheric

top atomic layers, so an ideal con
probing the surface. Any surface in atmosphe
molecules, along with some
ual probe in the surface or clea

From calculations the rate

atmospheric gas
n deposition,

contaminants. So to get an act
one needs surface in an airless medium. of gas

per unit cm.2 per s on a surfa
r = 3.51X1022 PATM)

molecules arriving ce 1,
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where P= pressure in torr and T the temperature in k and M is the atomic

mass umit of gas molecules. For N, the arrival rate is calculated to be
3.88X1020 molecules/em?s. at 293K at 1 torr pressure. If a single atomic
laver consists of 1015 to 2X1015 atoms/cm?, assuming the molecules which
are colliding the surface are sticking on the surface (Sticking coefficient
=1). calculations give that for an experimental time of 1 hr requires a
pressure of 1010 torr or better for surface analysis without the
atmospheric particles affecting the results. It is true, that many
development in experimental surface science would not have been possible
1f UHV production were not available. The requirement of UHV for
surface analysis thus makes a surface analytical equipment complicated,
gigantic and expensive.

It is observed that simply UHV condition is not sufficient for getting
a completely contamination free surface. So insitu surface cleaning is an
integral part of surface analytical studies.

Several processes are developed for getting a contaminant free
surfacel. For intrinsically clean surface, cleaving in UHV is one of the best
techniques. But this needs a cleavage face of the materials which limits its
application. In-situ chemical processing is sometimes used to get a clean
surface, but it needs thermal energy to vibrate out the chemically formed
loosely bound compounds from the surface. Surface cleaning by heating
or/and sputtering is the most widely used technique. In our analysis

, .. _
surface cleaning is done by Ar ion sputtering. Ar sputtering 1s an efficien

low beam
technique. But it may cause structural damage? even at very (ow

: : 3 he surface with the
energies and sometimes induce chemical bonding of t
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contaminants. Details of the cleaning procedure followed for our

experiments is given in Chapter 4, sectionA.

3.2. Sample preparation :

The samples for silicides and oxides were prepared in an UHV
electron beam evaporation chamber. Thin films of the metal under study
are deposited on a clean Si surface, and then annealed in inert or oxygen

atmosphere to get the respective silicide or oxide. A brief description of the

preparation of these two types of materials is given below :

3.2.1. Silicide preparation

All the thin film samples used in the present study were prepared
in an oil free Varian 118A thin film deposition system. The preparation
chamber 18" in diameter is of stainless steel (FIG.3.1) with Meander type
water cooling arrangement. Rough pumping of the chamber is done by
three sorption pumping units and the final base pressure of 109 torr is

obtained by seven triode ion pumps of 110 I/s each. The chamber has a

Ferrofluid rotating feedthrough to accomodate a planatery substrate
holder of stainless steel in which 12 wafers of 2" dia can be loaded at one
time (FIG.3.1). There are two electron guns of 10 KW each with a water
cooled hearth of 40 cc crucible. The thickness of the film is measured in-
situ by a quartz crystal thickness monitor fitted with an Inficon XTC

Process controller. The pressure in the chamber is measured by 890 AR

Varian ionization gauge of Bayard-Alpert type.
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The substrates used in the experiments were 50 mm dia p type

boron doped 3-5 Q-Cm gj (111) wafer. These were cleaned throughly by

F dip for 10s and then rinsed
s used in the RCA

RCA cleaning process with a final buffered H

with deionised water (18 M) . The essential step

cleaning process are given below :

i} boil wafer in trichlorocthelene (TCE)

ii) clean ultrasonically in TCE
i11) rinse in acetone

iv) boil wafer in acetone

v) clean ultrasonically in acetone
vi) rinse in deionised water

vil) boil 1n deionised water

viii) boil in NH4OH H,0o : HpO & 1:1:5 for 10 min.

iX) rinse in hot deionised water

x) boli in HClL : Ho02 - HoO & 1:1:5 for 10 min.

x1) rinse in hot deionised water

xil) dip 10 sec in buffer HF
xiii) rinse in deionised water

xiv) blow in dry Ng.

um system.

xv) load immediately 1n vacu
oration process at

The Ti layer was deposited by electron beam evap

hickness of 400A ata ature (30%).

the rate of 5 A/sto @t 5 ambient temper
0-9 torr, and 5X1078 torT during deposition. A

The base pressure Was 4x1
osited on the PT

(100A) was dep

edeposited Ti, to

thin cap layer of Si
ere. Mo was

sed to atmos ph

layer when €Xpo
at a rate of 3A/s

prevent the oxidatioD of T1
m evaporation process

deposited similarly by electron bea
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upte a thickness of 1000A . Cu was evaporated from a Knudsen cell at a
cell temperature of 13609C, with an accuracy of +0.1°C. In the present
case the samples were subjected to silicidation in a diffusion furnace
(Tempress model : Omega Junior --I). The quartz wafer boat carrying the
samples was pushed into the hot central zone of the furnace at 800°C for
30 min for TiSi, , 8500C for 30 min for MoSiy and 5000C for 30 min for
CuSiy formation. For Ti and Cu silicidation, the ambient in the furnace
was pure Ar gas and in case of Mo silicidation pure Ny was used. The
TaSiy sample was prepared by co-deposition of Ta and Si on Si (111)
substrate and then the sample was annealed upto 900°C for 30 min and
was supplied by Von Crigern and Co. of Germany. By Auger analysis, the

stoichiometry and the sample cleanliness were examined. Some of the

details are discussed in Chapter 4.

3.2.2, Oxide preparation

Oxides are prepared by annealing the metal films, or directly the

respective metal sheets, in an oxygen atmosphere. TiO, was prepared by

annealing the 1000A metal film at 7500C for 5min, MoOg was prepared

by annealing a Mo sheet at 4500C for 30 min and CuO was prepared by
annealing a 1000A Cu film at 700°C for 30 min. TagOs was prepared by
annealing the Ta sheet at 6500C for 10 min. The quality of the sample

and the chemical state of the compound formed is checked by Auger and

XPS studies.
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3.3. Analysis :

For AES and ELS the electrons are collected with a suitable
arrangement of Cylindrical Mirror Analyser (CMA). In case of X-ray,
excitation of the surface, the photoelectrons are collected by a Spherical
Capacitor Analyser (SCA).

Thus a surface analytical equipment typically contains a
particle source, to bombard the sample surface, a manipulator to provide
Proper positioning for the sample of interest and a secondary electron
analyser in UHV, with some cleaning arrangement. Here we distinguish

two different techniques according to the analyser used in this work.

3.3.1. Apparatus for AES, ELS and autoionization study

The model 981-2001 of Varian, consists of an UHV chamber (VT-

112) made of 304 non-magnetic stainless steel. It provides a ultrahigh

purity environment (1x10-10 torr) and a high degree of versatility for

surface analyses like Auger electron spectroscopy (AES), low energy

electron diffraction (LEED) and electron energy loss spectroscopy (EELS)

(see FI1G.3.2).
The rough pumping of the system is done by a pair of sorption

Pumps which can pump out the major constituents of air (O9 and Ny) by
physically trapping them in the molecular-seives at liquid nitrogen
temperature to a pressure of 10-3 torr. The rough pressure is measured by
a thermocouple gauge. Fast and efficient pumping for the active and the

noble gases is provided by six 60 Vs triode ion pumps. With a backing
Pressure of 10-3 torr, the ion pumps are activated, which takes the
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ress ;
pressure to below 108 torr. Once very high vacuum of 108 torr is

achieved, then the whole system 1s baked at about 1500C for 24 hours.
T - o -
he aim of baking the system is to desorb the gas molecules from the

chamber walls by providing them thermal energy. Dry nitrogen gas, cooled

In liquid nitrogen to condense water vapour, is used for venting the system

to minimize H,0 introduction into the chamber from atmosphere. Baking

the system for 24 hours can give a final pressure of low 109 torr pressure.
titanium sublimation pumping (TSP) and degassing of all filaments in the

chamber provides lower 10710 torr pressure which is suitable for surface
analysis. The ultra high vacuum range is measured by an Bayard-Alpert

type of nude ionization gauge of model 890-AR C.U. (Varian).

The electron gun in the chamber i1s mounted concentrically inside

the CMA. A schematic of the overall assembly is shown in FIG3.2. A

resistance heated tungsten ribbon filament produces maximum beam

current irrespective of beam size. The gun is designed to operate at

energies from 100 eV to 10 keV, suitable for Auger and energy loss

spectroscopic studies. It produces a beam diameter < 5y at an energy of 3
to 5 keV and with a beam current < 2pA for energies above 5 KeV.

Electrostatic deflection gun plates allow the electron beam to be scanned

scanning sample positioner, allowing sample

and is used with the
Positioning with a precision of better than 5 pm.
The high precision sample manipulator enables an accurate

placement of samples in UHV. 1t enables 5 degrees of freedom-motion to
rometer drive

the sample. It gives a direct rotary motion with a mic

translator mechanism and unlimited rotation. The rotary mechanism has
: e )
& position resolution of 0.10 with a repeatability of + 0.19. The
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mampulator 1s UHV compatible, bakable and mounted from the top of the

chamber through edge welded bellows. The manipulator is equipped with
a carrousel that is a multiple sample tray and consists of a beam probe to
measure beam current. It can accomodate simultaneously 15 samples and
provides a 300 angle between the sample normal and the cylindrical
mirror analyser axis for efficient secondary electron collection by the
CMA. The beam probe 1s a Faraday cup and can measure the primary
electron beam current or the ion beam current, which can be correlated to
obtain the sputter rates.

The electron energy analyzer is single pass CMA. Fundamentally, it
consists of two co-axial cylinders of different radii. The inner cylinder is
generally earthed and the outer cylinder is provided with a negative
potential. Thus electrons emitted form the sample surface on the axis of
the CMA at an angle a (generally 42°) pass through an aperture in the
mner cylinder and those of particular energy, within a band of E + AE, are

deflected by the outer cylinder potential through another aperture to a

focus on the axis , where a channeltron detector is placed. Thus CMA

behaves like a second order focussing instrument4. The resolution of CMA
depends on the slit width and the angular aperture. Relatively wide
angular aperture can limit the resolution. The resolution is observed to be

~0.22% of the collected electron energy i.e. it is able to separate two peaks

as close as 2.2 eV at an energy 1000 eV.
The system is provided with an ion gun for dual purpose, in-situ
Sample cleaning and depth profiling. The accelerating voltage for ion is

variable ranging from 0 to 3 kev, and emission current is variable from 0
ed for adjustment in

t0 40 mA. The beam can be focused and can be deflect
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and Y direction over a range of + 5mm. Sputter cleaning is done by Ar

10n ’ : -
, due to, a) chemical inertness, b) large enough mass to impart

momentum transfer and c) low enough Ionization potential. The ion gun
with optimised current and energy can be used to sputter layers of
Materials and profile the elemental composition in the depth of the
sample. The electrons collected by the detector placed on the axis of the

CMA (FIG.3.2) creates a pulse of signal which is preamplified before

further modulation. The detection is further made by lock-in-amplifier

model 128A of EG & G. The differential mode of signal controller uses 17
kHz reference signal from the phase sensitive detector (lock-in-amplifier)
and scale it approximately for input to summing of a Kepco high voltage
operational power supply.

The system discussed above is used to collect Auger signal in the
differential mode or double derivative mode. In normal mode the intensity
of Auger signal is very small in the huge background. So data is collected
in the derivative mode which basically plots the gradient of intensity with
respect to energy, hence enhances the signal and reduces the background.
At this summing point the controller also provides an appropriate ramp
voltage, for amplification by the unit, to provide the high voltage potential
for the mirror electrode of the cylindrical mirror spectrometer. The
electron selected by the spectrometer are detected by the channel electron

multiplier (channeltron). A schematic diagram of the signal generation to

collection is shown in FIG.3.2.
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3.3.1.a System standardization ;

The standardization of the instrument is done with a Cu sample.
Cu shows two major Auger transitions, at 60 eV and at 920 eV. According
0 the ASTM (American Society for Testing and Materials)® study of
Standamzmg the Auger system, it is observed that the ratio of the these
'Wo peaks vary tremendously from instrument to instrument depending
on choice of phase or channeltron multiplier voltage or the proper peak to
Peak modulation voltage for data collection. The ranges of the ratio of the
two peaks of Cu, is observed® to vary from 0.08 to 5.5 for different
instruments, and was obtained with median of 0.8. In FIG.3.3 Auger
SPectrum obtained for Cu is shown at 10 V peak to peak modulation,
from the instrument. The 60eV/920eV peak intensity ratio is ~ 0.77, which

tallies well with the standard value. So by Cu AES survey scan, the

energy value and the intensity of the spectrum is calibrated.

The resolution of the instrument at 5 V peak to peak modulation
condition is shown in FIG.3.4., where the 2 keV elastic peak is shown. The

i ion 1 the X-
Seperation between the positive and negative excursion 18 8.8 along

v

axis. The resolution is given by( FIG.3.4),
Res. = AE/E (Where AE is peak to peak separation)

= (4.4 /2000). 100
= 0.22%

i d the
Usually phase shift occurs between the reference signal an

nd various
detected signal due to the setting of the tuned components a
riation in the intensities

@pacitances in the circuitb, which causes the va
. hase sensitive
N the spectrum. Generally, the phase shift control of the p
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detector is optimised by maximizing the signal. But if one peak is
optimised then the other peak at different energy is still not correct, i.e.
some phase shift occurs between the signals. The cause of the phase shift
is assumed to be due to the different times of flight of different energy
Auger electrons contributing to the signal. The signal in our case is
optimised at 2000 eV. In FIG.3.5 the change in phase as a function of
energy is shown. It is known that the detected signal intensity at any
other energy is directly reduced by the cosine of the difference between the
shifts indicated at 2000 eV and the energy concerned. So the reduction
trend may be calculated as a function of Auger peak energy. The reduction
nature is shown in FIG.3.6. It is observed from the curve that the high
energy peaks do not change much, but the low energy peaks , below 200
eV is reduced ~ 9% of the original intensity. Of course the energy
dependence of the phase shift (0-2000 eV) may be reduced by reducing the
frequency of oscillation (17 kHz at this moment) , using a 100 pf feed-back
capacitor, and a less than + 29 phase shift is reported for 1.7 kHz
oscillation. But due to this the intensity will be reduced which 1s not
desired for our study. So the 17 kHz signal is selected as optimal.

The channeltron is an electron multiplier having its active surface
coated with an oxide material with low work function. The secondary
electron yield is dependent on the energy of the beam incident on it, and
so does its efficiency. Generally, the lower energy electrons are collected
with less efﬁcieﬁcy than the higher energy electrons?. For differentiated
mode, it is known? that biasing the front of the channeletron multiplier
the variation of the detector sensitivity may be reduced. The field

Penetration is removed by a wire mesh, which is a part of the instrument.
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In FIG.3.7 the variation of the intensity of the Cu 60 eV signal with the

channeltron multiplier voltage is shown. A saturated signal can be

achieved at around 2500 V.

3.3.1.b Parameters for AES :
Typically, most elements have Auger peaks occur in the 0-1000eV

scan of the secondary electron specrum. A primary beam energy of 3 keV

has been used in this study and the respective Auger peak sensitivity

values for standard samples have been taken from the Auger Hand

Book8, and a 10 V peak to peak modulation is used during data collection.
For lineshape analysis, two regions are selected, i) valence band related
higher energy Auger transitions and ii} the low energy SCK (Super-
Coster-Kronig) transition along with the autoinization transitions. For
higher energies the primary beam energy is kept three times the highest
binding energy of the levels taking part in the particular Auger
transitions because according to Gryzinsky®, ionization crosssection is
maximum of any level is achieved by giving the incident beam energy
three to four times the binding energy of that level. For low energy Auger,
the beam energy selected is in the range 200--300 eV. For the later two

spectra, 5 V peak to peak modulation is used for better resolution.

3.3.1.c Parameters for loss studies :
The loss spectroscopy was studied with an incident beam energy of
170--500 eV, in the double derivative mode to get the distinct position of

the peaks. An optimum value for intensity and resolution of 5V peak to

peak modulation was used to observe the loss features. Rest of the

acquisition techniques are similar to the AES studies.
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3.3. 2. XPS study :

XPS has been used here to complement the observations obtained
by AES and ELS. XPS not being one of the main techniques used for this
study , only a brief description of the apparatus is given below :

The system is a multitechnique surface analytical instrument (M/S

Perkin Elmer : model 1257), capable of giving a pressure of 10-11 torr by a
combination of turbo molecular, ion and sublimation pumping units. The
PHI Models 04-500/04-548 x-ray source is comprised of water cooled dual
anode to which a high positive voltage is applied, and also houses two
thoriated tungsten filaments in a water cooled shroud. The anode
combination is Al and Mg, capable of giving X-rays of Mg and Al, Ky lines
with energy of 1253.6 and 1486.6 eV respectively. A thin window at the
front x-ray source prevents anode contamination by sputtered materials
and also avoids sample heating by radiation. The system is equipped with
a precision manipulator on which the sample is mounted and has X, Y, Z
and 6 degrees of freedom. For signal collection and conditioning, the PHI
model 10-360 precision energy analyser is a spherical capacitor analyser
(SCA) type. A schematic is shown in FIG.3.8. Its a combination of two
hemispherical surfaces of different radii positioned concentrically. A
potential difference is applied between the surfaces so that the outer
sphere is negative and the inner is positive. The data is acquired by a PC
interface capable of setting acquisition parameters and also allowing
some data manipulation.

The system is standarized with respect to the contaminant free Ag

3d line as shown in the FIG.3.9 using Mg K line as the incident photon
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and photoelectrons are collected in the computer controlled SCA. The best
resolution possible is 25 meV in CRR (constant resolution ratio). The ion
gun is used for in-situ sample cleaning by Ar ion sputtering at different

angles with an energy upto 5 keV over a rastered area.
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Chapter - IV : Section A

ion Beam Effect

4a. Sample cleaning and ion beam effect ;

Due to the shallow information depth in surface science techniques,
the cleanliness of the surface under investigation becomes a very crucial
aspects in all experiments. We have performed many experiments to
understand the contaminations of our samples and aspects of cleaning

them. Some of the results thus obtained are described below.

The contaminants observed commonly on the surface are oxygen
and carbon. Hydrogen may be present, but AES or XPS techniques cannot
identify it. The contaminations may arise due to several processes like,

1) adsorption of layers of residual atmospheric gases,

11} sample preparation background and their preservation and

11i) the sample handling methods.

So insitu surface cleaning is an integral part of surface science.
Generally five processes are adopted for this, i) insitu cleaving or fracture,
11) scrapping of surface , iii) Art ion sputtering, iv) sample heating upto
the 80 % of its melting point and v) by sputtering and annealing cycles.
Though the first two techniques are used in special cases, we have adopted

the later methods due to their suitability to our samples.
The Ar ion beam, that is employed to sputter away loosely held

contaminants by momentum transfer, is itself found to induce some
surface reactionsl. We have observed that the ion beam used intending to

remove carbon, induces the carburization of Ta2, Si3, Mo4, but does not
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seem to do so on Ti and Cu. The carbides formed which are harder
material, limits the cleaning ability of Ar ion bombardment. The carbon

fingerprinting in AES, XPS and ELS are employed for identifying and

understanding the carburization.

4a.1. Modification of carbon by ion beam bombardment :

Even after taking maximum care during sample handling outside
UHV, it is almost inevitable to find some carbon and oxygen on the sample
surface. The contaminant carbon observed on the sample surface shows a
lineshape that indicates that it is mostly in the graphitic form, i.e. sp2
hybridized. Through Ar ion bombardment of 2 keV energy, this graphitic
carbon loses its identity and assumes carbidic form. The ion beam seems
to alter the valence band DOS of carbon and facilitate its phase
Auger

transformation. These changes have been monitored by

fingerprinting and EELS studies. AES is very sensitive towards the
different hybridization state of carbon®.

The ground state of earbon is denoted as 1s22s12p3, Where 2s and
2p electrons are in the valence band. Particularly in graphite two types of
bond are formed between the carbon atoms, ¢ and = bond for parallel and

perpendicular mode of orbital overlapping respectively. Indeed the

binding energies of 2s and 2p levels are at -13 and -5 eV below the valence
level. In the layered graphite, the hybridization of s orbitals forms a
covalently bound lattice of graphite planes with an angle of 1200 between
the segments connecting nearest neighbour atoms. These pile up on each

other and are weakly bound by the residual forces that arise from the
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hybridized (side on overlapping) p; orbitals ( denoted by n) perpendicular

to the planes.

In FIG. 4a.1 the AES for single crystal graphite is shown with the
characteristic excursion seperation of 23 eV. The effect of 3 keV Ar ion
bombardment on it is shown , where a new peak appears at aroud 279 V.
7 eV away from the main 272 eV peak. This indicates the modification of
the surface by the ion beam, which may be in some parts of the few layers
analyzed of the graphite surface. So the ion bombarded graphite shows
the Auger transitions from the two different layers of surface, damaged
and non damaged graphite which co-exist. The peak at 279 eV is assumed
to be contributed from the altered component of graphite. It is conjuctered
that due to the ion bombarment the valence band is affected maximum
and this results in the loss of its sp? hybridization structure, and the o
bonds becomes loosely bound = bonds in the surface region.

The Auger transition for the two hole final state in the valence band is

given by,

Ep = Ey — Eyp - Eyo

E, =Ey -- E4
where Ey 1 yo are the binding energies of K, v1 and v2 energy levels and
Ep is the Auger enery. V1, V2 levels are in the valence band and E, =
Ey 1+ E,o. The ionization energy for ls (E) electron is approximately

given by, 284 eV.
Before ion bombardment, E5=272 eV, which implies that Ey = 12

g with the 272 eV, peak the

eV. But due to the ion bombardment, alon
s assumed that Ey = (Ey;

peak at 279 eV is observed i.e. E'y = 5eV. Soiti
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+Eoi=12 eV s the transition involved in the o and 7 bond but E.= 5

eV corresponds to the transition involving the 7 bond only. Thus the

Peak at 279 eV indicates the creation of new n  states due to ion

bombardment. But there is not a resolvable change in the excursion
S€paration which suggests that band width is not changed much due to ion
bombardment.

The effect of ion bombardment is also observed in our EELS study
of the single crystal graphite as shown in FIG.4a.2. The ELS spectrum
shows two peaks at 6.5 and 26.5 eV which are due to n plasmon loss and o
plasmon loss6. The peak at 19 eV is the surface ¢ plasmon loss feature.
The peak at around 21 eV is the loss due to 3p electron excitation. n
Plasmon loss process is the most probable loss as seen from its large
Intensity, and undergoes a change after ion bombardment. In case of ion
bombardment the intensity of the 19 eV peak is decreased considerably
Indicating the surface transformation due to the ion bombardment. The
multiple n plasmon loss peak at 12 ¢V is found to increase confirming the
observations made in the AES experiments.Thus by ion bombardment an
Increase in the conduction p electrons occurs.

In FIG.4a.3(a) the k loss spectrum for C is shown . The 1s electrons
can be excited to states in the valence band. The 1s-¢ transition at 294
eV is observed to be stronger than the 1s -- 7 transition at 288 eV. A
quantitative study of the transitions shows that the ratio of transition 1s--

; ' fter ion
T to 1s-- transition (measured by peak heights) is 0.47 whereas a

: 10 of 0.684.
bombardment the 1s -  transition increase with a new ratio
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According to the work done by L. Papagno et. alf. the ion bombardment

creates more states so that the ls--m transition supresses the 1s--g

transition.
4a.2 Ion beam effects on contaminated Ta :

The aspects of carburization of Ta surfaces induced by Ar ion
bombardment are discussed here. The graphitic carbon observed on the
Ta surface does not match all the detailed properties of single crystal
graphite. The results are explained based on the properties showed by
the single crystal graphite. In FIG.4a.4 Ta NNN Auger transition along
with the graphitic carbon (KLL) is shown in the first derivative mode.

The observation of the carburization is centered around two peaks

and their changes 1) the change in Auger KVV line shape and ii) the

change in the ELS spectrum. FIG.4a.4(a) shows the Auger electron spectra
of Ta (NNN) and graphitic carbon (KLL) peaks in the first derivative
mode. The graphitic carbon peak has an energy separation between the
major positive going and negative going excursion peak as 23 eV which is
in good agreement with the work of Galuska et. al” The energy separation

has also been observed by Lascovich et. al5 in case of cent per cent carbon-

carbon sp? type of bonding to be 22.5 eV.

FIG.4a.4(b) shows the AES of the sample after it was bombarded
with 3 keV Ar ions for 30 sec. with an angle of incidence of 60° . It is clear
from the fingerprint that a major change is observed in the graphitic peak

lineshape. The energy seperation between positive and negative excursion

separation is now reduced to 6 eV, which shows the C-C bonding is
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ne 3 : ‘
either spd nor sp? type. The carbon is now chemically bonded with the

metal Ta showing this characteristic as a 6 eV separation. A new peak

appears as shown in the inset, approximately at 276 eV which confirms

the carbide formation5. The Ta peaks at 164, 169 and 177 eV are found to

become more promindnt presumbly due to surface cleaning, showing

he . _ '
taereby that the carbon which was the major contaminant has got bonded

With Ta due to jon bombardment and Ta Auger signals are now coming

from the Ta in the Ta,Cy compound?.

A comparison of the EELS of the Ta with graphitic carbon as
Contaminant on the surface (a) and with bonded carbon (b) is shown in
FIG.4a.5. The low energy surface plasmon peak was found to change from

7 eV to 9 eV. However the bulk plasmon peak at 20 eV remains

unchanged. The other peaks due to different interband transitions do not

change in energy appreciably but definitely shows variation in intensity.

4a.3 Ion - beam effect on contaminated Mo

FIG .4a.6 shows the surface of Mo film deposited on Si (111). The
carbon present on the surface is not exactly graphitic in nature. It's shape
Is slightly distorted from the pure graphitic carbon peak shape. The pure
graphitic form shows excursion separation of 23 eV, but here it is observed
0 be approximately 9 eV with the energy at 270 eV, and the incident
electron beam energy used was 1000 eV. According to Laschovich et. al®.

' : ' 1 n these
Eraphite (sp2) and diamond (sp3) gives separations 1n betwee

. in the
values depending on the percentage of diamond phase present in the
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analyze ‘ is i
yzed region. It is observed that with the increase in the beam voltage

¢ ) ;
he peak separation changes from 9 eV to 7.5 eV and finally to 7 eV at

5 .
round 6 keV of electron beam energy. With further increase in the beam

voltage this value does not show any change. With 3 keV Ar ion

hat, the excursion

bombardment this peakshape 18 changed further, such t

separation 1s not decreased but a new peak appears at 276 eV which 1s

characteristic of ¢: "
iracteristic of carbidic carbon [t can be said here that, in case of Mo

d on the surface was graphitic ty

mbardment. But 1t forms 1ts carbide

the carbon peak observe pe and does not

show any change due to electron bo

showing the characteristic carbidic excursion

due to ion bombardment ,
h the new peak at 976 V. The on set of

seperation of 7 eV and wit

carburization of Mo sheet as a function of Ar ion beam energy was
erved that at around 700 eV of Ar ion energy

observed by AES. It is obs
g. At around 2 keV the peak shape

the C KVV lineshape starts changin

to the carbidic form with the charact.erisl.ic excursion

completely changed

separation.
contributes to the whole C KVV

In pure graphitic carbon, only C-C
al 1s partially carburised as observed in case

Auger line. But when the met
ad low energy 100 bea

am effect 1n the Mo film a

m effect 1n

of electron be
d C-M type carbon? and

comes from both C-C an

the Mo sheet, the signal
of the metal. So

so this case may be attributed to the partial carburization

a linear combination of the C-C and C-M co

ntribution gives the particular

purely graphitic nor

peak shape indicated above, which is neither

completely carbidic.
confirmed

ectron peam Was

on and the affect of el
G.4a.3. The K loss for

The Mo carburizati
g as shown in FI

by the K edge loss for the three case
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the ite s ‘
pure graphite shows two transitions 1s--g and 1s--t at around 294 eV

and 288 eV, respectively. In case of pure graphitic carbon 1s )
transition is more Intense than 1s--nt transition. But due to electron beam
€Xposure on the Mo films, the C - K edge loss peak shape was observed to
change. The relative peak Intensity for 1s--n transition increases. So from
this Spectrum, it is found that the Mo is partially carburised in the
analysed volume. Here K edge loss shows a linear combination of graphitic
K-loss and the carbidic K-loss. After ion bombardment, the peak shape is
further changed and the Ils--c transition completely depletes. This

Suggests that the d electrons from Mo mostly occupy the carbon valence

band states which decreases relatively 1s --o transitions showing the

characteristic K loss for the pure carbidic film9.

4a.4. Ion beam effect on contaminated Si (111) surface

Chemically cleaned Si (111) surface shows ion induced chemical
bondjng with contaminant C due to Ar ion bombardment. Initial ex-situ
cleaning was done by dipping the acetone cleaned Si(111) in 2% HF

Solution in ethyl alcohol for 120sec which leaves carbon and a small

amount of oxygen on the surfacelf.
The effect of Ar ion bombardment was analysed by XPS. The effect

of ion bombardment like the change in the geometry and the electronic

Structure was monitored by angle dependent -XPS technique. For angle
ray source

dependent-XPS the angle of the substrate with respect to the X-

Was varied from 12 to 1200. The carbon contaminant was found to be
t. The peak shape of Si

approximately 20 % before Ar ion bombardmen
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and C and their detailed analysis was done by deconvoluting the observed
Spectra into their Gaussian components..

FIG.4a.7 shows the XPS peak position of the C(ls) peak as a
function of incident ion energy and demonstrates a change in the chemical
state of C. In case when two peaks can be resolved, the position of the
Peak with the higher amplitude is measured, to plot this graph. The
dependence clearly shows a sharp shift at about 750 eV ion beam energy.
This chemical shift is attributed to be due to the breaking of the C-C bonds
{peak at 285.0) eV and formation of the Si-C bonds (peak at 283.2 eV).

The signature of the (C 1s) peak by XPS and the deconvoluted
Components are shown 1in F1G.4a.8 before and after carbide formation (750
eV ion energy). The peak at 285 is due to the C-C bond and that at 283.3
Is related to the Si-C bond. The peak at about 286.2 eV has been
attributed to C-O-H kind of bonds!l. It has also been reported earlierl?
how the conventional techniques have been utilized to fingerprint the
different forms of bonded carbon. Thus the fingerprinting clearly enables
us to measure the unbonded and bonded carbon components. The inset in

the figure shows the lineshape change in the Auger C-LVV spectra in the

differentiated mode, demonstrating the change at 750 eV ion energy,
: b
similar to the observation made by XPS. This dependence does not alter by

! ' i 1t ' he presencee of an
using different ion current densities, confirming the p

i i S and XPS
energy threshold for the formation of the carbide. Both the AE

i i and in the
Spectra show that there is a co-existence of C bonded with Si a

i i .5 eV that is
Unbonded phases, and the chemical shift in XPS is not 2
rint of the 750
Observed in single phase SiC samples. The Auger fingerp
9 as clear from

g —
®V bombarded sample is in the incomplete carbidic fo
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the shoulder at about 240 eV carbidic form, however it is amply clear

from this figure that 750 eV ion-bombardment has induced the formation

of Si -C bonds.
FIG.4a.9 shows the abundance of the bonded carbon (Cy) (at 283.3

eV} and the free carbon (Cf) (285 ev} as a function of ion beam energy. The

plot contains two data sets, one for analyzer normal to the surface and
other for glancing angles that is surface sensitive. The XPS peaks
obtained have been deconvoluted into the C, and Cf components by fitting
Guassian peaks, using the FWHM of 1.6 eV and 1.5 eV respectivelyl3. It
must be noted that the data has been obtained by substracting a linear
background. (However it has been verified that in this case using Shirley
background substraction does not significantly change the results). The
data with the analyzer aligned along the surface normal clearly shows the
threshold for Si-C bonding to be about 750 eV ion energy in FIG.4a.9.
After that, the amount of bonded carbon increases sharply to a maximum
at about 1500 eV ion energy. Then on, the C1,/Cs ratio drops sharply. In
comparison, the data point for glancing angles shows that most of the
bonded carbon is around the interface. That is to say that the ion beam
induces a reaction at the interface, while the surface carbon is less
affected and so the lower curve remains fairly flat at all energies.

A relative percentage composition of Si, C and O as a function of
ion-beam energy is shown in FIG.4a.10. Here the amount of C is the sum
of both bonded and free components. The relative abundance has been
calculated simplistically by using the expression and XPS sensitivity

factors given in Ref.14. This curve demonstrates that carbon is sputtered

away at lower energies, exposing more Si. However, C reduces only to
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ahou % i
t 10 % and then remains unalterd with higher energy ion

I o :
sombardment. This is attributed to the formation of SiC or related phases
that are harder materials with lower sputtering yield in the ion energy

range studied. FIG.4a.9 had showed the reduction of bonded C also at 1on

energies greater than 1500 eV, but this FIG.4a.10, shows the total amount

of carbon reducing in the lon energy range from 1500 to 2250 eV. So

FIG.4a.10 indicates the effect on total carbon, including both bonded and

unbonded, while FIG.4a.9 gives us information of the bonded to unbonded

Also note that there is not much change in the oxygen

ratio.
range of ion beam energies studied.

econvoluted components

This

stoichiometry, in the entire

FIG.4a.11. Shows the signature and the d

of the C (1s) peak as secen by XPS at different angles of analysis.

figure demonstrates the difference in surface sensitivity and thus confirms
that the carburization occurs at the interface. Spectra after the sample

pical energy of 1500 eV has been chosen for this

was bombarded by a ty
(a) shows a larger free carbon

purpose. The grazing exit angle spectra

nent, while that observed at normal to the surface shows

(284.5 eV) compo
at 286.3 eV 1s due

). The third component

more of bonded carbon (283 eV
n due to its complexaty

to C-0-H15, which has been avoided in our discussio

and relative less abundance.
es as observed by XPS, for

FIG.4a.12 shows the valence band featur
some representative energies of ion hombardment, for normal exit angles.

The 250 eV curve, is the spectrum of

at about 4.0 eV, 8.0 eV and 11.0 eV. The bind
ximately 4 eV and g eV res
ecaks af 13.0 eV and 7.0 e

the contaminated sample, with peaks

ing energies of the Si{3p)
and (3s) electrons are appro pectively. C in the
V. With

graphitic form shows shallow core level p
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the beginning of the carbide formation by incidence of 750 ev Ar+ jon

there is a significant reduction of the peak at 7.5 eV. With further higher
energy ion interaction at 1500 eV, where the carbide formation is
maximum (FIG.4a.9) , we can observe that the 3.5 eV peak has diminished
and a sharp peak at 9 eV remain. The reduction in the carbon
¢oncentration (as seen in FIG.4a.10) and the charge transfer in the
formation of carbide phases may have caused the changes in the valence
band features. The 9.0 eV peak may be the result of the chemical shifts of
Si(3s) and C(2s) peaks. The incompletion of the formation into a single
phase SiC is also evident.
FIG.4a.13 demonstrates the changes in the anisotropy of secondary

electron (Si 2p) emission as a function of ion beam bombardment of

different energies. On the as-loaded sample, three peaks are clearly
visible at 950,550 and 30°. These peaks have been attributed!® to the

forward scattering of Si (2p) electrons due to nuclei of Si atoms occuring in

their paths to the detector. Basically, without going into the details of the

forward scattering aspects, the peaks demonstrate the presence of a

crystal structrure, that is consistent with the Si (111) surface!®, however
modified by the presence of impurities (C & O) on the surface. As the

surface js bombarded with energetic ions, along with the 1induced

carburization described earlier, the forward scattering features are
Sucessively seen to diminish. The Ar? ion sputtering induces a collision
el5 of surface atoms, which 1s

Cascade and destroys the symmetric structur
n. The fall

Manifested in the almost isotropic secondary electrons emissio
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In the intensity at grazing exit angles is due to the presence of impurities
like C and O on the surface, that reduce the amount of Si observed within
the probed region.

Thus this study of the interaction of energetic ion beam with a
contaminated Si surface, by using angle dependent XPS gives a wealth of
Information regarding bonding, sputtering and surface structure. It is
clear from the observations that the ion-beam with energy greater than or
equal to 750 eV, induce Si-C bonding. Observing the line shapes at
grazing exit angles indicate clearly that the Si-C bonding takes place at
the interface region, thus ruling out any major diffusion of C into Si or vice

versa. The loss of structrure of the forward scattering effects

demonstrates the destruction of surface structure with sputtering due to

energetic ions. There seems to be significanit changes in the valence band

electronic structure that indicates the charge transfer that may have

taken place.

4a. 5 Conclusion :

Contaminated Ta, Mo and Si undergo carburization in the Ar ion
sputter cleaning process, at a threshold ion energy. However in case of Ti,

the carbon observed on the surface was very small which was sputtered

out easily. Cu does not show any carbide formation at all.
to the increase in

Glancing angle sputtering may be better due

1 ) tact with
Sputtering rate of carbon on top of the surface and avoids its contact w
e ex-situ chemical cleaning 1s

the substrate with which it may react. Som
amount of carbon

: : 1
Preferred before introducing which leaves only a sma
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on the surface. Using a low ion beam energy this carbon can easily be

removed, since higher energies cause reactions and implantation. The

metals like Ta., Mo were cleaned ultrasonically dipping the successievely

in CoHsOH and CH40H, which leaves a small amount of carbon on the
surface. Ion beam rastered at 2 kev beam energy is used to clean the
samples. Si was cleaned ultrasonically by dipping the Si wafer in 2% HF

in methyl alcohol for 2 mins. So to get a clean Si surface suitable for
surface analysis was obtained by simultaneous sputtering and heating

the sample in a cyclic order. The sputtering was done at glancing angle

with beam energy 500eV and heating was done upto 1200K temperature

for 30 s per cycle.
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Chapter-IV : Section B

Valence Band related Electron Spectroscopies

4b.Introduction i

In this second section of the results and discussions chapter, the

loss peaks and Auger lineshapes along with the autoionization features
4re studied. The results and their brief discussions are given here
l(;chmqu&wxse to understand the subtle changes in the materials studied.
In this part the peak position, the origin of the peaks and the the variation

of the Peakshapes due to oxidation and silicidation are presented and

discusseq in brief. The results from ELS and autoionization transitions

. . ion of
d("ter‘mines the above Fermi level behaviour and AES gives information o

the DOS below Fermi level of oxidation and silicidation process.

4b.1, Electron Energy Loss Spectroscopy :

Chemical reactions like silicidation or oxidation of metals creates a
redistribution of the valence band of the reactants. So ELS is expected t;
*how some signature of the chemical interaction and the bonding né'itu;i OS
the Product. In this section the changes in the different features 1n

s O _ Ti, Ta and Cu 1s M
due ¢, oxidation and silcidation of Mo, 5.2, plasmon

. . S re .OnS,
Changes are obvious and distinct, mostly in two regl - e
transition 4ss
losses and the interband transition losses. Interband
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decrease in the silicidation. The p-d transition intensity directly depends

on the available d-holes in the d band. So the decrease or increase in the
Intensity 1s explained in terms of d band change after silicidation or
oxidation. Plasmon loss changes are quiet abrupt due to oxidation and
silicidation for a particular metal, but has a systematically changing value

among the silicides. A qualitative and semi-quantitative measurement of

these changes are given in this chapter.
4b.1.1 ELS in Ta, Ta,05 and TaSi, :

The loss characteristics of materials is a direct function of the
dielectric properties of the material, which is further defined in terms of
Optical properties like absorbance and reflectivity of the material. In
literature optical experiments with Ta have been done in the ultraviolet
and visible regions of the spectrum. Data for the pure clean Ta, for
reflectivity and absorbance is availablel. The electronic structure of Ta
was considered by Mattheiss? with the relativistic effects. A considerable
similarity was observed between Fermi surface and the band structure

near the Fermi level. The APW (augmented plane wave) non-relativistic

band structure calculations of crystalline Ta is available in the work of

Petroff and Viswanathan3.

Different loss features for Ta along with its oxide and silicide are
shown in FIG.4b.1. The features listed in Table I for Ta are in good
eaver et all. and the ELS

agreement with the optical data published by W

From the optical properties and the

results by Martinez Duart et. al4.
band structure calculations it is found that Ta shows two types of volume
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and surface plasmon losses, the low energy and high energy plasmon

losses. In our study low energy and high energy volume plasmon losses

are observed at 8.5 and 20.5 eV respectively which agrees with the results

given by Weaver et all. High energy surface plasmon is seen around 17

eV. According to Weaver et all the low energy volume plasmon and
surface plasmon losses are expected at 8.9 and 8.6 eV respectively. So due

to the limitation of our experimental energy resolution, the broad peak at

8.5 eV may be including both these two losses.

The volume plasmon loss at higher energy is close to the free
electron gas plasmon value, but the higher energy surface plasmon related
peak is not. The observed volume plasmon loss peak can be interpreted in
terms of collective oscillation of s and d electron in the bulk of the
Mmaterial. But the associated surface plasmon loss peak is shifted from the
hﬁ)p/uz value. The shift can be seen as due to the screening of the coulomb
force by the valence electron as suggested by Weaver et all. The volume
Plasmon at lower energy (8.5 eV) probably involves only a group of
electrons, perhaps the core charge density of the d like electrons does not
participate. Clearly the situation is not like a free electron case. Although

a part of the oscillations (20.5 eV) obey the free electron model. In shallow

core level range the prominent features are associated with the

transition from the 4f levels to the states above the Fermi level. Due to

Spin orbit interaction Ta 4f line it shows a splitting of =2 eV which is
shown in XPS. For 4fs the binding energy is 23.53 and 4fz it is 21.61
eV, According to the work by Penchina’ the theoretical density of states

for crystalline bec Ta, shows some empty states at about 5 eV above the

Ef So the loss features at 28.9 or 26.5 eV are associated with the
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transition of 23.53 and 21.61 eV 4f electrons to the states above the Fermj

level. Same thing happens to the 5p electrons, where a spin orbit splliting

of 5pys0 and op3re levels of energy values 32.7 and 42.4 eV give the
transitions losses at 39 and 49 eV respectively.

In case of oxide some more loss features are added due to the
transitions related to the oxygen. In the lower energy loss feature the
characteristic bulk plasmon loss is observed at around 19.6 eV which 1S in

good agreement with the result given by Martinez Duart and Palacio4.
The surface plasmon is found at 15.4 eV and the peak at around 11 eV is
assumed to be associated with interband transition. In TagOs the O 2p
feature is found around 6.5 eV below the Fermi level. So the transition
from O 2p to the level 5 eV above the Fermi level may be attributed to
the peak at 11 eV. The peak at 28.5 eV is attributed to the transition from
the 4f levels to the states above the Fermi level. The 5p electrons also

show the transition to the empty states above the Fermi level by showing

the loss features at around 50 and 40 eV.
In the TaSi, the nature of the loss peak is completely changed. In

the lower region the 19.5 eV gives the bulk plasmon loss and the surface
plasmon loss feature at 13.5 eV. Si 3s--conduction band transition is
observed at 6.5 V6. However the transition related to the 5p levels to the
states above the Fermi level are existing but with less domination than
the other two cases of pure and oxidised Ta’. The details of the loss
transitions observed are given in the Table I.

In FIG.4b.2 the normal mode of the spectrum 1s used to show the

Shal’p changes for these three samples. It is observed that the transitions
xide because of other

related to the 4f levels are not distinct in the o
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Table I : EELS in Ta, Tay05 and TaSiy

Transitions Ta Tas0s TaSi,
involved (eV) (eV) (eV)
5py/o--Ep+ AE  49.0 50 48.0
5p1/o -- Threshold not resolved
5p3/o-Ep+ AE  39.0 40.0 38.5
5pg/ -- threshold 33.5 34
2X Vol. Plasmon (VP)-- = 36--39
4f5/9--Ep+ AE 28.9 28.5 -
4f7/0--Ep+ AE 26.5 - -
Vol. plasmon

(higher energy) 20.5 19.6 19.5
Surface Plasmon (SP)
(higher energy) 17.0 15.4 =
Low VP+Low SP  10.3 = e
Low Vp and /or Low

SP 8.5 - —
Surface plasmon - e 13.5

O 2p - 6.5 o
Si 3s --CB - o B2

B _—



S

found to 1
5 3 ‘ ' .
ncrease where as 1n the silicide these are decreased . These loss

feat isti
ures distincly show the change in the valence band after the oxidation

5 eV in silicide 1s not

and silicidation of Ta. The loss feature &t 38.f

d
ecreased, though the feature at 48.0 eV is decreased.

4b.1.2. ELS in Mo, MoOg and MoSig :

al Mo interacts strongly with both Si and O. The

The refractory met
and their gtudy by ELS for

data of room temperature oxidation of Mo
different oxidation states 1S available® where the

understanding the
he local density of

qualitative and sem:quamit.ativc investigation of t

ated. The main char

acteristic 1oss spectra are due to

states is investig
cillations (bulk and surface plasmon) and

excitation of collective 03
¢ nature of Mo it als

itions. Due to the bc

o shows two bulk

interband trans

and surface plasmonsl.
o films, the Jow energy peaks are mostly associated with

1G.4b. 3). Accordin

In pure M
11 the optical

g to Weaver et a

the plasmon loss peaks (F
n loss

two bulk and two surface plasmo

calculations on Mo should show
ociated with su

1 and 24 eV are as
9,10 In this loss str

t observed. Acco
nd bulk plaS

rface and bulk

peaks. The peak at 1
double volume

plasmon losses respectively

a
nd surface loss structures are no

calculations!, both oW
4 and 9.9 eV respe
The high €
hich 18 not ob

expected at 10.
of these two transitions also. nergy * surface

18 expected at around 14 8 eV, W
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Mo Si2

Mo O3

2
d°N =
(E)/ dES (arbitrary units)

Mo

”
ig.4b.3 ; ELS spectra 1o

i, the double deri




the v
¢ volume plasmon Joss peak at 24 eV with jts large background. From

Ir : . w5
Fee electron model, calculations indicate that bulk plasmon peak should

has
lave gan energy loss at 17 eV. But no such peak is observed, which may be

due to the mapplicability of free electron model to Mo. The loss peak at 38

eV s assocrated with the interband transition as shown in the Table II.
The peak at 47 eV is neither a plasmon loss peak nor an interband
‘ransition, according to the X-ray absorption data given by Beardeen and
Burrll, This structure is not new, since it has been observed in Mo in
PPevious EL.S work and i the X-ray work by Sonntang et al and Haeasel

et allZ13  pp;g type of structure, seen in V was explained by Missel and

Atkingl4 4 the splitting of the excited state through an exchange
‘nteraction between the unfilled d shell and 3p hole. Zashkvara et. all5

Proposed yet another mechanism for similar structure in the second and

the thirg transition metal series. This explanation says that " ionization

Plasmg *

process which involve the ionization of 4p level to a transition of
4d state accompanied by the excitation of a lower plasmon. It is suggested

that the 47 eV feature is a result of 3p hole interaction with unfilled d

shell, apg that splits the excited level causing this special feature relating

to the p--d quasiatomic transition. In the MoOg the surface plasmon was

foung around 12 eV. The bulk plasmon was observed at 22 eV with a

shoulder at 27 eV, as observed by Minni and Werfel® also. The higher
The

hergy peaks are mostly associated with the interband transitions.

1 ists
loss peak at 39 eV is due to the excitation of 4p electrons which pers

, . - ty states
With the same intensity, suggesting the availability of the empty

after oxidation.

86



Table II : EELS in Mo, MoOg and MoSiy

[Loss characters Mo MoO3 MoSip
(V) (eV) (eV)
Low VP/low SP 11 12 =
Higher VP 24 22 .
Mo 4p -Ep+AE 38 39 B
--40
2 X VP e ' o
p--d quasiatomic
related transition 47 47 )
an 64 (1)

Mo 4s -- Eg+AE 65




In the oxidis
‘dised case the peak at 47 eV is more prominent than th
e

the silicide the surface and bulk plasmon losses are

16 The broad peak at

pure Mo case. In

found =
d at around 15 eV and 20.5 eV respectively

around 40
eV may be the second muitiple of the volume plasmon loss

k expected at around 38 eV is not distinct

peak. The 4p--d transition pea
due to t
he presence of the 1ntense plasmon loss foature at 40 eV. The 47

eV < i
peak is also observed to be quite small 17

4b. -
1.3. ELS in Ti, TiOg and TiSlz

ron incident on the clean Ti,

for low energy elect
oscillation and

The energy loss
TiS: ;
iSis and TiOy thin films

resulting from the plasmon

nd the behaviour of d electrons n

dtofi

sha
llow core level losses are utilise
n for Ti and

y ol the oxidatio
19, TiSip 18

ounds. The stud

from different P

surface analytica

t -
he formation of the two comp

toichiometric TiOg 18 available

ial and different

ublicationsls'
1 techniques

ad W ] e
811 characte ISEd mat T
TI: UPSZI,ZQ

troscopy) and

otoelectron spec
o oxidation and

lik ‘
e XPS, IXPS<0 (internal X-ray ph
try of both th

etc_ ‘
are used to Understand the chemis
picture of silicidation and oxidation of

silicidat;
icidation. To get a more complete
T-

i the results of AES and ELS is useful.

EELS of Ti provides different plasmon

e > -
xcitation. In FIG.4b.4 The surfac
v23, However Jike Ta

e and yvolumeé
and Mo,

observed at 11 and 19 €

do
uble surface and bulk plasmon losses:
«tates aboV

Wit :
h the transition of M4,

lev
el. From the x-ray spectroscopiC d
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may be taken as the threshold of the My 3 level and the peak at 37.5 oV is

the t : :
ransition of My, 45 electrons approximately 2 eV above the Fermi

! s ) 3

evel. Similar transition found at 61 eV is the transition of 4s electrons to
t ~ : :

he states above the Fermi level in the d band. Like in Mo an unexpected
Peak is observed at 45 eV (47 eV for Bertels18 work) This is explained in

terms of strong exchange interaction which splits the excited state at

approximately 14 eV above the threshold!8.
The sharp change in the ELS of TiOy is found both in lower and

higher energy losses. Transitions related to oxygen 2p is found at around
7.0 eV, is the O 2p threshold23. The O 2p to Ti 3d band transition is found
at around 10 eV which suggests the availablity of empty states above the
Fermi level even after oxidation. The intense and broad (23-24 eV) is
associated with bulk plasmon loss as well as the O 2s transition. Due to
the intense nature of this peak the surface plasmon loss peak expected at
around 16.5 eV is probably buried in it. Same thing happens to the Mj 3

related transition. The broad peak is associated with the Mys threshold at

34.5 eV and the transition to empty states above the Fermi level is at

around 36.5 eV, which causes the broadness of the peak. The peak at 43
eV in the oxide, which is around 45 eV in Ti is associated with 3p--3d

transition. The peak is more intense than in the case of Ti suggesting that
state is still available after oxidation. The

localization of the 3d*
transition at around 60.5 eV is associated with the Ti Mj (3s) excitation to

€mpty states above Fermi level.
TiSio resembles the result given by Iwami et al24, The peak at 7.5

eV is associated with the Si 3s transition probably the threshold of Si 3s.
eV are surface and

The plasmon losses observed at 12.5 eV and 18.5
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Table III : EELS in Ti, TiO, and TiSi,

Loss character T TiOq TiSis
(eV) (eV) (eV)

Mys related 5.0 - -

O 2p threshold 7.0

Si 3s threshold 7.5

Surface Plasmon 11.0 12.5

O 2p --3d transition 10

Bulk plasmon 19.0 (23-24) 18.5

Si related transition - - 29.5

Mgg threshold 34.5 not resolved 34.0

Mg3 --Ep+AE 37.5 36.5 —-

p-d quasiatomic

related transition 45.0 43.0 45.0 ()
60.5 61.0

M; -Ep + AE 61.0




t around 29.5 eV 18

volum
e plasmon losses. However the broad peak a

mbined volume and surface plasmon

probably associated with the co

stinctly observed, which 18

k at around 34 eV is di
peak expected at around

losses. The pea
3 related transition. The

associated with the M9

nd to be prominant. Similar thing

37.5 i
{for interband transition) is not fou
assocnated with the Ty 88

nd 61 eV which 18

happens to the peak arou
at 45

oV in Ti, is almost

transi
iton. The p-d quasiatomic transition

Sardbitvrd
nishing in the silicide.

4b.
1.4. ELS in Cu, CuO and CuSiz *

s mostly associated with

ower region i
or is at 74 €V ( Mg 3)-

The ELS of Cu in the 1
re level for copp

pla
smon losses, as the shallow €0
p]asmon loss

gly reflected in the

jor O18 stron
4b.5). The loss

e interaction of Cu with S
pectrum

and their changes in this material (shoWT in FIG.

of Cu studied by Jenki

ab
out the plasmon losses. Th

feta

AE
S, was done by Bendro

-
nding nature of oxide and silicide are
S8 structu

In ELS of Cu the lo
¢ g eV and 20.5
= Bﬂk s DOt

1
Plasmon losses. The loss features 2
b

ulk plasmon losses resp

ob
served at ho:ip/2l/‘* energy V@
loss of

apolicahils

Pplicability of the free electron

5 .
t4.5 eV and 10.5 eV areé due to the int

T
he loss peak at 98.5 eV 1s 4@
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Table IV : EELS of Cu , CuO and CuSiy

& v o
Loss characteristics Cu CuO CuSig
(eV) (eV) (eV)
_.__,______________—-————'_._______-J

Interband transition 4.5
O 2s or Si 3s transition =~ 6.5 7
Surface plasmon 8 11.5 12
interband transition 10.5 (7 14 (O 2s--2p)

F 03 5% 19
bulk plasmon 20.5 23
SP+ VP 28.5 2

o 39

2X vol. plasmon

on of O alse

*interband transiti



like bulk
and surface plasmon losses. But there 1s no p--d quasiatomic

transiti :
nsition related loss in the polycrystalline Cu.

| In the oxide a peak 18 observed at 6.5 oV which may be associated
with O 2s threshold which is the charactenstic of the oxide, The peak at
23.5 eV is associated with bulk plasmon loss or interband transition of O

1.5 eV. The new peak at 14 eV

peak 18 found at 11
The interban

The surface plasmon loss
d transition at 45eV

18 . ;
assniated with O Ze~- 2P transition.

after

oxidation OT may be lost in the

in Cu 1 .
u is assumed to exist even

5 eV. It is clear tha 5 eV 1s

intense O 2s loss peak at 6 ¢ the loss peak at 28.
d transition In the silicide the peak at 7
n. The peaks at 1

ses. We could not find any

not associated with any interban

e Si 3s transitio 9 ¢V and 19 eV

eV is associated with th

are respectively surface and hulk plasmon los

n from Cu matri

x after the silicidation indicating the

interband transitio
.ch depletes come of the empty states available for

covalent interaction whi
d with double

interband transition in Cu. The peak at 37 eV is associate

volume plasmon loss.

4b.2. Auger Electron SpcctroscoPY :

Detailed analysis of Si LVV Auger tranﬂition is available only in

27-29 1nteraction witl

@) KVV Aug

lineshape chan

the oxides different

rint analysis 18

case of Ni, Pd and Ca
at108 of

er for fingerp

Auger transmon T
ge of the metal valence

available30.31. In thi

band related Auge’ tra

explained. St LVV lineshape
ion of metals

changes for oxidatio

Q0



W rS

derivati
ative mod
e. XPS results are also given here to complement the AES

res
ults and conclusions.

4b.2
1. AES of Ta, Tay05 and TaSiz

ng states formed 1N the Ta and Si

Different bonding and antibondl
UPS work32. In the w

ork by Azizan el al33 the

: .
nteraction is available by
w the Fermi jevel. The non bonding state

bond;i .
ding state is observed far belo
The increase in the

he silicide.

15 also
observed near the Fermi level in t
e metallic character and

concordance with t

DO
S above the Fermi Jevel in
e antibondjng state

the hi ;

| igh electrical conductivity helped in predicting th
in the eilic

e silicide. LEED study shows @ change 10 the 7x7 structure 0 1x1

he 4 ML of Ta on

gi. The onset of the rapid

a
pattern at 850°C annealing of t
phase was obtaine

silicidati
cidation was observed at 5000C and a stable

850034,

In FIG.4b.6 the T2 NOO and NNN , twe valence pand related Auger
for pu
a7 and 172 eV and 18

transition- The

t s
ransitions in d(QNYdE mode

re Ta shows 2 doublet at 1

plitting of the N,40303
. which shoW®

d to the NNN transit1on

f oxidation

shown. The spectrum of PY
associated with multiplet
transition at 180 eV can be attribute
£o eV in case 0
v ( 170.5 eV 1

(165.5 11 oxide

an

Auger chemical ghiit 0
c .

ase of silicidation. The 172 €

s
ith respect to the peak at 167 eV
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increases wi 14 vV
SCS ith silic
licidation. ableV shows peak energies and rel
T relative peak

0

differ )
ences for the two bonding states of Ta’

Table V
g . Variation i : sey
silicidation of Ta. in moultiplet splitting due to oxidation and

s S
NNN Peakto peak

Materi
aterials N 40303 N40303
p1eV) po(eV) (V) height ratio of p2/P1
: _____.__,_._——____.___
a
167.0 172.0 180.0 .32
Tas0
2+5 165.5 170.5 178.0 2
Ta8
12 166.0 171.5 179.0 39

e
ngerprintmg in the oxide and silicide is also

The change in the Auger £
dation

s of participatio

nofd electrons differently for oxi

explained in term

and silcidation.
I AN account of th

and the below Fermi level P!

FIG.4b.7&8. As the
|ts are also J&b

XPS resu
ft of T 4f line 18 shown. It shows 2 splitting

hinding energy

emical chift 18 0.7
s the differe
ift obtained mn

spectroscopy, SO

In FIG.4b.7 the chemical shi

of 4fgsp and 4f/o 8l the peak

ilicide the ch
nt amount

respectively. In the s
oxide the shift 18 approximmely 5.7 eV which show

¢ in the two processes.

of charge transie

case of the Auger ¢ransition 18
final state in the Auger process :
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The variation in splitting structure in the oxide and silicide, and

.+ NNN transitions, can be confirmed In

their cause explained 1n the Auge
In F1G.4b.8 the valence band

the valence band related XPS results

Je depletion of the d band near the Fermi

picture is shown. In the oxide tl

appearance peak at around

of a new oxide

level is observed along with an
d bonding

n the silicide the gj p and metal

6 eV below the Fermi level. I
_ The broadness of the

states are observed very near t
metal d state 11

peak may be due to the presence

the silicide.

4b.2.2. AES of Mo, M0O3 and MoSiz

Mo and and its silicide is 20

theoretically an

calculated by Bhattachﬂry

and relativistic pseudo potemml

DOS and main projec of the valenc®

oermssmn) 8

ding and 27

(Inverse phot
band. Different bob
available. Localised Si 3

BIS study by Speler et @ 1 above Ef(
0 ave
Mo d states at g eV pelow Efan nd 9eVa

interpreted as the pondin

reflecte Au er S pectra.
d in the AVE ¢ differef“ expo” .
L o surfac® g2

al ch
In the oxide, t gyprcd » misOI’P"‘o
18. The influ®

found by anl et al
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levels has beep established by Floodstrom et al37 and explained by
Johnsson and Martensson33, The localised effect of small charge transfer
of Mo 4d electron towards oxygen was observed by the XPS work. However
the magnitude of broadening and shift of XPS peak is such that there is
ot a complete transfer of Mo electrons to oxygen atoms as observed in
M002 by F.Werfel and E. Minni8 To get the idea of charge transfer in
oxidation and silicidation , the valence band related Auger transition

MNN fingerprint is analysed.
The MNN Auger line shapes for Mo in pure and in compound states

are shown in FIG.4b.9. The peak at 188 and 220 eV are due to MysNg3Nys

and MysNysN,5 transitions respectively (FIG.4b.9.). The changes due to
chemical bonding are more evident in the MysN4sNy45 Auger transition. In
molybdenum silicide the peak intensity at 220 eV is apparently found to
decrease, resembling the result by Atzrodt et al3® . However the area
under the positive excursion of the Auger peak increases. The change in
intensity was calculated by finding the area under that peak of oxide and
silicidel7. In the table, the ratios are shown.

XPS core level binding energy for Mo-3d line is shown in the
FIG.4b.10. In the oxide the chemical shift is observed to be 4.74 eV where
as in the silicide it is approximately 0.5 eV. The valence band of pure Mo

(FIG.4b.12) is constituted of very sharp d band at approximately
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Table VI
: Variation i
in VB related A
uger transitions in
Mo due to

OXxXi i
dation and silicidation

Samp]es
- M 45N o5Ny5/M45N45N45
e
1
1.02
MoOy4 1.14

ue to the silicidation the bonding and non

ermi Jevel. The main
e oxide the depletion 0

and appears at = 5eV

2
eV below the Fermi level. D

bondj
ing states are observed near the F
fthe d

Si
pb
onding states are found at = 3 eV. In th

band
nea :
r the Fermi level and the oxide valence b

b
elow the Fermi level.

4b.2.3
. AES of Ti, TiO, and TiSi2 *

Different chemical propertles of Ti/Si and /0 2
interest. The composition » electroniC
! s a function of

Surfy
ce analytical technique 18 of 1

Struct
ure and reactivity of Ti/S1 surface
13 According t

te

St;nrferature and deposition (ML

c S at considerably lower tempemfure below 3

° extend over a distance of IOOA from th Si interface. The low
different struct.ural roperties from

Pe
rature intermixing leads the
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that of the hi
gh temperature silici

cides. At suffici .

60000 _ ciently high temperat
) the growth of TiSi and TiS1, was observed persiiie 2

To stud A '
y the oxidation and silicidation the LgMpsMos Au

# 3 ger

transition at 38
3 eV and LggMogMys transition at 418 eV is shown in

FIG.4b.12
N . The peak at 383 eV shows the splitting with a peak at 387 eV
1s splitti -
plitting was eluded by adequate explanation. This doublet is
hole final state in the

e the L3M23M23
523,

explai ; i
plained as being due to the interaction of the two

3 :
p (My3) level with the unpaired d electrons. In the oxid

ns are found with deformed peak intensitie

a
nd LgsMgsMys transitio
riation with respect to LozMozMys

T . .
he splitting of LogMa3Mgg and its va

hough it is very tough to quantify the data due to

is shown in the table. Alt

the background of the splitted peak .

T v : ;
able VII : Variation 11 multiplet splitting in Ti AES due to
oxidation and silicidation.

L;jl\i,,5!\1451_449) /Lgl\!lggNizg

Materials 387/1,:?\Ig:jM-35

(direct mode)
e
TiO, 0.62 0.05
TiSi, 1,12 0.2

MM fingerprint due fto silicidation and
different LMM ratiol

erved that the multiplet

The change in the Ti L
n direct and

monitored by measuring the
m the Table it 1s obs

g in TiSig but decrease

oxidation is
derivative modes. Fro
s in TiOg. Similarly the

splitting intensity increase
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Variation of L
3MysMy5 /LopsMoaMoq i
45 b23MoglVlpg 1s found to increase in th
e silicide and

dOC! egse Q
| J | = Fhe COHCIU..IOI]S n the Auger EJeCtr()ll Spet: ItlSt:tlpy
o ]f ._Uppo Gd bV tV
% the XPS reSUItS fOl’ Chemical Shlfts and th
results 58 Tt e aIence

band
pictures. In the oxi
oxide a large chemi
mical shift of 5 eV i
1S observed

L 0y S a Lt &) ] 1 y CUI n

transfer fr
om
. I metal to oxvgen (FIG.4b.13). In the silicide a v ry sm
mical shift i1s observ 1 .
ed, which is be
yond the resolution
of our

Se d ] 1
y

to the Si 3 :
s band, which shows the non--participation of the 3s electrons

1
N the metal Si interaction.
4b. :

2.4. AES in Cu, CuO and CUSi,

In FIG.4b.15, the LMM transition for Cu and its two compounds is

show i3
n. The LMM of Cu is interesting theoretically because of its splitting
L3M23M45, L31\/1233'4[23 and

transiti n
8
1itions. Here we concentrate o the

LsM
3 - -
45My5 transitions at 841, 768 and 921 eV respectively. However in
s important. The other

the .
present observation the LgMp3Mgg transition I
s40_ In

tw s
0 transitions are strongly influenced by localization of 3d hole
(768 eV) is directly connected with the

electrons. In case of Cu
rved. To

d in

general, the spliting of LgMagMa3

In 5
teraction of Myg (3p) holes with the unpaired d
tely filled, the splitting is obse

t -
hough the d orbitals are comple
tion may be represenre

a . - v . .
ccount for the origin of the splitting the trans:
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terms of the 1
¢ entire two hole outer electronic cinfiguration 1L.e€. 3p43d10

o the exchange interaction

Th _
e observed seperation may be related t

betw .
ecn the unpatred clectrons in the two hole state
itted L3M231\’123) peak 1

sion changes. The

In the oxide 777 eV peak (spl s found to be

of the positive excur

o .
ery sensitive. The intensity
here 1n the oxide U

he ratio is

nat RO :
ure of variation is shown 10 table , W

ob
served to decrease and in the silicide 1t increases
Table VI : Variation in multiplet splitting in C© due to oxidation

and silicidation.

- e
aterials 77/L3M23M23

P
Cu 1.375
Cu0 1.036
CuSi, 1.83

. 1 and the chemiC
face is very smad
Cu-S1 interta all, But the

In case of Cu, the

shi
uft of Cu 2p line towards the 1

change in the Cu 2p lineshap® indicates interac o -
| e ba
FAGL st Sherved to b8 1.2 eV (F1G.4b. 16). In the valen g N
alise with peak at 3.5 €
c

th
€ Cu 3d signal is very strongly 10
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ened because this

Fermi
i level. In the silicide the 3d feature gets broad

includes th i
¢ metal d and S1 p bonding states. In the oxide the d band is

shifted tow 1 r bi r Serv n
vards the highe binding energy and is obse ed to be broadend
g -

(FIG.4b.17).

4b. i
2.5.8i LVV Auger analysis

erived a lot of interest both 1n

Si LVV Auger fingerprint has d

tal investigation to understand the interface

theoretical and experimen
aterials. Theoretical

ch S
aracteistics and electronic structure of the silicide m
ele ; : . s
ctronic structure calculations indicate quahtatively the behaviour of
me Nici , : -

tal silicides and expenmentally for PdSiy of CaSig. The changes in the
es has been observed by Roth and

r different silicid
e shape of Si LVV

Si ﬁngel’printing fo

C ;
rowell27, . Fe1belmann41. showed that th
nt of Auger transitions - Si

electron treatme
al state yvalence band

predicted from an independent
LVV Llineshape 18 assocmted with three types of fin
or two S holes

. two P holes, e and oné P hole,

one S hol
pectively. These three

g or delocalization of

Auger transition
res

sp and

known as as the PP
arface effect

o an jrregular Si

served in gen

ctual cxperimantal

und equ.no-

owing to the 8
line shapeé

contributions are not equal
3s orbitals in the presence of core holesi?. S
oral. The

convoluted with these
ed from the &

the backgr®

intensity ratio s for ss, SP and PP obtain
data and the fit of the equation (given 10 ) 18
pis 10 .

gj origin

5 100/1 and pp/s
hanges notl

cebly from its

found4? to be pp/ss
araxneter43

LVV lineshap¢€ c

e small changeé: define 2

In silicide, the S1

(FIG. 4b.18). To appreci_ﬂte th
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Table rx - : ; ;
* The ratio of the excursion heights R, /s, in Si LVV

lineshape analysis,

Materials

d electron conf Loe/Len AH/TM atom4
o 8.5
Tasi, 3 4.62 1.21
Mgs,.? . 4.38 1.36
TI'S{2 3 4.79 1.4
Cusi, 10 5.13

N e

. |-Si bonds.

AH T eta
VTM atom Is a measure of relative covalency of me



are excursion heights as shown in

Rpplsp = Lpp/Lsp where Lpp and Lgp

FI A i .
G.4b.18. The Rpp/sp data for silicides ad Si are shown 1n the Table IX,

n the value for silicides as compared to Si. The

which indicates a decrease 1
with silicidation, and a

table IX shows the variation of the Rpp/sp

observed. Among the silicides there 1s vanation

mment. The probable ¥

decrease in the value s
easons for the

but the variation 1s too small to co

variation of the Si lineshape 1n gilicides 18 expluinod later.

4b.2.6. O KVV Auger Lineshap€

n an atomic model K,

nd state of oxygen is 1522s22p3. SO i
and three electro

The grou
ns respectively. In

L; and Ly level contains two, 0ne

solid state compound the KLL Auger spectra of oxygen have generally four

structures, KlLogl23s, KLiLo3 3p) and  Kliles (1p) and KL,Lq(1s)
term of the

transitions. The symbols 1

final two hole configuration.
e that

he oxygen 10 ¢

he other element. If we assum

chemical bonding of t
; 31
Log shell participating in £ ponding we 8%
q(L‘gg) _ 4e + DA®
and qll1) = 2e, 4L, shel
. . n shells
ds anq 2e are the elertron charges associated with the L23 ° '
hich will be
of the isolated neutral atom. Aage is the addltmnal charge
added by the chemical reaction o of L Ly/KLasl23
. the intensity rat10
We1[3mann31 showed that
bove d;scussed
fer (du€ to the &
de ount of charge trans ,
peca S5 the 7 In the presen observatlon we have
on

argument) in the process of oxidmi
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e
P » ’ .
l

rely, 10 undcrsmnd the behaviour of the

states +2 r

9 +4. +b and 46 respeclve
oxygen KLL i '

) 1n
; gerprint 1n these materals. The data for Fe(+3) is taken
om l1 — v
from literature to get the trend.

ation the valence band redistribution

In the chemical process of oxad
he amount of char

atio of differen

ge transfer that causes 2

t
akes place which depends on t

change i
ge in the O KLL transitions Sother

1s tak
en to characteriz€ the oxidation process 11 t
5/KLo3li23

In F1G.4b.19 oxygen KLiL2
os are shown - Itis observed that,

t KLL transitions

hese materials.

intensity ratio in the

deri -
rivative mode for different oxid
creases with the increase 10 the oxidation state

1) form Ti to Mo the ratio 1n

e no of d electrons.

pendent on th
the oxYy8&

ii) the ratio seems t0 be de
al originates

y bonded )

en Auger sign

xide
and hence it is a

In the jonicall

complicated system

oxygen (which 1s mostly €oV?

metal due to metal

effectively become€ moure
ge transf

values do not S
chemical shift may not be 2 8°

Fey03, FeO , the chem
fer in

) QA hlﬁ
atomic charge tran® n FeO is MO

=nal state,
depends

transition probablity
of 2p ejectron®

localization behaviour
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electrons.




In determining the intensity ratio. In the metal -O system the localization
or delocalization behaviour is influenced by the metal d band, which is
involved in the chemical bonding. With the increase of the number of

unpaired d electrons , the 2p electrons become less localised and so the

Klp3lpz transition decrease more than KL;Los hence increasing the

ratio. On the other hand the electrons are getting paired in case of Fe and
Cu, the oxygen 2p electrons become more localised than in MoOg. So the

transitions increase more than KL;iLog hence the ratio

KLg3Lyg

decreases.
However the ratio KLjLg3/KlLgsles in Cu and Fe is more than the

value for Ti or Ta though O 2p electrons in Cu or Fe are more localised
that in Ti and Ta. So the extra charge added to the oxygen neutral as well
as the localization of O 2p electrons44.45 (which is strongly influenced by
metal d band) are the two important factors in the O KL;L93/KLg3lns

ratio. We can make only qualitative remarks and we do not have

relevant and sufficient data to come to any quantitative conclusion.

4b.3. Electron Impact Autoionization Process :

As discussed earlier, the valence band DOS information can be

obtained from the Auger spectra involving the valence band electrons as
the Auger lineshape is the valence band density of states convoluted with

itself.  Similarly, the autioionization transition which is also a
radiationless transiton particularly shown by the unfilled d electron

transiton metals is directly associated with valence band and of the
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unfilled d states. So the feature is of special interest in studying the

chemical interaction in transiton metals.

The electronic configuration of transition metals ( of course the
interest is more on 3d transition metals) show very special and intense
spectral features in the loss or AES study which is related to the atomic

multiplet. These peaks have been explained in terms of the resonant
configuration that follows from the excitation to the quasi-discrete d levels

and to the continuum in the synchrotron photoemission study. It has been

established that the existence of autoionmization levels should influence

both absorption and emission spectra. As autoionization levels show

strong autoexcitation it should show strong emission, either in

photoimpact or electron impact process of electron (or atomic) excitation.

In general the spectral features are interpreted in a single particle scheme

associated with the Fano type interference?6.

4b.3.1.Autoionization in Ta, Ta,Og and TaSiy

FIG.4b.20 displays the autoionization in Ta and its two compounds
along with the SCK transition. From the clean Ta surface the peaks are
observed at 6, 16.5, 23.5, 27, 34.5 and 44.5 eV. The transitions at 34.5 and
44.5 eV are related to the autoionization process due to the excitation of

op electrons above the Fermi level and their subsequent relaxatio D
n. Due to

Strong spin-orbit interaction, p levels are split with a separati f
1on of 10
Thus the peak at 44.5 and 34.5 o

. eV arise due I-—
transitions involving Oulpyse) and to recombination of d-p

O3(p3/0) respectively. The peak at 23 5

eV 1s associated g
with the 5 ;
€ aulolonization wvia 4f5/m-d recombination
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According to indi v 417 e
- g the binding energy level given by Nyholm et al th
calculated "AY 3 it V | ea
O3 Auger transition is expected at around 24 eV. A peak
.

observed at a 23.5
round 23.5 eV may be attributed to this Auger transition

This is i i
in good agreement with the results by Palacio et alf. It is

of Ta show some atom-like character in

conceivable that the 5d electrons
holes, which is clear

th ' c
e excited state and interact with the potential of 5p
resonances produced 11 the autolonization

from the interference of the two
feat
ures. The strong feature at 16.5 eV corresponds to the N7045U45

he feature at 10 eV can be associated with

Auger transition. However t

Auger transition from the binding energy calculation given by Nyholm et

ald7t,
The valence band related either Auger transition or autolonization
the information of near

e secondary electron. The

Fermi-level d band
ground
the

feature can be helpful to get

nably low energy of th

lled d orbitals. As discussed earlier,

nsition. The p-d

states at reaso

state of Ta 1.e. 5p65d3652 has unfi

interaciton will cause 5p—-5d qunsiatomic tra

flected in the ELS and Auger
d state. The energy of

nt relaxation are re

excitation and conseque
e occupancy of the

hus it manifests th
can be given %

-Egd -9

m the 5P levels 0
5d electrons and ¢ =4
peaks are expected at

which agrees well

spectra and t
autoionization electrons

Eguto = Eexe
he excitation fro

g energy of the
ed autoinozation

where Egxe 1S t ptained from the ELS
-
results, Egq is the bindin 5 eV is the

g this, calculat
pvels respectively.

work function. Usin
for p1/2 and P32 1
the FIG.4b.20.

43.5 eV and 33.5 eV
~itions shownl m

with the low energy AES peak pos?
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showing autoionization features. The inset shows the
same in the double derivative mode.




In oxide and silicide of Ta the nature of the

autoionization fe
e the (¢ band re

ature
“;.”If g‘[\!

distribution after the compound formation, The

INtensity of the auortoinzation feature is directly related to the probablity

which in turn gives the empty DOS in d band. In case of

oxide the Intensity at 44.5 eV IS Increased an

of the Iransition,

d in silicide the peak is
decreaged relative to the feature in pure Ta. However the peak at 34.5 eV
IS not changed much. Jt Is observed that this peak is also associated with

the O,VVy Auger transition which 1s not much affected due to the change
n the DOS

A dip in the DOS is observed in silicide and is increased in the

1 t oxidation
OXide, This indicates about the charge transfer in the process o

it .5 eV in case
and silicidation. The 09045045 Auger transition at around 34

: .5 eV, though in
°f oxide is found to decrease relative to the peak at 44

k. The peak
Pure T4 the 44 5 oV peak is more intense than the 34.5 er}‘)ea o v i
. ition is foun
at 27 eV, associated with the 03045045 B tenal

1 ] de
1 double derivative mo
intenSity In the oxide and silicide as shown 1n the do

i ition is decreased to a
(FIG.4p 20). It is obvious that in oxide , this transition

lieﬁ arge 1S
i icates that the Ch B
nite te t th n that J.Il and aISO lndlc t
exten a ]a

de we have
the normal mo
transferred from the metal to the oxygen. In

f‘~'31‘mation,

nasiatomic
urs due to 4P 4d q
Mo occe

. in
Autoionization features trom the empty €

xcited state of

S
transjtj(m_ The autoionization m
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the 4 " o . ;

P electrons ang the effect of OXVgen exposure op autoionization ;g

Stu ] » o ! »rv ' . ~ .
died by Colavita et al48 The electron emission Spectra for Zr, Nb, Mo is

ObSGT‘\'ed by Cornaz et al where along with the MpaVV Auge

r transition
t 3
e 53”“)11]028UO“ f(?.atUI €S are ObSCl'VG‘(i and the

atomic behaviour of the
4p-4d EXCitations are

manifested from the observed structures and thejr
hergy sprea d.

T.h C yr

found state of Mo js 4pb4d®5s1 which undergoes different

Citation duye to electron impact. In an atomic model where p
tlectrq, IS

knocked out completely from the atom and the successive

f‘elaXathH Process gives rise to the Ng3VV Auger SCK process. In the

Other €XCitation, whep the p electrons are excited to d levels to some

; ves
€mpty, State to give 4 conflguration do+1, then the relaxation process gi

Nse ¢, the autoionjza

s
tion phenomenon. So the energy of the autoionizatio
fi

3 . . Ound 32
“atupe cujcujated from the equation given earlier is expected at ar

d
e : A 17 he FIG.4b.21 a broa
: takmg 4p excitation to be 38 eV from ELS!/. In the

' : ibuted to the
featum Centerjng at about 34 eV is observed and is attribu

s s ed at 29
Lt 7 nsition is observ
toxomzatmn Process. The NogO,5045 Auger tra

tly
3 . changes firs
eV In Case pf MOO3 the autoionization showed mostly two

the
oh,

, . These two
€nergy ang secondly the width of the autoionization f(?at::':n oty
SEH‘Vattions can be explained by a change in the dlsmbue expected to

‘na States aboye the Fermi level. The number of d boles :I(;ver a higher
i“CPease due to the charge transfer to the oxygen and mor

) ﬁ.om
- oct transitions
limbe - ‘lable for the direc
= of sp like states should be avail

' iad a8 due to
be explalne
4p CO]"e IeVe]S as I't I-S OXId]Sed : The broadﬂess can

idation.
the oxida
[hr delocalizatfon of the p and d electrons after
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4b. 3. 1 4
o 2 12 =

In the ox
xide 235 0f | ' y

i1on process of 3d transition metals studied by Zajac et

ce

J ]’L 1S }] }l X ¥ W
a ' > 8 0 W t & i y

v bUt. [he
. autmomzat]o 1 ] )
n emission 1s Jeﬁ. a
sa Seperate peak pinn
ed

"n..ru
in Ti, the

above th
€
3p threshold. In the resonant photoemission

Fesonance w
as observed at a photon energy 14 eV above the threshold

Howevep ;
" :
It was found simultaneously that in T10y the oxide valence band
“mission j
. I 1s enhanced at the 3p resonance energy. In FIG.4b.22 the low
“nergy
EY peaks are found at 28 and 47 eV. The peak at 28 eV is MysMsM5

SCK -

peak. As evident from the ELS and soft x-ray absorption spectroscopy
the ¢

he 3p electrons can be resonantly excited to a final state 47 eV above

th .
€ ground state i.e 14 eV above the the threshold. So the kinetic energy of

th . .
€ emitted electron is calculated from the equation,

Eauto = Eexe - Egq-¢
to be at around 38 eV, taking Eexe =45.5 eV from ELS data and binding

€nergy for 3d electrons (Egq) to be 3 eV. But the broad autoionization

feature at around 41 eV is observed in the pure 1.
ew peak appears at 15 and 23 eV along with the

In the oxide two n
e two peaks are associated with the
hange in the primary beam

above mentioned transitions. Thes
the crossed Auger

Auger transitions as it is not shifted with the ¢
energy. The peak at 23 eV is mostly associated with
s Mgz of T and Loz of oxygen. Due to the change

1 eV is

transitions involving level
toionization feature at =4

in the valence band structure the au
enhanced in the oxide over the pure T
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4b.3.4. Autoionization in Cu, CuO and CuSi, :

In the ELS of Cu. we found no p-d quasiatomic transition loss,
which is in good agreement with the work by Zajac et al#¥. where no
discrenible gain satellite was observed in Cu. At 60 and 58 eV My3VV
Auger transition is observed with a sharp spin orbit splitting of 2 eV of My

and M, levels50.51 (FI(.4b.23), which is observed to be very sensitive

towards oxidation. The splitting vanishes, indicating the oxidation of Cu.
This indicates the migration of d electrons from metal to oxygen, which
decreases the splitting giving Ni like configuration. In the silicide the
splitting is maintained. It shows that the d band population remains
unchanged even after silicidation.

From the above model it is clear that autoionization feature may be
a good probe to get information above the Fermi level, in a chemical
Interaction. In Si/metal interaction the cause of conductivity of the
silicides is due to the p-d antibonding states. But it is suggested that the

antibonding states are empty for refractory metal disilicides. But by BIS

& V w4eedinn S+ e aetahliched that
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Fig.4b.23 : Low energy AES in Cu, CuO and CuSi; . No autoionization peak is

observed.



4b.3.4. Autoionization in Cu, CuO and CuSij :

In the ELS of Cu. we found no p-d guasiatomic transition loss,
which is in good agreement with the work bv Zajac et al¥¥. where no
discrenible gain satellite was observed in Cu. At 60 and 58 eV MygVV
Auger transition is observed with a sharp spin orbit splitting of 2 eV of Mo

and M, levels?0.51 (FIG.4b.23), which is observed to be very sensitive

towards oxidation. The splitting vanishes, indicating the oxidation of Cu.
This indicates the migration of d electrons from metal to oxygen, which
decreases the splitting giving Ni like configuration. In the silicide the
splitting is maintained. It shows that the d band population remains
unchanged even after silicidation.

From the above model it is clear that autoionization feature may be
a good probe to get information above the Fermi level, in a chemical
interaction. In Si/metal interaction the cause of conductivity of the
silicides is due to the p-d antibonding states. But it is suggested that the
antibonding states are empty for refractory metal disilicides. But by BIS
(Bremstrahlung Isochromat Spectroscopy) studies it is established that
the antibonding states are mostly found in the 2-4 eV above the Fermi
level . So autoionization feature is a measure of the formation of states
above the Fermi level. In Cu the p-d quasiatomic transition is not

observed which indicates that the d band is filled, so there is no d*

autoionization level for the autoionization transition to occur.
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Chapter IV : Section C

Discussions and Trends

4c, i ;
1 Consolidation for each metal :

We have discussed 1 i
scussed 1n section IV B, the results of all four metals as

t techniques employed. In this section

studi
udied by each of the four differen
for each of the metals.

“?e c .
onsolidate the results of different techniques

des an integral picture of DOS of individual

Thi i
his material approach provi
or Si. Though this gection re-

m . 1
etals as it binds chemically with OXygen

presented, a complete picture of each metal 1s

views the results already

fo
und necessary for clarity of understanding.

the loss transition of Ta, and its compounds,

are found to be interestin

y of the empty DOS = 5eV

T

a, Ta,Og, TaSiz : In
atures at 49 and 39 eV
availabilit

g. In

Particularly the fe

g show the

pure Ta, these sharp peak
ese peaks show

and silicidation th

ation
are enhanced. which

ahove the Fermi level. Due t0 oxid
e of the oxide
pty DOS after ©
remarkably as dis

chapter [vB). In the
on,

marked changes. In ¢as the peaks
in the em xidation. But after
t 49 eV 18 decreased
pectra (FIG. 4b.2,

to p-d antibond

S »
hows the increase
tinctly shown

silicidation, the peak a
ing state formati

k intensity. This

T gilicidation

in the normal mode of the s
d silicidation due

thus decreasing the pea

covalently bonde
ffectively,

08. However the

jon state afte

empty DOS decreases e
peak at 39 eV

indicates the formatinn of t
does not

which causes a diP in the empty D
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Nhlo"\' i {
Wihe decrease NSIty as it )
Case in intensity as it is expected (because of the dip in DOS)

as 1t c: SO0

an be associated with the double volume plasmon loss also
‘h ClhAse tLE) ] ;

ot Auger electron hingerprint the multiplet splitting of NNN

tranq ;
Sit)o — ’ :
N mantfests the state of the valence band after silicidation or

Oxidat; ; .

tion. The multiplet splitting of transition at 167.0 and 172 eV arises
due : g

to the interaction of the two hole final state in the p level with the

Unipai " . . )
Paired 5d electronsl!. Following Ta oxidation there is a decrease in the
nu ,
mber of d electrons in the valence band that reduces the electron hole

MNteprant: o
leraction and hence we see a reduction in the splitting of the shoulder

Peak at 170.5 eV, For silicides, however this splitting still exists and there

'S some increase in the shoulder peak intensity (TableV) thus indicating

AN effective increase in the d electron population due to the overlapping of
Sip orbitals with metal d orbitals. The Ta NNN transition in the oxide, at

180 ev shows a shift of 2 eV due to the fact that following oxidation, the

| ~ % 5 § .
4 electrons of Ta are donated to oxygen. This situation does not occur in

the silicide where mutual sharing of electrons takes place in the form of p-

d hybridization states. Ta NOO transition in the oxide decreases (decrease
On the positive excursion), and can be interpreted in terms of the

deDOpulation of the d band. This is further complemented by the XPS

results which show the formation of some bonding states near the Fermui

leve].
the p-d hybridization

So the depeltion of d electron in the oxide and
pyl. In

in the silicide leaves all the signatures in autoionization spectrosco
jve. The related transition

autojonization, the peak at 44.5 eV is informat '
| ove the Fermi level) 1n

shows the availability of empty DOS in Ef (5 eV ab
oxide are donated to the oxygen 2p

case of oxide. The d electrons in the

114



orbital tq form prodrm}inzmtl‘\- 10nIc bonding that cause an increase in the

Probablitv of {ha p-d transition. Again, Si has incompletely filled 3p

Valence states, so thore jo a mutual Shnring oF dlditrons from the S; i

la d band levels to torm antibonding states. This sharing eftfectively

fecreases the empty DOS near the Fermi level in Ta, which supresses the

HUasiatomic transition in accordance with the model given by Penn? to

" ] . '
"Xplain the resonant photoemossion.

Mo, MoO,, MoSi; : In Mo the loss peaks at 38 and 47 eV are related to
the excitation of the shallow core level electrons above the Fermi level.

TheSO Interband transitions in the silicides are diminished or vanished
becauSe of dip in the DOS above the Fermi level after silicidation. In the

1 is 1s due
“Xidised case these peaks are observed to be more prominent. Th

0 the ionjc nature of MoQj5 , where d electrons are transferred to the

OXygen atom causing more vacant states and consequently more p-d
lonizati eak
QUasiatomic tranpsition. It is observed that the autoionization p
1 in silici ation
mtenSity centred at 34 eV is almost vanished in silicide. So the form

i the p-d
of p-d antibonding states is the cause of the decrease in p f
he formation o

Quasiatomic transiton obeying the Penn model2. However the

f the change of the
. . AES. The trend o |
the bonding state is confirmed by he 4d band occupancy 1s

1 in t
M45N23N45fM45N45N45 with change e
in the 4e.1.
Measured from the standard Auger spectrum shown 1 . vy
i ith the increa
we can gualititavely infer that wi |
) ptore of the urve transition probablity

N
d electrons in the valence band, MygsN4sNgs N, ratio in the
g the ]{\’145NZ3N45/1\1451\145 45

i sin
Increases consequently decrea
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Fig-4C.l : A plot of My5N33Nys5 /MysNysNys peak to peak intensity ratio versus
umber of 4d-electrons in transition metals obtained from standard spectra (Auger
Hand Book).



ETaph. Thus in molvbdenum oxide the number of d electrons in the Mo

valene ; , _

nee band 1s decreased effectively and consequently shifting the
Aq" \‘r : . . . . .

15:¥23N 42/ M. =N 15N 45 Intensity ratio towards the lower d electron featon

l“ (.: Y : % 3 ] . . . -
I5¢ of the stlicide?. Thus the increse 1s explained in terms of p-d

! : o .
I,Vbr‘ldlz(']tlon State, \Vh]ch ef}’ectlvej}r INereases the d band popu]atlon ln

the Joca) DOS. Thus a strong interaction in the oxide due to electronic

charge transfer and a weak interaction arising due to p-d hybridization

Nnfluences the change in the Auger fingerprint as discussed.

Ti, TiOg, TiSig : In loss feature of Ti, the interband transition peak at

37.5 and p-d quasiatomic transition loss peak at 45 eV indicate the status

oF'the DOS above Fermi level. The peak at 37.5 eV particularly indicates
the p-q interband transition =14 eV above the Fermi level. In the silicide
the p-d loss transition decreases, which suggests that the p-d transition is
Similarly, the p-d transition ralated

B0t dominant in the silicide.
Autoionization peak at 41 eV is observed to decrease in silicide, but

Since z (atomic number) dependence of the

Increases in the oxide.
©Mmission intensity is presumbly related to the d band, oxidation

depopulates the d band, which should act to enhance the &

it 1 ined that the
(autOiOnization) emission. By the same argument 1t 1S explaine

T i 5 1gnificantl
Valence band related Auger transition MagVV, 1s decreased sign Y

the pure Ti
because of the lack of availability of all the d electrons than the p ‘
Auger transition becomes broad in

case. In the silicide the Mg3Mg5Mys .
1 keround, it 1s

width and its peak intensity increases. But due to high backgr
ut the autoionization peak at 41 eV

not possible to estimate the change. B
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1S i bl . ‘ |
almost vanished in the silicide. This clearly shows a decrease i the pead

mpty d states after

QUasiatomic transition due to the depletion of the Ti- e

stheidation.
alysing the valence band related Auger lineshape, had

Allend, 1n an
/LagMa3Mog ratio with respect to

Shown the dependence of the LoMysMys
the d “iccirons, and is observed that with the increase of d electrons in the
1! transition metal series, the ratio increases. So, in our analyses the
Ncrease in the ratio in the silicide suggests the effective increase in the d
electrong due to the p-d hybridization of the metal with Si, thus the
bf)ndjng state 1s observed in the Auger fingerprint. In the oxide as the d

electrons are given to oxygen, the Mys related Auger transitions decrease
Which is noticed in the second column of the TableVII (chapter IVB) In the
Multiplet splitting the positive excursion of the peak at 387 eV is very
Much sensitive and it increases with the increase in the d electrons. This
1S explained from the interaction of the unpaired d electrons with the 2p
holes created in the same atom in the Auger process®. In silicide, the
Population of un paired d electrons 1s effectively increased which increases

is 1 i th
the splitting intensity but the reverse 1s mm case of the oxide. Thus the
ding states near the

i bon
AUg@f fingerprint shows the formation of the |
of the d electrons in case of the

_ . p Jetion
Fermj level in the silicide and dep the sharp d band

. in XPS ,
Oxide. However the valence band plCturedm b suPpressed by a strong
. to oe <
: y low Efis observe .
Observed in Ti at 1.5 eV below &f g the metal d and Si p

i indicatin
feature at 2.4 eV below the Fermi level indica

hybl'idization state.



Cu, CuO, CuSi,y : '
, CuSiy @ In Ti. Ta and Mo the main interest of ELS 1s the

change 1n i1
d be > to silicidati '
g band due to silicidation or oxidation of these matenals. The

transiti . P .
n<ition of 49 or 39 ¢V in Ta. 38 or 65 eV in bo and 37.4 ev or 62 eV In

1# shallow core level electrons to the

Ti i
i are related to the excitation of tl

sta ; :

tes above the Fermi level. All these materials have d band empty states
S0

that they show these type of transi1tions. But in case of (Cu where d band

is filled we did not find any such transiten (as is evident from F1G.4b.23

ansition in the ELS may be related to the

chapter IVB). The interband tr

In the silicide of these materials these

e 4s level.

or vanished which sho

transition to th
ws metal d and Si p

transitions are decreased

the effective densit

y of states above the Fermi level is

hybridization ,

decreased.
The variation of LLMM lines of Cu due to oxidation or silicidation is
ergy parameter. defined later, and a localization

ork by Yin et

explained by an én
al6.7 the energy parameter VE

parameter. From the W

deﬁned by’
ve = [ BG) - B(k) - BM) ] --KGkD-

ing €

nergy of the ith shell obtained from

perimental pind
c energy 1o a metal

B(i)'s be the ex
XPS and Kkl 18 the
s Fermil level. Th
] state kinetic €

4 double hole

kl Auger kineti
)—-B(k)——B(l)] is the single hole

ger transition whe

experimental ]
e first term (B@
re as

relative to it
nergy of jkl Au

kinetic energy - Thas

(hYPothetical) fina
ained from the

KGkl) is the observe
difference bet

indcpendent o

measures the -
f the reference level or other 8Y stematic

same sample and 18
nd as d orbitals

nities. Ve giv

physically jmplies high de

uncertail es a MSINE e
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S , N onme

Sp]ittin . o ' R ]

g shown 1n [F1G.4b.15 (chapter IVR). The localization of holes 1s
]mpnl-t' . 4

ant in the multiplicity and the intensity of splitting. In the oxide
.d showing the delocalization of the

these splitti .
se splitting kinks are almost vanishe

e to the the pure casg. In case of silicide there 18

h - 5
oles in the oxide relativ

ant than the case of pure Cu. So in

some kink, which 1s more promin

localised than the oxide and pure Cu.

the silicide the d holes are more

e cause of Si LVV line shape have been explained by

ding its change due

Si LVV line : Th
to silicidation. At the

t : i
he reports in the literature regar
onds are being m

ostly p electrons result in the

Si surface the danghing b
n the LVV lines

cides owing to0 the

d that

hape. In cas€ of sili

dominant feature i
raction of S1 with metals , interface states are forme
is situation implies

chemical int
e
that the surface

face charge. Th

can accomodate the sur
ome

ved from

the gap region and are replace by s

states are remo
y the pp contribution 18 observed

at a decrease 11
(Table X). The localization

tion states. So th
pared to the p
can be explam
¢ al8. Si 3s or
where they 8r
tensity of th

chemisorp
are ol

in the silicides com
according to the

f Si 3s orbital

explanation given by Ramaker €

licides compar

ation effect 1N

ed from this ’

pitals are much more

e involved in the

behaviour ©

ed to the Sli
e s related

localised in sl

bonding. This localiz
n silicades.

creases the 1D

contributions i
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4¢.2 Trends :

The centrd : ' !
ntral role of d electrons il determining the compound

ronertics eme v s :
properties ¢mMerges from the atability of the structures. Calendra et ai®

ShOW 3 ’ 2 .
ed the various crystal structures with the number of d electrons and

relating them with the clectronegativity differences between the Si1 and
the corresponding metal. In fact, valenen plectrons which include the d
electrons, determine bonding and the stability of the silicide. The
dependence of electron transition features observed, on

ve metal are listed below:

the number of d

electrons in the respecti

i) From the plasmon 0SS, assuming the frec electron model is valid, the

od by using the equation

(n) can be calculat

effective free electron density
\1/2 where n 18 the fre

for the plasmon loss as ‘Im)pa(n e electron density. In
jonately with ho)

FIG.4¢.2 it is shown that n inereases tpmport
among the refra
atom 1t shows a

en Cu and gi. Among the

ctory metals. But in case of Cu

number of d electrons,

d electrons per

reduction in the loss.

though it has ten

teraction betwe

This indicates @ weak 1D

refractory metal gilicides the fre
he d shell. 0 €

o electron density increases directly with

annot be calculated for all the

the number of electrons int

ctron metals

dly are free ele
q AT B¥ for Mo and 45 eV in

at 39 eV In P
9 and 14 eV res

systems since they har
tudy the peaks

Ti have similar energies and are 51

ii) In the loss 8
pectjvely above their

XPS binding enerey values. The gtates available at these energy values
. sidation and

cause the p-d quas1at
he chang®€ in the d

enhances 1D oxidation: Thi .
1 warll u, due t

band due 0 oxidation and silicidation 23 explained ¢ arlier. In 0
£ the d pand, this type of peak 13 not ahserved- In 5d

the dl0 nature€ o
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transition g T 1 ’
metal Ta. this interterence loss transition is not observed. So

In T1 (3d) the p--d+14 eV}, in Mo(4d) p--d+9 (eV) and in Ta (5d) p--d+5

1,.\', 5 . = 3 .
transitions are useful in understanding the nature of the bonding

formed. The vamshing of these transitions in the silicides indicates the
depletion of the p--d transition, which is due to the M-d and S1-p
hybridization causing the depletion of the empty DOS in the silicide. In
oxides the localised states for p--d transitions are still available. In Cu no

b--d transitions are observed because of the filled d orbital.

In the metal Auger lineshape analysis, three aspects are interesting

1)
L3M93Mog Auger

as discussed seperately for the four metals. The

transition for Cu and Ti does not involve the valence band directly.

Therefore one expects their behaviour to be essentially atomic. Similarly,
In case of the N4030;3 transition in Ta . All these transitions result in two

holes in the p level nearest to the valence band. But in Mo the M¢Ng3gNog

gives the two hole final state in the p level and does not show any such

observable splitting, within the resolution of our instrument.
The splitting involves two parameters, 1) energy and ii) the
jntensity. The observed LgMo3Mag splitting of the first transition metal
series shows a gradual increase across the transition metal series from =5
eVin Ti to =9 eV in Cu. The cause of the splitting 1s the creation of the

two holes in the Auger process. These holes for which s=1/2, I=1, can
couple to give S=0 or 1, L=0 or 2 (for atom). There will be a spin splitting
let (spin aligned)

between the singlet (S=0 spin non-aligned) and trip

to spin
states. Thus that the splitting of the MM that can be due p
i tion the
correlation, seems to provide the explanation. In our observa
n is not observed, may be

change in splitting due to oxidation or silicidatio
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“Increase ¢ )
*of the d electrons the intensity ratio increases

.’!n- \’ur'r .
lation of the multiplet splitting in Ti, Ta, Cu are the same

and silicidati ‘or oxidati
silteidation. For oxidation the splitting decreases due t
= g O

det‘rease i the
cffectjy
C d % . siae & .
electrons in silicidation. Due to oxidation of Cu. the number of
Unpaired |
eI s . < .
ectrons increases but still a decrease in the splitting intensity

IS ObSe >
. rved. In case of Cu the interaction with O and Si is very weak. So
0 er fa S X N |
. ctors e.g. localization of 3d holes is the influencing factor. The 3p
Oleg . |
are completely localized because of the high binding energy of the 3p

elect )
rons. So the small deviation is due to the delocalization of 3d holes.
In Mo, peak around 160 eV is due to the MNN transition with p

holes j
€s in the final state. The peak 148 and 160 eV may be the splitted

pe
ak of the MNN Auger transition (FIG.4c.4). It is observed that even in
thi .

S case the higher energy peak i.e. 160 eV peak is sensitive towards

oxidati e e . :
Xidation and silicidation. Like the case of Ta, Ti, and Cu the splitiing is

ecreased with oxidation and increases with silicidation.
ratio of the Si

) In all these silicides it is observed that the Rpp/sp
Lvv lineshape (discussed in chapter IVB) decreases relative to that in Si.
n of the ratio with d electrons i sh

due to the removal of the

OWTIL.

In FIG.4¢.5 the mode of variatio

HOWever in all these cases the changes are

e metal-Si chemisorption state. However, the

Surface p states by th
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Fig.4c.2 : Change In volume plasmon loss energy in different siticides under study.
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variation does mean that it is not only the p dangling states which cause
the disimilar contribution of the p and « related Auger transitions in LVV
Iln(.’shape. With Cu. Si interacts weakly. And as the d orbital is filled in

Cu, the s electrons may partially contribute to the interaction. Thus the

change in the ratio of the Rppssp in the silicide may contribute to the

order of loecalizaticn of Si 3s orbitals in the different sihicides. It is
observed that from d! to d? the 3s orbital shows an increasing trend of the

localization, but it is less localised in the Cu-Si interaction compared to

the other silicides which may be due to its involvement in the Cu-Si

interaction.

1v) The resonance effects, in studies by synchrotron radiation, are
strongly dependent on the number of d electrons (particularly observed in

3d transition metal series). In electron impact process, the feature

associated with p-d transition, autoionization feature is dependent on the

number of d holes available. In case of Ti, Ta, Mo autoionization, the

availability of some localised empty d state above the Fermi level are

observed. Due to compound formation two parameters are expected to

change, the intensity and the energy value of the peak.

The intensity of the autoionization peak is dependent on the d
electrons ( reversely d holes) for pure metal as shown qualitatively by G.
Zajac et all0. It is observed that with the increase of d electrons the

intensity decreases Or Vvice versa. So in the oxidation process the increase

oionization feature may be accounted for by the depopulation of

in the aut
n of d electrons to oxygen. Similarly the

d band and hence the migratio
jon feature in silicides is due to an effective

decrease 1n the autoionizat
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Icrease in d electrons bocause of Si p and metal d covalent hybridization
States. Cu or its silicide do not show any autolonization feature and can
be explained in the same light. But in CuU, though some autoionization
transition is expected due to depopulation of d band, it is not observed.
This is attributed to the weak interaction between the components as
discussed earlier. Kven CuQ , whose d band picture can be compared to
the d band of Ni (because of migration of Cu d electrons to O), also shows

very weak autoionization transition that is probably lost in the intense

AUgGr transition.

Another parameter defined below may be interesting. The

seperation of autoionization feature and the nearest Auger feature (that

creates two holes in the d band) gives the separation between the d and d*

levels (§) in the metal atom which is characteristic of the metals.

8 = Equto - EAuger = (Ep + AE) - Eq -9} - (Ep - 2Eq - ¢)
= AE + Eg4
where (E +AE) is the Egye , excitation of the p electrons AE above the
Fermi level. So finally we get, 8 = Eauto—-EAuger = seperation between d
and d*, which indirectly gives the location of the localised state above the

Fermi level.

In FIG.4¢.6, the variation of the § with the d electrons for the 3d
and 4d transition metal series is shown. The data is collected from

7 10-12 .
references . Further data is not yet available to the best of our
knowledge. It is seen that in TiO5 the 8 value is decreased indicating the

migration of d electrons and in MoOg the value is increased to show the

ig‘z‘ation of d electrons to oxygenl3. The 5d transition metal is not
m
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Fig.4c.6 : A plot of the difference & between low energy Auger peak position and
the energy position of the autoionization peak of respective d metals, us a function
of d electrons in the metal.



Plotted due to lack of data and in the case of Ta the the variation of & is
too small to be resolved in our studies.

vl O KV lineshape shows changes in different oxides and the change
IS monitored to understand the oxidation. In O KVV line, Klyslos and
KL]LQ,’g transitions and their ratios, 1t 1s important to monitor the
differences. As the Auger transition probablity depends on the density of
States of the final state, the localization behaviour of 2p electrons is
thought to be an important factor in determining the intensity ratio. In
the metal -O system the localization or delocalization behaviour is
influenced by the metal d band which is involved in the chemical bonding.

With the increase in the number of unpaired d electrons , the 2p electrons
become less localised and so the KlLggLog transition decreases more than

KL;Ls3 hence, increasing the ratio. On the other hand, the d electrons are

getting paired ( number d electrons is > 5) in case of Fe and Cu, the

oxygen 2p electrons are more localised than in MoOg. So the KlggLog

transitions increase more than KlL1Lo3 hence the ratio decreases.
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Chapter V : Conclusion

The
preceedin
7 chi s hav '
» 4 ipters have descen bed the studies undertaken on some
:chnolog | ]
meallv import: it
| ) portant transition metal silicides and oxides. The oxid
and silicy ‘ B s
silicides w )
by (4] 2 3 r y 1
re formed by evaporation in UHV the respective metals
b

as ambients. The metals were chosen

and a : -
nnealed in oxvgen and inert g
can be investigated, like Ti(d2),

such t}

1% g

at the d electron dependence
The analyses We€r€

AES, EELS, Autoionization

beam sputtering on

done by electron

Ta(d3), Mo(d®) and Cu(d!V).
Spectroscopic techniques in UHV like and
XPS. The sample surface cleanliness, effect of ion
and the stoichiometry are probed by these techniques.
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conditions of temperature and thickness. Effort are being made in our

laboratory to perform such studies.

1) The data 1s collected by lock-in techniques in the derivative mode and
are interpreted accordingly. The problem in the normal mode is the huge
background and very small Auger signal. However, in the derivative
mode the background is less but some subtle information (peak shapes
etc.) may be lost due to electronic derivation of the data. A quantitative

study can enhance the utility of the studies.

iv) Complementary results by using Synchrotron radiation or UPS can
shed more light on the detailed valence band picture.

v) Radiation damage or beam damage in surface analysis refers to any
changes in the physical structure or chemical make up of the sample that
happens as result of the electron or photon beam. Ion sputtering used for

sample cleaning can induce structural damage and chemical interactions

as discussed in chapter IV A.

vi) Geometrical structural information along with the electronic structural
results can be very useful. Our films were mostly polycrystalline in nature

: , . "
and the analysis is limited to electronic structural studies. So studies 0

epitaxial films may be more revealing. |
motivated by the limitations
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Appendix |

Al Ta [Ref. R. Nyholm et al. J.Phys. C 13 (1980)L.1091]

Levels Binding Energy
(eV)

4d3/; (N4)— ------------------ 237.9
4d5/g (N§)  --rmmemmmmmmensanes 226.4
4frpg (NgG) -emeemmmmemmmemmeees 23.53
df7/0 (N7) -mmmmrmmmemmmmomommes 21.61
S ] (O R 69.7
e T R 42.4
PRGN OG) mrommrao-riissge-ss 32.7

B] Mo [ Ref, Burr et al, Rev. Mod. Phys. 39 (1967) 125.]

Eevels Binding Energy
(eV)

3dg /g (M) —-mememresmmr s 530

3dsyg (Mp) =--mreomrsmmmmmmmmmmens 26'?27

4s1/2 (N "

fp (Ngg) o

4d (Ny4g) --=-—""""""""
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C] Ti [ Ref. Feldman and Mayer, Fundamentals of Surface and Thin Film
Analysis, ESP Co. Ltd.(1986)]

Levels Binding Energy
(eV)

901/ (Jug) —mremmmmemmmsnammesnnansnes 461

2/ (Lg) -enmmmrssememmmmssessenssasncaes 455

281/.‘2(N—[1) ---------------------------------- 59

3p  (Mgg) —=--mrrmrsnnmmmmmammmoemsosooss 34

3d  (My4p) -=--msmmmmmemcnmeememmessmmonesocs 3

e ——

;;/els Binding Energy
(eV)

e

9p1/g (Lg) =TT 2211

g (Lg) =" o33

951 /g (M) === 12

3p (Mgg) -~ 2

3d (Mgg) ="
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