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Summary

A new surface analysis technique has been developed which has a
number of benefits compared to conventional Low Energy Ion Scattering
Spectrometry (LEISS). A major potential advantage arising from the absence of
charge exchange complications is the possibility of quantification. The
instrumentation that has been developed also offers the possibility of unique
studies concerning the interaction between low energy ions and atoms and solid
surfaces. From these studies it may also be possible, in principle, to generate
sensitivity factors to quantify LEISS data. The instrumentation, which is referred
to as a Time-of-Flight Fast Atom Scattering Spectrometer has been developed to
investigate these conjecture in practice. The development, involved a number of
modifications to an existing instrument, and allowed samples to be bombarded
with a monoenergetic pulsed beam of either atoms or ions, and provided the
capability to analyse the spectra of scattered atoms and ions separately. Further to
this a system was designed and constructed to allow incident, exit and azimuthal
angles of the particle beam to be varied independently. The key development was
that of a pulsed, and mass filtered atom source; which was developed by a cyclic
process of design, modelling and experimentation. Although it was possible to
demonstrate the unique capabilities of the instrument, problems relating to surface
contamination prevented the measurement of the neutralisation probabilities.
However, these problems appear to be technical rather than scientific in nature,
and could be readily resolved given the appropriate resources. Experimental
spectra obtained from a number of samples demonstrate some fundamental
differences between the scattered ion and neutral spectra. For practical non-
ordered surfaces the ToF spectra are more complex than their LEISS counterparts.
This is particularly true for helium scattering where it appears, in the absence of
detailed computer simulation, that quantitative analysis is limited to ordered
surfaces. Despite this limitation the ToFFASS instrument opens the way for
quantitative analysis of the 'true’ surface region to a wider range of surface
materials.

Key Words Time of Flight, TOFFASS, LEISS, Fast Atom Scattering. Surface
particle interaction. Charge Exchange.
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chapter I, Introduction

Chapter 1
Introduction

Surface science is an important branch of science as all solids
‘communicate’ with the outside world through their surfaces. Many areas of
modern technology, for example microelectronics, thin-film devices and
heterogeneous catalysis are increasingly employing large area-io-volume ratio
devices. Processes such as wear, corrosion, and passivation all take place at
the surface. There are many surface analysis techniques presently in use, each
of which has its own particular strength and weakness. The technique of Low
Energy lon Scattering Spectroscopy (LEISS) is one of the most surface
specific of all surface analysis techniques, providing physical and chemical
data of solid surfaces at a depth resolution of a single mono-layer. As such it
represents a unique tool both in fundamental studies and indusirial research.
The scattered signal conveys compositional’ as well as surface siructural??
information. The capabilities of LEISS are compared with surface analysis
techniques in chapier 2. It is also shown in chapter 2, that in addition fo iis
attributes, there are a number of problems associated with LEISS in the
conventional form. These problems have restricied the use of the technigue.

Typical LEISS instrumentation consists of a d.c. inert gas ion
source and a high resolution electrostatic analyser, components already
available on many UHV surface analysis instruments. However, in this form
three basic problems arise: (i) surface damage and excessive erosion rates (ii)
lack of quantification and (iii) surface charging in insulators and
semiconductors. The first limitation is largely a direct consequence of the
surface particle interaction process, which generally leads to the neutralisation
of a large proportion ( typically > 95 % ) of the scatiered particle yield,
representing a corresponding loss of the LEISS signal. To combat the loss of
signal the primary beam current must be increased by the same factor. The
- second limitation is atiributed to the complex nature of the neutralisation
processes, which has prevented the development of a reliable model capable
of predicting neutralisation probabilities, which are very sensitive to many
different factors. The third limitation is a direct consequence of the charge
injected by the primary beam.

A simple solution to (i) and (ii) is to employ an analyser capable of
collecting the full scattered yield, and a number of ToF sysitems have been
built and their benefits over conventional LEISS reporied'®3, The Tof
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chapter I, Introduction

method gains signal through the collection of the full yield, and additionally
by the multi-channel nature of the analysers. Thus ToF analysers have been
shown to give significant reductions in the sample dose necessary to perform
the analysis. However, the third limitation concerning the charging of
insulating samples is not addressed, and can only be overcome by the
employment of a neutral primary beam. This has a dual advantage. Firstly, due
to the removal of the charge input, the surface can charge only to a potential
equal to that of the secondary electrons. This is a few eV only, which is not
sufficient to cause beam sieerage problems. Thus insulating samples can be
analysed. The second advantage relaies to a reduction in charge induced
physical and chemical degradation.

Having experienced the above difficulties with their caonventional
LEISS system, the Aston Group commenced a programme o investigate the
feasibility of combining ToF analysis with neutral beam bombardment: it was
apparent at this stage that an instrument with these capabilities offered the
prospect of quantitative analysis, with comparable surface specificity o
LEISS, but without the associated damage problems. Such an instrument
based on an adapted Kratos Macro-FAB source was congtracied and some
initial scatiering daia gathered, which are described in & wnomber of
publications26-28, As these results indicated some severe instrumental
limitations a complete redesign of the instrument was initiated. At the onset of
this doctoral work the basic componenis of the new instrument had been
assembled, but no measurements of its capabilities had been made. The initial
phase of this work was therefore to examine the capabilities of the existing
instrumentation and to undertake the necessary development. It was also
apparent that if the neutral and ion fractions of the scattered yield could be
measured separately the instrument would provide a unique experimental
facility for studying the fundamental aspecis of the surface/particle
interactions process. It was seen by exploring these ideas further, that more
fundamental information concerning these processes could be gained if the
sample could be rotated around three independent axes, and this capability
farmed a further aspect of instrument development.
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chapter II, Background

Chapter II
Background

Principles of ion and neutral beam scattering spectroscopies

2.1 Common surface analysis techniques.

ToFFASS involves probing the surface with an ion/atom beam and
the extraction of information from the scattered ion/atom signal. The
underlying principle is that of elastic scattering. Other techniques based on
other physical principles gain surface information conveyed by scattering of
emitted photons and elecirons, ions and neutrals. Most techniques currently in
use have evolved since the early 1960's, and are generally based on one of the
following interaction processes: elastic or inelastic scattering, diffraction,
ionisation, bond breaking and charge exchange. Distinct from moat technigues
are those which employ a solid tip or electric field fo probe the surface.
Examples of these are the scanning tmnnelling microscope and field electron
microscope. This wide diversity of techniques is necessary to study a broad
range of surfaces, with respect to their composition, structure, and chemical
state. Additionally, greater confidence may be associated with the data where
more than one technique is employed. Further considerations relate to the
resolution of the data, in terms of the lateral and depth dimensions, and mass/
energy of the scattered/emitted particles. For these reasons modern analysis
chambers usually employ a range of analytical techniques with differing
capabilities. The techniques which have shown themselves to be of most use
in the solution of practical problems in surface science and surface
engineering are Auger Electron Spectroscopy (AES), Low Energy Electron
Diffraction (LEED), X ray Photoelectron Spectroscopy (XPS), Secondary Ton
Mass Spectroscopy (SIMS) and Low Energy Jon Scatiering Spectroscopy
(LEISS).

2.2 Incident ion techniques.

There are a variety of incident ion/atom beam fechniques in use
which provide a wide range of information. These techniques may be grouped
into the following categories,

1] Elastic scatiering: Primary pariicles having undergone collision wiih
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chapter II, Background

surface atoms are analysed in terms of their energy and angular distributions.

2] Secondary ion/atom: Secondary ions or atoms sputtered from the surface as
a result of the primary particle impact are mass analysed.

3] Secondary electron: Secondary electrons emitted as a result of the primary
particle impact are energy analysed; the analysis of auger electrons emitied as
a result of valence band transitions forms the basis of the technique of Ton
Neutralisation Spectroscopy (INS ).

o
i’
=)
=
£
T
o

This work mainly concerns the first group, although fe:
relating to the generation of secondary particles were ohserved in the ToF

specira.

2.2.1 Ton/atom Scattering Technigues

Further distinction is necessary relating to the incident particle

~103 ke V:

<1 &V - Thermal energy aioms are used to gain siructural information of
ordered surfaces in Thermal Energy Atom Scaitering ( TEAS ). As in LEED
information is obtained in reciprocal space from the scattered particle

diffraction pattern.

1eV to 50 eV - The use of atom scattering in the hyperthermal region has
recently attracted much theoretical interest but is yet to be exploiied
experimentally due to the problems of producing the primary beam.

S0 eV to 5 keV - This region relates to this work and is occupied by Low

Scattering ( MEISS ). The scatiering cross-section is decreased compared io
LEISS resulting in a greater signal from sub-surface layers, the technique is
therefore correspondingly less surface sensitive than LEISS.

=150 keV Rutherford Backscattering (RBS). In this technique energies up (o |
MeV are commonly used, giving rise to further reduction in the acailering
cross-section. At these energies neutralisation does noi play a role, and
information is gained from the sub-surface region, up o ~ 18 atomic layers,
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As screening of the nuclear charge by the atomic electrons at this energy has
much decreased influence, shadowing effects can be calculated with high
accuracy. As a result bulk and top layer lattice locations are found more
accurately than by LEISS, however it should be noted that the capital cost of
RBS and MEISS is much greater than LEISS.

sputtering and recoil processes are mhﬁram in all incident ion/aiom

techniques, and can also contribute features to the scaitered particle specira.

Of all the secondary particle techniques SIMS is the mosi

cammonly used. Here the surface is bﬁmbarded with an ion beam of energy

Sensifivity 1o 4b5mbai; aloms, wzthn thc top ~ 34 alomic ia}' 73 ny ihe very
nature of the techmnique, the surface to a small exieni is ‘consumad’, and this
inherent erosion can lead to problems in static ‘studies’. In ‘dynamic’ SIMS
surface layers are intentionally etched away in order to give a profile of
composition in the surface region. Typically, dynamic SIMS removal rates are
~10 pm/hr compared to those of LEISS or 'static' SIMS of ~1A/hr. In theory
structural information is also available from the secondary ion signal if angle
resolved measurements were to be made38, although in practice structural
information is more readily obtained from the scattered particle signal. A
significant advantage of SIMS is the possibility to employ a sharply focused
primary beam, leading to good spatial resolution, or a highly magnified
secondary particle image of the surface. Some recent developmenis in
instrumentation have broadened the application base of SIMS: SNMS
instruments employ 'post jonisation’ of the secondary neuiral emission and
provide a significant advantage in terms of surface damaga Whereas
ToFSIMS instruments use ToF rather than quadrupole m;ﬂy o gain the
mass spectrum, giving rise to higher mass resolution and/or mass range. Bath
SNMS and ToFSIMS allow damage 1o be reduced below that of Lamcnuﬁﬁai

L

Direct Recoil Sp tmswp}’ TEE represenis another ischnigue

based on the analysis of sect



chapter II, Background

scattered neutrals out

scattered ions out

sputtered neutrals out

lons or atoms in sputtered ions out

electrons out

photons out

Figure 2.1 - Figure showing possible events resulting when an
energetic ion strikes a solid surface

ion beam in

e

Figure 2.2 - An ion cascade calculated by TRIM, 5 keV Ar+
bombardment of a silicon surface, normal incidence, showing the final
positions of the cascade atoms ( region 20 x 20 nm )
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ions are energy analysed. The fundemental difference between sputtered and
recoil particles is that the latter gain their energy from single impact collisions,
and consequently can process significantly greater energy.

2.3 The surface collision process

Complete description of the physical interaction between energetic
lons or atoms is very complex; the impact can result in many physical
phenomena, and associated information is conveyed to the outside world via
the processes depicted in figure 2.1. In this section a review of the effects of
the ion impact upon the surface is given. The discussion relates to primary
energies in the LEISS regime only. These aspects are of relevance in that they
can directly or indirectly influence the scattered particle spectrum, and the
information presented here is used in later chapters. Aspects relating to
scattered particles are covered in later sections of this chapter.

Primary ions impart an energy to target atoms, that is atoms of the
uppermost surface layer, which is typically hundreds of times greater than
lattice bond energies. This results in the displacement of target atoms, giving
rise to the ejection of direct recoils and the formation of a cascade within the
surface region. A cascade results from a large number of knock collisions,
causing the displacement of a large number of atoms from their original lattice
position. Sputtered particles arise when the trajectory of a cascade recoil
intersects the surface with sufficient momentum to overcome the surface
binding energy. Particles emitted in this way originate mainly from the top 3
to 4 mono-layers, with a mean energy of a few electron volts, and may be
positive or negativé ions, atoms, or neutral or charge molecules. A number of
Monte Carlo computer simulation codes have been developed to study the
phenomenon. A distribution calculated by the TRIM code29:30, is shown in
figure 2.2, in which case the sputtered yield, S, that is the number of atoms
ejected per incident ion is 0.22. As a result of this process 'mixing' of atoms
within the surface region occurs. For example, a crystalline surface exposed to
a high fluence ion beam completely loses its structure and effectively becomes

=

amorphous. The sputtering process forms the basis of many ion bean
processes, including unwanted damage in LEISS and static SIMS. In general
the removal rate of surface material is difficult to quantify accurately: § is
sensitive to energy and mass, angle of incidence, electron configuration and
charge state of the primary, as well as the binding energy, crystal structure and
orientation of the surface. One of the most important factors is the energy
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transfer factor; light primaries incident on heavy target atoms lead to a low
yield, whilst that for heavy particles incident on light target atoms is much
greater. In terms of the primary energy, S increases first exponentially and then
lincarly before reaching a maximum value, above a given threshold energy.
Typical values for § were given by Sigmund3! for the He* Net and Art
primaries incident on pure polycrystalline metal surfaces. Sigmund's multiple
collision theory gives an expression S as a function of the depth of the
spuitered particle32. Sputtering yields are modified by incident angle, initially
as 1/cos#, although at glancing angles sputtering yields become very low, due
to decreased penetration and energy transfer. However, Sigmund's theory
applies to elemental surfaces only. For surfaces composed of two or more
species the sputtering rate of the two components may differ, leading to
preferential removal of one species, and thus a change in the composition of
the surface region.

As depicted in figure 2.1 secondary electrons may also resuit from
the ion/atom impaci process, which may originate from the surface valence
band and atomic levels. These electrons which maybe ejecied via a variety of
processes have a mean energy of a few eV and give rise to a secondary
electron coefficient, y. ¥ is generally less than unity for most conditions
encountered in LEISS, but is strongly dependent on the target surface, the
primary species, energy and incident angle. Values of ¥ have been measured
for a number of specific ion surface combinations, but no widely applicable
data is available. Clearly the emission of secondary electrons indicates an
inelastic loss on the part of the incident ion/atom. These processes are
discussed in detail in chapter 3.

24 Principlés of Low Energy Ion Scattering Spectroscopy (LEISS)
2.4.1 The validity of the classical description

The kinematics of individual particle-particle collisions in LEISS
experiments are treated on a classical basis. The basic physics corresponds
closely to gas ion/atom collisions, which is well developed, and covered by
Bransden33. In the general case the collisions must be treated by the quantum
partial wave theory of potential scattering, involving the construction of
appropriate quantum wave functions for the colliding particles. However, for
collision energy involved in LEISS, the quantum and classical treatments
converge. The classical limit is defined by the following criteria:
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1] The De Broglie wavelength associated with the motion of the two particles
must be smaller than the interaction region, that is

A=2n/uv, -(2.1)

where v, is the initial velocity, 4 the reduced mass, and A the De Broglie

wavelength.

2] Heisenberg's principle defines a minimum critical angle .. Collisions
below 8. lead to a violation of the uncertainty principle. This can be expressed

as:
8 >> 1/pAb >> 1/pb -(2.2)

where # is the scattering angle, p is the momentum and b is the impact
parameter of the collision. Thus the critical angle is given by:

d.=1/buv,) -(2.3)

Evaluation of equations 2.1 and 2.3 shows classical mechanics to be well

founded in all particle collisions encountered in LEISS.

2.4.2 The Validity of the Binary Collision Approximation in the
description of LEISS experiments

Smith [1967]34 was first to use a low energy ion beam to analyse
solid surfaces. His experiments demonstrated that the energy lost by the
scattered ions could be predicted by a simple ‘billiard ball' model. Justification
of Smiths experimental results can be given in terms of the following

considerations:

1] Diffraction effects, encountered in TEAS can be discounted in LEISS, as

the associated wavelength is very short relative to lattice dimensions.

2] Lattice dimensions are larger than the effective range of the interatomic
potential, therefore forces acting between any two individually colliding
particles are solely between those particles and not appreciably influenced by
the presence of surrounding lattice atoms.

g
9
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¢
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3] Lattice binding effects on the target atoms do not influence the collision
process. Justification for this assumption originates from comparison of the
collision interaction time and the period of a single lattice vibration, which is
two orders of magnitude shorter. As a consequence, the scattering particle has
moved far away from the collision site before the target atom can move

appreciably.

These three basic approximations together form the basis of the
Binary Collision Approximation, BCA. This implies that the individual
collisions between the primary particle and individual atoms of the surface
lattice may be treated as gas phase collisions. Further to this Smith's original
work showed for the first time that most backscattered ions result from Single
Binary Collisions, SBC, and the position of the resulting peaks in the LEISS
spectra are well predicted by the Single Binary Collision Energy, SBCE. The
accuracy and 'point' of breakdown has been the subject of much investigation,
and remains the subject of some dispute. The main area of dispute relates o
the second of the three assumptions given above. Hart and Cooper found the
SBCE to be valid for primary energies as low as 25eV35, However, in this case
the BCA is employed to predict a relatively straight forward collision
mechanism. A more stringent test of the BCA, is where its use is extended to
description of more complex collision phenomena. For example the BCA
forms the basis of Monte Carlo simulation codes, such as Marlowe36 and
TRIM?%30, which are used to study multiple collisions of primaries as well as
the secondary particle phenomena of sputtering and implantation.
Investigations of the validity of the BCA in such applications, have been made
by comparison with Molecular Dynamics (MD) based simulation codes37-39.
MD codes assume energetic particles to interact via a sum of additive
'pairwise' potentials. In this case all particles of the simulation, including the
incident ion interact simultaneously. In such a comparison Rosato37 concluded
that the BCA provides valid description of the interaction kinetics above
energies of ~100 eV. However, this contrasts sharply with the conclusions of
Garrison et al38: They simulated He*, Ne* and Ar* ions scattering from
Ni(110) and concluded that BCA based simulations are only valid in the
prediction of very simple collision mechanisms. Walker®d invesiigated the
importance of the interatomic interaction potential in BCA based simulations.
This work also called into question the validity of the BCA in the prediction of
complex scattering mechanisms. It is generally agreed that MD simulations
are inherently more suited to modelling 3D collision dynamics, because the

page 26



chapter II, Background

BCA is avoided, however MD codes are extremely computation intensive, and
hence not suitable for routine simulation of scattered particle spectra. For this
reason BCA based codes are most widely used in the identification of features
of scattered particle spectra*!. However, the major difficulty relating to the

simulating of real LEISS spectra concerns the charge exchange processes.
2.4.3 Experimental Arrangement of LEISS

The basic components of a LEISS system were defined in the
introduction. Generally, inert gas ion sources are used which must be capable
of producing low divergence, monoenergetic ( energy spread < 1% ) and pure
ion beam. Analysers are usually the electrostatic hemispherical sector type,
although cylindrical mirror analysers are sometimes used and have specific
advantages. Recently an angular resolved electrostatic analyser has been
reported*2. As a general rule, an instrumental energy resolution of1% with an
acceptance angle of, 48 of < 5 is sufficient to ensure that the mass resolution
is not instrument limited. A further requirement of LEISS is a very clean UHV
system, capable of reaching residual gas pressures of < 10-19mbar. This latter
requirement is a consequence of the very surface specific nature of the
technique. With this respect the residual gas pressure of the chamber must be
sufficiently low to ensure that the number of foreign gas atoms absorbed on
the surface during analysis is insignificantly small. The mono-layer formation
times may be calculated from Boltzman's equation which is plotted as a
function of pressure in figure 2.3. Additionally, surfaces that are introduced
into the vacuum system from the atmosphere, must be processed in order to
remove the absorbed layers of carbonaceous material and water vapour. This
is typically achieved by heating the sample or by exposure to an ion beam.

2.4.4 LEISS in Single Collision Mode

Given that conventional LEISS spectra largely consist of peaks
orginating from SBCs their positions can be predicted by the SBCE. An
expression for the SBCE can be obtained directly by applying the principles of
conservation of momentum and energy to the collision pair. Applying these

two principles in the laboratory frame of reference yields:

12mp2=12mp2 + 1/2 myyvy? -(2.4)
m;v, = m;v;cost +m,v,cosa -(2.5)
0= m;v,;sin® + m,v,sina -(2.6)
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pressure. Molecular oxygen on a copper suiface, (Consiani
sticking coefficient with coverage)

Figure 2.4 - A schematic of a single-scattering collision
represented in the laboratory frame of reference. The prajeciile has
the initial energy, E, and velocity v,. The projectile is scattering
through an angle ¥, and has a final energy E; and velocity v;. The
target atom is initially at rest with mass my, and recoils with
velacity vy at an angle . b is the impact parameier of the
collision,
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where the collision parameters are shown in figure 2.4. Eliminating & and v,
leads to an expression for the fractional energy loss:

k = {[cos® + V( A2 -sin28 )]/(14A)}2 -(2.7)

which will subsequently be referred to as the kinematic factor or 'k value'. Bq
2.7 demonstrates the simplicity of the LEISS technique as the k-value is
dependent upon the primary target mass ratio (A=my/m;) and the primary
particle scattering angle ¥ only. The peaks of LEISS give k-values direcily
which in turn lead to direct idetification of surface species. Only the positive
route of eq 2.7 is physically applicable when the target atom is heavier than
the primary, otherwise both solutions have physical meaning. However, it is
ciear that when the target atom is lighier than the primary, (A<1), scatiering is
then limited to forward angles, given by & < sin'/ A. The range of solutions of

simplifies for scattering angles of 90° and 1809

ko = (my-m){my+m) ~{

Tt

kjgo = [(/mz"iﬁ])ij(ﬁiz"f:?’ﬂi)jz = kgﬁz «(2%)

In general the measured LEISS peaks are within ~1 to 2 % of their predicted
position, however there are a number of possible factors which may contribute

to peak shifis from their predicted position, as discussed in section 2.5.
2.4.5 Resolution Considerations of LEISS in SBC mode

An important consideration in LEISS is the mass resolving power,
mi/Am, which can be expressed in terms of the first differential of k wrt to m,
and the energy resolving power, E;/AE;.

myldm,  =(EJ/AE;) (m; k) dk/dm,
= ( E/AE; ), (0,A) -(2.10)
where
[l 8.A)= { 2A/(A+]1) }.{A+sin?B-cosd(A?-aind )1~
X 1/(A%-sind+ cosd(A2-sin29)1/12)) -(2.11)

Thus m/dm is given by E/AE; modified by the factor f,,. It can be seen that
i i i
[y 18 & monotonically increasing funciion of ¥. Hence, for & given resolving
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Figure 2.5 - Solutions of eq 2.7.

nf2A

Figure 2-6 - f,.(#,A) plotted for He, Ne and Ar scaitered from gold.
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power, E;/AE;, the maximum mass resolving power is obtained for conditions
of maximum energy transfer, that is large @, and A ~ 1. As an example the Joar
is plotted as a function of ¢ in figure 2.6, for the cases of He, Ne and Ar
scattered from a gold surface. The figure shows that very poor resolution is
obtained in the case of helium regardless of scattering angle. In the case of
argon mass resolution ~ 4 times the energy resolution can be obtained at large
scattering angles. However, it is misleading to consider £,/4E; as constant. In

have both instrumental and inherent origins. Contributions to insirumental

i

broadening arise from the energy resolution of the analyser AE,, ( given by a

constant fraction multiplied by kE, ), the energy spread of primary particles

broadening AE,,, is given by the partial derivative of E; with respeci io
variables E, and 8, leading to the following expression:

AE, =([KAE, ]+ [AE, ., J2+[f,{A, )] -(2.12)

inst TESH
where f,,(A,0) is given by

JeAAD)  =E,AD( 3k/3D)
= E_AD2k(-sind-sindcost¥[AZsin?9]-172 ) x

1/(cost?+{A2-sin2891/2}) -(2.13)

In eq. 2.12 the contributions arising from AE, and AE,, are proportional to k
and so are independent of ¥. Whereas broadening from 4# is proportional o
dk/d®. There are two major contributions to inherent broadening, the first, due
to the isotopic spread of the surface atoms and primary pariicles, and secondly,
as a result of the thermal vibrations of the surface atoms. A crude expression
for the latter can be developed on the basis of the single collision model, afier
Hulpke43:

AEg ke = BA-DVAE E ., M (A+1)? -(2.14)

Where Ep 0, 18 the surface phonon energy. Comparison of experiment with
calculation indicates 4, ~ 3/4 A1, corresponding 10 Eypps, = 30 meV,
To aobtain the toial broadening AL, and 4L, wust be combined in
quadrature:
AE; =\ AE 2+ [KAE, 2% [akBo P+ f{A D PAE,2) - (2.18)
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Thermal broadening is distinct from other sources of peak broadening in that it
is independent of ¥, and has the most significant influence at large scatiering
angles. Examination of eq 2.15 shows that when A is small, ie close to unity,
AE, is the main contribution to overall broadening. For example, for 4 =1.75,
¥=180° the overall energy resolution AE /E, is reduced by a factor of 0.16 due
to thermal broadening, compared to ~ 0.8 at A=15.75, #=1800. Generally,
when LEISS is used in composition analysis the mass resolving power m,/dam;

is the most important consideration. Substitution of eq 2.15 into 2.10 gives:
mylAm,=
V{[KAE, >+ [KAE, ?+f, (A, 8,482 +AE ,(AE, E, o) Wy B,4)
-(2.16)

It can be seen from cq .16 that Amy/m, is a Cﬁmpléx function of:
¥, I:-'ai !_‘iEm AF A#. i is therefo

A k E’ e3a
e. However, it is clear © ‘Pai ;HE AE

examine the properti

hunaﬂ 3

'T"

always be minimised o gain maximum Iri:;Q resolution, whilsi the param
Ak E,

‘phonon’
of m,/Am, are plotted as a function of # for a range of A values in figure 2 7

¢ are determined by experimental condition

An important aspect of this result is the behaviour of m,/Am, at small values
of A. In this region, maximum m,/Am, is not obtained at #=180°. For
example, at ¥ =180°, the scattering of 1 keV argon from copper at 300°C gives
rise to a resolution of 60. Whereas the maximum attainable resolution is ~ 85,
which is achieved for #=109°. This result has important implications as it
shows that the experimental scattering angle must be adjusted in order fo
maximise resolving power for given experiment conditions. This is a
consequence of the thermal broadening, so in theory the problem may be
overcome by cooling the surface. A second advantage of an adjustable ¢ is
that the energy broadening of two peaks relating to different surface masses
may be made equal, making spectra analysis more straightforward. However,
in most LEISS systems it is not possible to change ¥ without unbolting
components. In choosing the scattering angle of a fixed angle instrumeni one
must also bear in mind the intensity of the scattered signal. As the angle ia
increased the scattering cross-section falls off rapidly. Consequently, sysiema
with ability to vary @ using internal rotatable energy analysers like that of
O'Conner# are considerably maore flexible.
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2.4.6 LEISS for Surface Structure Analysis

When LEISS is used to obtain structural information, the angular
distribution of the scattered ion signal must be measured. To interpret such
data the scattering kinetics must be considered in greater detail: further

explanation requires the introduction of the shadow cone concept.
2.4.6.1 Concept of the Shadow Cone

The repulsive potential acting between an incident ion and target
atom leads to a region behind the target into which the ion cannot enter. Thus
effectively a shadow is cast behind the target particle. Given an appmpr"’te
interaction potential the collision cross-section and shadow cone parameters
may be calculated. The differential cross section, do(®)/d2 defines the
following relationship between the scattered particle projectile flux and the
uniform incident particle flux:

2rbdb=-2 [do(¥)/d€2] b sind -(2.17)

where the negative sign indicates a decreasing cross-section with increasing
scattering angle. The asymptotic scattered trajectories resulting from a
uniform incident flux are plotted in figure 2.8. The intersection of adjacent
scattered trajectories defines the shadow cone edge, where there is a

significant concentration/focusing of particle trajectories, see figure 2.9.
2.4.6.2 Impact Collision Ion Scattering Spectroscopy (ICISS)

Experimental information is gained by measurement of the mass
specific backscattered signal, (¢ ~ 180°) as a function of the incidence angle,
8. Variation of @ leads to characteristic intensity versus angie curves, for
example see figure 2.10, after Niehus[1986]. As @ is increased the shadow
cone is swept over the neighbouring atoms in the first atomic layer and a sharp
increase in the scaitered flux arises when the shadow cone edge passes over a
neighbouring atom. From glancing angles of incidence to ~ 300 the /-8 curve
contains information of the top layer only, at higher angles, the shadow edge is
focused onto second and third row atoms. In this uﬁaﬁgﬁﬁlﬁﬁ[ ihe critical
angles, &, can be related io the shadow cone parameters by following the

simple geomeirical relations:
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Figure 2.7 - Mass resolution m/Am, of LEISS as a function of #.
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Figure 2.8 - Calculated asymptotic scattered trajectories resulting

from a uniform incident flux.

Conditions E, = 1 keV, m; = 4, m, = 197
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Ilmw- I

Figure 2.9 - Focusing effects of the scattered particle flux intensity
at the edge of the shadow cone. The flux profile is shown at the
impact site, and at 1 Angstrom intervals behind the impact site.
Conditions:- E, =1 keV, m; =4, m, = 197.

P —al + . 4 5 < 5
©op°  40°  e00 B0 100
&
Figure 2,10 - -1 pattern of the backscatiered signal, #= 1657, Ha®

scaiier drum Pi(111) afier Nichus et al%5.
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[=dcosf, -(2.18)

where r is the radius of the shadow cone at a distance [ from the apex, and d is

the interatomic spacing.

In principle structural surface information is available at any
scattering angle, however significant advantages are gained at large impact
angles and co-axial impact angles. This was illustrated by the rapid increase in
the use of ICISS following its intital introduction by Aono et al[1981]46-48,
The simple development of increasing the scattering angle therefore
represented a big step forward for direct structure determination. A
comprehensive review of the principles of the interpretation of ICISS spectra

was given by Fauster®.

The advantage of the ICISS arrangements compared to lower
angles can be aitributed to two factors, firstly, at small scatiering angles, ions
must approach or leave the surface at low incidence. As will be dicussed in
section 2.5.1, the collision process is not accurately described by a SBC.
Secondly at low @ the signal from multiple collision sequences is greater
leading to more complex spectra. These problems were symptomatic of the
studies of Hieland and Taglauer30-52 and Brongersma33-34, which were heavily
dependent on simulation codes for their interpretation. A compounding
problem is that simulations rely on the accuracy of the employed interatomic
potential. Even straightforward calculation of the shadow cone parameters is
sensitive to the interatomic potential, as was shown by Oen35 and JacksonS6.
At larger impact angles the SBC is valid and the impact parameter of the
collision becomes virtually zero. In this case lattice parameters may be
determined directly from the critical angle ( 8, ) and the shadow cone radii
using simple geometry4®. In the absence of accurate inter-atomic potential
models the shadow cone radii may be calibrated experimentally using standard
surfaces®3. These factors improve accuracy and remove uncertainiies making
data interpretation more straightforward and less reliant on simulation codes.
The shadow cone principle allows atom positions to be determined with an

accuracy of ~ 0.1 A.

2.4.6.3 Differences between 180° and near 180° scattering
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arrangement and #¥=180° systems. The most important of these is the
enhanced focusing effect that occurs in the 180° arrangement; the entrance and
exit trajectories are identical, whereas in # < 180° arrangement the two paths
in and out of the target are geometrically quite different. This has a significant
effect on the form of the /-8 characteristics: double focusing ( shadowing and
blocking) occurs when a particle is scattered from a second row atom3’. In the
# < 180° case, as the two trajectories are different, only one of the focusing
effects may occur. Double focusing effects are particularly apparent for
collisions of large energy transfer, as the projectile travels considerably more
slowly on the outward trajectory, and the shadow cone is considerably larger.

This is found to further enhance the features of the angle resolved signal.
2.4.6.4 Glancing angle technigues

Glancing angle scattering has also emerged as a useful tool for
surface structure determination in certain types of studies. Here experiments
are conducted at a constant grazing scatiering angle of ~ 59 at a constant
incidence angle. For such low # the scattering process is most accuraiely
described by a continuous planar or axial potential, and the scattered particle
momentum is conserved in the direction perpendicular to the surface plane.
Scattering particles are either channelled or blocked by the surface structure,
depending on the orientation of the ion beam to the crystal lattice. Channelling
is also thought to occur between the 1st and 2nd atomic layers. Surface
information is extracted from the scattered ion intensity by its measuremernt as
a function of azimuthal angle. This gives rise to deep intensity minima, at
channelling directions, providing a method for 'mapping out' the various
surface channels. This represents an alternaiive approach to ICISS for
structure determination, and is particularly useful for the in-situ alignment of

single crystals as well as the determination of surface imperfeciions.
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2.5 Factors Complicating the interpretation of LEISS spectra

One of the major advantages of LEISS is the simple dependency of
spectral peak positions on the mass of the surface species. This primarily relies
on the use of the SBCE o predict peak positions. However, a number of
phenomena can complicate LEISS, and these must be considered for Certain
experimental conditions and modes of scattering.

2.5.1 Muitiple Scattering

Muliiple scaitering is a term broadly used to describe collision
sequences other than single collisions, such collisions can have a number of
influences on scattered particle spectra. Strictiy all collisions must be
considered as multiple collisions. This can be demonsirated by cﬁnsid&ring the
trajectory of an ion scattering from a linear one-dimensional atom chain. In
this case the incoming ion undergoes a se equence of small angle LGUISIGT]E As
the ion approaches the surface the im mpact parameier diminishes uniil a high
impact collision with a single surface atom is encountered, at which point the
ion is scattered through a large angle. A similar sequence of small angle
collisions takes place on the outgoing trajectory. This model offers insight into
'in-plane’ scattering mechanisms and is often referred to as the 'string' or ‘chain’
model.

String calculations are performed by calculating the final energy of
all possible scattered particle trajectories by variation of the initial impact
parameter. This operation, performed as a function of the final scattering
angle, givies rise to 'characteristic scattering loops' as shown in figure 2.11.
Experimentally produced scatiering loops have also been reported in the
literature>8. The lower portion of the loop represenis Quasi Single, (Q8)
scattering. Strictly the QS energy should be used for prediciing LEISS peak
positions, however in the backscatiering mode, that is the conditions of this
work, the SBCE provides a sufficient approximation. Departure between the

Q5 and SBCE increases for conditions of low particie velacity, small lattice

spacing, and low scattering angle. At glancing incidence anigles of less than a

ew ﬂugmﬁs the chain model no ]ﬁi’igir pmwd § a valid daaa:riptiﬁn a2 all the

Lh;, loop cam‘:&pmda io pariicles that have unden
equally sized in plane collisions, that is Quasi Double and Quasi inﬁu:s 1' a7
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mechanisms. At large ¢ the QD mechanisms may be approximated to two in
plane SBC collisions each of (#/2). The departure of the QS and QT peaks is
strongly dependent on the value of A and ¢, as shown in figure 2.12. In the
case of ordered surfaces separated peaks can be observed relating to the QD
and QT energies, at specific orientations. Whereas from polycrystalline or
amorphous surfaces these mechanisms do not lead to well defined peaks.

These simple chain model calculations do not provide information
concerning the relative probabilities of the various mechanisms. For this, one
must look to more detailed simulation models: a study by Garrison>® using an
MD based simulation code predicted a peak in the scattered intensity,
corresponding to the maximum of the ¥-E scattering loops. This so called
rainbow scattering' in the #-I angular intensity distribution, was confirmed by
the experimental measurements of Nielsen et al®® and Hulpke et alé!, and
relates to stationary values in the deflection function.

Three dimensional simulation also predicts mechanisms leading to
the scattering of particles with widely distributed energies below the QS peak.
These include various 'zig zag' collisions, relating to non-planar scattering
from the surface chains$? and random collision sequences relating to the
penetration of the top surface layer. This latter mechanism is particularly
significant in the case of non-ordered surfaces, where the QS scattering
mechanism is shown to be the simplest of a large number of possible collision
mechanisms with only a minor overall probability63-66. Sub surface multiple
scattering becomes more significant at larger primary energies.

2.5.2 Thermal Vibrations

The thermal motion of the surface atoms can influence the
scattered particle spectra in a number of respects, and these have been
comprehensively reviewed by Poelsema®”:68, Collision interaction times are

3

~10"15 seconds compared to the period of a lattice vibration ~ 10-13 seconds,

interaction period. Thus in terms of the collision dynamics the target atom can
be considered to be static. However, as was shown by Hulpke®? speciral
features under certain conditions may be appreciably broadened as a result of
the thermal energy. A second consequence is that the atoms are displaced from
their equilibrium lattice position. The effect of this can be clearly illusirated by
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the introduction of random displacements into the 1D chain simulations. A
significant widening of the characteristic scattering loop takes place as a direct
result of the displacements. This leads to further complications in the
interpretation of the scattering data for the purpose of surface investigation. In
basic terms the 'shadowed’ atom can move in and out of the shadow cone,
resulting in blurring and shifting of the I-8 curve features. For these reasons it
has been necessary to incorporate thermal vibration into simulations codes. To
a first approximation the amplitude of the static displacement can be assumed
to be independent, although correlated vibration models have also been used,
and these are considered to be more realistic!040. In either case the surface
displacements are determined by the Debye model in the high temperature
limit®®. An important parameter of this model is the surface Debye
temperature, or the surface phonon energy. Data here is not widely known in
the case of most materials, however experimental values have been obtained
from scattering data by various groups840.70-73 Generally the surface
temperature was found to be lower than that of the bulk by a factor of 2 to 3.

2.6 Applications of LEISS

Also included in the following discussion are a number of
associated and descendant techniques, that have been developed in an attempt
to overcome the limitations of the conventional format. The applications
discussed fall into the two basic categories of composition analysis and

structure analysis.
2.6.1 Composition Analysis

Despite severe limitation of LEISS, to be discussed in section 2.6,
LEISS has been used in many successful studies of surface phenomena, and
has made a valuable contribution to the understanding of many practical

surface problems.
2.6.1.1 Qualitative

In many studies it is sufficient to identify an unknown species
without the need for quantified composition concentrations. A large number of
studies following Smith's initial results were reviewed by Taglauer[1977]74.
An example was the investigation of CO absorption on binary alloys, where
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information conveyed by the scattered ion beam revealed sites of preferential
absorption. A second example studied was the desorption of absorbed layers
under the influence of ion impact, leading to conclusions that were in
agreement with corresponding surface models. It was concluded by Taglauer
that LEISS represented a unique analysis tool, that could be applied to a wide
range of applications. This was despite the more recently published problems
of erosion, charging and quantification. In a more recent review,
Taglauer[1988]73, one of the major applications to have emerged was in the
composition analysis of realistic, non-ideal, surfaces in the field of
heterogeneous catalysis. Here the mono-layer surface sensitivity of LEISS is
ideal, as the catalytic activity is confined to the uppermost mono-layer, with
lower lying layers taking no part in the catalytic action. LEISS can be used to
study the kinetics and spreading behaviour of the supported species, and
monolayer preparation techniques. Typically, support materials are wafers of
titanium or silicon oxides in granular form, and the active catalytic
components are typically molybdate, vanadate or tungstate. As such samples
are insulating, a charge compensating electron 'flood' gun was required to

neutralise the charge input of the ion bombardment.
2.6.1.2 Quantitative

The principle of quantitative analysis is straightforward: the

surface area density of species, N, is related to the scattered particle flux, ,, by:

I, = 1, T(Q,6,E) {(do/dQ); (1-P,) G N} -(2.20)

- where 1, is the incident particle flux and 7(¢2,8,E) is an instrumentation factor.
Of the remaining terms (do/d€2); is the differential scattering cross-section, P,
is the neutralisation probability and G is a geometrical factor. The shielding
term implies that the signal from species i is reduced by a factor @ due to
shadowing from species j.

All terms other than G and P can be readily evaluated, which are
generally unknown and strongly matrix dependent, as well as being sensitive
to the trajectory and energy of the scattered ion. Direct quantitative elemental
analysis therefore is not straightforward and only possible in a few isolated
cases. Niehus[1975]76, in studying these considerations concluded that there
were few prospects for the employment of LEISS as a tool for direct
quantitative composition analysis, where he pointed to P as the main obstacle.
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This study was based on the absorption of oxygen on a tungsten surface,
where it was found that both the substrate and oxygen signals were non-linear
functions of coverage. It was shown that the experimental results could only
be explained if P were supposed to be coverage dependent. A recent
investigation of matrix dependent neutralisation effects was conducted by Van
Den Oetelaar et al[1994]77. This study, which compared the scattered He*
signal from graphite carbon and carbidic carbon, related the differences to an
interaction with the so? band.

In contrast to the general conclusions that the LEISS signal cannot
be quantified, some specific cases have been reported where quantitative
relative measurements have been made. In these cases a linear relation
between the QS signal and coverage was assumed, and standard samples were
used to calibrate the LEISS signal, with a sample of known surface density.
The application of this approach to two element systems was examined by
Niehus?6. In this scheme the concentrations of N, and N, ions/cm? relate to
species A and B respectively, and the signals I,° and /,° represent the signals
obtained from the respective elemental surfaces. These are related to the
surface standard concentrations, N,° and N,° by:

1,0=1,A T (do/ds2), (1 - P,) G, N2 -@21)
1,0 = I,A T (do/dS2), (1 - P,) G, N, - (2.22)

The surface concentration of the composite system N, and N, can then be
found from the ion yields /, and I, measured from the composite surface by:

N,=(L/1,°)No° - (2.23)
Ny=(1,/1,°) Ny - (2.24)

A further approximation of this scheme is the geometrical screening factor, G,
which is assumed to be the same in the standard and sample surfaces. Clearly
from the above discussion this is not always the case. This approach is also
complicated by the presence of atomic oxygen and hydrogen. For example,
neither of these species can be detected in the case of backscattered neon, but
still have a screening effect on other surface species. In this case the total
surface density is not simply given by N, + N,, and eq 2.18 and 2.19 must be
replaced by:
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N/N,=sL/(sl,+1,) - (2.25)
NN, =sI,/(sl,+1,) - (2.26)

where s is the screening factor. The standard sample approach was employed
by Baraz et al’8 in a study of Ga and As implanted in substrates of Si, SiO,,
SiN,, Ta, Ta,Os. Baraz found, in general, that the neutralisation probability
depends on the chemical environment of the target atom, but some systems
were found where the standard samples method could be applied. G and P
were found to be independent of coverage for low concentrations in all cases,
and P was found to be independent of the chemical matrix for many of the III-
V compounds, for example GaP , GaAs, GaSb, InP, InAs, InSb. This result has

been exploited in a number of studies of III-V compounds, and binary alloys.
79-82

2.6.2 Structural information using multiple collision mode

The atomic structure of a solid surface results as a consequence of
the bulk structure termination, the break of periodicity causes binding
electrons to establish a new energetic minimum, usually resulting in a re-
positioning of the surface atoms - relaxation effects. In pure metals for
example a contraction of the inter-planar distance of the top few atomic crystal
planes usually occurs. In certain cases the new energy minimum results in a
reconstruction of the crystal structure or the formation of a complex
'superstructure’. It is a matter of fundamental interest to determine the ground
state surface structure of pure compounds, but these processes are also
influenced by the presence of absorbed species. Conventional ICISS is a
unique tool for the analysis of these surfaces, and is capable of providing
unique real space information. As the signal is mass specific the respective
surface species may also be identified. ICISS was first used by Aono to
determine the reconstructed surfaces of annealed pure Si(001) ( (2x1) and
(4x2) )6 and Si(111) ( (7x7) )¥7, where scattering data was interpreted directly
without comparison to simulation. At the time of Aono's result the Si(111)7x7
surface had been a long standing problem in surface science, although the
structure was also independently predicted using X-ray diffraction techniques
within a short period. Structural investigations are often made using ICISS in
combination with other techniques, for example with LEED and STM. In
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studies of absorbed surface structure the angular dependence of the scattered
absorbate/substrate signal ratio allows the position-of absorbed atoms to be
determined. A further area of application is in assessing surface quality of
mono-crystals by the observation of steps and defects. In summary, a wide
range of clean reconstructed surfaces of pure element materials, absorption
induced reconstructions, and adsorbate overlayers have now been determined
by the variants of LEISS. A comprehensive review was recently given by
Niehus et al[1993]83.

2.7 Discussion of the Limitations of conventional LEISS and

corresponding developments.
2.7.1 Surface damage and excessive erosion rates

The signal collected in the conventional LEISS format represents a
very small fraction of the total scattered ion distribution, which is dependent
on the parameters of eq 2.7. Further losses of signal originate from the single
channel nature of the ESA: As the electrode potential is scanned, only a small
fraction of the scattered ion signal is detected at any one time. Typically a
fraction of ~10-7 to10-? of the incident signal is detected. This indicates a total
sample dose of ~ 10!2 to 10!* incident particles to obtain a spectrum
comprising 105 counts. As discussed previously, each incident particle
produces surface damage: this surface damage is an inevitable feature of the
scattering technique, however, due to the nature of conventional LEISS the
damage level is much greater than is necessary.

ToF systems reduce the sample dose to a minimum and therefore
reduce surface damage as far as possible. A second approach is to employ a
neutral beam, which can reduce both the sputtering yield and damage induced
in the case of non-metal surfaces3485. Brown et al[1984]84 compared ion and
neutral beam bombardment of polymer, polystyrene, and oxide semiconductor
surfaces. They concluded that in the case of poorly conducting materials atom
bombardment causes significantly less damage, and identified possible charge
related mechanisms to explain this phenomenon. The above dose levels also
impose substantial 'atomic mixing', ion induced segregation and preferential
sputtering, resulting in significant changes in surface morphology. These
phenomena represent the most severe limitation in studies which involve the
collection of a number of spectra, for example in the determination of surface

structure or studies of dynamic surface processes86
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Clearly the sample dose may be reduced by de-focusing the beam
in order to analyse a bigger area, at the expense of spatial resolution, or by
increasing A? at the expense of energy resolution. Another approach is to
employ a CMA rather than a hemispherical analyser. This is achieved by
collecting the full scattered cone of ions at a given scattering angle. However,
the potential for dose reduction does not approach that possible with the ToF
analyser, and the azimuthal variation of the scattered signal is lost, removing
the possibility for structural information. Thus the ToF analyser offers the
greatest potential for reducing the surface erosion problems suffered by
LEISS. For comparable conditions of resolution the dose level can be reduced
by a factor of 104-105.

2.7.2 Charging effects in insulators and semiconductors

The second major problem associated with LEISS is that for
samples of low conductivity, the flux of incident ions results in the
accumulation of excess positive charge on the sample surface. As well as
enhancing the sputtered rate the charge build up produces an electric field
which deflects the ion beam so as to decrease the effective scattering angle and
decrease the primary collision energy, displacing the LEISS peaks from their
predicted positions87. Thus, if the excess charge build up is not compensated
by a beam of thermal electrons from an electron flood gun interpreting spectra
becomes impossible. Where the surface is not homogeneous regions of
differing potentials may build up making charge compensation impossible, in
which case spectra cannot be generated. The use of fast atoms rather than
lower energy ions avoids these problems as well as reducing physical and
chemical damage. Studies showing the fundamental differences between fast
atom and ion bombardment are reviewed in section 2.9. No instrument has
been reported which allows ToF analysis to be combined with fast atom

_bombardment.
2.7.3 Lack of Quantification

The neutralisation process is largely responsible for the simplicity
of the conventional LEISS technique, as the neutralisation probability of MS
ions is very high. Thus the MS signal is conveniently eliminated from the
LEISS spectrum, leaving only the QS signal to convey the surface
composition. However, the QS signal also suffers substantial neutralisation.

page 47



chapter I, Background

Owing to the complexities of charge transfer processes, in the absence of a
reliable model, it is difficult to derive sensitivity factors akin to other
spectroscopes.  Furthermore, as discussed previously, neutralisation
probabilities may also be trajectory, matrix and coverage dependent. The
extent to which these effects influence the final charge fraction is not clear,
with much contradiction apparent in the literature.

The complexities of charge transfer may be circumvented by either
using alkali ion scattering, S-ESA , or ToF detectors. In the case of alkali ions
neutralisation does not strongly affect the scattered ion yield. In the case of S-
ESA, scattered neutrals are post ionised in an electron stripping cell 88
However this method is experimentally quite difficult as the efficiency of the
cell must be known for the different energies of the scattered particles, the
stripping cell efficiency is typically ~ 0.1 %. Thus the ToF technique is the
only method by which neutralisation can be completely avoided, and is
compatible with the requirements of the previous sections. Thus the ToF
approach potentially allows direct quantitative analysis, however, MS particles
now contribute to the scattered particle spectrum. As a result spectra may be
more complex than those observed in conventional LEISS. So although ToF
analysers can avoid the uncertainties in quantitative analysis due to
neutralisation, other factors must be considered. These effects are considered
in the following section by comparing a wide range of ToF data from the

literature.
2.7.4 Developments for structural analysis techniques

There remain a number of problems associated with ICISS in the
form initially introduced by Aono*. One important problem is the low
intensity of the backscattered signal. Factors contributing to this are the same
as those of standard LEISS systems, with the addition of decreased differential
scattering cross-section due to the high impact angle. This leads to the same
problems relating to surface damage, and this becomes particularly acute
when a number of spectra are generated, for the production of the I-8 curves.
A second problem was illustrated by Aono's 1nitial results: the structure in the
I-8 arises from the previously described shadowing and blocking effects.
These effects correspond to double collisions, which have a higher associated
neutralisation probability than the single collisions. As a result structure is lost
from the /-8 curve. Again this problem may be overcome by the use of a ToF
analyser to collect the scattered neutral signal. A similar advantage may be
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gained by the use of alkali ions rather than noble gas ions. This gives rise to
Alkali Impact Collision Ion Scattering Spectroscopy (ALICISS )8. However,
the use of ToF analysers to overcome this problem is more widely reported,
and this is referred to as Neutral Impact Collision Ion Scattering Spectroscopy
(NICISS) The NICISS data of Niehus*> clearly demonstrated the distinct
advantages over ICISS: the corresponding /-6 is of much greater intensity and
exhibits much sharper structure. An additional advantage was that the structure
of the first 2-3 layers can be determined by NICISS, thus extending
possibilities of studying reconstruction and relaxation. In recent years NICISS
has been used to determine a variety of relaxed and reconstructed surfaces,
both of pure elements and absorbate systems. The summary of specific

surfaces studied was given by Niehus et ai®3.
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2.8 Scattered neutral Spectra and Time of Flight Analysis.

In principle the limitations of LEISS, relating to erosion and
quantification can be overcome by ToF analysers. However, although
uncertainties in relation to neutralisation are clearly removed, new
complications arise due to the MS signal. The extent to which this signal
obscures the 'information carrying' QS signal is examined in the following
subsections, where the existing body of scattering data obtained using ToF

systems is reviewed.
2.8.1 ToF analyser - Instrumental Resolution

In order to compare broadening of spectra collected on instruments
of different laboratories, it is necessary to consider instrument resolution. To
calculate this it is necessary to know the following parameters:

AE, - energy spread of primary beam

A? - combined angular width of the incident and detected beams

At - ion pulse duration

[ - length of flight path

The equivalent parameter to the AE

esa» Which was just a constant fraction to

the scattered particle energy is AE, . This is expressed by:
AE, ;= [Adl] [(2v,E, k%) ] -(2.27)

where the component [A#/] ] is purely instrumental, and the component
[2v,E k3?] is dependent on the experimental conditions. Thus maximum
resolution is achieved for low velocity scattered particles. Comparison shows
that the ToF analyser resolving power exceeds ESA analysers for certain
conditions, see figure 2.13. In calculation of these curves typical instrumental
parameters were assumed, and the inherent broadening contributions were
omitted. It can be seen that the ESA resolving power is maximum for = Q°
and 180° and decreases significantly at intermediate angles. The ToF analyser
follows a similar trend, however R, also increases to greater values as o
approaches 180°. Thus the maximum resolution of the ToF analysers exceeds
that of the ESA. In both cases, the resolution is independent of scattering
angle for large values of A. The expected widths of the QS peaks in the ToF
spectra are given by:
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Figure 2.13 - Coniparison of the resolving power of (a) ESA (
AE,, = 0.5 % ) and (b) ToF (4t= 50 ns, [=2000mm), A¥=1°, AE,
=1%.

The curves shown are for 1keV He, Ne and Ar particles scattered
from a Cu surface.
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At =[t/E;N( AE,,2+ [KAE, 2+[AE, 2+ f, (A, 0)2AE, 2) - (2.28)

st

which corresponds to an energy resolution, R, , given by:

R,= AE,/E, = At/2t - (2.29)

2.8.2 ToF Spectral Broadening due to Multiple Scattering

This section considers the complications of the additional
contribution of multiply scattered (MS) particles in ToF spectra. For the
purpose of most studies it is an advantage to chose experimental conditions
for which the MS signal is a minimum or separated from the QS peak. In an
attempt to identify conditions leading to minimisation of the MS signal a
review of existing ToF data in the literature is given. A summary of the
surfaces and conditions included are summarised in table 2.1. The data can be
divided into three distinct groups: spectra from non-ordered surfaces at
intermediate scattering angles, spectra from ordered surfaces at intermediate
scattering angles and spectra from ordered surfaces in the impact collision
mode. Experimental peak widths are compared with expected values given by
eq 2.28.
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Table 2.1 - Time of flight scattering data

E, B 8 lprimary | target | orien preparation vear | ref
kev | deg | deg|species | species| tation technique + notes
5 90 45 | Net .1 Ni00D){ [100} Mechanical polishing with syton 19791 100
5 90 351 Net | Ni00D] [110] Rinsed in HNO-/glacial acetic acid,
5 90 45 | Net | Ni(0OD] [100] acetone , de-ionised water.
5 90 35 1 Net | Ni00D] [110] Cleaned in UHV chamber with Ne*
bombardment at 600-700°C, then
annealed at 400°C
24 ] 90 45 | Net | Ni(0OD] [110]
24 1 90 351 Net | Ni00D] [110}
2.4 1 90 45 | Net I Ni(00D] [100]
24 1 90 351 Net | Ni(00D} [100]
10 | 30 15 | Net | Cu(100)] [100] separated QS & QD 1979 17
10 | 30 15§ Net | Cu(100)] [110)
10 | 30 15 | Net |Cu(100)f [210]
10 | 30 151 Net | Cu(100) [310}
5 90 45 | Net | CusAu{ {100] -500 eV Ar* bombardment at 700° C, 19771 20
5 90 45 ] Net Cu,Au | [100] - followed by annealing at 300°C
(100) -Sharp LEED pattern
5 90 Net Au NK 19781 19
5 90 | NK| Net | Si(111) Chamber also equipped
with a rotateable ESA analyser.
1.5t0] 1351 90| Het Ni NK 19781 90
15
5 90 | NK| H* Au Round Robin comparison 19821 91
5 90 | NK| Het Au ToF x 2, simulation x 2, S-ESA x2
5 90 | NK] Net Au Various grain sizes, preparation
5 90 | NK| Art Au
2 {180 ] Oto} Net | P111)] [112] NK 1990 57
180
3 1135 ] NK| Net CsBr Evaporated films of CsBr 19831 92
3 90 | NK| Ar CsBr on stainless steel
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8 90 Art Au Trichloroetthylene & acetone 19751 14
24 1 90 Art Au + electro-etched in NaC/HCI solution
8 90 Het Au + rinsed in de-ionised water
16 | 90 He* Au + annealed to yield a grain size of
32 1 90 Het Au ] ~ 0.1 mm
2 165 | 10t} Ar P(111)} <112> annealed 19861 18
120
2 11651 Oto] Net | P(11D)|<lI2> 19861 18
120
2 | 149 10 | Net | P(110)} <112> Mechanical polishing - alumin 19911 93
-20 g A/cm? Art fluence
annealed to 1300°C, O, treatment to
remove impurities diffused from bulk.
2 1180 45 | He* [InAs(001) [110] InAs wafer dipped in (NH,), S, solution 1991 94
2 1180 }] 45] Het [InAs(001 [111] to_remove the native oxide,
Heated to 650 K.
8 J166 1 181 Net |Ni(100)] [100] Mechanical polishing - diamond paste 19911 41
cyclic heating to ~500° C and 2 keV
Ar* bombardment. Annealed at ~ 600°C
2 1180 ] 90| Het Au/Si | NA Au layer grown on Si surface with MBE 19911 95
(111)
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2.8.3 Intermediate scattering angles from non-ordered surfaces

The advantage of energy analysis of scattered neutrals was first
reported by Buck!4. This instrument, built at Bell Labs, New Jersey had a 93
cm flight path, and a 50 ns pulsed width (subsequently referred to as the NJ
instrument.) This instrument demonstrated for the first time the high
neutralisation probability of noble gas ions scattered from metal surfaces. An
energy spectra derived from the experimental ToF spectrum is shown in figure
2.14a; the QS, 5, Peak at E/E, = 0.666 is prominent. A pronounced shoulder
can be seen to the high energy side of the QS4,. A, peak which was attributed
to multiple 'in-plane’ scattering mechanisms. The QD energy, the energy
resulting from two a double 'in-plane' collision consisting of two 450
deflections, in this case is ~ 0.787E,, The intensity falls to zero at
approximately the QT energy, which is 0.849E,, (corresponding to three in
plane collisions each of 30°). Close inspection of the spectra at energies
higher than the QT energy reveals an 'anomalous hump' at E>E, which cannot
be attributed to argon scattering. The hump was identified by Chen et al%.
using a combined ToF-ESA technique, to result from direct recoils of light
atoms such as H and C. The experimental resolution of the QS,,. », peak,
R (exp) is ~16 compared to R, (calc) of 37. A much greater MS contribution
was observed in the case of 8 keV helium employed as the primary species,
figure 2.14b. The QSy..a, peak, expected at a 0.977E, is completely
'swallowed' by a broad MS feature. Again the extension of the peak above E;/
E, > 1 was attributed to hydrogen recoils.

Similar experimental data were reported from a ToF instrument
built at the Max-Plank Institut fiir Plasma Physik, by Eckstien et al%
(subsequently referred to as the IPP group). Spectra from the /PP instrument
of 1.5 to 15 keV He* scattered from a polycrystalline nickel surface at #=135°
are shown in figure 2.15. This instrument was equipped with an ESA analyser
and allowed direct comparison between ESA and ToF spectra. From figure
2.15a it can be seen that the onset of the low energy tail in the ESA spectra
began at ~3 keV, and increased monotonically with increasing energy. In
contrast the ToF spectra exhibited a very significant tail at all energies, and
above ~ 5 keV the QSy, n; peak ( at 0.793 E, ) was not visible due to the
domination of the MS signal. It can also be seen that the ToF peaks extend to
higher energies than their ESA counterparts. For example the half width at
half maximum height of the 1.5 keV ToF peak is ~ 70 eV, compared to ~ 40
eV for the corresponding ESA peak. Therefore even at the relatively large
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Aston University

Content has been removed for copyright
reasons

P e

Figure 2.14 - Scattered particle energy spectra, derived from
experimental ToF spectra . After T.M.Buck (1975)14

a] 8 keV Ar* scattered from a polycrystalline Ag surface. #=90°, black
circles 1on+neutrals, white circles neutrals only

b] 8 keV He* scattered from a polycrystalline Ag surface. #=90°
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scattering angle of 135° the MS signal was strongly dominant even at low
primary energies.

Broad MS peaks were also observed in the ToF spectra of 5 keV
Ne ions scattered from an amorphous Si surface!9, as shown in figure 2.16.
The Si(111) surface, had been subjected to a high current argon ion beam
without subsequent annealing, and therefore can be assumed to be amorphous.
In the ToF spectra shown in figure 2.16a the most prominent peak at 7.4 us is
attributed to double scattering, which corresponds to the QDy,_g; energy, ~
0.36 E, . The cusp at 10.6 us corresponds to the QSy,_g; energy 0.17E,. Again
the QS peak is very severely broadened and dominated by MS. For these
conditions, R,(calc) ~ 20, corresponding to a peak width of 250 ns. As the
primary and target atoms are close in mass, (A=1.4), double scattering
collisions result in scattering at energies significantly higher than the QS
energy. The corresponding ESA spectrum, shown in figure 2.16b, also exhibits
double and triple in-plane scattering, but with significantly less intensity at
lower energies, and a much sharper QS peak. In this case R,(calc) is in good
agreement with the calculated value, R, (exp).

Data from the NJ-ToF instrument and ToF data generated by an
instrument constructed by A.L.Boers et al, at the University of Groningen%7,
(subsequently referred to as the UG group) were published in a 'round robin’
comparison of ToF, (S-ESA)®7, and computer generated data®!. Data from the
participating groups were produced independently for SkeV He, Ne and Ar
ions scattered from polycrystalline gold. The resulting total particle spectra
are shown in figures 2.17, 2.18 and to 2.19. It can be seen from figure 2.17, in
the case of helium, that the scattered particle spectra were dominated by MS.
All three data sets exhibited a large low energy tail extending towards zero
energy. Significant intensity was also observed above the k=1 threshold. In the
case of the UG data, subtraction of the neutral fraction from the total spectra
displayed a very sharp peak due to scattered ions, giving R (exp) ~ 140.
Whereas the UG-ToF instrumental parameters of AE,= 0.005E,, Ar=20 ns,
[=111.6 cm and A¥9=0.32° predicts R (calc) ~ 42. In the case of neon
scattering, all data sets exhibited a significant reduction in the MS signal. In
this case a pronounced 'high energy shoulder' extending beyond the QD peak
energy of ~ 0.888E, was observed. This QD intensity can be seen to be
significantly lower than that of the Ne-Si of figure 2.16. Furthermore, the
QSne.au Peak was significantly less broadened by multiple scattering; that of
the UG-ToF data was the sharpest, and exhibited a resolving power of ~ 90,
which is comparable to R,(calc), and equal to that of the derived ion peak. In
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Figure 2.16 - Ne* scattered from a Si, after Buck et al!%.

Conditions: - 5 keV, #=90°

a) ToF spectrum
b) LEISS spectrum ( ESA analyser )
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Figure 2.18 Round Robin Comparison from reference 91, (
ion+neutrals spectra), neon from gold - polycrystalline.
Conditions: - E, = SkeV, ¢ =90°.
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Figure 2.19 - Round Robin Comparison from reference 91,
( ion+neutrals spectra), argon from polycrystalline gold.
Conditions: - E, = 5keV, ¢ =90°.
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contrast to this the NJ-ToF data exhibited no peak in the derived ion spectrum.
Similar trends can be seen for argon spectra in figure 2.19, with the QS4, 4,
peak further increased relative to the MS signal. As with helium and neon, the
extreme high energy edge corresponds to the QT energy of 0.849E,. The
variation of peak QS width across the data sets is also repeated, R,(exp) ~30
for the NJ-ToF data compared to ~100 for the UG-ToF data, where both
values are in agreement with prediction. The authors of the comparison
concluded that, in general, the ToF total particle spectra showed reasonable
qualitative agreement when differences in the instrument resolving power
were considered. However, larger differences were seen when the derived ion
spectra and positive ion fractions were compared: the most striking of which
was the absence of a QS ion signal in the NJ-ToF data compared to a very
sharp peak in the UG-ToF data. The chief cause of the discrepancies was
attributed to variations in surface crystallinity and surface preparation
procedures.

ToF spectra from a non-crystalline binary alloy surface were
produced from an instrument built by Rabalais et al? at the University of
Houston. Figures 2.20 & 2.21 show the ToF spectra of 3 keV neon and argon
ions scattered from an evaporated film of CsBr at ##=135°. Again the spectra
feature broad surface peaks. In this case the QS peak width cannot be
accounted for by the instrument resolving power, which in this case is low:
[=56.5 cm, At= 300 ns, leading to R (calc) ~ 21 and 23 for the QSy,_c, and
QSne.p: Peaks respectively, which is a factor of four greater than experiment.
The calculated energy resolving power corresponds to mass resolving powers,
m,/Am, of ~ 11 and 21. Given the two corresponding masses of 133 and 80
amu they would normally be well separated in a LEISS spectra. However in
- figure 2.20 the QSy..p, peak is positioned within the low energy tail of the
higher energy QSy..cs peak. In figure 2.21, the QS 4, , and QS 4, g, peaks are
more widely separated, as predicted: (m,/4Am,) is ~ 16 and 27 respectively. In
this case recoiling impurity atoms were thought to be the cause of the
continuous intensity to short flight times. No information on the crystal
structure of the CsBr film was given in reference 92, however, the surface was
subjected to prolonged sputtering with an argon beam, without subsequent

annealing, and therefore can be assumed to be disordered.
2.8.4 Scattering data at intermediate angles from ordered surfaces

The ToF spectra of single crystal surfaces contrast sharply with
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Figure 2.20 - Ne+ scattered from a CsBr, After Rabalais et al92.
Conditions: - Eo =3 keV, ¢¥=135°.

(A) After sputter cleaning with a dose of 1.5 x 1014 Ne* ions/cmZ.
(B) After bombardment with a total dose of 8.3x 1014 Ne+ ions/cm?.
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Figure 2.21 - Ar+ scattered from CsBr. After Rabalais et al92.
Conditions: - E =3 keV at 8#=90°.

Aston University

lHlustration has been removed for copyright
restrictions
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Figure 2-22 - Ne* scattered from Cu(100). After Luitjens et al 17, showing
the experimental ToF spectra of ion+neutrals, neutrals only, ion fraction, and
the experimental ESA spectrum.

Conditions: - E, = 10 keV, =300, #=15°, orientation <100>.
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those of the previous subsection.

The first such data, was reported by the UG group!?, involving
Ne+ scattered from Cu(100), see figure 2.22. Although the primary energy is
large, E,=10 keV, and the scattering angle low at 300, there is a notable
reduction in the MS contribution compared to the previous spectra from non-
ordered surfaces. Furthermore the QS peak is sharp: R,(exp) ~ 70 in good
agreement with the predicted value of 68. Instead of the double scattering
shoulder seen previously, there is a distinct peak corresponding to the QD
peak energy of 0.96F .

The absence of MS low energy tails was also seen in the NJ-ToF
spectra of 2.4 keV Ne* scattered from Ni(001) at #=90°100, These results
demonstrate the influence of azimuth and incident polar angles on the
scattered neutral energy distribution. The spectra shown in figure 2.23 were
collected at the [100]45°, [100]35° [110j45°, [110]35° orientations. An
orientation dependency of the MS contribution can clearly be expected from
shadowing considerations: for example at the [100]45° orientation the incident
beam aligns along <110> 'channelling axis' and ions are guided or channelled
between atomic planes. In the case of the [100]45° orientation, only top layer
atoms are exposed to the incident beam, as a consequence the MS signal is
virtually absent. The QSy,.n; peak at 0.493E,, is slightly greater than the
SBCE of 0.487E,, in agreement with the discussion of section 2.5.1. In this
case the instrumental resolving power, R,(exp) ~ 40, slightly exceeds R, (calc)
~27, as calculated from the published instrumental parameters. It can be seen
in figure 2.23b that if 8 is decreased by 109, so as to misalign the incident ions
with the <110> channelling axis a small increase of the MS contribution can
be observed. Whereas in the [110]35 orientation the incident beam is aligned
with the <111> channelling axis, however second layer atoms are in this case
exposed to the incident beam. As a result the QS peak width is noticeably
increased, R, (exp) ~ 24. Further enhancement of MS trajectories results from
a 10° misalignment of the incident beam, as seen in figure 2.23c.

The experimental contribution of MS scattering trajectories in
scattered particle spectra can also be seen in alkali ion spectra obtained with
an ESA. Owing to the low neutralisation of these the ion spectra in this case
provide a reasonable indication of the total yield spectra. The spectra of 250
eV K+ scattered from W(110) are shown in figure 2.24, after Von Dem Hagen
et al®3. Here again it can be seen that the MS contribution is strongly
influenced by the azimuth angle of the primary beam: the position and shape
of both the QD peak and QS peaks vary as a function of azimuthal angle, y.
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Simulation of the experiment by the authors showed the shift in the double
scattering peak to be caused by the differing contributions to 'out of plane'
scattering, whilst the lower energy peaks could be attributed to top row 'zig
zag' collisions.

The final data considered in this section is that from a single
crystal alloy CuzAu(100) surface. A ToF spectrum of 5 keV Ne+ with the
incident beam orientated along the <110> channelling axis is shown in figure
25a%0. The broad low level features are attributed to top layer zig zag
collisions and second and third layer MS mechanisms. It can be seen however
that these mechanisms do not lead to significant broadening of the QSNe.cus
and QSye 4, peaks. A larger MS signal resulted when the incident beam was
moved to the <111> orientation due to scattering from deeper layers, see
figure 2.25b.

2.8.5 Large angle and co-axial impact ToF data

ToF scattering data reported in the previous two subsections
stimulated the construction of a number of large scattering angle ToF
instruments, where # is made equal or close to 180°. These instruments are
primarily intended for and applied to the investigation of surface structure, as
described previously.

The first near 1800 scattering data was produced by Niehus et al of
the Institut fiir  Grezflichenforschung und Vakuumphysik  der
Kerforschungsanage, Jiilich (subsequently referred to as the GVK group). This
NICISS, employed a scattering angle 165°, and a pulsed primary ion beam of
At ~40 ns. The flight path, /, was 100cm. An 'acceleration tube' was also
employed in the flight leg for separation of scattered ion and neutrals peaks.
Spectra of Ne* and Ar* scattered from the Pt(111) surface!845.89, are shown in
figures 2.26 in which @ is varied from 1 to 120°. The intensity of the small
QSne.pr 1on peak appearing at shorter flight times as a result of the
acceleration tube, is only weakly influenced by 6. In comparison the scattered
neutral intensity is a strongly dependent on 6, which demonstrates the
advantage of NICISS for structure analysis. The QSy,p, atom peak is the
dominant feature of the scattered neutral intensity, for which R (exp) and
R,(calc) are in good agreement ~40. The first two maxima in intensity curve
at 20° and 55° result from focusing by first layer atoms onto first and second
layer atoms respectively. Whereas the third peak at 80° followed by the rapid
fall at ~ 92° results from focusing of the outgoing particles by the first-layer
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Aston University

Illustration has been removed for
copyright restrictions

Figure 2.23 - Net scattered from Ni(001). After Buck et al®’.
Conditions: - 9=90°, E =2.4 keV.

Incident beam orientation: (a) [100]45°, (b) [100]35°, (c) [110]45°, (d)
[110]35°.

The corresponding QS peak heights are (a) 3400, (b) 3900, (c) 7000, (d)
1800 counts.
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Figure 2.24 - K* ions scattered from clean W(110) ( ESA data). After
Von Dem Hagen et al 62

Conditions: - E,= 250 eV at #= 90°, §=45°.

Instrument parameters: - AE g, /E=1.5%, A¥=5°

Incident beam orientation (a) [223] , (b) [113], (c) [110], (d) [001], (e)
[111].

(The vertical lines indicate the SBCE and QD energy)
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Figure 2.25 Ne* scattered from CuzAu(100), after Buck et al20, ( energy

spectrum derived from ToF data)
Conditions:- 5 keV , #= 90°, orientation (a) [100]45, (b) 1 10]35.
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16 15 14 13

- T~AE W secs

Figure 2.26 - NICISS spectra from Pt(111) in the [112] plane.After Niehus and Comsal8
89 and shown as a function of the incidence angle.

Conditions: - E, =2 keV, 9#=165°.

Instrumental parameters: - At ~40 ns , [ =100 cm.

(a) Ne* beam, acceleration voltage = -500 V.

(b) Ar* beam acceleration voltage = -500 V.
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atoms towards the analyser. The QSy..p; peak suffers little MS broadening
effects despite misalignment with channelling directions as 8 is varied. the
QSpe.p; Peak appearing distinct from MS features irrespective of the incident
angle: Only at §~50° does the MS tail have a greater intensity than the QSy, p,
peak, and only at 8~55°, and 8~90° is there significant broadening at the high
energy side of the QS peak due to double scattering.

Similar observations apply for argon scattering data from the same
surface and experimental conditions, figure 2.26b. The main difference is the
appearance of a distinct double scattering peak at incidence angles between
~30° and 60°, and a significant but well separated low energy MS tail at
various angles.

Modification of the GVK instrument allowed true 180° scattering,
achieved using an electrostatic condenser lens to deflect the incident beam>’.
This arrangement is more suitable for obtaining structural information for the
reasons discussed in section 2.3.6.3, and this can be seen in figure 2.27, ie the
-0 curve is richer in the number of peaks of increased intensity. An important
point to note is that the QSy.._p; peak width is twice that predicted by R,(calc)
which is 40 and there appears to be no broadening to higher energies due to
double scattering. This can be explained by the exact super-imposition of the
QS and QD peaks. That is the SBCE, of 0.663E,, is exactly equal to the
energy of two symmetric 90° in-plane collisions, leading to symmetrical peak
broadening as seen in the experiment spectra.

A large impact angle ToF spectrometer was also constructed by the
Houston group?4. This instrument consisted of a semicircular vacuum
chamber of ~100 cm diameter and contained an internal rotatable MCP
detector, allowing # to be continuously varied from 0° and 165°. This
experimental arrangement is referred to as ToF-Scattering and Recoiling
Spectrometry (ToF-SARS), and has been used to study the Pt(110)(1x2)
reconstructed surface3. A ToF spectrum, of 2 keV Ne* is shown in figure
2.28, which was obtained following the collection of a sharp LEED pattern.
The experimental resolving power R,(exp) of the main peak, which was
attributed to QS scattering is only ~5. This compares to the predicted value
R(cal), of 67 ( assuming AE,/E, = 0.01 ) The spectrum is therefore
uncharacteristically broad compared to the others from ordered surfaces.
Further spectra of 8 keV Ar* from Ni(100) also exhibited a large MS signal,
which appears to contribute to the broadening of the QS peak, figure 2.29.
Here again the surface exhibited a distinctive LEED pattern, although the
various MS mechanisms merge giving rise to a single broad peak. However,
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ToF K secs _— b

Figure 2.27 NICISS spectra, Ne+ scattered from Pt(111), shown as a
function of the incidence angle, 8. After Spitzl, Niehus and Comsa’’.
Conditions: - #=180°, E = 2 keV, [112] orientation, acceleration tube
voltage =0V.
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the ion peak derived from the ToF spectrum is also broad, R,(exp)~10,
therefore suggesting that the broadening cannot be fully attributed to MS
scattering.

Finally, a number of large angle ToF spectra have been produced
by the RIKEN group, using an instrument they call CAICISS, that is CoAxial
Impact Collision ISS%8%°. The instrument employs a flight path of only 58 cm,
but has a pulse duration, At of 5 ns. An 'acceleration tube' was also available
for ion/neutral separation. Normal incidence helium spectra of a Si(111)V3v3
surface supporting epitaxially grown Ag crystallites®> are shown in figure
2.30. For such experimental conditions R,(calc) is 150 and 90 for the QSy,. Ag
and QSy,.s; peaks respectively. As in the GVK instrument the experimental
peaks are broader then the predicted values: R, (exp) ~20 for both the ion and
neutral QSy s, and QSye_s; peaks. Additionally the QSy, g; neutral peak is
super-imposed on a broad MS background intensity. This intensity was
reported to increase following depositing of further silver onto the surface It
may also be seen that the neutral QSy, 5, peak was broadened by MS when
further layers of silver were added to the surface, this corresponded to a
reduction in R (exp) from 20 to ~ 7. Although the surface was reported to be
annealed, no information on the quality of the crystal surface was available.

Further CAICISS spectra are shown of 2 keV He* scattered from
InAs(001)% in figure 2.31. The spectra correspond to the [010]45° 'channel
aligned' incidence orientation, where the QSp., and QSy.. A, peaks are
clearly separated, but are superimposed on a large MS background and are
significantly ( x 3 ) broader than predicted. For this surface a large MS
presence may be expected as the surface was not fully ordered, as indicated by
a 'diffuse’ LEED pattern. In accordance with earlier data a significantly greater
MS contribution was observed for the non-channelling [010]35° orientation.

2.8.6 General Conclusions

From the preceding review of ToF data it is possible to draw a
number of general conclusions: the spectra of polycrystalline samples in all
cases exhibit a signal intensity broadly dispersed in energy, far in excess of
that expected by the purely single collision treatment of eq 2.24. In some
cases a sharp QS peak is superimposed upon the MS intensity, but is not
appreciably broadened by it, in which case an MS signal does not hinder
analysis. In other cases, notably when helium is employed, the QS peak may
be completely obscured with MS signal. The backscattered intensity
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3 5 7
. ToF ( psec )
Figure 2.28 - Ne* scattered from Pt(110). After Masson and Rabalais 93
Conditions: - 2 keV ,8# =90°, orientation [112]10°
Instrumental parameters: - /=53cm, 4t=50 ns.

QS

neutrals only

ToF ( 1 sec )

Figure 2-29 - Ar* scattered from Ni(100), showing neutrals +ions , neutrals
only and ions only, after Masson and Rabalais 4!.

Conditions: - E= 8 keV, ©# =166°, orientation [100]18°.

Instrumental parameters: - /=100cm, 4t=30 ns.
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Figure 2-30 - CAICASS - He, from Si(111)V3xV3R30° with deposited Ag,
after Aono et al% A

Conditions: - E, = 2 keV, #=180°, acceleration vOltage =-1.5kV.
Instrument parameters: - At=5 ns, and /= 58 cm.

In ‘ As

¢

|

4 4.5 5 5.5 6
ToF (u secs )

-

Figure 2.31 - ToF / CAICASS - He* from InAS(001), After Aono et al%8
Conditions: - E =2 keV, orientation [010]45 ( parallel to the <011> axis)
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constituting the low energy tail is conventionally attributed to multiple
scattering trajectories from sub-surface layers. This contribution is generally
seen to decease with increasing scattering cross-section as penetration into the
surface is reduced.

A second influential factor in determining the MS signal
contribution is surface structure. If the incident beam is aligned with a
‘channelling direction' of the crystal lattice MS features are virtually
eliminated. Increasing the scattering angle also reduces the MS contribution,
although this appears to be a second order effect compared to surface
structure. One notable exception was the spectra of Masson et al®3, where the
QS peaks are much broader than other comparable data. It can also be seen
that increasing the scattering angle to 180° increased the QS peak width due to
QS-QD peak superimposition.

In summary the data shows that, although free of uncertainties
from charge transfer processes, scattered neutral particle ToF can be
complicated greatly by MS contributions. In some cases this can completely
obscure QS peaks. The problem is most acute for high energy helium
scattering from non-ordered surfaces. In semi-ordered multi-component
surfaces the QS peaks may appear above a broad non-ordered background

intensity.

page 76



chapter II, Background

2.9 Fast Atom Scattering Data

Despite the experimental evidence demonstrating the potential
advantages of FAB bombardment, discussed earlier, the employment of FAB
has been restricted mainly to smdies of a fundamental nature, and is not
widely employed as a substitute for ion bombardment in surface analysis. One
of the reasons for this is, perhaps, that there have been few satisfactory
commercially available atom sources. However, a neutral beam of noble gas
atoms may be produced by passing a primary ion beam through a high
pressure gas cell. In ion scattering experiments there are practical difficulties
in combining the use of FAB with ToF analysers which has been the focused
area of development of a number of groups engaged in researching low energy
particle scattering technique, and was the main challenge of this work.

There are four basic physical differences between the two types
of scattering, two of which are marginal in respect to composition analysis:

I] Atoms unlike ions may not be neutralised during the incoming phase of
their scattering trajectory

1I] Ions and atoms experience different electron stopping power.

III] Atoms do not experience the attractive force due to the image potential
close to the metal surface

IV] The shielding of the nuclear charge is modified by the presence of the
additional electron, although this is widely ignored in the literature.

In this section existing fundamental studies that have investigated
these differences are summarised. This existing experimental FAB data has
been obtained through detection of the ion faction only.

The first investigation of FAB was carried out by Verhey et alf
who studied the differences in the QS ion peak position resulting from the
incident charge state, for helium scattered from crystalline copper. This energy
difference was measured as a function of primary energy, E, ( 4 to 10 keV )
and incidence angle. The resulting data revealed that the QS ion peak due to
the incident neutrals could actually lie lower in energy, by ~20 eV. This
indicated that the neutrals lost more energy in the surface collision than the
corresponding ions. Similar measurements were carried out with neon and
argon by Luitjens et al 13-16, of energies between 5 and 10 keV, also scattered
from polycrystalline copper. In the case of neon, the QS peak resulting from
neutral bombardment was again seen to occur at lower energies, by up to
24eV. No differences however were observed in the experiments with argon.
These observed differences are thought to result from ionisation of the
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incidént neutrals during the violent collision, with further differehtial losses
caused by differences in the electron stopping power of the ions and atoms
during the incoming phase (with a greater power for the ion state).

A more thorough comparison of rare gas ions and atoms
scattering was made by R.Souda et all01.102_ in which 0.2 to 2 keV Helium
particles were scattered from 29 different target species, at #=120°. Again
only the scattered ion spectra were measured. The study showed, by high
resolution spectral analysis, the peaks of conventional LEISS to consist of
two resolvable components. The higher energy peak was attributed to ions that
survived neutralisation during the surface collision. Whereas the lower energy
peak was attributed to ions experiencing neutralisation on the incoming
trajectory followed by subsequent re-ionisation in the collision step. Souda
observed that the position in energy of the lower lying peak coincided
precisely with the single peak observed when FAB was employed, which
confirmed these conclusions. Measurements were made of the peak separation
and also the threshold energy for the onset of the re-ionisation process. The
study reveals an interesting relation between the threshold energy and position
in the periodic table. The same threshold energies were calculated
theoretically by Tsuneyuki et al'92. A more detailed discussion of these results
is given in chapter 3.

It was also shown by Souda et al'03 that LEISS executed with
fast atom bombardment, referred to as Neutral Beam Ion Scattering
Spectroscopy ( NBISS ) can also hold certain advantages in structure analysis.
This can be appreciated by considering that ions which take part in shadowing
and blocking, are the richest in structural information, but these ions also have
the highest neutralisation probability. Conversely, ions which are not
neutralised convey minimal structural information. NBISS avoids this
problem as the possibility for neutralisation during the incoming stage is
removed. Therefore, ions which are collected in NBISS have an angular
dependence which is more sensitive to the structure of the surface. Differences
between ion and fast atom scattering were also studied by Sullivan et al 26, In
this case however the differences were observed in the neutral particle
spectrum. In this case fast atoms scattering without suffering ionisation losses
may also be detected. However, the interpretation of the results was
additionally complicated as a polycrystalline sample was employed thus the
spectra exhibited a large MS intensity. Without accounting for these effects the
results indicated a greater loss in energy on the part of the incident ions. This
was also considered to originate from the same electron stopping origins as
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observed by Verhey!04,
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Chapter ITI

Charge exchange and inelastic loss processes

In addition to offering the possibility of overcoming the limitations
of conventional LEISS, it is also evident that TOFFASS is capable of unique
investigation of the surface particle interaction process. This aspect of the
instrument's capability is explored further in this chapter. Initially, to provide
the necessary background for the proceeding discussion, a review of current

knowledge of inelastic and charge exchange processes 18 presented.
3.1 Mechanisms for Charge Transfer.

Electrons may be transferred between the scattering primary
particle and surface through a number of possible processes. The interaction 1s
characterised by the electronic properties of the surface, such as the work
function, and the ionisation energy and excitation levels of the incident
particle. Figure 3.1 shows a metallic surface with the conduction band filled to
the fermi level and the localised potential well of the approaching particle.
Within this framework there are a number of possible electron transition
processes. The most important processes being Auger neutralisation and
resonant exchange. Quasi resonant exchange between a core level of the
surface and an aligned vacant level of the projectile and other ionisation
processes are also possible. Radiative neutralisation has a very small
probability and so will be excluded from further discussion. The final charge
state is determined by the product of probabilities of the combining processes.
The whole spectrum of processes may be possible for certain conditions,
which is true for example of He?* interacting with a Pb surface!05. It should be
noted that the preceding discussion is solely concerned with the interaction of
particles of sub-fermi velocities, as greater velocity requires a fundamentally
different treatment of the inelastic interaction106. Discussion is also restricted
to quasi singularly scattered particles, as the neutralisation constants of
multiply scattered ions are dependent on the precise trajectory of the scattering
particle, and therefore would involve a detailed calculation of the ion
trajectory. Secondly, since the multiply scattered particles are neutralised with
very high efficiency, these trajectories yield little or no information about the

neutralisation process.
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Figure 3.1 - Schematic showing the various possible processes by
which an electron may be transferred between a metallic surface and
the localized potential well of a scattering ion. (a) resonant charge
transfer, (b) Auger neutralisation, (c) Auger de-excitation, (d) quasi-
resonant charge transfer.

Figure 3.2 - Oscillating ion yields exhibited by He* scattering from
Pb, arising from gRN between the Pb 5d and He 1s states.

Solid line - ( a Pb surface ), Dashed line ( atomic beam ).

After Zartner et alll4
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3.1.1 Auger Neutralisation (AN)

Auger neutralisation is a two electron process, possible when the
ionisation energy E; of the projectile is more then twice the work function, ¢,
of the surface, and AN dominates other neutralisation processes for many
projectile-target combinations. The process proceeds by a valance electron
neutralizing the projectile ion by tunnelling through the potential barrier, from
the surface into the potential well of the projectile. This electron subsequently
falls down to a deeper lying vacant state. A second valance electron must take
up the excess energy of the first in order to conserve momentum. This electron
is emitted from the surface as a secondary electron, and carries information of
the band structure and density of states of the surface region, giving rise to the
INS technique. The range of the auger transition process is determined by
overlap of the wave functions, which is given approximately by the sum of the
radii of the electron orbitals of the projectile and the valance orbital of the

surface atom, ~ 2 A.
3.1.2 - Resonant Neutralisation (RN) and Resonant Ionisation (RI)

Resonant charge transfer refers to the process of electron tunnelling
between the potential well of the surface valance band and a hole state of the
scattering particle. The transfer probability is determined by gquantum
mechanical tunnelling probability. RN, the transfer of an electron from the
surface to a projectile ion, is possible whenever a vacant energy level of the
scattering particle is straddled by or lies close to the valance band. If the
ionisation potential coincides with the fermi level, the reverse process of RI is
also possible. However, if the vacant level lies lower than the fermi level
tunnelling is limited to the neutralising transition only, and the process is
essentially one way. Both transitions involve no loss or gain of energy on the
part of the scattering ion, however an electron retained by the scattering
particle will reside in an excited state on leaving the collision site, ultimately
decaying to the ground state; in doing so, emitting the characteristic emission
line of the atom107.108, Both the RN and RI process can take place within a
region ~5 to10 A of the surface.

Atomic energy levels of the surface atoms and incident particle
tend to shift and broaden throughout the duration of the collision, which can
be viewed as the formation of a temporary 'surface molecule' over this period.
These changes result directly from valence electron interaction and
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Hiesenberg's uncertainty principle. It is a simple matter to calculate energy
broadening due to the uncertainty principle, which 1s ~ 1 eV for a 1 keV He
ion, assuming an interaction time of ~10-15 s. A full quantitative theoretical
solution however is very challenging: the perturbation of levels resulting from
electron overlap requires a many body and time dependent treatment. However
such calculations are importarit for the fundamental understanding of the
interaction process as energy level shifts and broadening can dramatically
increase electron exchange transition probabilities.

Favourable conditions for resonant exchange are found in the
scattering of alkali ions and hydrogen ions from most metal surfaces. Here the
vacant ground state of the ion coincides with the fermi level and RN and RI
processes dominate, leading to a neutralisation probability which is much
lower than that of noble gas ions. In such cases other processes may be
neglected. Experimental measurement of ion survival probabilities were made
by Algral® for lithium, sodium and potassium ions scattered from a Cu(100)
surface, which has a work function, ¢ of 4.6 eV. The ionisation potentials are
5.39 eV, 5.14 eV and 4.34 eV respectively, corresponding to the measured
probabilities of 60%, 75% and 99% respectively. These values were found to
be relatively insensitive to the ion trajectory. Thus the ion fractions are much
greater and less uncertain than those of noble gas ions, and as previously
stated, alkali ion scattering is sometimes used as an alternative to ToF analysis.
However, as shown by Overbosch!10 and Kimmel!!l, this approach is limited

to surfaces with a spatially homogeneous work function.

A theoretical treatment of resonant processes was given by
Ngrskov!12 who developed the following expression for neutralistion

probability:
P(E) o< eXp [-pCl (Ei'e¢+C2)/C3VJ_] -(3 1 )

The constants C;, C, and C; are dependent upon the position and width of the
localized alkali ion energy levels in the collision vicinity, and E; is the

ionisation potential of the scattering particle.
3.1.3 Quasi Resonant Neutralisation - gRN

Quasi Resonant Neutralisation is found to be important in a
number of specific ion-target combinations, for example helium scattering
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from Ga, Ge, As, In, Sn, Sb, T1, Pb and Bi. Unlike other mechanisms gRN is a .
nonadiabatic two way resonant process, and is an ion-atom interaction rather
then an ion-surface interaction, as shown by experiments employing a Pb atom
beam as the target species!13. The process is possible when a core level of a
surface atom aligns with a vacant core level of the projectile ion. If the two
interacting particles had sufficient time to establish equilibrium, the incident
particle would always be left in the neutral state. However, in the brief time
interval of the collision the electron oscillates between the two resonant states
of the collision complex, and the projectile may leave the surface in either
state. QRN may be identified by the strongly oscillating structure in the ion
intensity when plotted against the inverse of the projectile ion velocity, see
figure 3.2, which is shown after Zatner et alll4. The process can be described
theoretically by Laudau-Zener type charge exchange effects!05.115.116 and the
periodicity of the oscillations can be predicted by eq 3.2117, where AV(r) is the
potential energy difference between the He*-Pb° interaction and the Heo-Pb*

interaction.
P, .= sinz[(]/hvl)A V(r)dr] -(3.2)

P, 1s seen to be an oscillating function of the time the ion spends
in the vicinity of the surface, which is proportional to v-1. A classification of
target elements was made by Rusch and Erikson!!8 based on such yield-
velocity curves for He, Ne and Ar primaries. Elements exhibiting an
oscillating ion yield were classified in group II. The oscillating yields of these
elements further hinder the quantitative composition analysis in LEISS,
however, they can also be exploited for the considerable electronic information
they contain, which can be used as a ‘finger print' for the particular atomic
species. Thus the gRN process provides an additional method of element

identification.
3.1.4 Re-ionisation - The Electron Promotion Mechanism

Souda and Aono!9!.102 have demonstrated experimental evidence
of re-ionisation as well as neutralisation in surface collisions, and they
attributed this to an electron promotion mechanism!1°. This mechanism can be
understood in terms of the total energy curves of the two interacting particles
as a function of their inter-nuclear separation distance, as shown schematically

in figure 3.3. The two plots result firstly from He° and B, and secondly from

page 84



chapter ITI, Charge exchange and inelastic loss processes

'HeB'

total
energy

distance

(r)

Figure 3.3 - Schematic figure showing the ionisation of He® by

the electron promotion mechanism.
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He* and B-, where B is the surface target atom. As shown in the figure the two
curves cross at a certain inter-nuclear separation. A helium neutral of sufficient
energy approaching along curve I may exit along either curve. Exiting along
the upper curve leads to ionisation through the following reaction:

He° + B — 'HeB' — He* + B-

where 'HeB' is a temporary 'quasimolecule’. Evidence of the reverse process
has also been seen if a neutral enters along the top curvel0l.102. The crossing
of the two curves defines the boundary of the 'crossing region', which has a
radius of ~ 0.5 A. Inside the crossing region the molecular orbits evolve as a
function of the internuclear separation. This evolution is determined by
attractive binding between the nuclear charge and atomic electrons, short
range repulsion between atomic electrons, and constraints imposed by
selection rules and the Pauli exclusion principle. A method for calculating
theoretical threshold energies and crossing radii, based on ab initio Hartree-
Fock self-consistent calculations was developed by Tsuneyuki, Shima and
Tsukada!02, On the basis of these calculated results a number of factors were
found to be influential for the occurrence of re-ionisation of helium: [1] the
energy of the lowest unoccupied orbital of the target atom, [2] the occupation
of the valence orbitals which strongly interact with the He 1s level [3] The
strength of the He 1s and target core level antibonding interaction. The
calculations which are based on an adiabatic assumption give unreliable
results for heavier target atoms, although the authors concluded that a more
realistic calculation is necessary for full understanding of the mechanism.
Experimental threshold energies for ionisation were measured by
Aono et all0! for a range of elements, and a number of general observations
resulted: [1] Experimental threshold energies were found to be very low for
target elements in groups I and II of the periodic table and increase with the
increasing number of electrons across the periods. This is thought to result
from decreasing crossing radius of the quasimolecular energy level across each
period. [2] Above the threshold energy the intensity of the re-ionised peak
increases with increasing collision energy. [3] Threshold energies are greater
for neon primaries than helium and greater still for argon. [4] Experimental
threshold energies are generally in good agreement with the calculations of
Tsuneyuki, Shima and Tsukadal02. The study also concluded that crossing of
the quasimolecular orbital energy levels is a prerequisite for ionisation,

however other workers have reported evidence of ionisation below the
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crossing threshold 120:121
Re-ionisation was not observed for helium scattered from Cu
below 2000 eV, and at ~ 300 eV for helium scattered from silicon.

3.1.5 Re-ionisation - Autoionisation

Autoionisation provides a further mechanism, similar to that of
electron promotion, for the re-ionisation of particles that are initially
neutralised in the incident trajectory. The process was suggested by Grizzi et
all22 in order to account for experimental data which could not be explained
within the framework of the electron promotion mechanism; Grizzi reported
anomalously large experimental ion fractions, values of up to ~ 70%, for the
scattering of Ne+ from light target elements: Al, Mg and Si. Evidence of
autoionisation transitions has also been demonstrated recently by Lacombe et
al!23 in the case of He* and Ne* scattered from a Mg surface, and by
Zeijlmans!24 for grazing incidence scattering of He?* from a Cu(110) surface.
Lacombe's experimental results indicate that Ne and Mg atoms form a 4fc
molecular orbit below a critical internuclear diStance, which in turn results in
the formation of a doubly excited neon atom ( Ne**(2p*3s?) ). This excited
state later decays in the vacuum to the ground state ( Ne* (2p?)). For the
mechanism to be observable, the exqited state must have a long enough
lifetime so as to allow the neon atom sufficient time to travel away from the
surface before decay. If this is not the case then re-neutralization on the
outward trajectory would be possible. Autoionisation is currently under
detailed experimental investigation through electron spectroscopy and ToF
measurements by Lacombe et al. ( Université Paris Sud )12°

3.2 Inelastic Energy Loss

Inelastic, or electronic energy losses of low energy ions travelling

within a solid may originate from the wide variety of possible mechanisms:

1] Core level excitation and ionisation of either the target and projectile
particles

2] Excitation of band and conduction-electrons

3] Direct kinetic energy transfer to target electrons.

Collectively these processes give rise to 'electronic stopping'. Above the ion
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velocity threshold of ~ 3 x 105 m s! ionisation cross-sections are much greater
than neutralisation cross-sections, and so projectiles in this energy region
become highly charged and lose a large fraction of their energy inelastically.
However, at higher velocities still, within the Bethe-Block regime elastic
losses decrease again. In this work consideration is confined to particles of
sub-fermi velocities at which the collision velocity is much less than the
thermal electron velocity of the target. Here valence electron interactions are
dominant. Such losses contribute a small proportion of the overall loss, but
cause a number of secondary processes, eg auger electron and photon
emission. In most LEISS systems peak shifts due to electronic energy losses
are comparable or smaller than the peak widths themselves and can generally
be neglected. Typical values are 1-2% of the primary energy: a loss of ~2% of
primary energy was measured for He* singularly scattered from Nil26.127 and
Si(111)!128 surfaces, and ~ 1% Ar scattered from a W surface®4. Losses due to
excitation in the target atoms have been found to be target species dependent
in a number of studies!2%:130; the energy loss is proportional to the number of
occupied valence states. For example losses of ~ 8 eV were observed for He
scattered from Zr, which has only two valence electrons (4d2) compared to no
observed loss for He scattered from Zn, which has a full valence level.
Ionisation by contrast can result in the largest inelastic loss, and where this
takes place via the electron promotion mechanism the primary loses an energy
given by the difference between its ionisation energy and the electron affinity
of the surface, ~ 20 eV.

A further loss mechanism may result from the image potential
between an ion and a conducting surface: a charged particle travelling close to
a conducting surface, irrespective of energy regime, experiences an interaction
due to the image potential, which is a dominant force at large distances. If the
charge of a particle is changed within the effective range of the image
potential, either by ionisation or neutralisation, energy equal to the potential
Vimage () Will be lost or gained by the projectile. Calculations show however,
that this effect can only introduce losses of a fraction of an eV, and therefore

can be neglected in most circumstances.
3.2.1 Electron Stopping Models

A complete quantum mechanical description of electron stopping is
not possible, and existing theoretical treatments fall into two categories; those
in which the energy loss is calculated for each collision; for example Firsov!31
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and Oen and Robinson!32, and those where the ion loses energy continuously
as it proceeds through the solid, for example -Lindard and Scharff!33, and
Echenique!34,

The Firsov treatment is based on a Thomas-Fermi description of
the atom, and thus assumes excitation of atomic electrons to be distributed
throughout the atom. The energy lost in a single collision, Q,, is expressed in
terms of Z; and Z,, v, The total energy lost by the scattered particle is
obtained by summation over the total number of collisions, and is proportional
to VE. A semi-empirical model, also including an impact parameter
dependence, was developed by Oen and Robinson!32, where Q,, the energy

lost in each collision is given by;
Q,=(0.045kE"ra,?) exp[-0.3R (b,E )/a,] -(3.3)

this expression is found to be more satisfactory for the description of light
ions104, Incorporation of eq. 3.3 into a MC simulation code!35 was also found
to give better agreement with experimental data than the Firsov modell36.
Other more sophisticated single atom models have also been developed such
as those which are based on the Hartree model of the atom.

All models lead to an expression for the electron stopping cross-

section, S,, given by
Se=K(E)(1-ar) -(3.4)

where « is dependent on the density of the target and is typically 0.1104, These
studies also suggest that K is dependent on the charge state of the primary
particle, which may change as the scattering particle proceeds along its
trajectory. Although experimentally there is agreement with the prediction that
the stopping cross-section is proportional to VE there are two residual
problems with this. Firstly, a straight line plot of energy loss v VE does not
intersect the origin as expected. Secondly there are a small number of target
species which do not follow the VE dependence, for example Si and Ge!37.
Modes which assume the solid to be a continuous loss media also
predict a \E dependence. The model of Lindard and Scharff, which describes
the solid as a uniform electron gas. The same dependence is also found by
more recent theoretical treatments, based on advanced solid state models!38-
141 TIn this case the solid is treated as a continuous dielectric, in which the
electronic collisions are treated as electron hole pair excitations. The
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excitations losses are calculated in terms of the plasma frequehcy, w, and

charge density, p, and Q is expressed as

Q=yvL -(3.5)

where ¥ is a 'friction’ coefficient and L is the total trajectory length, defined
rather arbitrarily as the trajectory length within a distance d; above the topmost
ion cores of the surface, where d; ~ half an interlayer spacing. The model also
distinguishes between charged and neutral particles, where the charged particle
friction coefficient ¢+ is greater than that of the neutrals, y°.

This model has been primarily used to predict energy losses of
particles scattering through small scattering angles and incident to the surface
at low angles, 8<5° ,where good agreement has been found!4Z In such
experiments, L is much longer than the mean distance for neutralisation, so the
projectile for most of its trajectory is a neutral. At these low scattering angles

processes such as electron promotion and auto-ionisation are not probable.

Acceptance of any continuum model leads to an expression for the
total energy loss, AE| . j,sic Of the scattered ion, which is proportional to the
length of the particle's trajectory in the vicinity of the surface. So for an ion
incident to the surface at an angle 8, and scattered through an angle 9,
AE.

inelastic 1 given by:

AE;

inelastic

=k(E)[1/sinf + 1/sin($-6)] -(3.6)

this is found to be in reasonable agreement with experimental results!o4,
However objections to thAe continuum model have been raised, as the notion of
a definite trajectory length is rather undefined for particles scattered from
single top layer locations. Additionally, the notion that energy lost in each
collision can be 'averaged out' is rather questionable for ions that are scattered
from the surface by a SBC.

3.3 Development of Parametric Adiabatic Models

The neutralisation models described in the following sections are
based on the pioneering work of Hagstrum, who developed a description of the
neutralisation processes through the observation of the energy distribution of
ejected electrons, as a function of incident ion energy. The description assumes
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the process to be adiabatic, which is only strictly valid at lower particle
velocities. The adiabatic model assumes that a charge equilibrium is reached
between the surface and the projectile, which is not possible in practice
because the collision time is too short. However, the adiabatic model does
have validity in the description of Auger and resonance processes!!6:143 in the
sense that these processes do not involve energy exchange between electronic
and nuclear motion. A further feature of Hagstrum's model is that transitions
are assumed to take place with a homogeneous conduction band. These
assumptions lead to an expression for the neutralisation rate which is
proportional to the overlap integral of the wavefunctions of the interacting
particle and the surface. To a good approximation this leads to a neutralisation

rate which is proportional to the exponential of the inter-nuclear separation:
R,=Ae% -(3.7)

where A and a are the neutralisation constants for a specific incident ion and
metal surface and s the distance from the surface. Eq 3.7 gives no
consideration to the ionization and quasi resonant exchange processes,
although some attempts have been made to introduce such processes into the
model on an 'ad hoc' basis these have little theoretical foundation. In general
therefore adiabatic models provide an approximate description of the surface
charge exchange process. In addition to the adiabatic assumption, further
approximations must also be made to obtain an analytical expression for the
neutralisation probability. However, adiabatic models remain prominent in the
literature for the description of neutralisation in LEISS experiments, as they
present the best possibility for comparing calculated and experimental data,
and as a basis for the incorporation of charge exchange effects into simulation
programmes. The models discussed below share the additional common
feature that ihey parameterise the neutralisation probability into a functional
form containing a number of adjustable parameters, which are found

empirically by fitting to experiment data.
3.3.1 The Hagstrum's Model

The most simple evaluation of eq 3.7, as shown by Hagstrum is by
integration over asymptotic entrance and exit trajectories:

r(t)=r, + vyt, (t<0), r()=r, + v,,t, (£>0) -(3.8)
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where r,, is the intersection of the asymptotes. This leads to:
P=exp(-v,/vy) -(3.9)

where P is the neutralisation probability, v, is the characteristic velocity of the
order of 107 cm s-! and dependent on the ion species and target, and v, 1s the
velocity component of the ion perpendicular to the surface. This simple
evaluation only has relevance in the case of pure metal surfaces. For such
conditions eq 3.9 gives reasonable qualitative agreement between experiment
and simulation!!-143-145_If integration is performed along the real trajectories

the exponential of eq 3.9 must be multiplied by a linear polynomiall44.
3.3.2 Godfrey Wodruff Model

A modification to Hagstrum's model, to describe the charge
transfer of projectiles scattered from surfaces not exhibiting a continuous
electron distribution, was made by Woodruff and Godfrey!46:147. The basic
assumptions of the Hagstrum model are retained, but the interaction was
assumed to take place within a sphere surrounding the target atom.
Accordingly the neutralisation rate is expressed in terms of the inter-nuclear
separation distance rather than the distance from the surface. In this case the

neutralisation rate is given by:
R, (1) =A, exp -(a, r(t) -rgl) -(3.10)

where r,, denotes the position vector of the target atom, r(t) is the position of
the projectile, and A, and a,, are the empirically determined neutralisation
constants. The subscript "at" indicates that neutalisation takes place at an
individual atom site. This modification results in some important differences.
Firstly the latter is able to account for experimentally observed anisotropies in
the neutralisation probability, and secondly it is possible to apply the model to
composite surfaces. For example, experimentally determined data of He*
scattering from Ni and Cu surfaces, was used to obtain a parameterised
expression for the neutralisation probability. From this separate neutralisation
constants were obtained for the metallic and absorbed oxygen atoms!46,147,
Similar to Hagstrum's expression, the ion survival probability P is

given by integration of the neutralisation rate over the collision trajectory.
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P =[explR o (r(1))d1] -(3.11)

An exact analytical solution of equation 3.11 is possible only
where the projectile ion is assumed to phss the target atom with a straight line
trajectory, given by r(1)=s+v;,t, without deflection or change of velocity. This
approximation yields the following expression for the neutralisation

probability:
P, = exp [2v,/v asK (as)] -(3.12)

where K; is a modified Bessel function of the second kind. This is a crude
simplification of the projectile's trajectory. A more accurate approximation can
be made by the integration over the asymptotic trajectories, however this
cannot be performed exactly. If appropriate approximations are made the ion

survival probability is expressed as:

P, =exp (-va/vin-va/vou,) -(3.13)

where v,,=A/a,. Note that equation 3.13 is of the same form as equation 3.9,
with v replaced with its perpendicular component.

Equation 3.13 can be replaced by a more exact expression by
integration of eq 3.11 over the true trajectory. A method was demonstrated by
Richard and Eschebacher!48, using a projectile trajectory calculated assuming
a Thomas-Fermi-Moliere (TFM) inter-atomic model potential. Again by
introducing appropriate approximations to perform the integration a more
exact expression for P can be obtained, from which it can be seen that the
trajectory strongly influences the calculated ion fraction, through both the
distance of closest approach and the radial velocity. A number of further
models have been suggested in the literature!49-151, which are based on the
solution of equation 3.11. All these models rely on an empirical determination
of the neutralisation constants.

One of the shortcomings of the adiabatic rate equation is the over
prediction of the neutralisation rate at small ion-atom distances, as pointed out
by Engelmann et all>2. In an attempt to correct this problem Engelmann
suggested the introduction of a constant value of R,(r) below a minimum

internuclear separation. This empirically based modification yields a new
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neutralisation constant, s,;.
3.3.3 Verbist Model

A more generalized adiabatic treatment was proposed by Verbist et
all48. In this model the Hagstrum and Woodruff expressions represent the
extreme limiting cases, with validity restricted to specific conditions. In this
new treatment the projectile ion is considered to interact with a number of
scattering centres simultaneously. The neutralisation rate of the individual
interactions is given by eq. 3.11. Based on this description, an expression 1is
obtained for the the total neutralisation rate due to each species, j contained
within the unit cell. Significantly, the expression is dependent on all three
spatial co-ordinates of the projectile, within the immediate surface region. As
before it is possible to arrive at an analytical expression for the ion survival
probability when the asymptotic trajectory approximation is made, which can

be expressed in the following form;
Pt= €Xp -2j=1 to N(fi ) ’(3.14)

where fj is the contribution from the jth atom, summed over all lattice
positions. The above expression also contains a number of neutralisation
constants which must be determined empirically. Eq. 3.14 can be expressed in
such a way so that the neutralisation constants have useful physical meaning.

For example, the constant p,, gives the radius of a sphere centered
on each lattice atom inside which neutralisation may occur. In the limit p,, >>
a, as is typically the case for metal surfaces, the spheres will overlap and the
neutralising surface will appear homogeneous to the projectile ion. In this case
it can be shown that eq. 3.14 becomes equivalent to eq. 3.9 the continuum
model of Hagstrum. For the opposite case, p,, << 4, the spheres appear well
separated, and eq. 3.14 tends to the Woodruff Godfrey expression. Models
such as Verbist's therefore extend the validity of the simple adiabatic model to
a wider range of surfaces, particularly those consisting of a regular lattice,
where the surface electron density is not homogeneous due to chemically
different atoms in the unit cell. It has been shown that eq. 3.14 can be fitted to
experimental data to determine the constants A, ag for the individual atoms
composing the surface!33:154.

Verbist et al also suggested an analytical expression for P, which

attempts to account for electron promotion by the addition of a term in the
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collision integrall>> .
3.4 Quantum Mechanical Treatments

Theoretical calculations of the ion fractions provide an alternative
to the empirical models described above, and have received significant
attention in the literature. The complete theoretical description, however, is
extremely complex and an 'a priori’ solution of surface neutralisation is not
currently possible. A comprehensive discussion of such theoretical calculations
therefore is not relevant to this work, and only a basic revue of present theories
will be given.

The most widely accepted description of the ion solid system is by
means of a time-dependent Anderson-Newns model Hamiltonian. In this case
the two interacting particles are treated as two 'hydrogen like' particles, that is
a projectile ion, A+, and target atom B, comprising an ionic core, B*, and a
valence electron. Within this simple framework four collision events are

possible:
1] Elastic scattering, which involves no exchange of electron or energy
At+(B*e) > A*+(Be) -(3.15)

2] Excitation of the target atom, which does not involve the exchange of an

electron but energy is lost inelastically by the primary ion.
A++(B*te) > At+(B+e)" -(3.16)

3] Ionisation of the target atom, which also involves inelastic energy loss by

the primary ion.

At+(B*te) > At +Bte -(3.17)
4] Neutralisation, involving the transfer of an electron from the target atom to
the primary ion. There are a number of mechanisms by which this reaction
may proceed, and the energy lost by the primary is mechanism dependent.

A++(B+e) > (At+e ) +B -(3.18)
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All four of these reactions are coupled, and therefore qudntum theory'
treatments of single channel cross-sections is not strictly valid. From a
quantum mechanical view, all these reactions depend upon the relative spatial
positions of the electronic wavefunctions of the two particles. The system is
described mathematically by the time-dependent, non-relativistic Schrédinger

equation:
HY=E¥ -(3.19)

where H denotes the Hamiltonian operator, given by the sum of the kinetic and

potential energy operators:
H=T+V -(3.20)
and E represents the total energy.

As already stated, the surface scattering process may involve a
number of different mechanisms. Theoretical consideration also shows that
many states of the atom may be involved simultaneously in the coupling. This
being so, a 'many channel description must be adopted, for which the
'hydrogen like' atom approach is inappropriate. In this case the full theoretical
treatment becomes a many channel and many body problem. Direct solution of
such a model Hamiltonian is not possible, without the introduction of many
crude simplifying approximations.

Several theoretical descriptions of ion surface neutralisation based
on the Anderson vmodel Hamiltonian have been developed, and these have
been extensively reviewed by Newns et all56. A typical time dependent
Hamiltonian for a three particle system is given in eq 3.21. This is a 'quasi-ab-
initio' model, in which electron spin is neglected. The three terms in this case

relate to the primary atom, the substrate and their interaction, respectively.
H(1) = e (On()+Z, g (D+Z; Vaca orHell -(3.21)

The energy of the vacant level, £,(f), has a time dependency which is related to
the substrate separation, z(t). n,(f) and m(f) are density operators for the
primary and substrate, given by the creation and annihilation operators c,’c,
and c,c,. Examples of such operators for a linear chain substrate is given by

Newns!57. The particular 'channel' represented and therefore the interaction
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mechanism is determined by the interaction matrix, V,;, which must be first
calculated using the Self Consistent Field (SCF) method. Once the
Hamiltonian for a given system has been constructed solutions may be
generated by the methods described by Bloss-Hone!58 and Brako-Newns!5?,
using time dependent Hartree-Fock theory. Under this framework nonadiabatic
as well as adiabatic processes may be treated.

Muda-Newns type calculations require a number of apparently
crude approximations (tight binding surface model, linear ion-surface
interaction etc). However, agreement has been found with experiments
scattering results; He* from Si'®0 and Cul6l. Although a many electron
approach has been proposed by Sulston et all62 | the significant restriction that
only single mechanisms can be treated remains.

There have been few reports where more than one mechanism 1s
considered on an equal footing, one such a study was made by Snowdon et
al163 in the adiabatic limit, in which both the Auger and resonant mechanisms
were treated together, in the scattering of H, He, and Li from a Al surface. The
calculation demonstrated that when both resonant and Auger coupling are
energetically possible, electron band and atomic wavefunction distortion must
be modelled accurately if realistic results are to be expected. Thus for such
conditions all possible coupling mechanisms must be considered

simultaneously.

A less computer intensive approach for calculating transfer
probabilities than solving the Hamiltonian was suggested by Tsuneyuki and
Tsukudal02. This approach is based on the Landau-Zener!64 formula to
calculate the probability of electron promotion. The transition is treated as a

one-way nonadiabatic process, where the jonisation probability, P; is given by:
P,=2Fp(1-p), -(3.22)

and p=exp(-v,/v), v; is a constant and v is the relative velocity of the projectile
given by (2(E-Ey)/m )%, where E,, is the crossing point threshold energy. The
above formula was used to calculate the energy dependence of P;. Similar
calculations were made by Muda and Newns, who found the same
dependency, but with a smaller maximum value for the ionisation probability.
The Landau-Zener approach is sufficiently simple to be used in simulation
calculations, as shown by Pierson et al!65 in the simulation of He—Cu,Au,W.

The inclusion resulted in better comparison with experiment data in terms of
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background, peak width and position, although the validity of the Landau-
Zener approach could not be fully assessed.

3.5 Verheys three stage model

Considering the model of charge exchange collisions suggested by
Verhey et al104.120.135 in which the scattering particle trajectory is divided into
three distinctly localised phases, the final charge state of a scattered particle 1s
determined by charge transfer probabilities associated with the incoming path,
the 'violent' collision step and the outgoing trajectory. This is illustrated in
figure 3.4, where Auger and resonant mechanisms may act in phases I and 11,
and the associated probabilities can be calculated from either eq 3.9, 3.13 or
3.14. If the collision energy is greater than the threshold energy then ionisation
may take place during the violent collision step. The boundary between the
two regions is determined by the crossing point radius. Within the framework
of the model neutralising transitions are also permitted within phase II.

Clearly Verhey's model simplifies the collision for the purposes of
a mathematical description. The notion of spatial localisation is taken a stage
further in the model proposed by Aono and Souda!®5, in this case the trajectory
is considered in five distinct phases. AN, valance level RN, RI and ionisation
by electron promotion are all assumed to be possible. The spatial regions in
which these processes are deemed to occur are shown in figure 3.5. Region A,
inside which RI ( He* — He*) and the reverse process, RN ( He* — He® are
deemed possible extends to a distance of ~ 5-10A from the topmost ion cores
of the surface. AN is considered possible within radii ~ 2A from the top layer
atom centres, region B. As shown in the figure the boundary between A and B
may contain significant corrugations. Region C, as in the Verhey model is
defined by the minimum distance for the formation of molecular orbits, R, ~
0.5 A, thus the three stages of Verhey's model are extended to five.

3.6 Experimental Investigation of Charge Exchange
3.6.1 Measurement of charge exchange probabilities

A recurrent problem in the investigation of charge exchange
processes taking place during particle-surface collisions is the difficulty in
making direct comparisons between experimental and theoretical results. The

difficulty arises due to the large number of possible processes which may
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Figure 3.4 - A Schematic of the charge exchange model of surface
collisions suggested by Verhey et al 104120135

Figure 3.5 - A Schematic of the charge exchange model suggested
by Aono and Soudal6®
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occur in various sequences. A more detailed discussion of this problem can
proceed in terms of the Verhey model, which is generally thought to be valid,
with some exceptions. The four processes are assigned the following

probabilities:

f; - neutralisation probability in stage I
p, - neutralisation probability in stage I
p; - ionisation probabilitity in stage II

f, - neutralisation probability in stage III.

and in this framework the final charge state of the scattered particle may be
gained through one of a number of possible sequences of the four ﬁrocesses.
This is shown schematically in figure 3.6, where it can be seen that a incident
neutral may proceed along two paths in which it leaves the surface in the
neutral state and one as an ion. A greater number of paths are available to an
incident ion; a scattered ion may result from two paths, whilst a neutral may
result from four.

Early experiments by Verhey et al, employed an instrument capable
of Neutral Scattering Spectroscopy (NSS) with a 3 to 10 keV helium beam
scattered from Cu(100) at a fixed scattering angle of 300194, Although primary
bombardment was due to either neutrals or ions, only the scattered ion
spectrum could be detected. In terms of the above probabilities, the scattered

jon yield due to fast atom bombardment is given by:

Po; = p, (1)) -(3.23)

as can readily be seen from figure 3.6. The superscript 0’ indicates that the
primary beam is neutral and the subscript 'I' indicates measurement of
scattered ions. Verhey's experiment did not allow P¢; to be measured. Due to
the limitations of the instrument only the absolute ion intensity, /%, was

assessable, which is given by:

I°, = [I,A T(2.,6,E) A2(do/dS2), G N1 p; (1-fy) (3.24)

Verhey was able to extract the probability f, by making differential
measurements of I°; with respect to the incident polar angle, 6. This was
possible within the specular reflection region as all terms within square
brackets can be considered independent of 8, and the ionisation probability p;
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@ Auger Neutralisation
Resonant Neutralisation
Ionization
1
atom exit
ion 1 trajectory
hard collision f] P f
1 J; P
incoming
trajectory
Ion
Neufral

Figure 3.6 - Possible sequences of charge exchange during the scattering
event. Four processes are assumed: (1) neutralisation - phase I, (2) ionisation
- phase II, (3) resonant neutralisation - phase II, (4) neutralisation - phase II1.
The individual probabilities for these processes are f}, p,, P; S, respectively.
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of the close collision was considered to be independent of 8. This implies the

relationship:
I(a-6)=I{a+9) -(3.25)

where & = 9/2 and 8=la—8\. The following expression can be derived from eq
3.25 and Hagstrum's relation, ( eq 3.9).

In[Ioa-6)/I{a+8)] = v/v, 2cosa . sind/(sin’a-sin’5) -(3.26)

Thus by measuring /9; as a function of 8 with both the incident and
detected beams fixed in the plane normal to the sample surface, v/v, and f;
may be determined experimentally by NSS. The ionisation probability, p;, may
only be determined experimentally if the differential elastic scattering cross-
section and instrumental terms are known. This method of determining p;
however is not very reliable as the instrumental terms usually carry a large
uncertainty. In the above experiments v, was determined to be ~ 2x10-5 ms'!
and found to be a slowly increasing function of primary energy, ( increasing by
15 % from 4 to 10 keV). p; was found to vary from ~2 % at 2 keV to ~30 % at
10 keV. It was not, however, possible to determine the probabilities f, and p,,,
and so the validity of the three stage model could be experimentally verified
by NSS arrangement of Verhey.

Luitjens et al!>16 also employed a ToF analyser, in an attempt to
verify Verhey's model. Here, the scattered neutral intensity, /,, could be
measured, although only a charged primary beam could be employed.
Experiments were‘conducted for neon and argon ions ( 5 to 10 keV') scattered
from Cu(100) at 19:900.. The instrument also provided a primary neutral beam,
however, in this case the ToF analyser could not be used, and only /¢; could be
measured by a ESA analyser. With a charged primary beam Luitjens was able
to measure both I+, and I+, and thus determine the ion fraction, P+, which is

given by:

Pr, =T/ (I + I*) -(3.27)

In terms of Verhey's model P+ is given by:

P+, = (1- f{)(1- f)A-p)+f,(1- f2).p; -(3.28)
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and the neutral fraction, P+, is given by:
P+ =1-P*; -(3.29)

However, Luitjens was not able to measure the probabilities P2, and Pe; It was
possible only to measure I°; which is given by:

[o,=CPo, =C(I - f,)p; -(3.30)

where C is a constant of the experimental conditions, which must be known if
Pe, is to be determined. Thus Luitjens was not able to evaluate the individual
probabilities, f, f;, p,.p; and again Verhey's model could not be rigorously
verified.

A further investigation of Verhey's model was conducted by
MacDonald et al'67, in which the neutralisation probability of stage III, f,, was
measured. This was achieved using a three-dimensional angular resolved
energy spectrometer in an otherwise standard LEISS instrument. The three-
dimensional analyser consisted of a standard ESA analyser which could be
rotated around the target sample within the vacuum chamber. By exploiting
this feature, the scattered intensity I+; could be measured as a function of the
take off angle, ¢, with the angles 8 and # maintained constant. The experiment
was conducted by rotating the ESA in the plane perpendicular to the primary
beam. Thus the measured singularly scattered intensity is given by:

I*; = [I,A T(€2,6,E) (do/d2), N;G]. P*; -(3.31)

The terms inside the square brackets can be assumed to be independent of ¢
for a non crystalline surface, as shadowing and blocking effects cancel, so in
the absence of charge exchange effects, the scattered intensity can be assumed
isotropic. Verhey's model predicts:

P+ =(1-/)A-L)A-p)+f,(1-f2)-pi -(3.32)

As © and @ remained constant in MacDonald's experiment the probabilities p,

and p;, consequently also remained constant, and P+;is given by:
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Pt =ay(1-f) -(3.33)

where a; is a constant dependent on the experimental conditions; E,, ¢ and 6.
In the case of a pure metallic surface the dependence of I*; on ¢ is given by
Hagstrum:

I+ (@)= a,(1-exp-(v /v,c0s$) ) -(3.34)

Thus f, and v, can be found by making differential measurements of I,+(¢)
with respect to ¢. Macdonald et al made such measurements for Ne and He
ions scattered from polycrystalline nickel. v, was found exhibit fine structure
when observed as a unction of E,, giving evidence of RCT rather then Auger
transfer. This work also showed f, to have little dependence on surface
parameters such as surface work function, conduction band width, or fermi
energy, for the above system however, due to limitations of the instrument no
decisive conclusions concerning the validity of Verhey's model could be
offered.

In what follows, the features of an instrument required for
comprehensive verification of Verhey's model are described. Firstly it must be
possible to measure both P+, and P°,. This must also be coupled with the
ability to vary the incident and take off angles independently. It is shown
below that these capabilities make all four individual probabilities of the
Verhey model experimentally assessable. As previously shown P+, and P?, can
be expressed in terms of the individual probabilities summed for all possible
pathways of figure 3.6. In the case of neutral bombardment, the ion fraction is
given by:

Po; = p-fop; -(3.35)

which is the total ionisation probability of the surface collision. The neutral
fraction is given by:

°, =(1- P%) = (1-p)+fo.p; -(3.36)

and can be seen that equations 3.35 and to 3.36 are equivalent. In the same

manner an expression for the neutral fraction, P*,, in the case of ion

n
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bombardment, is given by:

P, = p+f.(1-p)+f(1-p )+ f(pi+p,-1) -(3.37)

which is the total neutralisation probability of the surface collision. The ion

fraction is given by:
P =(1/D(-L)A-p)+f,(1-£).p; -(3.38)

The sum of eqs 3.37 and 3.38 is unity, and thus again the two equations are
equivalent. Thus the problem is reduced to two equations containing four
unknown probabilities: f;, f,, p; and p,,. It is, therefore, not possible to solve
these equations for f;, f, p; and p, directly. However, if angle resolved
measurements were to be made, f; and f, could be determined independently,
so reducing the problem to two simultaneous equations with two of unknowns,
and therefore yielding solutions for p; and p,,.

Using the approach of Verhey, f, can be determined by employing a
primary neutral beam and making differential measurements of /2, wrt 8, with
the incident and detected beams fixed in the plane normal to the sample
surface. This approach requires 1 axis sample rotation only, however, f; may
not be determined by this method. Whereas using an approach of the manner
of Macdonald's would also allow f; to be determined. However, this would
require rotation of ToF detection system around the sample. Alternatively,
independent 8 and ¢ variation could be achieved by appropriate orientation of
the sample to the incoming and outgoing beams. In either case, differential
measurements of /, or I; wrt 8 and ¢ would provide data for the determination
of both f; and f,. For metallic surfaces, the most simple empirical expressions

are given by:
I* ,=A+Bexp{-v, /(v c0s8)} -(3.39)
1°,=C+Dexp{-v »/(v,cos)} -(3.40)

after Hagstrum, where A,B,C and D are constants. Fitting of measured values
of I*, and /¢, as a function of ¢ and 8 to eqs 3.37 and 3.38 respectively allows

v.; and v, and hence f; and f, to be obtained.
In conclusion, a method has been identified which would allow the

four individual components of the three stage model to be determined without
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prior knowledge of differential scattering cross-sections and instrumental
factors. This would allow the dominant processes in influencing the final
charge state of scattered particles to be ascertained and their trajectory and
energy dependencies to be studied. The data would also provide a rigorous test
as to the validity of Verhey's model. The approach would also promise a more
rigorous assessment of the validity of the empirical models such as those of
Hagstrum, Woodruff and Verbist et al for neutralisation in stages I and IIT of
the collision process. Comparison with the theoretical models described in
section 3.4 describing the individual processes and relating to probabilities f;,
p; P, and f, would also be possible. Ultimately a semi-empirical formula for
charge exchange processes with more predictive power than is currently

available may be possible.
3.6.2 Measurement of inelastic energy losses.

Charge transfer process may also be studied by investigating the
associated inelastic energy losses which accompany some mechanisms. This
may be done by the measurement of small changes in the position of the QS
peaks due to the primary charge state, as well as the charge state of the
scattered particles. The basic concept of such measurements is simple, and can
be expected to deliver more complete understanding of scattering processes
than the probability measurements alone. However, such measurements are
restricted to conditions which give a low MS intensity, which implies a clean
crystalline surface. Measurements are also limited to conditions which give
high energy resolution, thus restricting the primary to target mass ratio at
which such experiments can be conducted. Bearing in mind these restrictions
the unique measurements that are made possible by the TOFFASS instrument
are described in what follows.

The ToF instrument of Luitjens et all>.16 was able to measure
charge dependent inelastic energy losses. Two different measurements were
possible with that instrument. Following the notation of these workersac: AE, -
the difference in QS peak position in the ion spectrum due to primary particle

charge state. Adopting the notation introduced above this is given by:
AEI =E1+i-E10i '(3.41)

The QS¢; peak must be composed of atoms which have undergone ionization
during stage II of the collision. Whereas the QS+*; peak may be composed
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either of ions which have retained their charge, or of ions which have been
neutralised and subsequently re-ionised. The energy difference, AE,, may
result from the different transfer process, and/or differences in the electron
stopping powers of the two particles. The second energy loss measurement in
Luitjens' experiments was AE, - which was the measured difference between
the total QS peak ( ions + neufrals) and ions only with ions incident. If the
neutralisation probability P+, is assumed to be high AE, can be expressed as:

AE,=E;*-E,*; | -(3.42)

Here again AE, may originate from different transfer mechanisms, or charge
dependent electron stopping. In

As Luitjens' instrument was not able to record the energy spectrum
of scattered neutrals when a primary neutral beam was employed, the energy
Ep, relating to the QS°, peak could not be determined. However, the
capabilities of the TOFFASS instrument allow measurement of E;°,. This extra
capability allows a number of additional energy difference measurements to be
made. These additional energy differences that become observable are
expected to be useful in two respects. Firstly, as the electronic energy
differences are related to the mechanisms by which charge transfer takes place,
they may offer additional evidence for mechanism identification: a primary
suffering ionization via the electron promotion mechanisms will lose energy
equal to the difference between its ionization energy and the electron affinity
of the surface. Whereas resonant and Auger processes involve no loss of
energy by the primary. Secondly charge sensitive electron stopping losses,
could be distinguished from losses related to charge transfer. Under conditions
of high energy resolution and for certain combinations of primary and target
species, as shown in figure 3.7, a splitting of the QS peak may be expected
according to the particular ‘pathway’ of charge exchange. Such splitting of the
QS peak was observed in the experiments of Souda et al!0L167. Thus an
important feature of an instrument intended to conduct these experiments is

that of high spectral resolution.

page 107



chapter III, Charge exchange and inelastic loss processes

R i i 3 ¥ ¥ 14

a - b

0
He beam

A @ ws v e w R W v P ey o

: I W 1 : ) 1
300 360 300 360
E(eV) E(eV)

Figure 3.7 - LEISS spectra. Showing the Ta peak of a TaC(001) surface.
Conditions: - E, = 389 eV, 9#=120°.

(a) due to He* beam

(B from ions neutralised in Phase I, and ionisation in Phase II

A from ions avoiding neutralisation at all phases of the collision)

(b) due to He® beam

(B from atoms ionised in Phase II)
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CHAPTER IV
Development of a pulsed Ion/Atom Source

4.1 Introduction

A pulsed ion/atom source of the right specification was a crucial
aspect of the spectrometer development, and constituted a major part of the
work of this Phd programme. Prior to the work of this thesis, some fast atom
and ion scattering experiments were conducted with a Kratos minibean FAB
source26, but the scope of this work was limited by problems associated with
the primary particle source. These included an excessively low neutral current
and unacceptable levels of contaminant species in the beam, and poor attainable
resolving power. As there was no suitable alternative available commercially a
FAB source development programme was initiated by the Aston University
Surface Science group. This programme commenced in 1988, with the
intention of producing a source with specification suitable for TOFFASS. It was
also initially intended for the source to be useful for other applications:
conventional LEISS, SIMS, sample cleaning, ion milling, thus adding
commercial appeal to the project. However, the modifications described here,
to an initial prototype source, are intended specifically for the ToFFASS

application.

There have been a number of pulsed low energy ion sources
reported in the literature which have been constructed by various groups for use
in specific ion scattering and secondary ion mass spectrometer applications
169,96,170-172  gome of these also include a primary beam mass filter. A smaller
number of instruments have been constructed which are capable of producing
primary beams of fast atoms!73.15.16,101,168  However, there has been no

instrument constructed which is capable of producing a pulsed neutral beam.
4.2 Background and history
4.2.1 Construction Philosophy

In all cases reported above the necessary 'beam manipulation’

functions (ie filtering, focusing, chopping, neutralisation) are provided by
discrete units bolted together to form a long beam line. The philosophy of the
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Aston FAB source differs from this in that all beam manipulations are provided
within a single unit, which can be bolted straight onto the analysis chamber,
with all necessary components mounted on a single ion optic column. A
modular approach is maintained in the design so that individual units of the
column may be re-designed and substituted. A schematic of the basic
construction is given in figure 4.1, which shows three steel column mounting
studs running the length of the column. These studs are sleeved by ceramic
tubes, (3mm OD). The individual electrode assemblies are separated, located
and electrically insulated by further ceramic tubes of a larger diameter (3mm
ID, 6 mm OD) which fit precisely over the inner tubes. The whole assembly is
secured onto the mounting studs by three end nuts. Electrical connections to
individual electrodes are routed through a concentric annular ring of ceramic
tubes (3mm OD) of diameter 28 mm. An additional advantage is that
contaminated components can be replaced rather then disposing of the whole
column. This basic mechanical design was made in partnership with an

industrial manufacturer of vacuum equipment.

4.2.2 Development history

At the start of the programme a prototype source had already been
produced, and this provided the starting point for development described here.
The elements of the prototype source are shown in figure 4.2. Initial
measurements showed further developments to be necessary, and so
modifications were tackled in a number of distinct stages. This enabled the
consequences of the physical changes to be monitored. Throughout, the basic
~ modular construction has been maintained. The development is described here
as it proceeded, by sequence of experimental measurement, computer
simulation, and re-design. As a result of this cyclic process, three main versions
were studied, the first being the prototype, the shortcomings of which
prevented the initialisation of scattering studies prior to further development.
Problem areas were then analysed in detail, aided by the development of
numerical computer simulation models. Following re-design and re-positioning
of key components, further experimental measurements were made. This
version will subsequently be referred to as FAB-1. Measurements on FAB-1
showed some significant improvements, and although some preliminary
scattering studies were initiated at this stage, in order to assess other aspects of

the instrument, the source characteristics were still not satisfactory. Based on
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Figure 4.1 - A schematic of the FAB source construction
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the experimental data and further simulation some more design changes were
implemented. This second version will be subsequently referred to as FAB-2.
Characterisation of this source showed the required specification to be met in

most aspects.
4.2.3 The specific requirements of an ion/atom source for ToFFASS

The experiments outlined in the previous chapter demand very
specific capabilities of the primary particle source. It was therefore important to
establish these characteristics and other key parameters at an early stage. This
requires very different design criteria compared to a particle source for more
general application. A second consideration was the restriction of available
resources and time: even though certain physical modifications were clearly
shown to be beneficial through theoretical analysis, they were not implemented
unless the improvement in performance was crucial to the objectives of the
experimental programme.

The important characteristics, established in chapter 2 were: low
energy spread, ( AE/E, < 0.01), high beam purity, and a method of chopping
the beam into pulses of short duration (4#¢ ~ 0.005). For the experiments
described in chapter 3, it must also be possible to provide pure ion or pure
neutral beams. Properties which are often important elsewhere such as a
sharply focused beam, and maximum current output were considered to be of
secondary importance. As shown in chapter 2, it is counter productive to make
the analysis area very small for a technique claiming to have mono-layer
resolution, as the erosion rate increases in inverse proportion to spot size. A
beam diameter of 1 to 2 mm is sufficient. The only influence of the beam
current is on the collection time, and although it is clearly desirable to collect
the data in as short a time period as possible, low beam current does not impose
a fundamental restriction.

Finally, a stable beam is important in quantitative analysis

experiments which demand accurate dosimetry of the sample current.
4.2.4 Physical description of the prototype pulsed ion/atom

The following description refers to figure 4.2. Unless stated
otherwise all electrodes were made from tantalum. Describing the elements

from top to bottom, the first component is the ion source consisting of a
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Figure 4.2 - Elements of the prototype FAB source
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cylindrical grid anode and a circular filament, contained within the outer
housing. The source gas was supplied to the ionisation cell at a constant flow
rate via a controllable leak valve. The design was intended to provide insulation
up to a 5 keV. To operate the source a potential, V,, was applied to the grid
electrode, and the filament was made negative with respect to V, by the
emission voltage, V,. A circular filament of total length ~ 15mm can be
accommodated within the ion cell. Proceeding the grid is an extraction plate
electrode at an intermediate potential of V, , which consisted of a single disc
containing a 2 mm diameter central aperture. The extraction plate was
separated from the grid electrode by ceramic tubes of 1.5 mm length. The

prototype was designed to operate with V.,

o S€t t0 0.75 V. The next element is

a tri-electrode lens operated in enizel mode, which was intended to form a
parallel beam as required by the proceeding Wein filter. The Wein filter
consisted of othogonal electric and magnetic fields, and the pole pieces
consisted of four separate ceramic bar magnets, giving a mean field strength of
~ 0.26 T. The magnetic poles and the electric field plates were housed in an
electrically earthed ferromagnetic steel tube, of 20mm internal diameter, with
entrance/exit apertures of 5 mm diameter. Proceeding the filter is a second
enizel lens whose function was to form a focused image at the sample. The
distance between the principle plane of this lens and the first was 100 mm.
Following the lens is the charge exchange cell, hereafter CEC. This was
intended to present the beam with a region of high pressure gas, and achieve a
neutral beam by the process of resonant charge exchange. The required pressure
differential between the CEC and the rest of the transport column relied on the
low conductance of its entrance and exit tubes. The final unit is the X-Y
deflection electrodes, which constituted two othogonal pairs of electrodes, of
5mm in length, and 7 mm separation.

There were no specific components to provide the necessary beam
chopping function. It was the intention of the original design to achieve this by
application of a pulse between the cathode and anode of the ion source. This
was an experimental approach, specifically introduced in an attempt to reduce
contamination problems due to sputtered material. This has historically been a
problem in ion sources leading to reduced lifetime. Thus electron impact

pulsing offered a method to significantly lengthen source lifetime.
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4.3 Basic principles of ion source operation

Ion beam production by the electron bombardment technique dates
from the beginning of the century. The basic physics of the components
essential to all sources of this type: the ion source, extraction optics and lens
system, are reviewed in this section. The theory associated with the additional
component units required for the production of a chopped beam ion/atom
source, that is mass separation, beam chopping, and charge exchange, are

discussed in later sections.

4.3.1 The ion source

Where ion production is due to electron bombardment, the ion
source is a primary consideration as the design directly determines many"
properties of the beam. In such sources ions are created by electrons
accelerated from a hot filament, and the rate of ion production is determined by
several factors: electron current, gas pressure, electrode geometry, and
ionisation cross-section. Many different variants have been developed based on
this basic method, to meet the requirements of a range of specific applications.
For gas pressures employed in most electron impact sources the mean free path
of the impacting electrons is much larger than the physical dimensions of the
source. Hence only a very small fraction of the electrons produced at the
filament contribute to ion production, thus the ionisation efficiency is low. One
way to improve this efficiency is by the application of an external magnetic
field, which causes the electrons to spiral tightly, resulting in a large increase in
the mean electron trajectory length.

A number of collision processes take place within the ion cell.
Irrespective of -collision process, the mean free path, A, between consecutive

collisions is given by:
A=1/on -(4.1)

where n is the number density and o is cross-section associated with the

collision process. To calculate the cross-section for an electron-atom collision:

Ao+ e — Art + 2e-

page 115



chapter IV, Development of a pulsed ion/atom source

resulting in ionisation of the atom, one must look to inelastic scattering
processes.

Empirical data for various gases as a function of electron energy is
well known!74 and is shown in figure 4.3. The most efficient electron energy is
~4 times the ionisation potential of the gas atom, although the process is
complicated by the production of excited state and doubly charged ions, and by
ionisation due to secondary electrons. Thus the macroscopic behaviour of the
ion source is determined by the statistical average of many collisional events
involving all these phenomena.

Both the gas pressure and the ionisation rate are crucial parameters
to the operation of the ion source. If the electron, ion and neutral densities
between cathode and anode of the source exceed a certain threshold level, a
discharge plasma will form. Above this threshold the ionisation efficiency
increases sharply. Thus ion sources which are designed to sustain a stable
plasma discharge offer greatest brightness. If the particle densities or electrode
geometry are not appropriate for plasma formation, ions must be extracted from
a more extensive region of the ion cell. This results in a reduction of beam
quality compared to plasma sources where ions are extracted from the plasma
boundary. In the former case the energies of extracted ions are determined by
the potential at their point of origin, and the dominant influence on energy
spread is usually the cathode-anode potential. This energy spread may be
minimised by shielding the region from which ions are extracted from the
cathode-anode field. The use of such sources is restricted to applications which
require low energy spread but not a high beam current, such as an analytical
probe beam. In the absence of a plasma, the forces acting upon the ions and
electrons are due to the macroscopic electric field within the source. By
neglecting the free charge in the ion cell space, the calculation of the electric
potential is straightforward. Given the electrode geometry and potentials, the
electrical potential within the ion cell space is determined by solution of

Laplace's equation:
V2$=0 -(4.2)
which can be solved by either finite element or finite difference methods.

Where the space charge does significantly influence the potential in
the ion cell Poisson's equation must be used:
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Aston University

Content has been removed for copyright reasons

Figure 4.3 - Ionisation cross-sections of noble gases, from Chapman!74
ma,2=8.82 x'10°17 cm2.

Pr-r Phase space

Figure 4.4 - Beam emittance. The area enclosed by the phase space
ellipse represents the emittance.
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V=p, /e€, -(4.3)

Solution of eq. 4.3 is significantly more difficult, as free charge density

distribution is unknown.
4.3.2 The extraction optics.

The transport of ions into the beam transfer systems is provided by
the extraction optics which is an integral part of the ion source. Primarily the
design of electrodes composing the extraction system is dependent on the ion
source and the applications to which the final beam is to be employed.
Commonly, the most important properties of the final beam are current, I,
energy, E,, and energy spread, AE,,, purity, focused beam diameter, r/", and
current stability. All these properties are influenced by the extraction optics,
although parameters may subsequently be improved by elements of the
transport system, with the exception of beam current, and such improvements
can only be achieved at the expense of beam current. Additionally the ion
source and extraction optics are often closely coupled with the design of
subsequent elements of the transport system.

The transport system will usually contain beam limiting apertures
in order to remove ions of high transverse thermal velocities, therefore utilising
only the high quality centre of the beam at the expense of the total beam
current. However, it is not ideal to allow a substantial proportion of the beam to
be restricted by apertures, as the resulting contamination from sputtered
material shortens the source's operating lifetime. In principle energy spread
may be improved by employment of an energy filter, again at the expense of
total beam current. The beam purity is influenced by the source design, as the
beam will contain as many different ion species as there are atom species in the
discharge. In this case however, contaminant ions are a small fraction of the
total current and their removal by appropriate filtering does not produce a
significant reduction in beam current.

An extensively investigated electrode geometry for plasma forming
sources 18 the two-tube immersion lens, for which much tabulated data has been

produced 7. Data for sources which do not form a plasma is scarce.
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4.3.3 Optical quality of the extracted beam.

The optical quality of an ion source is measured in terms of the
source brightness, S, which is defined as the current density per unit solid
angle of the extracted beam (u amps m2 strl). B is a useful quantity as it
determines how the beam may be controlled and transported from the ion
source to the target. In an 'aperture free' transported system, f is conserved,
provided the axial momentum remains constant, and therefore may be used to
calculate the minimum focused beam radius, r, ™, for a given collimation
angle, o, In the calculation of B a symmetrical beam is assumed. In which case

B, is given by:
Bl /(m . r,. o, )? -(4.4)

where r; and e are the radius, and total divergence angle of the extracted beam.
So a high brightness beam is one that originates from a localized source, and is
transmitted into a narrow emittance cone. In sources where ions are emitted
from a very small region, such as liquid metal ion sources, the quasi point
brightness is used instead, which is the emitted current per unit solid angle.
Where accelerating lenses are present in the transport system the reduced beam
brightness, 8, must be used, which is simply the brightness divided by the beam

energy:
B,=B/V, -(4.5)

Thus if the reduced brightnéss of the sources is known, the minimum spot size

of an aberration free transport system can be calculated, and is given by:
romin=1%/(x. fha,) -(4.6)

r, ™" represents a limiting value which can only be attained in the case of 'no'

beam current and chromatic and spherical aberration free lenses.
4.3.4 Ion optics of the beam transport system

Lenses within the transport system are employed to form an image
of the ion source at the target, and the optical design of the elements is strongly
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dependent on the properties of the extracted beam. A useful quantity for this
purpose is the emittance, which should be matched with the acceptance of the
individual elements of the column. The emittance can be understood as follows.
Assuming cylindrical symmetry, with the beam direction orientated along the z
axis, the individual ions are fully defined by the two position co-ordinates, z
and r, and the two momentum co-ordinates, P,and P, A plot of radial velocity,
(dr/dr) against r, for all ions in the beam yields phase space information of the
beam. The resulting plots are generally elliptical in shape, similar to figure 4.4.
The area enclosed by the ellipse gives the emittance of the beam. An idealized
beam with no intersecting ion trajectories, emerging from a virtual focal point
with P, proportional to r would be represented by a single line in the phase
space diagram. The emittance is preserved along the beam transport system in
the absence of accelerating/de-accelerating lenses. Clearly the radii and
divergence angles of individual ions will change as they propagate but the
emittance of the beam will remain constant. For this reason emittance is
particularly useful when the emphasis is on maximising the beam transport
properties. This is achieved by comparison of the emittance with the phase
space acceptance of each element 'upstream' from the ion source. As a general
rule the beam can be transmitted by an element if the acceptance area of the
elements is greater than the emittance, but an appropriate ion-optical lens may
be required in order to make the beam 'fit into' that element. If accel