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Abstract

This thesis investigates the basic interactions of energetic ions with the top
atoms on a clean surface. This information is of relevance to impact colli-
sion ion scattering spectroscopy (ICISS) investigations of surface struciure.
Using a variety of ions with energies in the keV range e.g. Ct, N+, O, Ft,
Net, P+, 8+, CI* and Ar, incident upon a clean amorphous silicon surface,
the outgoing particles were found to contain a significant fraction of multiply
charged ions. Note that the cjected ions werc energy analysed with a cylin-
drical electrode electrostatic analyser, designed and built by us, which had a
sufficiently large solid angle of acceptance so that good energy spectra could
be obtained with beam fluxes which did not significantly damage the surface
structure. To explain the appearance of these multicharged ions, a charge
exchange model is described that considers the interaction domain to be di-
vided into three steps: the incoming trajectory, the close encounter and the
outgoing trajectory. A definite threshold distance of closest approach for the
production of each of the multicharged ion species was found. These thresh-
old distances directly confirm the model in which multiply charged ions are
created in binary encounters by molecular orbital electron promotion, and
then are partially neutralized as they leave the surface. The molecular or-
bital correlation diagram can associate particuliar crossings responsible for
each multicharged ion species observed.
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Chapter 1. Introduction

The scattering of ions from surfaces is a well established field of physics. In many
cases it is studied to elucidate the structure of the surface involved. The application
of low-energy ion scattering (LEIS) techniques to the study of the composition and
structural arrangement of solid surfaces has developed considerably in the past few
years[2]. The aim of these experiments was to obtain information about the scat-
tering process itsell, channeling and blocking effects and neutralisation processes.
These interactions have been found to depend on the geometry of the atoms in the
first few surface layers so that ion scattering is one of the techniques available to
obtain structural information about surfaces. It complements the information from
electron scattering in which a Fourier transform from momentum space is required
. whereas ion scattering data is analysed in real geometric space.

For certain ranges of jon energies and scattering geometry, surface species can
generally be identified by the presence of surface scattering peaks in the scattered
ion energy spectrum and the surface concentration of these species can be related
to the size of these peaks. The energies of scattered and recoiled particles can be
predicted very accurately by using classical physics and describing the process as
binary collisions involving a central force e.g. the binary collision model. Such a
simple model is adequate for identifying spectral peaks; the analysis of multiple
collision trajectories and inelastic energy losses require more rigorous models.

A basic problem in low energy ion-surface scattering, since the early work of
Hagstrum(3], has been the mechanism of charge transfer (see the review by Boers[4]).
As low energy ions are used in mauy aspects of surface analysis, it is essential that
the processes which are responsible for the loss of ions through neutralisation in
these techniques be understood. Because several charge changes may occur in se-
quence, the interpretation is complicated. It is therefore useful, at least conceptually,

to scparate the surface encounter into three steps - a) the ingoing region from the
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initial encounter with the surface average potential through the increasing intluence
of separate atoms to a region b) where a close encounter with an individual atom
significantly changes the direction of the trajectory, and then c) a final or outguing
region where there are more gentle interactions. For certain projectile-target com-
binations, there is strong evidence that the final charge state is independent of the
incoming ion beam charge, and that the ingoing interactious do not significantly
affect the outgoing charge state fractions(5, 7]. The a*tractiveness of the “loss of
memory” assumption is that it simplifies the interpretation of charge state fractions.
The only surface structure dependent interactions which affect the charge fractions
are then in the outgoing part of the trajectory. The theory predicts very well the
observed dependence of the charge fraction on the energy states of the electron
in the ion and in the surface{8]. Extensive experimental and theoretical work has
been done on the scattered charge fractions when singly charged ions or neutrals
are scattered from clean surfaces but very little work on multicharged ions. A few
investigations at high energies were made in the late 1960's but since then, there
have been no further investigations until the present systematic survey. Meanwhile,
the field of Auger electron spectroscopy (AES) has evolved considerably. Interpre-
tations of these electron yields has conventionally relied on assumptions about the
decay of multickarged ions which are seriously put into question by the present
investigations.

Using a slightly modified 7/v/2 electrostatic analyser (ESA), we performed the
first low-energy investigation of multicharged ion creation resulting from well defined
ion surface collisions. These multicharged ions simplify the analysis since they can
only be created in the close encounter region of the interaction by inner shell electron
promotion so that the initial beam charge and any changes in the charge during the
ingoing trajectory are unimportant.

The most widely used technique for surface structure analysis is the time-of-
flight (TOF) technique. As usually employed, this technique cannot separate ont
multicharged ions from singly charged ions. The reason for this drawback lies not in
the basic way in which this technique works but in the designs used. The TOF tech-

nique consists in a pulsed ion beam of a few keV which strikes a target surface, and
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the velocity spectrum of the scattered and recoil particles is obtained by measuring
their flight times from the sample to the detector. This technique collects emitted
ions and neutrals of all energies at the same time with the option of removing with
an electrostatic clearing field all jons (c.g. singly and multiply charged ions) {rom

the particle flux which reaches the detector.



Chapter 2. Useful aspects of ion scattering theory

2.1 The binary collision model

When an energetic ion is scattered by a single atom its energy after the collision
depends on the kinetics of the elastic collision and on the inelastic energy losses.
For primary energies in the keV range, the elastic energy loss is far greater than the
inelastic energy losses which will ke ignored in this work. lon-surface scattering at
a few hundred eV to a few keV energy has been extensively used for surface char-
acterization under circumstances where most of the detected ions have undergone a
single elastic collision with an atom at the surface. The use of this simple collision
model is justified because the interaction time of the collisions is short compared to
the period of phonons of the solid targets. Due to the small de Broglie wavelength of
the ion, we can treat the interaction classically and can neglect quantum-mechanical
effects. In other words, for ion energies in the keV range, the binary elastic collision
model provides a good first order description of ion-surface collision kinematics and
the laws of conservation of energy and momentum can be used to describe scat-
tered trajectories and energies. Second order effects due to neighboring atoms and
solid state properties modify these predictions. For example, differences are found
between ion-gas and ion-solid scattering involving the same ion-atom clements,
Although a complete classical dynamics calculation which takes into account
individual trajectories is required for spectral simulation, the major spectral fea-
tures of scattered particles can be classified into two simple categories; quasi-single
scattering (SS) and quasi-multiple scattering (MS). The prefix “quasi” is used to
emphasize that the description is greatly oversimplified, i.e. both the scattering and
recoiling trajectories are influenced by more than just one collision partner. How-
ever, for the purpose of spectral interpretation, it is extremely useful to have such

simple classifications for the major features. SS represents the case of one large
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Figure 2.1: Kinematic diagram of the scattering geometry

angle deflection that is preceded and followed by a few very small deflections. A
collision of the type seen in Fig.2.1 typically produces a sharp scattering peak whose
energy is near that of the theoretical single collision energy.

The energy E, of a particle scattered from a single collision is given by the

following equation:

2
cos® + (A? — sin?0)'/?
1+ 4) ’

E, = E, (2.1)

where
A= M, [ M.

This equation is known as the kinematic equation for scattered particles and it is
derived from conservation of momentum and energy. If the mass of the incoming

particle is smaller than or equal to the mass of the target atom, M; < Mj and



CHAPTER 2. USEFUL ASPECTS OF ION SCATTERING THEORY t

A > 1, then the positive sign in eq.2.1 is used. If My 2 My and A4 < 1, both signs
give real physical solutions and the energy of the scattered particle is then found to
be a double valued function of the scattering angle, i.e. there are two E, for cach 6.
For this latter case, the maximum SS scattering angle is Oy = sin~!(A).

The observed scattered peaks in the energy spectra ol experimental surface scat-
tering measurements are found to agree closely with the predictions of this simple
two body process. Atoms emitted from the surtace can also be detected in the form
of direct recoils when the surface is bombarded with energetic ions and again the
kinetic energy can be calculated from classical laws. The encrgy E, of a target atom
of mass M, recoiling at an angle ¢ to the primary ion beam of energy E, and mass

M, is given by the kinematic equation for recoil particles.

E = E, [4A(cos ¢)i]
(1 + A)
Both kinematic equations are plotted in Fig.2.2. In the scattering of an ion
from a single crystal, polycrystalline or amorphous target, the influence of multiple
interactions on the energy of the ion has to be taken into account in the description of
the process. In general, MS represents the case of at least two large angle deflections
in each ion surface interaction. This process can be described reasonably well by
a series of successive binary collisions and the energy of the multiply scattered ion
will be higher than the energy of an ion scattered through the same total angle by
a single atom. The presence of substantial multiple scattering produces a scattering
peak which is broader and at higher energy than the SS peak. The high-energy limit
occurs for n collisions, each with scattering angle (8/n), and this is calculated by
repeated application of the kinematic equations for each large angle deflection. For
example a forward angle scattering (40°) of oxygen on Si gives a single scattering
energy of E, = 0.75E, which is increased by 14% for two 20° scatterings. U nequal
angle scatterings give lesser increases with the smallest increase occurring when one
scattering angle is much larger than the others.
Besides the higher energy peak, MS sequences also produce a broad, low-intensity

structure that lies beneath and extends to lower energies than the 55 peak. This
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Figure 2.2: Kinematic curves for a) scattered and b) recoil atoms
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s

Figure 2.3: Shadow cone envelope

broad structure is a result of MS sequences in which a projectile penetrates below
the outermost surface layer, loses energy in collisions and then re-emerges from the
surface.

When an ion approaches an atom, the angle at which it scatters depends on the
impact parameter of the trajectory. Small impact parameters result in backward
scattering and large impact parameters result in forward scattering. The curvatuve
of the path decreases with increasing impact parameter. The result is a region
bekind the target atom into which no ions can penetrate, this is described as the
«shadow cone” because of its approximate shape.

The shadow cone (see Fig 2.3) can be obtained by calculating the trajectories for
many different impact parameters and determining the envelope of the innermost
trajectories since different trajectories touch the envelope in different regions of the
shadow edge. The actual shape of the shadow cone depends on the interatomic
potential used, the energy of the projectile and the masses of the colliding particles.
Several parametrizations of the screened Coulomb potential have recently been pro-
duced which fit more and more closely to experimental ion-atom scattering data,

This was first done by Moliére with a simple two parameter potential.
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2.2 Multicharged ion creation from ion-surface collisions

2.2.1 Introduction

The study of charge exchange between projectile atoms and a clean surface is of
fundamental interest, both from a theoretical and an experimental point of view.
Inelastic processes in ion-surface collisions can result in the conversion of transla-
tional kinetic energy into electronic excitation and ionization of the atoms in the
collision pair. This electronic excitation of the scattered or recoiled particles can re-
sult in such phenomena as the emission of electrons and photons from the projectile
or target species, shifts in the scattering energy from the elastic scattering position
or variation of the charge state of the outgoing species.

In the past, most studies of inelastic collisional processes have been carried out
in the gas phase where the number of inelastic channels is limited. The study of
ion-surface collisions is complicated by the multitude of inelastic channels possible.
One of the major goals of research in this area is to determine which of these
inelastic channels are operative in specific ion-surface collisions. Projectiles scattered
in distinct single binary collisions (SS) with a surface atom offer a unique opportunity
to study inelastic ion-surface collisions in that their trajectories and velocities are
well defined. The study of these well defined cases of primary particles allows
the channels by which the translational energy of the primary ion is converted to

electronic excitation and ionization energy to be determined.

2.2.2 Charge changing processes

Evidence that ions may pick up and also lose electrons on scattering from a solid
surface was seen in the energy spectra of scattered ions obtained in early work by
Datz and Snoek[10]. As low energy ions are used in many aspects of surface analysis
it is important that the processes which are responsible for the loss or creation of ions
be understood. Due to the atom-surface interaction, electrons can be transferred
from the ion to the target atom or vice versa. Low energy ion scattering (LEIS)

provides a very controlled method of studying the neutralisation process in that the
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projectile path and history are well known for ions scattered olf the surface layer by
a single collision.

Electronic transitions in which an ion near a surface atom could conceivably
become involved are of the radiative, Auger and resonance tunneling types. However
Schekter[11] has shown that the probability of neutralization of an jon near a metal
accompanied by radiation is very low (about § x 10-7). The probability of any
radiative process is expected to be low because the lifetime for radiation (about
10~8 sec) is very long compared to the time which even a thermal particle spends
within a few angstrom units of the surface (of the order of 1015 sec considering an
oxygen ion in the low-keV region).

The most commonly quoted theoretical treatment of these neutralisation pro-
cesses is that of Hagstrum[3] who analysed the Auger process for ions with an
energy of a few eV, using a time independent treatment. The transition rate was
defined for a stationary ion as a function of distance from the surface. The iute-
grated sum of that rate over viie path of the ion then represented the probability
of neutralisation. This approach results in the probability of an ion escaping the

influence of the surface in a charged state being given by

Pt = exp(—v.[v) (2.3)

where v is the perpendicular component of velocity of the jon and v, is the char-
acteristic velocity for the interaction which is made up of a transition rate A, and
a screening length a. The value of v, is a function of the electronic properties of
the projectile and the solid, and within this model is expected to be constant at all
energies.

Even though the Hagstrum approach is only suitable for slow moving ions (1 - 10
€V) it has been extensively used for low energy jons (0.1 - 10 keV) in circumstances
where many of the assumptions involved in the model are not satisfied. The general
form of behaviour for P* has been observed with low energy ions, but the encrgy

independence of v, has been shown to be invalid[12].
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Bloss and Hone[13] showed that using the more rigorous Anderson-Newns time-
dependent formalism to describe the charge exchange processes, the essential fea-
tures of eq.2.3 were preserved for low energy ions. Further support for the validity
of €q.2.3 as being appropriate for LEIS was supplied by Muda and Hanawa[l14]
who used the same time-dependent approach. In their study, the role of the band
structure was examined in detail. A weak oscillation about the principal trend rep-
resented by the equation for P* was identified and associated with the finite width
of the conduction band of the target.

While accepting that all possible charge exchange processes can operate simul-
taneously, the dominant process for the incident ion energies used in this work is
resonance tunneling. It is therefore appropriate that we examine this process in
greater detail. Resonant electron exchange is a pure one-electron process, which
involves the transition of a single electron to or from the atom. In this model we
consider only the conduction band of the target material and one energy level of the
projectile atom. Deeper levels are tightly bound and cannot be excited because the
motion of the atom and therefore the time-dependent perturbations acting on the
electrons are too slow. For the same reason, no electrons can be excited into higher
states, in particuliar into the electronic continuum above the vacuum level. Note
that two-electron processes, such as the Auger process are much less probable than
resonant tunnelling in cases where the latter is possible.

The general approach in describing the resonance process is based on a solution
of the Anderson-Newns Hamiltonian. For simplicity, it i» assumed that this process
takes place in a single nondegenerate atomic state which lies energetically within
the target atom conduction band, and for this atom, a free-electron description is
assumed to be valid. Also the projectile atom’s kinetic energy is assumed to be in
the intermediate range (keV) and the atom-surface interaction is treated in a first-
order rearrangement approach, as was proposed by Gadzuk[15] for the description
of the chemisorption of alkali atoms on a metal surface. The unfilled electron states
of the target atom are described by free waves inside a potential box with a total
energy equal to the sum of the work function (¢.) and the Fermi energy (Er). Note

that outside the box, the wave functions decay exponentially.
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Figure 2.4: Energy level diagram of resonant charge transfer

When the projectile ion is brought close to the surface atom its originally sharp
level shifts and broadens into a band of finite width due to interactions with electron
bands in the solid. This interaction which is illustrated in Fig.2.4 can be composed
of at least three components; van der Waals attractions, overlap of electronic wave
functions and a Coulombic image force of attraction. Hagstrum[3] has shown that
the polarizability of the ion is so small that the van der Waals forces are negligi-
ble for the range of ion energies of interest here. The overlap of electronic wave
functions results in two effects; an attraction due to electron exchange resulting in
the formation of covalent chemical bonds and a repulsion due to interpenetration
of electron clouds and the Pauli exclusion principle. These effects are observed as
the formation of molecular orbital (MO) combinations and MO promotion as the
atomic orbitals of the colliding atoms overlap. Such effects will be discussed in more
detail in the next section.

To first order the origin of the level shift (AE) can be understood with classical
electrostatic theory. The Coulombic image force of attraction is due to the image
potential induced in the metal surface electrons by the approaching ions. Compared

to the situation at infinite atom-surface distance, the valence electron experiences
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an extra repulsion from the image of the core and extra attraction of its own mirror
charge. To first order the level shift is determined by the classical image potential
where = is the atom-surface distance and k™' takes into account the finite screening

length of the target atom.

]

AE = v

The level width (A) is caused by the overlap of the incoming ion and target
atom wave functions. This overlap makes resonant electron tunneling through the
potential barrier between the ion and the atom possible. Simply stated, the proba-
bility for a resonant transition of the valence electron to an unoccupied target state
determines the lifetime of the electron near the atomic core. This finite lifetime
relates via Heisenberg’s uncertainty relation to the level width. To first order, the
level width is given by Fermi’s golden rule where the sum has to be taken over all

metal states | k> degenerate with the atomic valence states | a> at the energy ¢,.

A(z) = QWZ[J(CQ)|<G|Vlk>|2

The symbol p denotes the density of the metal states, which varies within the free-
electron model as e:." 2V is the unperturbed interaction of the valence electron with
the ion core. To a good approximation, the level width is an exponentially decaying
function of the atom-surface distance z. This perturbation-theoretical description
of the interaction between an ion and a surface atom is useful if the width A of
the atomic state is small with respect to the width of the conduction band. In this
case, perturbation theory provides a picture of a relatively localized atomic state,
perturbed by the presence of the target atom.

Note that in all studies to date the relative importance of the various electronic
parameters of the projectile and the solid have not been clearly delineated. These
electronic parameters may include the ionisation potential of the projectile, its pos-
sibly excited states, the work function of the surface, the valence band width and

the density of states at the surface.
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2.2.3 Three step collision moedel and the memory loss assumption

Over the years singly ionized scattered jon fractions have been measured for several
jon-surface combinations. The fraction of scattered or recoiled particles inan ionized
state as a result of a specific scattering or direct recoiling event will be referred
to as the “ion fraction” or “ion yicld”. For noble gas and active ions on metal
surfaces, the positive scattered ion yield ranges from 0 — T0% while for alkali ions it
is typically > 80%. Several calculation techniques have been developed which give
generally good agreement with experimental measurements. In order to understand
the phenomena that contribute to this wide range in scattered ion [ractions, the
collision sequence must be analysed at all points of the scallering trajectory.

While a complete description of the interaction between an ion and a surface
would be expected to adequately describe all aspects of the charge exchange process,
no such model currently exists. Such a description must be capable of treating both
the processes which can occur when the ion is near the surface and those which
occur when the distance of closest approach in the collision is sufficiently small that
the interaction is of the form encountered when two atoms in isolation collide. The
empirical approach to this potentially complex interaction is Lo treal it as three
independent regimes. Thus the approach to and the departure from the surface are
treated as processes in which the energy levels in the projectile interact with the
distributed states of the solid, while in the collisional regime the charge exchange
processes are best modelled by molecular overlap models.

The collision process is effectively divided into three parts: a) the initial interac-
tion before the primary ion actually reaches the target atom, b) the hard (binary)
collision and finally c) the outgoing interaction between the two particles. Experi-
mentally only the initial and final charge state of the primary ion are measurable,
the intermediate part is not directly accessible. Multiple collisions may be included
by traversing the region b) more than once, but this additional complication can be
minimised by selecting the $3 peaks in the energy spectrum of the emitted jons.

Since the early work by Hagstrum(3], who examined in detail the initial neutral-

ization processes, it has become gencrally accepted that the first two parts of the
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‘nteraction do not contribute in determining the final charge state. In many theories
it has been generally assumed that the scattering properties are independent of the
initial charge state, and some of the formulations support this assumption. More
recent formulations of the theory[16] give very small order of magnitude estimates
for the survival probability of the initial charge state through the first two parts of
the collision. For example, the obscrved neutral atoms in the scattering of a sodium
atom beam from a tungsten surface are interpreted theoretically as ionized atoms
which have been re-neutralized on the way out[16] rather than processes where the
initial neutral state survives.

In spite of these theoretical models on ion neutralization the experimental data
does not distinguish directly between neutralization on the way in and neutralization
on the way out. One of the best test of the memory loss assumption was made by
Bronckers and de Wit[7] who compared the angular distributions of Net and O~
(from fragmented incident H,0* jons) scattered from Cu(110). They found that
both Ne* jons and O~ ions show strong shadowing and blocking cone effects from
first layer atoms consistent with a close encounter which is independent of the ingoing
charge state. They concluded that the final charge state is determined during the
outgoing part of the trajectory and that the charge state of the ion immediately
before the collision is unimportant. A complication in interpreting the Bronckers
and de Wit data is the low yield of Ne* scattering compared to the negative ion
yield of oxygen, a consequence of the large rare gas ionization potential.

More recently clearer and more direct evidence was presented by Hird et al.[5]
who took measurements of nxygen-silicon surface scattering, under binary collision
conditions, and found the same ratio of negative to positive scattered ions under
identical scattering conditions for both an incident O~ ion beam and an incident
O* ion beam. The only previously reported measurements which compare otherwise
identical positive and negative ion beam surface scattering are those of van Wunnik,
Geerlings, Granneman and Los{17] for hydrogen scattering from tungsten covered
with a monolayer of cesium. They initially found some differences in the negative
hydrogen fractions in proton scattering from this surface which they explained as

incomplete memory loss for proton-cesium scattering and complete memory loss
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for proton-tungsten scattering. In an attempt to confirm this postulate they then
compared the negative ion yiclds using positive and negative hydrogen beams un-
der conditions which optimised the proportion of jons scattered from the cesium
monolayer. In contradiction to their postulate they found no difference, within the
accuracy of their measurements, between the negative ion yields for the differently
charged beams. On the other hand some exceptions to the memory loss assumption
have been found; for example, at encrgies below 10 keV the ion fraction scattered
from a Cu surface, with an incident neutral Ne beam was found to be quite different
from the scattered ion fraction with a Ne* beam([19].

Although the loss of memory assumption is in doubt for neutral and singly
charged ion fractions, the distinction between the three interaction regions is quite
clear for processes that produce multicharged ion species. Multicharged ions can
only be created in the close encounter part of the interaction by inner shell elec-
tron promotion under conditions which are sufficiently violent to crase the existing
valence electron structure, which meauns that the initial projectile charge state and
any charge exchange occurring in the ingoing trajectory are unimportant. LElec-
tronic transitions and electronic promotions can occur in the close atomic encounter
where the atomic orbitals of the colliding atoms merge into molecular orbitals of
a quasi-diatomic molecule. Such electron promotions can result in neutralization
of the projectile or ionization of either the projectile or the recoil atom as well as
production of multicharged ions of both atoms involved in the collision. Rigorous
calculations of the electronic transition probabilities or charge exchange probabili-
ties in the close encounter and along the incoming and outgoing trajectories have
been done. Such calculations represented an active area of research about 15 - 20
years ago.

The processes occurring in the close encounter have strong dependence ou the
actual distance between the colliding atoms. The distance of closest approach (ro)
can be calculated from scattering calculations. Plots of r, versus E are shown in
Fig.2.5 along with the distances corresponding to the sum of the radii of maximum
charge density for various combinations of electronic shells of importance in C* and

Ne*t collisions with Si. The plots show that for incidence energies greater than about
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Figure 2.5: Calculated distances of closest approach versus primary ion kinetic
energy for C-Si and Ne-Si collisions at 45°[6]. The sum of the radii of maximum
radial charge density for various combinations of the L and K shells are indicated
on the figure.

3 keV, significant penetration of the core atomic shells is achieved.

When experimental conditions are such that the velocities of inner-shell elec-
trons are much larger than the relative speed of the colliding pair, specific electron
promotion in the close encounter can be predicted by constructing separated-united
atom diagrams and using the concept of diabatic molecular states. Diagrams such
as Fig.2.6 show that as the separated atoms approach, a quasimolecule is formed.
During small interaction distances (typically < 1A), electrons may be transferred
between molecular orbitals (MO) which are nearly but not quite degenerate in the
static MO calculations (diabatic crossings). The transfer occurs due to the non-
static nature of the states. If an electron does not transfer back at the second

traversal of the diabatic crossing, the final separated atom states differ from the
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Figure 2.6: United-separated atom correlation diagram for electrons in the ficld of

two differently charged nuclei.[taken from 58]

initial states, and as the atoms recede from each other, an electron then may end

off with high excitation and an inner-shell vacancy is left in the initial orbit. The

resulting electronic configurations yield highly excited discrete states whose lifetime

(107 - 107° sec.) are longer than the collision times (1073 - 10 sec.).

9.2.4 Other experiments which give information on final charge states

The first examination of multiply charged ion production under well defined scat-
tering conditions was performed by Datz and Snoek{10] using 40-80 keV Art ions
scattered from copper single crystal and polycrystalline surfaces. Van der Weg and
Bierman([20] repeated these measurements in more detail. They compared Lheir ion-

solid (copper target) outgoing charge fractions -with similar measurements using a

Cu vapor target. They were able to fit the smaller multiply charged ion fractions '
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from the solid with calculations starting from the ion-vapor charge fractions and
assuming that these decayed with a Hagstrum type exponentially decreasing inter-
action on the way out of the solid. Barth, Miihling and Eckstein[21] observed both
recoil and scattered multiply charged [ractions in Art and Net-Ti and Ni surface
scattering at 9 keV. They measured the energy and exit angle variation of the charge
fractions, and found an exponential dependence on the perpendicular component of
the exit velocity, again in agreement with a Hagstrum type interaction. Winter{22]
‘dentified N2+ and N3t ion fractions when 350 keV N* incident ions were scattered

through 0.8° from a polycrystalline copper surface.

Electron and x-ray spectra from ion-surface bombardement

There is much indirect evidence of multicharged ion production in ion-solid interac-
tions from electron and X-ray emission measurements. The energies associated with
atomic energy levels of both the projectile and the solid can be clearly identified[23].
These generally agree with the inner shell vacancy filling model developed from ion-
gas collision data, with some differences in the states populated. The inner shell
vacancy filling model was originally developed to explain ion-gas scattering data and
X-ray emission data from solids.

A limitation of these measurements is that the ion trajectories which produce the
observed electrons or x-rays are not well defined. Although Doppler effects establish
that the ion is moving, these effects are too small to accurately deduce the ion
direction at the moment of emission. The observed spectra are thus the integrated
results from all ion trajectories.

Experiments that investigate Auger electrons which are emitted when a multi-
charged incident ion beam interacts with a solid[24] examine a quite different phe-
nomenon. These observed Auger transitions occur during the ingoing part of the
ion-solid interaction, whereas multicharged ions created during the close encounter,
which are the main emphasis of our work, only undergo Auger trausitions on the
way out. Measurements of the electron spectra when a low energy multicharged

incident jon beam interacts with a metal surface have been made by deZwart and
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by Varga[25] and analysed in detail with a model which was successful in fitting
the observed energy spectra by combining the predictions from Auger, Penning and
resonance transitions. The fit provides estimates of the relative importance of these

different interaction processes. The
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review see Valeri[32]. A weak line in the Auger spectrum has been attributed to
the decay from double vacancy excitatious, and the incident ion energy threshold
to produce this line was found to be considerably higher than for the other Auger
transitions. Such double vacancies are probably necessary for the production of
multicharged ions. However it is only in p-t collisions that both vacancies are likely
to be produced in one partner since symmetric collisions strongly favor one vacancy
in each partner. Asymmetric p-t collisions may thus be the main source of mul-
ticharged ions, even though symmetric t-t collisions are the main source of Auger
electrons.

Deductions about the collision processes which create multicharged ions are
very indirect from both SIMS aud Auger electron measurements. SIMS measures
low energy ions which have made many collisions before they are detected by the
quadrupole mass spectrometer. Auger electrons are emitted approximately isotrop-
ically in the moving frame of the ion or atom which emits them, so that its direction
is unknown apart from a small Doppler shift, so that only a statistical average is
obtained.

In the measurements reported here the collision trajectories are well defined.
We select peaks in the energy spectrum of the emitted ions which agree well with
the energies predicted from single binary encounters, where either the incident ion
or the recoil atom is scattered directly out of the surface without further loss of
energy. Both correspond to the a.symmetric p-t process. In contrast to the situation
at higher energies[33], the average charge of the emitted ions from binary coilisions

is found to be less than in corresponding ion-gas collisions.



Chapter 3. Experimental Apparatus

3.1 Introduction

In order to do LEIS measurements, one must have a system similar to the one shown
in Fig.3.1. The ions are extracted from the source, accelerated to a desired veloc-
ity, mass selected and then focussed through two slits, onto a point several meters
away from the source. This narrow ion beam which has a well defined energy and
angular spread strikes an atomically clean silicon surface located at the center of
a 25 cm diameter ultra-high vacuum (UHV) chamber. The ejected particles are
energy analyzed with an electrostatic analyzer (ESA) which has angular and encrgy
resolution and which can be rotated around the target for angular distribution mea-
surements. Although the rest of the apparatus was mostly constructed by copying
standard techniques, the ESA represents an original design. All previous designs
required much higher ion fluxes on the target and occupied much larger scattering
chambers. Target cleanliness is obtained by sputtering the sample followed by an-
nealing. Additionnally, the crystal structure can be determined using our reflection
high energy electron diffraction (RH EED) system fitted as a diagnostic tool inside
the UHV chamber where it did not interfere with the ESA.

3.2 Ion production

The ions we use are produced by a radio-frequency (RF) ion source. This type of ion
source extracts positive ions from a plasma (in the keV range) in fluxes of the order
of microamps (gA). Additionally it provides the option of creating both positive and
negative ion beams. Other types of jon source are available which avoid the main
restriction of the RF source which is that the source element must be in the gascous
form for most of the beams produced. However these are less reliable, or have short

maintenance intervals or produce very low intensity beams. They almost always use

s
I
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thermionically emitted electrons from a hot filament to ionise the atoms, so that
negative ion extraction is not possible because of the large electron background.

The discharge is produced inside a glass tube by external electrodes coupled to
a high frequency oscillator. The radio-frequency waves excite the gaseous atoms or
molecules by creating a strong electro-magnetic disturbance. Sufficient RF power
is required to fill most of the volume with plasma. A positive anode, in this case a
wire, is sealed into the glass tube and since the plasma is basically a conductor, the
whole of the discharge comes to an equilibrium within a few volts of the positive
anode potential (typically 1 kV) because of the much higher mobility of the electrons
compared to the positive ions.

The only other conducting surface exposed to the plasma discharge is an axial-
tube electrode, usually called the exit canal. The ionized atoms are extracted from
the positively biased plasma boundary and subsequently accelerated towards the
canal where some escape into a much lower pressure region. Inside the tube the ions
are in a nearly field-free region beflore emerging into the roughly uniform electric
field of the accelerator column. The fringe field between these two regions behaves
as an ion optics lens. It provides focussing so that the beam can be converged to a
small width beyond the accelerator.

The energy of the ions is determined by the potential change between the plasma
and ground and is approximated by the sum of the anode potential and the accel-
erator voltage minus a small voltage used for the ionisation of the gas in the glass
tube. The anode potential can range from 0 kV to 2.5 kV but for about 2 kV and
over the plasma discharge tends to be unstable and this disturbance reduces the
stability of the ion beam. The accelerator voltage can range from 0 kV to 150 kV.

To invert the beam polarity all the electric fields are reversed except in the ion
source itself. The negative ions which emerge must be the result of electron capture
collisions between the accelerated positive jons and the residual gas present in the
exit canal. This negative beam required somewhat different operating conditions
and the ion flux was approximately a few percent of the typical positive jon beam
current. Interestingly, the energy of the extracted ions was found to be determined

only by the accelerating voltage; we have no satisfactory explanation for this. This
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Figure 3.1: Schematic overview of the experimental apparatus
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polarity reversal option is an advantage which is not available to many research
groups presently engaged in this ficld of research.

Certain measurements required a low energy beam. The accelerator was designed
for ~ 100keV ions and without modification did not produce sufficient ion current
at a few keV. By applying a negative high voitage partway along the resistor chain
(on the accelerator column), the ion flux was greatly enhanced. This ion production
enhancement can be explained as follows: the plasma extracted at an initial energy
is accelerated to a high potential which allows a higher extraction efficiency of the
ions from the plasma boundary. The ions are then decelerated back to a lower
energy in a low gas pressure region where the beam is widely spread so that the
space charge effects are small. As a result, the low energy ion beam current was
increased by a factor of about 30.

Different ion beams were produced by letting small amounts of high purity gas
of the appropriate elements such has oxygen, nitrogen, neon and argon into the ion
source bottle. For certain beams we had to resort to using high purity molecular
gases; a good intensity Ct beam was obtained with carbon monoxide while strong
P+ beams were produced by using pure phosphine gas (PHa) in conjunction with a
few grams of phosphorous powder deposited inside the plasma discharge tube itself.
S* was produced by placing a small quantity of sulphur powder in the source and

using argon as a buffer gas. Freon-12 (CCl.F2) was used to produce the CI* and
F* beams.

3.3 Mass selection and beam collimation

The ion beam is deflected by a 30° bending magnet through two narrow slits. The
magnet separates out different ion masses by deflecting each mass at a different
radius of curvature (Fig.3.2).

A simple relation can be obtained by considering the forces involved for a uniform

magnetic field perpendicular to the velocity:

m v?

= qvB

r



CHAPTER 3. EXPERIMENTAL APPARATUS 26

CURRENT

.,
N ot _ Ng NOT OF I

Sy
-
2

Figure 3.2: Mass spectrum of the ion soutce. The ordinate represents the current
to ground measured on the entrance slit of the main chamber (slit #2) while the
abscissa is simply the square of the current (I) sent through the beam bending
magnet (as stated in the text, I is proportional to the magnetic field B).

where m, q and v are respectively the ion mass, electric charge and velocity, B is
the magnetic field and r the radius of curvature. The velocity can be expressed as
a function of the accelerating potential V.

mvuv

E=qV=""

1/2
v = (Mﬁ)
™

Combining the first and third equations and rearranging we obtain

mV _ B
qg 2

thus

In the right side r? is a geometrical constant for all ions which pass through the
collimating apertures of the system. All ion mass/charge ratios should therefore lie

on the same straight line of a graph of mV/q as a function of B2,
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Figure 3.3: Mass ¢alibration graph

The straight line seen on the mass calibration graph (Fig.3.3) was obtained using
a well known ion mass (i.e. high purity oxygen in the jon source) for many different
accelerating potentials. The other atomic or molecular ions can be determined by
interpolation. In practice, the current J through the magnet can be used as a
measure of B and the hysteresis effects are kept small by always scanning in the
same direction.

Alignment problems through the system were taken care of with the help of
adjustable weak transverse magnetic fields perpendicular to the beam line. These
wsteerers” consist of four coils, wound around a square iron core, surrounding the
vacuum pipe through which the ions travel. The coils on opposite sides are connected
in series with polarities such that their fields are opposed inside the iron. The
return fields emerge from the iron and produce a weak, nearly uniform field in the
vacuum. Magnetic fields of a few hundred gauss over a 20 cm path are sufficient to
deflect the ion beam by a few degrees. Since the fields are small, there is little iron
saturation and the current/field relation is nearly linear. Consequently a change
in the left/right deflection, which is produced by a change in the magnitude of

the current in the coils on each side (vertical field), does not disturb the up/down
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deflection which is produced by the top and bottem coils (horizontal field). Therefore
they act effectively as independent controls.

When a careful optimization of all the adjustable parameters was achieved (steerer
magnetic fields, ion extraction voltage, ion source gas pressure, anode voltage}, sufl-
ficient intensity (a few nA on target) could be produced with a wide range of ion
beams. The tight geometry of the ion beam after the deflection magunet made ad-
justment critical. The beam had to be passed through two slits set about 1.2 meters
apart. The first slit was 2 mm wide by 5 mm high and the second was only 0.25
mm wide and 8 mm high. This geometry produced a collimated beam that had
a narrow energy spread and its angular spread (in the horizontal axis) was about
9 mrad. All ion currents were measured with Keithley picoammeters electrically
connected to the slits or the sample in the main chamber, and no correction was
applied for secondary electron emissiou.

Even with all this collimation and focussing action certain beams e.g. F* and
C* were fairly weak especially in the low kinetic energy region (< 5 keV). It was
found that there was considerable loss of ions through the very tight geometry
of the apertures which defined the differential section. The space charge of the
beam itself sets definite limits to ion currents which can be transported as low
emittance beams(34]. Calculations showed that we were at these theoretical limits
when passing 1 nA through our two slits. To compensate for this space charge
increase in the beam size, an einzel lens was placed half way between the apertures
of the differential section to refocus the ions. The proportion of ions reaching the
target was thereby increased considerably. Additional einzel lenses placed along the

beam line did not reduce any further the space charge repulsion of the ions.

3.4 Sample holder

The steady and narrow ion beam hit a target surface (Si(100) wafer mirror-polished}
at the centre of the main chamber which was firmly held by molybdenum (Mo)
clamps to a Mo holder-plate. The sample holder was commercially made and was

found to be unsatisfactory in several ways. It was attached to a high precision
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manipulator with X, Y and Z translational movement, rotation about a vertical
axis and also rotation in a plane perpendicular to the target normal. The system
therefore had five degrees of freedom to accurately position the sample surface.

These sample movements were most easily accomplished when the vertical axis
of rotation (the Z axis) was at the surface; with off-axis samples it was more difficult
to make the Z axis rotations and at the same time maintain the sample position.
The translational resolution of the manipulator was 0.005 mm for all 3 axes. The
angular resolution was 0.1° on the primary rotation axis and 0.3° on the secondary
axis. The manipulator was equipped with an electron beam heating accessory. This
type of heating was provided by an electron emission filament (thoriated tungsten)
located directly behind the sample backplate which also acted as a grounded anode.
Some thermal radiation heating was produced but this was significantly increased
by applying a high negative voltage to the filament to produce about 25 Watts of
electron power. This type of heating allowed temperatures as high as 1250°C to be
reached very easily.

The temperature of the sample surface could be monitored by means of one or
two NiCr/NiAl thermocouples which can be affixed to the sample surface or directly
upon the Mo backplate. Note that the negative potential filament produced stray
electrons some of which escaped into the chamber where they struck the stainless
steel walls and caused surface electro-desorption (primarily hydrogen). This surface
outgassing during heating was unacceptable because the pressure rose by a factor
10 at least. The solution was to operate the electron emission filament at ground
potential and have the anode positively biased. The stray electrons were then no
longer attracted to the chamber walls since they were at the same potential. Unfor-
tunately this arrangement prohibited the use of thermocouples in contact with the
backplate (thermocouples operate only near grounded surfaces).

Having the silicon sample in direct thermal contact with the Mo backplate cre-
ated significant amounts of “hot spots” on the sample i.e. uneven thermal contact
between the silicon and the sample holder. This non-uniform thermal contact be-
tween the sample and backplate caused several silicon samples to melt during high

temperature annealings (e.g. melting poiut of Si{100) is 1420°C). This problem was
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resolved by cutting a square hole slightly smaller than the sample dimensions in the
Mo backplate thereby allowing the electrons to strike the back of the sample di-
rectly. Not only did this morlilication prevent the destruction of any more samples,
but it also reduced the total power required to anneal our samples because then
the sample itself was the hottest part of the system. Another consequence of our
meodification is that much higher anuealing temperatures can now be rcached than

the commercially specified maximum of 1250°C.

3.5 Energy analyser

A disadvantage of electrostatic analysers as spectrometers for the ions scattered
from surfaces is that they scan the ion energy spectrum sequentially. When this is
combined with reasonably good energy resolution, the ion beam flux required to pro-
duce a spectrum is such that significant surface damage occurs during measurements.
The alternative technique, time-of-flight (TOF), collects scattered jons and neutrals
of all energies at the same time, and this more than compensates for the smaller
solid angle resulting from the large target-detector distances which are necessary
for reasonable flight times. TOF spectra have been reported in which the beam
dose required to obtain a scattered ion spectrum is ~10~ jons/target atom(35, 36].
These ion doses make it possible to perform crystallographic measurements without
substantially damaging the surface crystal structure.

A drawback of the TOF method is that without a large vacuum system Lo contain
the distant detector[37] measurements can only be made at certain fixed scattering
angles. In addition, as it is usually used, this technique cannot separate out mul-
ticharged ions from singly charged ions. This latter drawback, which seems Lo be
present in every TOF system used for surface analysis in operation today, is caused
by the design of the apparatus itsell. The TOF technique basically consists of a
pulsed ion beam which strikes a surface and the emitted particles are velocity ana-
lyzed by measuring their flight times from the sample to the detector (typical llight
path length is about 1 meter). It is important to note that the detector collects

emitted jons as well as neutrals of all energies at the same time with the option of
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removing by electrostatic deflection all jous (e.g. both singly and multiply charged
ions).

The present system has been designed to increase the detection efficiency to
the level where it is possible to obtain spectra without significant surface damage,
and at the same time it is possible to make angular distribution measurements
inside a small UHV chamber. For ion surface scattering the high energy resolution
capabilities of the electrostatic analyser are not required for most surface structure
investigations, since usually some proportion of the ions are scattered more than
once by surface, or near surface atoms so that the unique energy value predicted
from single jon-atom elastic scattering is not observed. Therefore it presents little
advantage to use a high resolution spectrometer since the multiple collision events
cannot be resolved. It is therefore better to sacrifice energy resolution in order to
obtain higher efficiency. The proportion of multiply scattered ions depends heavily
on surface structure and differs for ¢ach ingoing and outgoing angle.

Measurements requiring scattering angle distributions or the determination of
the outgoing ionic charge states can best be accomplished with either an electrostatic
or magnetic analyser. Since electrostatic analysers (ESA) are considerably simpler
to build and operate than magnetic ones, they are by far the most popular, and this
type was chosen for the present system.

There are many different types of electrostatic analysers and their focussiug
properties have been well discussed by several authors. Two of the most common
designs are the 180° and the 7/ V2 {or 127°) electrostatic analysers. The former
basically consists of two concentric hemispheres: a particle beam enters through
an aperture into the space between the two electrodes and is focused to another
aperture, directly opposite after a 180° defiection. The main advantage of this type
of analyser is that the focussing is in two dimensions; the disadvantage lies in the
difficulty involved in accurately machining and constructing the device.

The 127° analyser consists of two cylindrical concentric curved plates separated
by a small gap, with entrance and exit slits at an angle of 127°. In addition, this
ESA must be constructed entirely from UHV compatible materials such as good

quality aluminum and stainless steel for the frame and electrodes. The insulation
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for the electrodes is provided by teflon material, but we can also use certain ceramics
and machinable glass which are ULV compatible. This analyser is single {ocussing,
since the field is everywhere horizontal; there are no vertical forces and therefore no
vertical focussing. It has been shown that ions which have approximately circular
trajectories come to a first order focus after they have passed through a deflection
angle of 7/v/2[38]. Such a focus is not very useful becanse it lies inside the field
region, but if the ions enter and emerge from a cylindrical field region in which their
deflection is slightly less than = /v/2, then the source and image points can both be
located in field free regions.

The novel design feature compared to previous instruments is that no entrance
aperture is used. The separation of the analyser electrodes deterniines the angle of
acceptance in the deflection plane. The space focussing properties of the analyser
are such that the bombarded region of the target itsell becomes the ion-optic object
which is imaged at the exit slit.

The minimum distance at which the analyser can be placed from the target is
set by mechanical and practicle constraints rather than by theoretical optimization.
The target must have sufficient clearance to move freely without it striking the
analyser. Note that the plane of scattering is horizontal, with the incident angle
being determined by the vertical rotation axis of the manipulator and the scattered
angle by the position of the detector on the horizontal racetrack (sce Fig.3.4). For
backward measurements, if the analyser is too close to the target, it may intercept
the incident ion beam incident. In contrast the image of the analyser may be placed
close to the field exit, where for very close distances the exit slit may also usefully
act as a field terminator. The present design is based on a target-analyser distance
of 15 mm and an analyser-image slit distance of 5 mm.

The energy resolution is simply given by the following equation:

AE  (widthofbewn + widthof exit slit)

E R,

With the size of the beam and exit apertures (0.25 mm wide x 5 mum high and

0.5 mm wide for the beam and the exit slit respectively), the theoretical resolution

is 1.3%. A convenient test of the analyser was to run the ion beam directly into
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Figure 3.5: Energy spectrum obtained by running an OF beam of 6 keV directly
into the ESA.

the ESA (Fig.3.5). Note that the beam intensity had to be reduced by a factor of
about 1000 to avoid damaging the detector. The beam energy resolution from the
magnetic deflection analyser was much better than that of the ESA, so that the
beam for this test was effectively monoenergetic.

The energy selected particles which had passed through the ESA were counted
individually with a channel electron multiplier (CEM) mounted behind a small slit
(0.5 mm wide). The detection efficiency of a CEM for ions has been shown to be
independant of energy in the range of 2 to 10 keV[39). Below 2 keV the sensitivity
is lower because the secondary emission coefficient decreases so that the probability
that one of the several secondary electrons emitted from the entrance cone following
the initial jon impact will be captured and muitiplied is less. Above 10 keV the

sensitivity is also lower but for a different reason. The ious, possessing more kinetic
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Figure 3.6: Calibration curve for absolute ion yield intensity as a function of target
orientation.

energy, have a longer range in solids so that again there is a decreased probability
of a secondary electron from the initial impact being emitted and subsequently
multiplied.

When the jon beam entered the UHV chamber there was an abundance of sec-
ondary electrons emitted throughout the chamber. This electron problem was re-
solved by negatively biasing to ~200V the front cone of the CEM. This was sufficient
to completely repel all the stray electrons resulting from ion scattering. However
the negative electrode of the ESA itself was a source of electrons from field emission,
and for a sufficiently high operating voltage (on the negative electrode), the stray
electrons were again a problem. By increasing the negative bias to the CEM front
cone (to about 1 to 2 keV), these higher energy electrons were also repelled.

In addition to the CEM behind the ESA, there was also a second CEM located

i the UHV chamber in direct line of sight of the sample just above the beam line
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entrance slit (8 ~ 180°). Its sole purpose was to monitor the actual ion intensity on
the target during measurements. This method took into account beam fluctuations
and in certain cases permitted us to normalise our measuretents. This method of
ion counting was preferable to measuriug the current on the target (since a Faraday
cup was not used) because it avoided problems related to the slow response time of
picoammeters operating on nA ranges. Another problem was the secondary electron
emission effects that occurred during sample heating. The sample would experience
a charging up effect with a half-life of several minutes, This slowly decaying charging
effect gave quite false ion current readings.

The use of a second CEM Lo measure scattered ions at § ~ 180° as a mecans
to normalise the beam intensity is ouly valid for measurements where the target is
not moved. It has to be modified for measurements of yields as functions of target
orientation. Therefore, as a separate experiment, the monitor CEM which counted
the total ion yield from the target, was calibrated so that the monitor count for a
fixed beam charge was known for each target orientation. The data shown in Fig.3.6
was fitted with a curve and used to normalize the spectrometer counts, as measured
relative to the monitor counts, and thus o determine the absolute dependence of
each charge state yield on target orientation.

The actual wiring for both CEM’s was initially a problem because of the limited
number of materials which are UV compatible. Bare copper wires (Cu is a UHV
material) proved to be unsatisfactory because of the electrostatic pick-up between
the CEM’s involved in having unshielded wires. This problem was solved with teflon
coaxial cable (with insulation outside the outer conductor removed). The digital
output signals from the two CEM’s were changed to low impedance by preamplificers
just outside the vacuum and then sent through coaxial cables Lo the electronic system
where they were amplified and displayed on scalers. These pulses were also fed into

a computer for data reduction aund storage.
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3.6 Reflection high energy electron diffraction

In addition to the ion scattering equipment, the chamber contained an electron
diffraction device which enabled us to examine the surface in another way. A low
energy electron diffraction (LEED) system could not be used because it must be close
to the surface since it requires a large solid angle round the target. The components
of the reflection high energy electron diffraction (RHEED) system could be placed
outside the main chamber volume, inside the chamber ports, where they did not
obstruct the ESA. _

RHEED is a technique for surface structure analysis; electrons which are incident
upon a flat surface at grazing angle produce a diffraction pattern characteristic
of the atomic surface arrangement. Since the normal component of the incident
electron momentum is small, the penetration of the electron beam is also small
and consequently the information we obtain is from the first few atomic layers
of the surface and not the bulk. The electron gun was directed horizontally on
an axis perpendicular to the beam and the diffraction pattern was observed on 2
fluorescent screen located directly opposite the electron gun (on the other side of
the target). The electron gun was a commercially purchased device of the type used
in cathode-ray tubes (CRT) and the fluorescent screen was taken from an old CRT.
Great care must be taken for removal of the fluorescent screen from the CRT; the
vacuum seal must be carefully broken and the internal pressure raised gradually up
to atmospheric pressure otherwise the fluorescent powder may be blown away and
the whole screen ruined.

This RHEED pattern can prove useful for quickly examining the crystal structure
of & surface and in some cases identifying the presence of impurities. However, it

has been found that ion scattering is a more critical test for hydrogen and carbon
build-up.
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3.7 Sample preparation

The importance of a clean sample for surface studies is fundamental for these mea-
surements. Prior to inserting our Si(100) sample into the UHV system, it was
treated with an oxidation process. We are grateful to the Microstructures Labora-
tory at NRC for both providing the samples and performing the oxidation. This
process consisted in putting the silicon walfer in an oven while exposing it to an
ozone gas for about an hour. It is estimated that an oxide layer of about 0.1ym
thick was produced in this way. This ozonated layer completely hid the features
in the energy spectrum except for the hydrogen recoil peak. It was easily removed
by heating (temperature of about 850°C) since SiO has a higher vapour pressure
than Si. The surface contamination was assumed to be emitted with the oxide,
leaving a previously internal layer as the new surface. This cleaning procedure was
later found to produce a surface cleanliness identical to that which was obtained by
simply sputtering and annealing,

For repeated measurements and following overnight exposure to the residual gas,
the target was recleaned by 500 eV argon ion sputtering (2 pA/cm?), for 15 to 30
minutes depending on the contamination present. It was then heated sufficiently
(approximately 500°C for 10 seconds) to outgas the surface argon. After this time
most of the argon implanted during the sputtering was desorbed, as indicated by the
return of the pressure, and the residual gas composition, to its value before heating.
This heating was not sufficient to anneal the surface back to a single crystal{40)
and it produced an amorphised surface with a RHEED pattern that showed no
diffraction spots. The ion scattering spectrum (Fig.3.7 a)) showed a clean silicon
surface peak but with no channeling effects at all. Heating the sample to about
900°C for 15 minutes returned the surface to a Si(100) single crystal and produced a
clear Si(100) 2 x 1 RHEED pattern. The energy spectrum taken in a non-channeling
direction (Fig.3.7 b))was identical to the amorphised surface.

Following about 48 hours of exposure to the residual gas (2.5 x 107'"torr), the
energy spectrum (Fig.3.7 c)) showed a growing oxygen contamination peak (oxygen

beam/oxygen target atom). For a residual pressure of 2.5 x 10~ "vorr, Langmuir's
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Figure 3.7: Energy spectra obtained by scattering 7 keV oxygen ions, incident at 5°
to the silicon surface, into a detector placed at a forward angle of 40° to the incident
beam. Figure a) shows an amorphized surface while b) is a single crystal surface
and c) is an oxygen contaminated surface.
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equation predicts that one monolayer of atoms will stick to the surface every 1000
seconds assuming a sticking probability of unity.

For charge exchange measurements, an amorphous surface was chosen so as
to avoid the anisotropies produced by shadowing and blocking effects in a single
crystal. These are known to influence the emitted ion charge states[20, 41]. During
jon bombardment, surface damage might change the surface structure of a single
crystal, and so change the scattered and vecoil ion yield in certain directions.

To test the amorphous coudilion of the target, the variation of scattered peak
intensities was determined as the target was rotated in its own plane. An angle
of incidence to the surface of 5° was chusen, as being well inside the shadow cone
angle of adjacent surface atoms. No statistically significant variation was found.
Repeating this measurement with the fully annealed Si(100) single crystal surface
showed the expected decrease in intensity along the (110) direction (Fig.3.8).

Carbon is considered one of the more difficult elements to remove from a silicon
surface, and is often a serious contaminant. However, it has been reported that
islands of SiC can be removed by sputtering though not by heating[42]. Carbon
can be present in the residual gas, a consequence of using oil diffusion pumps, but
this should be a negligible amount. Certain measurements were performed with an
incident carbon beam but special care was taken that such contamination did not
affect the data. Each scan of the energy spectrum took about 5 min, compared to
about 2 hours for the beam to strike every surface atom, so that by sputter cleaning
the surface after every few measurements the carbon build-up from the beam on
the surface was negligible. The measurements showed no indication of a peak in the
energy spectrum' where Ct-C scattering would be observed.

To determine the effect on the data of surface contamination by carbon, tests
were made without sputter cleaning between measurements. The main change was
found to be a decrease in the scattered ion peak areas, with a smaller decrease in
the recoil ion peaks, and a slight increase in the background. The different charge
states were affected about equally, so that inadequate sputter cleaning would not
significantly change the ratios of the peak areas. No similar reduction in peak

intensity was found for any of thie other dilferent beams used in this work.
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Figure 3.8: Surface shadowing and blocking pattern obtained from a clean Si(100)
92 x 1 crystal measured with 7 keV oxygen ions as projectiles. The dip shows the
expected decreased intensity when the beam is aligned with the (110) symmetry

direction,



Clhapter 4. Experimental results

4.1 Energy spectra

Fig.4.1 shows energy scans obtained with projectiles of lower atomic number (Z,)
than the target (Z; = 14). All the peaks can be identified as binary collision events,
and the energies agree well with collision kinematics. Note that to follow the saume
path through the analyzer, doubly and triply charged ions require half and one third
respectively of the deflection voltage of singly charged ions. The peaks which are
labelled as doubly charged occurred at voltages exactly half (to one channel) of the
singly charged peaks, and one third for the triply charged ions. As a verification
that these were indeed multicharged jons, measurements were repeated over a range
of scattering angles. Throughout, the ratio was found to be constant, whereas it
would have changed if we were observing recoiling singly charged ions from heavy
atom surface impurities which would have appeared in this region of the spectrum.
As explained earlier, ions which have made two or more small angle collisions
with surface atoms may have more cuergy than those where the same total deflec-
tion is produced in a single collision. Such events appear as shoulders on the high
energy side of the peaks. This multiple collision shoulder of the scattered peak was
subtracted when estimating the yield of ions which had made single collisions.
The proportion of multiply scattered ions is found to increase with Z,, and is
most evident for Net. To exclude multiple scattering for this extreme case, the usnal
linear interpolation method for hackground subtraction was not used to estimate
the SS intensities. Instead, a gaussian distribution of adjustable height, width,
and position was subtracted from the peak region until a monotonic hackground
underneath was obtained. As a check this gaussian method, which was necessary
to obtain the singly charged Ne* peak area, was compared to the arcas derived

from simple linear interpolation on all the other energy spectra. The energy scans

42
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Figure 4.1: Electrostatic analyzer (ESA) spectra of ions emitted at 8 = 45° to
the incident jon direction from a clean silicon amorphous surface. V is the deflec-
tion voltage, and V; is the voltage required to deflect the direct incident jon beam
through the ESA. The same incident ion velocity 0.53 keV /amu was used for all the
measurements. The incident beams were (a) C*; (b) N*; (c) O*; (d) F*, and (e)
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Figure 4.2: Energy spectrum obtained from scattering Ar* ions {rom silicon

we obtain by using projectiles of higher Z (15, 16, 17, 18) than the silicon target
showed the same features. P+, S* aud Cl* ions gave very similar spectra to that
of Art with very strong recoil peaks (singly, doubly and triply charged) and very
small singly charged scattered peaks. For this reason Fig.4.2 only shows one energy
spectrum, that of Ar*-Si scattering. Besides the multicharged recoil peaks, no

scattered multicharged ions were detected.

4.1.1 Error analysis technique

The ion yields used in this work were obtained by summing the counts in the peak of
the energy spectra after subtracting the background, which was estimated by linearly

interpolating the intensities on either side. Since the statistical errors can be made
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Table 4.1: Statistical uncertainties associated with each channel in a typical yield
determination

Channel ESA channeltron  Beam monitor ~ ESA counts " Statistical
number counts channeltron counts  Beam monitor counts uncertainty

(x10%counts) (x10%counts) (%)
18 1.821 12.17 0.1496 0.80
19 1.749 11.92 0.1467 0.81
20 1.672 11.99 0.1394 0.83
21 1.723 12.206 0.1405 0.81
22 1.724 12.04 0.1432 0.81
23 1.974 11.85 0.1666 0.77
24 3.104 11.88 0.2613 0.64
25 5.103 12.09 0.4221 0.53
26 6.844 13.27 0.5578 (.48
27 6.710 11.67 0.5750 0.48
28 5.543 11.92 0.4650 0.51
29 3.556 11.34 0.3136 0.61
30 2.532 11.62 0.2179 0.69
31 2.225 11.48 0.1938 0.73
32 2.317 11.77 0.1969 0.72
33 2,342 11.54 0.2030 0.72
34 2.397 11.37 0.2108 0.71
35 2.472 11.98 0.2063 0.70
36 2.499 11.85 0.2109 0.70

small (as seen in Table 4.1), an estimate of the error inherent in each spectrum
can be found by taking two extreme hypothesis for the background and calculating
the yield for each. Typically six points on either side of the peak were taken to
estimate the background and two straight lines were drawn as shown in Fig.4.3 to
demonstrate the two extreme scenarios. For the peak shown in Fig.4.3 the error was
estimated at about 8%, which was typical for many of our spectra. However, this
method became less accurate when small peaks were evaluated, particularly when
a multicharged ion peak approached its energy creation threshold since the peak in

the energy spectrum became indistinguishable from the background fluciuations.
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Figure 4.3: Error estimate technique for a typical peak in the energy spectrum

The solution was to concentrate our scan on a small portion of the spectrum
and to increase the detection time per channel since we accurately knew over what
channels a multicharged ion peak would appear. This procedure reduced the back-
ground fluctuations to an acceptable level (less than 1% Huctuation in many cascs)
and allowed small multicharged ion yields to be discernable and evaluated with suf-
ficient accuracy. For example, the O%* ion yield was evaluated at 0.19 + 0.06 when
5.8 keV O+ ions were scattered at 40° from a Si target, which is just above the O**
energy creation threshold. Note that the appearance of a multicharged ion peak
was judged to be valid when multiple scans al the same energy repeatedly gave a
positive yield value. As a verification of the validity of our results, measurements
were always repeated at a later date, at least once, sometimes twice.

The determination of the energy creation thresholds was perhaps the most subs-

jective part of this research since at least two large sources of error came into play.
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First, the actual energy of the incident particles was not absolutely known because
the plasma discharge was not monoenergetic (an estimate of the energy anisotropy
would be about 30 volts) and the power supply calibration was accurate to about
40 volts. Secondly, deciding at which energy a multicharged ion peak appeared re-
quired some personal judgement on the part of this researcher (about 100 volts of

uncertainty).

4.2 TIon yield variations with beam energy

The energy variations of the inteusities of the ions scattered or recoiled from the
surface at 30° when OF ions are incident at 10° (40° deflections) are shown in Fig.4.4
and Fig.4.5, respectively. Because of the increase in multiple collisions and sub-
surface scattering which generates a continuous energy background, a high energy
limit to the measurements (30 keV) was arbitrarily set. A procedure to normalize
the count rates to the beam current was possible for the target tilting measurements
described in the next section, but this method fails when the kinetic energy of the -
incoming ions is varied because of possible variations in the monitor normalization.
This effect probably varies slowly so that the general features of our figures should
be valid. The same type of energy variation was found using Nt projectiles instead
of OF.

The rise with increasing energy which occurs for singly charged ions requires
some explaining since the binary scattering cross section at a fixed scattering an-
gle decreases with increasing collision energy. Two effects may contribute to the
increased yield with increasing energy: a decrease in shadowing and a decrease
in neutralization[43]. Shadowing of a surface atom occurs when it lies within the
shadow cone of a neighbour. It is possible to make an estimate of the amount of
shadowing by making some simple assumptions about the average distances between
nearest neighbours on the amorphous surface.

We assume thal no two atoms on the amorphous-silicon surface are closer than
the nearest neighbour distances on a Si(100) surface of 3.84. Calculations of two-

body collision trajectories{6] using the screened Coulomb potential in the “universal”
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form given by O’Connor and Biersack predict that the shadow cone behind cach
surface atom at 3.8A4 separation has an angular width of 10° for 14 keV ions. This
is the angle of incidence of the ions to the surface, so that at energies above 1
keV, where the shadow cone angles are smaller than 10°, all the surface atoms arve
accessible to the beam and shadowing should be negligible.

As the ion energy is decreased, the shadow cone angle expands and the atoms
become shadowed by their neighbours. If we further assume that the majority of
surface atoms are closer spaced than the lattice constant 5.43A, then at an ion
energy where the shadow cone reaches 10° at a spacing of 5.43A the majority of
the surface atoms will be shadowed and the scattered iou yield will be very small.
Trajectory calculations show that this occurs for 6 keV ions. At lower beam energies
a larger atom separation is required. For example, surfacs atom scattering at 2 keV
can only occur if the atom has no ncighbour within 7A. Surface roughness should
tend to decrease shadowing effects, so that these limiting energies are probably
overestimated.

The small yields of O, N* and Sit* ions which we observe at low energies are
thus from the relatively few atoms on the surface which have these larger than
average separations from their neighbours. This simple shadowing model therefore
fits the decrease to a smalil value at our lowest energies and the maximum yield in
the energy range below 14 keV. The increase in the neutral fraction presumably also
. contributes to the decrease at lower energies.

Shadow cone effects decrease the yield of doubly charged ions in exactly the
same way as they decrease the yield of singly charged ions. However we observe
a definite fall of the doubly and triply charged jons to undetectably small values
at energies where there is still a significant yield of singly charged ions. Thus a
real threshold exists for the creation of these multiply charged ions independent,
of shadowing and it therefore must be associated with individual jon-target atom
collisions and subsequent surface neutralization effects.lt is possible to cancel ont
the effects of shadowing by takiug the ratio of the multiply charged ion counts lo

the singly charged ion counts shown in Fig.4.4b) and Fig.4.5b).
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Based on the assumption of charge independent shadow cones, our measured
ratios of ion counts can be interpreted as the relative probability that a particular
incident ion which collides with a surface atom will exit this surface and result in a
doubly or singly charged ion. This assumption was put forth by Van Der Weg and
Bierman(20] who attributed the differences which they observed in the shadowing
and blocking angular distributions to different decay rates of the ions with different

charges as they pass near neighbouring atoms on the way out.

4.3 Neutralization effect during the outgoing trajectory

If it can be assumed that multicharged ions are only produced at close encounters
with individual target atoms, at separations much smaller than the atemic spacing,
then the numbers of multicharged ions which are produced there by ion scattering
in the solid should be substantially independent of the structural properties of the
surface, neglecting shadowing eflects of the incident jons. The amount of electron
promotion occurring should depend only on details of the trajectory in the neigh-
bourhood of the close encounter and so depend only on the scattering angle () and
the ion energy. Once created, the proportion of these ions which escape from the
surface without change in their charge depends on interactions with neighbouring
atoms and with the average surface potential. A measurement which keeps the scat-
tering angle and the jon energy constant also keeps the distance-of-closest-approach
constant and with it the fractions of multicharged ions created at the close encounter.
Any variation of the charge fractions as a function of the angle ¢oy of the surface to
the emitted jons therefore selectively investigates the outgoing interactions as the
jons leave the surface.

Fig.4.6 shows the scattered yields of OF and 0?** jons plotted on a logarithmic
scale as a function of v~!, where v = v, 520(Pous), which is proportional to the time
spent in the outgoing region. The time was varied by changing the exit angle @ou:
while keeping all other conditions coustant (40° scattering angle, 10 keV beam, 7.58

keV scattered ions).
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As mentioned carlier, Hagstrum assumed a transition rate (R(s)) for surface
neutralization of the form A exp(—es) where s was the perpendicular distance from
the surface and A and a were constants.

The transition rate is defined by

1 dP,
Ris) = =5

where P, is the population of the state. A solution to the differential equation is

p - exp [;—:,e“”]
T e [’—"-e“‘“]
p nyv

where the ions start at so, so that F,, = 1. When s, =0

A -3
P,—ca.p[a;(e -1)],

P = e;vp,[-i] .
av

Simply stated, the survival probability for an jon to leave the surface unneutral-

and when s = o©

ized is proportional to exp(—A/(av)). Since v is the ion velocity component perpen-
dicular to the surface, the ratio of the two constants { Afa) which parametrize the
transition rate is thus a characteristic velocity for the decay of singly charged ions
to neutrals as it traverses the surface region, The same formalism can be applied to
multiply charged ions, so that { Az/a) can be defined as the characteristic velocity
for decay of doubly charged ions into singly charged ions during their passage out
through the surface.

A similar analysis was performed on the recoil Si3+ and Si%** ion data shown
in Fig.4.7 taken under the same experimental conditions (68° scattering angle, 10
keV beam, 5.43 keV recoil ions). The theoretical exponential dependence on v~
is derived assuming the decay of one charge state only. In our data the Si** ions
are almost as intense as the Si* ions so that some account should be taken of the
component in the Sit ion yield data which is the result of Si?* decay after the close

encounter on the way out. Ouly for the Si* data shown in Fig.4.7c) is this cascading
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Figure 4.7: The effect of tilting the target while maintaining constant beam encrgy
and scattering geometry. Recoil ions are detected al a fixed angle of 40°; graph a)
Sid+: graph b) Si**; graph c) Sit; graph d) Si*/Si?*. The lines are Lthe theoretical
predictions assuming characteristic velocities Asfa = 2.4 x 107 cm/fs, Azfa = 1.8
% 107 cm/s, and A;fa = 2.5 x 107 cm/s and a cascade fraction F = 0.45.



wh
ot

CHAPTER 4. EXPERIMENTAL RESULTS

Table 4.2: Characteristic velocities (A /) of scattered and recoil ions passing out
through an amorphous silicon surface. it is important to note that in determining the
characteristic velocities, the data with incident angles less than 8°, and exit angles
less than 20° was ignored so as Lo reduce the effects of shadowing and blocking, and
of surface roughness,

Experiment Tonization Potential Scaled to square root
of ionization potential
(107 em/s) (eV) (107 em/s)
O+t 55£0.7 35.1 6.4
ot 4.0+ 04 13.6 (4.0}
Sidt 24+04 33.5 2.6
Si* 1.8+02 16.3 (1.8)
Sit+ 25+03 8.1 13

—

correction important. For all the other ions the higher charge state has a yield which
is an order of magnitude smaller, so that cascading was ignored in determining the
characteristic velocities shown in Table 4.2.

Van der Weg and Biermau[20] have given the general relation for the sequential
decay of many charge states. For the cascade decay of two states the rates of change

of each population is defined by

dPy _
"(Tt-' = —P'ZRZ(S)
and dP
-d—t'- = +PRy(s) = PrRu(s).

Again the Hagstrum type decay rate is assumed and these equations can be

solved and integrated from the close encounter to ¢ = oo, with the result

P, = Nexp(—-iz-)
av
I e
P = NAg-A, [L.\p( av) exp( av)]'

If only a fraction F of the Sit ions is produced at the close encounter, so that

and

the remaining fraction (1 — F) is the result of Si2* decay as illustrated in Fig.4.8,

then the Si* yield becomes
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Al ex Az]]
av av

Figure 4.8: A close encounter can produce a Sit recoil ion, with fractional probability
F, or a Si?* ion with fractional probablity (1 — F} which decays to Sit on the way
out through the surface. The decay of the much fewer Si3t ions and the reionization
of neutral Si atoms which originate at the close encounter have been neglected.

_ A F(Ax— Ay) Ay _ A2
b = NAg-—-Al [(1 t (1 — F)A; )exp( av) exp (—m:)] )

A value of 1.8 x 107 cm/s for Ay/a and the normalization N were obtained from
the-exponential fit to the Si?* data. These values were then used in the fit to the Sit
data. From the search for a fit it was found that a significantly higher characteristic
velocity was required for Sit than for Si**. The fit was quile sensitive to the A,
values, since (A; — Az) occurs in the denominator. In contrast the it was not very
sensitive to the value of F, and values in the range from I = 0.3 to £ = 0.6 were
acceptable, with the best fit at about F = 0.45.

It is interesting to compare the ratio of yields of the 5i* to the Si** ions wilh

the prediction of the cascade theury

P A M-AF ex)(_m-m)
B -4, (U=-FA—A) ! '

{3,
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This relation is compared to experiment in Fig.4.7d) using the constants obtained
frum the fits of Fig4.7b) and Fig.1.7c). The measurements of these tons were made
simultaneously, so that they were obtained for the same number of incident ions,
and exactly the same surface condition of the target. At small inverse velocities the
rise in the ratio Si* to Si?* can Le associated with those Si* ions which originate
at the close encounter and which decay faster than the $i** jons because of their
larger characteristic velocity. Few of these jons must survive to our largest inverse
velocities because the ratio reaches a nearly constant value corresponding to the
dynamical equilibrium when the Si** and the Si+ cascade decay rates become equal
end the yields are in the ratio /(A = A2). It is remarkable that the experimental
ratio of the charge yield gives a goud fit to the theory out to large inverse velocities
where each of the individual vields shown in Fig.4.7b) and Fig.4.7c) is several times
the theoretical value. This is support for the assumption that the ion trajectories
are charge independent. If there were significant differences, then surface roughness
effects would not act equally on the Si* and the $i*¥ ions, and there would not be
such good cancellation in the ratio. '

It is important to note that in all the plots there appear to be two approximately
exponential decays. We interpret the variation at large (v, 5inou) ", corresponding
to small ¢, values and long interaction times, as an artifact due to departures from
an ideally flat surface, and not to time dependence of the ion decay. Roughness of
the surface can be expected to cause deviations from the calculated exit path length
in two ways. On a macroscopic scale chauges in the plane of the surface effectively
change the loc~! value of dou. On 2 microscopic scale, if atoms are missing from or
added to the ideal surface, then there may be fewer or more atoms to interact with
during its outgoing trajectory than calculated for an ideal surface.

The slopes at our lowest measured o, in the range 5° to 10°, are approximately
the same in all the five graphs of Fig.4.6 and Fig.4.7, suggesting that they are
a characteristic of the surface and not of the jon. At the other extreme, where
the entrance angles are small, shadow couce effects decrease the number of close
encounters and hence the ion yield, so the data at these angles must also be ignored

to obtain the characteristic velocity. This leaves the range of values of ¢oy: between
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20° and 32° as the best region to use tu determine the characteristic velocities, Tlere
the data fit well to an exponential dependence, and both shadowing and surface

roughness should be less intense.

4.3.1 Comparison with other measurements of characteristic velocities

Several characteristic velocities for ion surface decay of ion charges passing through
surfaces have been previously reported. Nearly all are for rare gas jons on metal
surfaces. Barth, Miihling and Eckstein[21] used 9 keV ion beams and found valnes
between 1.9 and 3.4 x 107 cm/s for Ti** recoils, and 0.5 to 1.5 x 107 cm/s for Ti*
recoils, with Ar* ions producing higher values than Net jons. Hsu and Rabalais[41]
obtained 1.5 x 107 em/s for Net scattering in the (100) plane from the surface layer
atoms of Ni(001), and 0.6 x 107 cm/s for scattering in the (210) plane. The values
found by Van der Weg and Bierman[20] at 60 keV and 80 keV for ion Art - Cu
recoils are considerably smaller, 0.94 and 1.16 x 10° cm/s.

Verhey et al.[45] made detailed measurements of Het-Cu(100) neutralization.
They found that the value increased from 1.8 x 107 em/s to 2.2 x 107 em/s between
and 10 keV. Though they associated the jon decay with the outgoing interaction they
found evidence for failure of the “loss of memory” assumption, since the exponential
type interaction model only fitted the data with neutral incident beams, and not with
s neident ion beams. Their values are in excellent agreement with later measurements
by Luitjens et af[19] with values of 1.65 x 107 cm/s at 3 keV and 2.24 x 107 at 10
keV. They also reported 1.5 x 107 cm/s for Ar* ions, ard 1.0 x 107 em/s for Net
ions at 10 keV. There was some dependence on the orientation of the scattering
plane with respect to crystallographic directions which conld he associated with the
proximity of the outgoing trajectory to & nearby atom.

The recent detailed fit by Eeken ¢f al[46] to the energy spectrum of the Auger
electrons from Ar?t-Pb collisious predicted that it is the Auger capture process
which dominates the ion charge changing at the interaction distances which are
relevant to our data, and the interaction lias a strength which corresponds Lo a

characteristic velocity of 2.3 » 107 cm/s fur Ar?* jons passing through the Ph(111)
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surface on the way in.

Characteristic velocities have been reported where the variation of the perpendic-
ular component of the outgoing velocity was obtained by changing the beam energy
rather than the target angle[d3]. However these data were obtained for varying
distances of closest approach, and thus varying multicharged ion production at the
close encounter, so they are not directly comparable to other characteritic velocities.
From these existing data it is dillicult to establish any systematic dependence of the
characteristic velocities on properties of the beam and target. However in all cases
where two charge states of the same ion on the same target have been measured,
the higher charge state is found to have the higher characteristic velocity. Our ob-
servation that Si?* has a lower characteristic velocity than the singly charged ion of
the same element seems to be unique.

There is some theoretical justification for expecting that the transition rates
would depend on the jonization potential of the transferred electron, which al-
ways increases with the ion charge state. The best result which Van der Weg and
Bierman[20] found in their simultaneous fit of three charge states was obtained by
assuming that the transition probabilites and therefore the characteristic velocities
varied linearly with the ionization potentials. The detailed fit of Eeken et al.[46]
was obtained assuming that the transition probabilities were linearly proportional
to asymptotic tails of the wave functions, which for bound states have exponents
which vary approximately as the square root of the binding energy of the electron.
Their characteristic velocities were thus assumed to vary as the square root of the
jonization potentials. For comparison the jonization potentials are given in Table
4.2, corresponding to the electron which is captured by the ion. The linear depen-
dence assumed by Van der Weg and Bierman predicts too rapid a variation, and
the last column shows the characteristic velocities scaled to a square root of these
ionization potentials. Clearly the Gi+ characteristic velocity cannot fit such depen-
dence, but Si*t and Si** are in agreement, and the O%* to OT ratio seems Lo be
reasonably close.

There scems to be no common fit between different beam-target combinations.

The oxygen characteristic velocities are twice those of Si for comparable ionization
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potentials. In previously published data theve is agreement that the rare gas char-
acteristic velocities are not in the order of the ionization potentials with Net having
the lowest values though it has an intermediate jonization potential between Art
and He*. It may be that the ionization potentials which are derived from ground
state binding energies are not relevant to characteristic velocities because they are
probably formed in excited states at the close encounter, which have quite different
jonization potentials and different asymptlotic wave function dependence than the
ground state.

4.4 Multicharged ion yield dependence of Z, (Z, < Z,)

There are large differences in the ion yields between Zy = 6 and Z, = 10. With
the carbon beam, the yields from the surface consist almost completely of recoiling
silicon ions, whereas with the neon beam we could detect only a small number of
recoil ions, but there was a large yield of scattered ions. The differences cannot be
associated with the jonization potentials, which increase from 11.2 ¢V in carbon to
21.5 eV in neon, so that loss of scattered jons to neutralization should be largest for
the Net beam(47].

Not only are there more singly scattered ions with this beam, but relative to
these there are more multiply scattered neon jons. The scattering cross section,
in any of the forms which is used to fit ion-atom collisions increases continuonsly
with Z,, so that clearly some other interaction process than potential scattering is
responsible for the opposite behaviour of the scattered and recoil jon yields, Fig.d.9
shows the relative yields of scattered (a) and recoil (b) ions which have made single
atomic collisions as a function of the hean atomic number Z,. For comparison these
were all measured at the same collision velocity of 0.53 keV/amu. In calculating
the yields, the areas under the peaks in the voltage scans were corrected for the
variation of the ESA resolution with ion energy and with charge state.

As explained previously, a definite energy threshold was observed for Lhie presence
of multicharged ions. In all cases, as the beam encrgy was decreased, the ESA

spectra simplified to only singly charged jon peaks and a contintous background from
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solid circles are for Si3*/Si*, (a) Scattered ions. (b) Recoil silicon ions.



CHAPTER 4. EXPERIMENTAL RESULTS L

subsurface scattering. The thresholds listed in Table 4.3 ave the lowest beam energies
at which the 11ulticharged ion peak could be identified above the background. The
existence of thresholds is consistent with interactions, which occur only at definite
inter-atomic separations. The energy threshold for the multicharged ious can be
compared with ion-gas collisions where there is a sudden increase in ionization of
one, or both, of the scattered particles when the distance-of-closest-approach is
small enough to reach a crossing of the molecular orbital correlation diagram at
which inner shell vacancies can be produced[d8]. Upon separation, these vacancics
are filled mostly by Auger transitious.

We have made exact calculations of the ion-atom trajectories{G] using the “uni-
versal” potential which O’Connor and Biersack(l] found as the best fit to a wide
range of scattering interactions. No adjustable parameters were used with this po-
tential, but we found that it produced effectively identical shadow cone predictions to
the Ziegler-Biersack-Lettmark potential[49] in which the screening length was used
as an adjustable parameter so as to fit experimentally determined shadow cones{50].
Table 4.3 also lists the distances of closest approach (r,), calculated using this po-
tential at the measured threshold energies and scattering angles. These values are
shown in Fig.4.10, where they are plotted as a function of the heam atomic number
(Z1).

Interpretation of electron vacancy production during ion-atom collisions is done
in terms of the molecular orbital model. As the separation between the two parti-
cles decreases, the atomic electron stales rearrange to fill molecular orhitals, subject
to the Pauli principle. The relative energies of these states change with ion-atom
separation, and electron transfer is thouglit to mainly occur when molecular orbital
states mix at near-degeneracies. After the collision, the clectrons may not returu o
their initial orbitals, and vacancies in lower energy orbitals are produced. A chavac-
teristic of the electron promotion model is that the near-degeneracy usually ocenrs
at a definite particle separation wlhich is called the crossing radins. If the trajectory
does not bring the two particles cluse enough together to reach the crossing radins

during the collision, then no vacancies are produced.
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Figure 4.10: Distance of closest approach during single jon-atom collisions, caleu-
lated from the experimental energy thresholds and using a “universal” screened
Coulomb potential[6]. Open circles are for doubly charged ions, and solid circles
are for triply charged ions. (a) Silicon recoil jons; (b) Scattered incident jons. The
line connects values of the sum of the atomic radii of the projectile and the target,
calculated from the maximum of the Hartree-Fock electron densities[56).
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The results obtained in this section can be compared with other information
which is available on the Z, dependence of L-shell vacancy production. X-ray data
show large oscillations in the target L-shell x-ray yields, both for solid targets[51],
and for gases[52]. These oscillations reach their maximum value where there is a
match between the target and projectile shell energies. The maxima are somewhat
mismatched when the projectile x-rays in solid targets are measured, but the shift
in position of the maximum is consistent with the level energy changes due to the
projectile being in an excited or jonized state from previous collisions in the solid.
Another characteristic of the x-ray data is that the x-rays from the lower Z atom
are found to dominate on either side of the Z; = Zz maximum yield, so that target
x-rays dominate where Z; > Zg, and projectile x-rays where Z, < Z;. The present
data seem to fit the shell matching interpretation of the x-ray data.

The Ne*-Si data are on the lower Z; side of the maximum yield where the shells
match at Z; = Z;. Multiple ionization of the projectile Ne dominates, in agreement
with the model. In C*-8i, the high yield of multiply charged recoiling target ions
may be due to this projectile-target combination being on the high Z, side of another
maximum, where the K-shell energy of the projectile matches the L-shell energy of
the silicon target atoms. The shell energies suggest that the maximum x-ray yield
and therefore also the maximum multicharged ion production would be expected

with a beryllium beam.

4.4.1 Si?t and Si** recoil ion yields and energy thresholds (Z; < Z2)

The production of Si*+ and Si** recoil ions in surface collisions decreases contin-
uously from Ct to Net, and is accompanied by a corresponding decrease in the
crossing radius (Fig.4.10a). These interaction distances can be agsociated with a
crossing radius at which one or two of the six 2p shell electrons from Si, which
occupy the 3do orbital of the temporary molecule are transferred to the 3pr or-
bital, so that these electrons are promoted to the 3p shell of Si when the atoms
separate[5]. Figure 4.11 shows correlations diagrams where the molecular states, at

finite atomic separation, diabatically connect the separated-atom energy levels to
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the combined-atom levels having the same quantum numbers and symmetries.

The rules for drawing these diagrams are given by Barat and Lichten[48]. The
diagrams are shown for C~Si and Ne-8iin Fig.d.11 and it can be seen that although
there are differences in the level spacing, the level order is almost the same, and the
same 3do to 3pr crossing is therefore likely to be responsible for electron promotion
with all projectiles between Ct and Net. A crude estimate of the crossing vadins
was obtained by scaling the crossing radius in Ne*t-Ar where the correlation diagram
energies have been calculated(53). These have a quite similar Z1/Z; ratio to N*-5i
and O*-Si, and the level ordering is the same. It was estimated that the interaction
radius should scale as (2, Z;)"!, so that the 0.112 A value in Net-Ar would become
0.206 A in N*+-Si, and 0.180A in O*-Si, in rough agreement with the distance of
closest approach for the recoil ions.

If the same 3do - 3pr crossing is also responsible for Si** and $i** ion production
in C+-Si, F*-Si and Ne™-Si, then a decrease in 7, with Z; is expected as the
inner shell electrons become more tightly bound by the higher nuclear charge. The
(Z12,)? scalirlg factor cannot be used here to estimate the Z; dependence, since
this scaling assumes a constant Z, /Z, ratio. However Fastrup el al.[p4) made encrgy
loss measurements in ion—Ar-gas collisions using several ion beams, and compared
their experimental r, values, wlich are associated with the promotion of one electron
from the 2p shell[55}, with the sum of the target and projectile 2p shell atomic radii.
Though their experimental r, values were always smaller than this sum, they showed
the same Z; dependence.

The sum of the 2p shell radii, as given by Hartree-Fock calculations for the
maxima in the electron density[56], are shown as a line in Fig.4.10x). There is
rough agreement in the variation with Z; for both Si** and Si**, confirming that
the recoil jons in all these ion-Si cullisions are probably the result of the same level
crossing. The values are everywhere too large by a factor of about 3, showing Lhat
there is considerable overlap of the wave functions, which are far from being atomic
orbitals at these small nuclear separations. However the variation with Z; should

be roughly valid.
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The Si3* crossing radii are always less than the corresponding St oradii, A
systematic difference is expected hecause of the increase in binding energy with
the number of holes in the L-shell. Si** ions require more Auger transttions to
further ionize the silicon recoil atom than do Si** ions, so it is likely that there is a
correlation between the number of 2p shell holes which are produced in a collision,
and the final recoil ion charge state which results. Larkins{57] has caiculated the
shell energies for Ar states having one or two Leshell vacancies. He found that
the double hole states have binding energies about 15% greater than the equivalent
single hole states. Such an increase in the binding energies could acconnt for the

observed decrease in the crossing radii.

4.4.2 Scattered multicharged ion yields and energy thresholds (2, < Z,)

The scattered ion yields have a strikingly different Z; dependence from the Si%+
and Si** recoil jon yields. We could detect no C3* ions at all, and the C** yield
was very small. The yield of multicharged scattered ions increases with Z,, and
is largest for Net projectiles. The scattered ion yield correlates with the number
of projectile 2p electrons, which increases {rom one electron in C* to five in Net,
The 4fo orbit is known to be important in electron promotion in many medium
mass atomic collisions[58]. This orbital rises rapidly in energy, and crosses many
other orbitals in the correlation diagram, so that electrons in this orbital can be
promoted to higher shells, or be emitted. However, in contrast to recoil ions, the
distance of closest approach at threshold energy, associated with the interaction
distance r, for production of these scattered ions is found to increase with Z;. Ifdfo
orbit promotion were the main suurce of projectile jonization then the interaction
distances would be much larger than observed, and would decrease with lucreasing
7,. The multicharged scattered jous must therefore be mainly from some other
interaction process than simple 4 fo clectron promotion.

A two electron transfer process has heen found to be important in determining
the final states following ion-gas single collisions. The two electrons make equal and

opposite energy transitions in the saine collision, so that thongh there is no crossing
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in the correlation diagram for siugle clectron state energies, the transition ocecurs at
a near degeneracy in the corrclation diagran for the total electron energy.

Encrgy loss spectroscopy measureineits in ion - rare-gas collisions by Barat’s
group[59, 60] have identified in C*-Ne and N*-Ne the two electron transitions
(4fo — 3dr,3de — 3dr) as important in determining the final charge exchange
channels. The interaction distances at which the two electron transitions take place
depend on the relative spacings of the lev els, which vary fromn one element to another.
Applying the two electron transfer process to the present data, the 3so and 3dr levels
change order between C* and Ne¥, so that if there is preferential ionization in the
lower of the two states, then we wonld expect silicon ionization in C*-8i collisions
to change to neon ionization in Ne*-5i collisions, as observed.

A difference between our data with the heavier silicon target and the ion - Ne-gas
data, is that the 3do orbit is much lower in energy, so that the condition for equal
and opposite energy transitions may be better satisfied at our observed distances of
closest approach if the two electrons are transferred o the 3po orbital. The double
electron transfer transitions (4fo — 3s0,3do — 3so) and (4fo — 3d~, 3do — 3dn),
followed by Auger transitions to fill the 3de orbit may produce the multicharged
scattered ions. (4fo — 3dr,3de — 3dr) double electron transfer transitions may

also be responsible for some of the silicon multicharged ion production.

4.4.3 Singly charged recoil and scattered jon yield dependence on Z,
(Z1 < Zg)

The singly charged ion yields shown in Fig 4.12 have a similar Z, behaviour to the
multicharged ions, with mainly target recoil ions in C*-Si and projectile ions in
Net-Si, suggesting that most of the singly charged ions are produced by the same
process as the multicharged ions. This is consistent with a scattering processes in
which there is loss of memory of the incident beam charge state, and very little
potential scattering during which the singly charged incident ion preserves its initial

charge.
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Figure 4.12: Yield of singly charged ions. Solid circles are for Sit recoil ions, and
open circles are for scattered ions. There is some uncertainty in comparing the
yields from different jon beams because of difficulties in normalization the heamn
intensities. This difficulty is not present when comparing the yields of different,
emitted ions from the same incident jon beam.
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If the singly charged jons are the result of Auger transitions which fill L-shell
vacancies, as are the multicharged ions, then it is rather surprising that we find no
energy thresholds for the singly charged juns down to our lowest beam energies. The
collision processes which produces these ions must therefore occur at a very large,
or an indistinct interaction radius. Boers[4] reported memory effects in low energy
Net—Cu scattering, where he found different Ne/Ne ratios of scattered particles
depending on the charge state of the incident beam. These differences decreased
with increasing beam energy and were negligible at the energies used in Fig 4.9a).
It may be possible to reconcile the lack of energy thresholds with the shell matching
7, dependence of the singly charged ion yields by assuming that there is a change in
the interaction process, from mainly Auger deexcitation at energies of 10 keV and

above, to mainly potential scattering at lower collision energies.

4.5 Maulticharged ions dependence of Z; (Z, > Zs)

The dominance among the multicharged ious of scattered ions over recoil ions, which
was found for Z; < Z collisions on a silicon surface, is seen to be reversed for Z, > Za
collisions. No scattered multicharged ions could be detected up to 30 keV, whereas
there are strong yields of Si** and Si** juns. Another difference is that for Z; <
7, some recoil ions were always observed, even when scattered ions predominated.
The change-over from mainly scattered to mainly recoil ions is consistent with the
oscillatory Z; dependence found in the x-ray yields from a Cu target[51] and from
an argon target[52] when bombarded with low energy ions. The similarity shows
that this is a general property of the vacancy production process. A qualitative
comparison between multicharged jon and x-ray yields may be complicated by the
partial neutralization of these ions belore they leave the surface. Figure 4.13 shows
the oscillatory aspect of the jon yield with Z;.

We associate the distance-of-closest-approach at threshold energy 7o with the
‘nteraction radius at which thuse clectron vacancies are produced which lead to
multicharged ions. The (3do — 3pr) crossing was identified in the previous seclion

as the electron promotion process responsible for the Si** and Si¥ ion production.
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Figure 4.13: Yields of doubly and triply charged recoil jons as a ratio to the singly

charged ions. Shown as a function of the atomic number of the incident heam (Zy)
and measured at the same beam velocity (U.53 keV famu). Open circles are it /ST,
solid circles are Si*t/Sit. Note that the data from the previous section (case where
71 < Z) is included.
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Table 4.4: Threshold beam euergies, and distances-of-closest-approach to create
doubly and triply charged ions for a recoil angle of 38° with respect to the incident

1ons.

Recoil Si*t Recoil Si*t
o Eu (keV) 7o(A) Eor (keV) 7o)
Pt - S5 484° 1.0+ 0.2 0.58 £ 0.004 2.6 £0.2 0.40 % 0.02
St o S 47.1° 1.5+ 0.2 0.51 +0.03 2.040.1 0.39 £ 0.02
Clt = S 43.9° 22402 0.46 £+ 0.02 4.0+0.1 0.36 4+ 0.01

Art - 8i 39.3°  4.0£02 0.38 £0.01 51+0.1 0.34£0.01
The ohserved decrease in r, with increasing Z;, was consistent with the expected
decrease in the crossing radius due to the increasing nuclear charge. These values of
r, are included for comparison in Fig.4.14. Calculations of the Ar — Si correlation
diagram (Fig.2.6) predict a (3do — 3pr) crossing radius of 0.10A. Our r, values
are much larger than this, so that the recoiling multicharged ions in the present
measurements are clearly not produced at the (3do — 3pr) crossing.

The molecular orbital level ordering is such that the (3do — 3pw) crossing pro-
motes electrons in the atom with the higher Z; value, in agreement with the pro-
duction of vacancies in the silicon target atoms for ion beams from C* to Net. The
3p shell is not full in P+, §*, CI* or Ar*, so that the (3de — 3pr) crossing is still
available to promote 2p electrons, and this crossing could in principle result in the
further ionization of each of these elements. However this seems not to be the case.

The Ar-Si correlation diagram(58] shows that the 4fc orbital rises steeply and
crosses many higher orbits at about 0.37A. This is in rough agreement with the
r. value we find for the distances-of-closest-approach for Si?* and Si®* production
(sce Table 4.4). The orbital originates in the 2p electrons of the lighter of the two
atorns in the collision, and so electron transfer from this orbital produce Si 2p shell
vacancies after separation. The 4fo orbital, and not the 3do orbital, can therefore
be identified as the source of recoil atom vacancies, and hence of the multicharged
recoil ions in these collisions. '

It is possible to understand the smaller ro values which were found for the Si*+

compared to those for the 5i** production because at least one more vacancy in
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Figure 4.14: Distance of closest approach rg at the threshold energy as a function of
Z,. These values were obtained from exact calculations of the ion-atom trajectories
which result in a 38° scattering angle at the threshold beam energy. The calculations
assuned the “universal” screened Coulomb potential of O’Connor and Biersack[l].
The values of r, and the threshold energies are also shown in Table 4.4.
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the 4fo orbital is required for the extra Auger transitions. The orbital energy is
depressed by the extra hole correlation energy, and the crossings therefore occur at

smaller interaction distances.
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The standard w/v?2 electrostatic analyser design was modified so that a) it could
accept ions emitted from the target over a wide solid angle, and b) it was compact
enough to be installed inside a small UHV chamber in order to energy analyze ions
emitted from target surfaces. Our modifications to the original design increase the
detection efficiency to the level where it is possible to obtain energy spectra with
beam fluxes which do not significantly damage the surface structure, and at the
same time it is possible to make angular distribution measurements over a wide
range of scattering angles. Because of our use of an ESA, we were able Lo identily
multiply charged ions which were created in surface collisions. This led to the first
systematic explorations of such ion production and decay and preempted surface
structure investigations for which the system was designed.

Multiply charged ions which are produced during ion-Si surface scattering are
found to be relatively abundant in some cases. For example, in N*t- Si surface
scattering we can obtain up to 15% of the scattered ions being cmitted as N*¥,
and up to 40% of the recoil ions 2s 5i*. and up to 6% as Si** ions. There is no
ambiguity in which of the three interaction regions the multicharged ions decay by
partial neutralization as may occur for singly charged ions, since they are creatad
at the close encounter.

The neutralization along the outgoing path seems to be described by the Hagstrum
exponential model, at least over a limited range of trajectories, but it is difficult to
distinguish the failure of the madel from surface roughness effects. The charac
teristic velocities which parametrize this model do not seem to fit the ionization
dependence which was assumed by Van der Weg and Bierman, and a square root
dependence may be more appropriate. The increase in the transition rate when an
jon passes near to an atom during the outgoing trajectory, which has been observed

for singly charged ions scattered {rom single crystal surfaces, may contribute to the
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observed departure from exponential decay. It is possible that the angular varia-
tion of the multicharged ion yiclds may provide a useful supplement to channelling
and blocking data when using ion scatiering as a technique to determine surface
structure.

There is a definite beam encrgy threshold at which each of these multicharged
ions appears, which supports the theory that they are produced at definite atomic
separations during close binary collisions. The interaction process is electron pro-
motion from an inner shell, and the resulting vacancies are then filled by Auger
de-excitation. Molecular orbital calculations can be used to estimate the atomic
separations at which the diabatic crossings of these orbitals transfer an inner shell
electron to an unfilled shell.

The results obtained when Z; > Z» are quite different compared to those obtained
when Z; < Z,. The multicharged yields seem to follow the same systematics as the
x-ray yields i.e. that the x-ray yields increase as Zy = Z, is approached, and that
when Z; & Z; inner shell promotion occurs mainly in the lower Z atom([51, §2]. Qur
technique determines the interaction radius for the production of these multicharged
ions, and we find that on either side of Z, = Z, different molecular orbitals seem
to be responsible for those electron promotions which result in multicharged ions as
the holes are filled.

Future charge exchange investigations should concentrate on expanding the present
multicharged jon survey by bombarding different target surfaces, such as germanium
or aluminum which are readily prepared, with the same variety of ion beams. Alu-
minum samples might prove rather interesting since the atomic number of aluminum
is closely similar to that of silicon, but it is a metal rather than a semiconductor.
It would therefore be possible to determine whether there are differences in the
characteristic velocities ( A/a) due to conduction electron densities. It might also
prove worthwhile to scatter positive as well as negative ion heams {rom the same
surfaces. By examining the ion emission yields and multicharged ion energy cre-
ation thresholds, many questions regarding the memory loss of different projectiles
upon scattering from a surface could be resulved. Another study which might prove

profitable would be to examine the dependence of characteristic velocities on a) the
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ionisation potential of different projectile ions, b) the kinetic cuergy of the incident,
particles and ¢) electronic surface properties such as the work function of the sur
face, the valence band width and the density of states at the sweface. Since a main
advantage of our system is the versality of the accelerator, i.e. monovenergetic heams
of both positive and negative ious of many different elements with a wide range of

primary energies, future investigations should be chosen with this in mind.
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