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ABSTRACT

The interaction of energetic ions with surfaces is of interest in many applications
such as materials modification or processing via discharge etching, where ion-surface
interactions affect equilibrium plasma characteristics, for example. Depending on
characteristics of the incident ions and of the surface condition, secondary emission of
electrons and ions may be effected in a variety of ways.

The absolute probabilities for low energy ion bombardment induced secondary
emission of electrons and anions have been measured as a function of adsorbate coverage
of the surface. The probe beams used in these experiments were 07, Na', N,*, Ar", Ne”
and He’, incident upon a substrate at energies below 500 eV. The substrates studied were
tungsten (W), single-crystal and polycrystalline aluminum (Al), single-crystal silicon (Si)
and single-crystal magnesium (Mg). The adsorbate used was chiefly oxygen, and the
coverage range studied was zero to about one monolayer. The presence of an adsorbate
was observed to significantly enhance secondary emission of electrons and anions in the
case of O and Na' impacting metallic (W, Al) and semiconducting (Si) substrates; the
effect of the adsorbate was litile to minimal in the case of N,’, Ar”, Ne' and He” impacting
these substrates, however. No appreciable adsorbate-induced changes in the secondary
emission probability were measured for any of the probe beams incident on the insulating
(MgO) substrate.

Secondary electron and anion kinetic distributions were also measured, as
functions of projectile impact energy and of adsorbate exposure. The most probable
energy of the secondary products was in the 1-3 eV region; the form of the distributions
had little to no dependence on the impact energy or adsorbate exposure, but varied with
different projectile and substrate species. The identities of the secondary anions were
determined through mass spectroscopic techniques; atomic ion forms of the adsorbate and
simple adsorbate-substrate molecular ions are the predominantly emitted species.

The data are discussed in terms of a model in which a molecular anion residing on
the surface is collisionally excited, its subsequent decay giving rise to both electron and
negative ion emission into the vacuum. The results of N,", Ar", Ne" and He"
bombardment, in which secondary emission does not appear to be adsorbate-mediated,
suggest that there exists a condition of excitation energy resonance which projectiles
having high ionization potentials do not satisfy; experimental evidence shows that incident
O and Na" satisfy this condition to a greater degree than do the above projectiles.
Comparison of the results for different substrates indicates that secondary emission
depends strongly on orbital overlap of incident species with the substrate. The concepts
of this excitation model can be represented mathematically and made to fit the
observations with careful parameter choice; the parameters can be shown to reflect
properties of the interaction.

i
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CHAPTER1

INTRODUCTION

1.1 Low energy ion-surface collisions.

Interactions of ion beams with surfaces is a broad field of study, a fact that is

realized only when one begins to broach the topic. The physical processes involved in ion-

| surface interactions are heavily dependent on the experimental conditions, from the
incident energy and the properties of the impacting ion to the nature of the surface itself.
The reactivity of the surface, the presence of cqntaminants (either introduced or
incidental), the crystal structure of the surface atoms— all these factors play important roles
in the actual mechanisms that occur when ions impinge upon a surface. This impingement
can result in the emission of secondary particles, the characteristics of which shed light on
the mechanism of interaction between the incident ion and the surface.

Surface sputtering, or the removal of surface atoms due to energetic particle
bombardment [1] has been studied for the past several decades. It is of obvious inferest in
areas of surface analysis and modification due to the sensitivity of the technique to surface
conditions on an atomic level as well as the potential to alter these conditions. One of the
most important measurable characteristics of sputtering is the emission probability or the
yield, viz., the ratio of the number of emitted particles to the number of incident particles.

These secondary particles originate from interaction of the projectile with the surface in
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generally one of two ways: so-called “knock-on” sputtering and sputtering via electronic
excitation. Knock-on sputtering involves largely elastic collision processes in which
substrate particles may generate “collision cascades”within the substrate lattice, imparting
momentum to other lattice members before exiting the surface; electronic excitation
sputtering may involve ionization or dissociation events at the surface prior to secondary
particle emission [ibid.].

The secondary particle emission may contain atomic or molecular species, neutral
or ionized, but one common component of the total secondary product is secondary
electrons. The mechanism of secondary electron emission generally depends on
characteristics of the incident ion beam, commonly, whether the kinetic energy (“kinetic
emission”) or the ionization potential (“potential emission”) of the incoming ions is
sufficient to effect electron emission. These mechanisms are discussed in greater detail
below.

It often becomes more meaningful to refer to the surface as a “substrate” in the
context of ion beams incident at low energy (< 1 keV), since chemical processes play a
significant role in the interaction mechanism in these cases. In the low-energy arena
electronic mechanisms become important— how the interaction of the incident ion effects
electronic transitions in the surface atom complexes of the substrate, and what occurs as a
result of those transitions. Such induced transitions may be studied by observing the
secondary emission, if any, that results from electronic excitations. Specifically, if
correlations exist between secondary electron emission and secondary ion emission,

observing these phenomena over a wide range of incident beam types, substrate types and
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substrate adsorption conditions elucidates the mechanism of secondary emission itself.

1.2 Secondary emission.

1.2.1 Kinetic emission of electrons: In describing ion-impact induced electron emission,
the simplest scenario consists of a head-on binary collision of a projectile with a free
electron. From the classical development of Juaristi et al. [2] and others [3,4], the free
electronic state is described in momentum space (in atomic units) by

k'=k-v, (1.1

where k' (k) is the wave vector in the center of mass (laboratory) frame and v is the
projectile velocity. In the center of mass frame the projectile is takén to be at rest since its
mass M is much greater than the mass, m, of the electron. Fig. 1.1 is a depiction in
momentum space of the excitation of the free electronic state; the center of the electronic
state is shifted by v from that of the initial Fermi sphere of radius k; in the laboratory
frame to that of the final sphere of radius k; + v in the center of mass (c.m.) frame. In the
c.m. frame, only transitions between states of equal energy are permitted for energy
conservation,; thus, k;” = k;’, where k;’ (k) is the initial (final) wave vector in the center
of mass system. From Fig. 1.1, the maximum values of k;” and k;* are seen to be
ki'=k-v=kp-v

kp'= kf—v=(kF+2v)-v' 42
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Fig. 1.1 A depiction in momentum space of a head-on ion collisional excitation of a free
electron at the Fermi level. The center of mass of the electronic state is shifted by the
velocity of the impacting species.
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Thus, the maximum values for the initial (final) wave vector k; (k) in the laboratory frame

are
k. =k

1o F (1.3)
kf = kF + 2V

and the maximum amount of energy €, that can be transferred from the projectile to the

electron is
1 2 1 2
€ max = ¥ke +2v) - H{kz ). (1.4)
In ST units (g, — mE_,,, k; —> mvg, v —> mv), this becomes
2 2
E_ = %= ﬁ[—;—(va +2mv) - +(mvy) ]= 2mv(v+ vi), (15)
where v; is the Fermi velocity. This energy must be at least as great as the work function

of the surface, ¢, in order that electron escape, which leads to the expression for the

threshold impact velocity below which valence electron excitation from binary projectile-

substrate collisions should not occur [3,5,6]:
M3 0
Vg = 1+ —~1{, 1.6
= \’ E, (1.6)

where Ey is the Fermi energy and is equal to ¥2mv;*. Using Fermi velocity, work function,

and Fermi energy values for an aluminum substrate (v; = 2.03 x 10° m/sec [7]; $ = 4.3 eV,
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Eg = 11.7 eV), the threshold velocity v, is calculated from Eq. 1.6 to be 0.17 x 10° m/sec,
which, for incident Ar”, corresponds to an incident energy of about 6 keV. In actuality,
however, an electron must escape the substrate. For incident ions of sufficient kinetic
energy, therefore, an impact on a surface may result in collision cascade events in which
the probability of secondary electron emission Yy, is described by the product of three
functions-- density N(E) of excited electrons as a function of impact energy E, mean
attenuation length L describing the electron transport through the substrate, and

probability P of escape into the vacuum [8]:

Y kinetic = N(E)LP . (1.7

N(E) is described by the projectile’s rate of energy loss as it penetrates the substrate, 1.e.

the electronic stopping power, S(E):

S(E
N(E) = “(3—) (1.8)

where E is the impact energy of the primary ion, and J is the mean energy supplied by the
primary ion to promote an electron to an energy above the vacuum level.

The calculation for threshold velocity in Eq. 1.6 describes an upper limit, due to
momentum exchange effects between metal valence electrons and the lattice [9]. Further
modification of these calculations, such as incorporating electronic stopping power
predictions based on Firsov’s friction model of energy transfer in slow collisions [10],

yields values of the threshold impact energy for secondary electron emission on the order
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of 1 keV for Ar’, which is supported by experimental evidence [9,11].

Some of the authors cited above observed secondary electron emission for
projectile impact energies below the threshold, however. Using Eq. 1.5 above, the energy
threéhold for kinetic electron emission for incident Xe" is calculated to be about 19 keV,
Alonso et al. suggested that electron emission from Au observed for incident Xe™ energies
below 1 keV, however, may be due to collision-induced “energy loss straggling” [11]. In
similar studies, Lorincik et al. explained their sub-threshold Xe'-induced electron emission
from Au as due to many-electron processes involving localization of electron-electron
interactions on the surface [6,12]. Lakits et al. observed that kinetic contributions to
secondary electron emission may be seen well below the threshold energy even for
incident energies on the order of tens of ¢V, and attributed their observations to near
surface “quasimolecular autoionization” interactions between a neutralized projectile and a
charged lattice species [9]; at low projectile energies, electrons can become promoted at
“pseudocrossings” of near-diabatic transient molecular orbitals [5]. Eder et al. question
the validity of such an approach in a more recent work, however, citing the inability of
low-impact incident ions to reach the distance from the surface that would be required for
such promotions [13], which is on the order of one atomic unit [14]. In another study,
electron emission results from slow (50-520 eV) impact of Li" (I = 5.4 ¢V) on Al(100)
surfaces were explained by Yarmoff et al. [15] as due to surface electron-hole pair
excitation, maximizing for cases in which there is resonance between the surface work
function and the ionization potential of the incident ion. As will be demonstrated below,

however, there may be an alternative description for these sub-threshold emission
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phenomena, at least in the case where trace amounts of adsorbate may reside on the
surface.
1.2.2 Potential emission of electrons: A variety of different electronic transition
processes may occur when an ion impinges on a surface. In his definitive 1954 discussion
of Auger electron transition theory, Hagstrum [16] delineates two types of electrc;nic
transitions that may occur between ions or excited atoms and a metallic surface: one-
electron resonant and two-electron Auger-type. These are exothermic processes in which
the potential energy of the projectile ion provides the energetic origin of the secondary
electron. Resonant neutralization or capture involves an electron tunneling from a metallic
state to a same-energy (resonant) state in an ion; the reverse proceés occurs in resonant
ionization, in which an electron from an atomic excited-state fills unoccupied resonant
levels in the metal. Auger-type processes involve filling of a core hole and subsequent
electron emission from either the metal (Auger neutralization) or an excited state of the
atomic species (Auger de-excitation); emission spectra will be broad since electron
transfer may occur from any valence band energy level in the substrate. Two-electron
Auger exchange involving electrons that originate from specific levels in the projectile may
also occur, and lead to much sharper emission spectra. A basic schematic of the Auger
processes discussed above is shown in Fig. 1.2.

A balanced energy equation gives the limits for Auger neutralization; if the initial
energies of the substrate electrons are €, and ¢,, then €, + &, is equal to g, + &,', where g,'
(g,) is the final energy of the first (second) electron. One of the electrons is emitted at an

energy E, and the second fills the core hole at the ionization potential of the projectile, IP.
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Fig. 1.2 A schematic of the basic Auger processes. The energy levels of participating
substrate (projectile) states are denoted by €,, €, (E,). Electronic transitions from one
state to another are depicted with arrows: (I) followed by (II) describes “Auger
neutralization” (or “Auger capture”), where E = IP - g, - &,; (I) followed by (III), or (IV)
followed by (II) describes “Auger de-excitation”, where E = E, - €,; (V) and (VI) describe
resonant ionization and resonant capture, respectively.
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The lowest energy value that the electrons can have initially is equal to the surface work
function, ¢; therefore, -2¢ = -IP + E. Thus in order for Auger neutralization to occur, the
ionization potential must be greater than twice the work function of the surface. This
restriction describes an upper bound for the energy of the emitted electrons, which fall in
the energy range IP - 2g, < E < IP - 2¢, where g, is the energy depth of the conduction
band with respect to the vacuum level (i.e., g, = ¢ + E;). Electrons detected at higher
energies than those allowed by the upper limit are due to near-surface shifts as well as
broadening of the energy levels of the projectile ion [17]. In the experiment referred to
above which used Xe" to study sub-threshold electron emission, secondary electrons do
not arise from Auger neutralization since the IP of Xe" is insufficient to effect the required
transitions [11]. De-excitation can occur, however, for IP > ¢, since only one of the
electrons in question must overcome the work function of the surface. Metastable atom
interaction with a surface can involve combinations of the above transitions such as
resonant ionization (electron transfer from excited atomic states) followed by Auger
neutralization (valence metal electrons neutralize atom, emit into vacuum). A
modification of Auger de-excitation, so-called “Penning ionization”, has been used to
describe electron emission from semiconductors and insulators. The transition
probabilities (valence orbital to atomic orbital, excited atomic orbital to vacuum) depends
on the wave function overlap of the initial and final states, an interaction complicated by
the presence of a band gap in semiconducting and insulating materials; the secondary
electron-emission probability will be high when the transition probability is high.

Kinetic and potential mechanisms can act in concert to produce secondary
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electrons: so-called “kinetic Auger excitations” involve collision-induced formation of
promoted states in the projectile or in its target; electron decay to the vacant inner shell
states so produced results in Auger electron emission [S]. Yields from these processes
depend heavily on the projectile’s distance of nearest approach and the lifetimes of the
inner shell vacancies.

In short, secondary electron emission is commonly attributed to collision-induced
momentum transfer, ionization potential-driven electronic excitation, or some combination
of the two, though these mechanisms are insufficient to explain the origin of secondary
emission in many cases involving low energy ions impacting surfaces.

1.2.3 Secondary anion emission: Similar to theories of secondary electron emission
outlined above, secondary ion emission can be loosely divided into two types: a collision-
driven process in which long-lived collision-cascade-produced core holes lead to
secondary ion emission, and a more inelastic autoionization process involving “surface
crossing” [18]. For ionization of a particle by electron transfer in the near-surface region,
the energy required for positive (negative) ion production is IP - ¢ (¢ - E,), where IP (E,)
refers to the ionization potential (electron affinity) of the emitted particle. Close to the
surface, excited state lifetimes are too short to allow ion survival into the vacuum, but at
distances where the Fermi level crosses the image charge-modified affinity level of the
exiting species, ion survival probability can be non-negligible [19]. The probabilities for
cation (P*) and anion (P°) production under sputtering conditions, i.e. impact energies on
the order of keV, depend on the widths for electron transfer as a function of distance

between the outgoing particle and the surface, but may be approximated as functions of
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the above energy differences as well as the emission velocity and angle (with respect to the

normal) of the secondary ion [19-21]:

P+ I IP - ¢ }
~eXp vcosh 19)
P"~exp~—¢_EA] |
' v cosf

Collision cascade theory models the emission of a secondary particle as due to recoil from
the impact of an energetic projectile particle; particles that gain energy sufficient to
overcome the surface barrier, U, will be emitted from the surface. Assuming that only
near-surface substrate atoms are set in motion and that the collisions are elastic, and
ignoring surface, bulk and lattice structure effects, the yield distribution S(E,E’,0,0”) of
secondary particles as a function of the incident (emission) energy E (E’), and incident
(emission) angle 8 (0°), can be shown to be of the form

1

S(E,E',8,0") ~ f(E,0) x (—ET[‘JS‘;COSG', (1.10)

where f{E,B) is a function of the projectile’s impact energy and incident angle in terms of
the nuclear stopping cross section, which is proportional to the energy, E [10]. The
angular dependence goes as 1/cos0, and the 1/E? dependence of the distributions is most

clearly seen in the high-energy tail of the kinetic energy spectrum for the emitted particles
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[22]. The expression in Eq. 1.10 is not valid for low-energy bombardment, however,
since the interaction of the projectile and the substrate is more inelastic than that of higher
energy projectiles, and surface effects cannot be ignored, making the assumptions above
inapplicable. That is not to say that low-energy projectiles cannot effect knock-on
sputtering; using minimum energy-loss conditions, which dictate that the smallest. mass
particle among an incident ion, substrate atom and adsorbate ion will undergo recoil
motion in the substrate, Yamamura et al. have developed expressions for threshold |
incident energies above which momentum-transfer induced ion emission may arise [23]. A
calculation for Ar" incident on aluminum adsorbed with oxygen at a surface binding
energy of 7 eV gives a threshold projectile energy of about 25 eV. Ionization of near-
surface particles depends on the particle’s speed.and distance from the surface, however,
and the ion yield due to collision cascade effects will be quite low for low-energy
projectiles effecting emission of ions with energies well below 1 a.u. [24]. The energy

distribution S*(E,E’,0,8”) of sputtered ions is given by the product of Egs. 1.9 and 1.10,

S*(E,E',8,6") = S(E,E',0,0")x P* , (1.11)

where the ionization probability shifts the maximum of the energy distribution to higher
emission energies, making the expression in Eq. 1.11 a poor descriptor of ions emitted at
epithermal energies around 1 or 2 eV [25]. For projectile energies in the kinetic emission
regime, changes in the work function of the substrate have been found to greatly affect the
secondary ion results [26,27]. In the case of low energy ion bombardment, however, the

secondary ion emission probability cannot be attributed simply to work function effects;
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the role of the work function in determining the survival probability is much more complex

[24,28], rendering Eq. 1.9 an insufficient characterization of the 1onization probability.

1.3 Effect of adsorbate on secondary emission.

1.3.1 Previous studies: The way in which an adsorbate interacts with a surface depends
on the characteristics of the adsorbate itself (atomic versus molecular, electron affinity,
valence electron configuration, etc.), characteristics of the substrate (work function, lattice
structure, surface density of states, etc.), ambient temperature, conditions of exposure to
the adsorbate and pressure conditions. Two basic types of adsorption are generally
recognized: physisorption and chemisorption. Physisorption, in which the attractive force
between an adsorbate species and the substrate Iﬁay be described by electron and nucleus
image potential interaction of the Coulomb type, is similar to molecular‘van der Waals
bonding (r° potential dependence) but because of the plane symmetry of an atom-surface
interaction, the potential has an r> dependence [29], where r is the adsorbate-surface
distance. Physisorbed species tend to have a low binding energy at a relatively large
equilibrium adsorption length, and thus are easily desorbed from a surface.

Chemisorption, on the other hand, involves a chemical bonding between the
adsorbate species and substrate, resulting in considerable perturbation of the adsorbate’s
local electronic structure. Molecular orbitals are formed, and the surface density of states
changes accordingly. Equilibrium adsorption distances tend to be on the order of 1 A, and
the bond strengths tend to be greater than those for physisorption; the Lennard-Jones 12-6

potential is commonly used to describe the basic interaction between an adsorbate atom
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and a substrate atom [30]. Typically the conduction (sp) bands of the substrate constitute
the bulk of the substrate-adsorbate orbital overlap, and lower-lying d bands of the
substrate contribute minimally to bonding [ibid.]. These interactions can be characterized
in a simplified manner by modeling the adsorbate interaction with a “jellium” surface, in
which the surface wavefunction is described by a free-electron wavefunction below the
surface and an exponential decay above the surface, with a uniform positive background
[ibid.].

‘When one considers the changes that adsorption onto a surface may induce, it is
not surprising that the presence of an adsorbate can greatly affect the ion bombardment-
induced secondary yield of both anions and electrons [28]. These adsorption-induced
effects may include surface dipole moment changes, surface state density formation and
modification, and surface work function shifts, and can be quite dependent on the nature
of the bonding process. These effects may be studied with ion bombardment, looking at
changes in the secondary particle emission yields and energies as the adsorbate level is
changed. Ramifications of the complexity of the adsorbate-surface interaction can be seen
in a study by Benka et al. of 3 keV electron bombardment-induced kinetic electron
emission from oxygen-adsorbed aluminum (Al) and copper (Cu) surfaces [31]; the work
function of Al decreases steadily by about 0.1 eV as a monolayer of oxygen accumulates,
whereas the electron-driven secondary electron yield decreases then rises to its original
value. The work function of Cu increases very slightly (~ 0.05 eV) initially for an oxygen
exposure, and the electron yield decreases (~ 0.07 %) over the same exposure range. The

apparent disparity in secondary electron emission trends is explained by taking into
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account the insulative nature of the “oxidized” Al surface; relatively shallow conduction
bands and large inelastic mean free paths contribute to enhance the electron excitation and
transport terms mentioned previously for kinetic electron emission [32]. That electron
emission begins to increase past a certain oxygen exposure indicates that the
“chemisorption” (formation of bonding and antibonding states between O and Al) phase
has passed, and the aluminum surface is beginning to undergo “oxidation” (O 1s and Al 2p
energy levels undergo shifts) at this point. Ferron et al. suggest that changes in the
electron emission probability due to oxidation of the surface may be due to an adsorbate-
induced barrier in the form of a dipole layer [28], while Urazgil’din attributes adsorbate-
induced changes in secondary ion emission to energy level shifts that alter the distance
from the surface at which an ion may be neutralized [25]. Thus, a look at adsorbate-
induced changes in the secondary emission gives insight into the nature of the interaction
between oxygen and Al as the adsorbate coverage is increased.

1.3.2 Proposed adsorbate-mediated mechanism: As mentioned above, kinetic processes
contribute little to secondary electron emission when the energy of the projectile is below
1 keV [9]; Auger processes can stimulate emission for sufficient IP. Collision cascade
sputtering contributes little to secondary ion emission at low projectile energies, as well.
In the present experiments, however, it has been observed that the probability of
secondary electron and anion emission can increase dramatically in the low impact energy
regime— and that this increase is contingent on substrate adsorption. In cases for which
kinetic and potential electron emission processes are precluded, studies of low energy (<

500 eV) sodium ions (Na") incident on adsorbed metallic [24,33,34]) substrates have
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shown that the presence of an adsorbate is necessary for all but the most trivial levels of
secondary electron and anion emission. For example, in the case of 250 eV Na" impacting
aluminum and stainless steel surfaces, it was demonstrated that secondary electron
emisSion was enhanced by more than an order of magnitude if approximately a monolayer
of oxygen were adsorbed onto the surface; furthermore, it was shown that this increase in
secondary emission is not simply due té an adsorbate-altered work function [24]. Though
the emission probabilities were strongly dependent on the Na' impact energy, the kinetic
energy distributions for electrons and anions were similar and remained essentially
invariant with impact energy, suggesting that electron and anion emission are correlated
and characterized by an electronic excitation process rather than by momentum transfer.
We have articulated our dissatisfaction with the emission mechanisms discussed in
Sections 1.2.1-3, in which the origin of secondary electrons and/or anions is explained
with models involving explicit dependence on the impact energy and ionization potential
of the projectile. In order to explain secondary emission in the case of low-energy (~ 100
eV) Na" bombardment, a new model for the interaction must be devised. Studies of
desorption induced by electronic transitions (DIET) have commonly employed electrons
and photons to effect ion emission (see, for example, Ref. [35] and previous volumes);
early work by Menzel, Gomer and Redhead employed a mechanism focusing on a binary
interaction between a metallic substrate atom M and an adsorbate atom A, (M + A)
[36,37]. This binary complex exists as a surface state which may be electronically excited
via electron or photon impact to an antibonding state, the decay of which leads to either

electron or ion emission.
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Photoemission studies for the oxygen-adsorbed Al system [38] have been shown to
be compatible with the basic tenets of the MGR (Menzel-Gomer-Redhead) mechanism,
demonstrating the applicability of this model to collision-induced secondary emission
[24,33]. Let us assume that the adsorbate resides on the surface as an anion. Following
the lead of the MGR model outlined above, this results in the formation of a binar-y surface
state resembling MX', where M denotes a substrate atom and X an adsorbate atom. The
initial distribution Py(z) of surface states (MX), as a function of distance from the sﬁrface

z, is approximated as a Gaussian of width 1//b centered around some equilibrium distance

Zeg

Py(z) = ‘/%exp{—b(z—- Zeq)z:} : : | (1.12)

An impact to the surface can lead to an excitation of this bound state to an antibonding
state, (MX")*, as depicted by a repulsive curve in Fig. 1.3. If we assume a collisionally-
driven, vertical transition, the distribution P(z) maps the initial distribution of states onto
the repulsive curve (MX')*. The ion survival probability P, (t) of these states as a

function of time, t, is derived from the fundamental rate equation:

dPion t
—ath =-A total[z(t)]Pion(t) > (1.13)

where A, [z(t)] is the total decay rate as a function of z, and is the sum of the exponential

decays to the vacuum and to the metal, Ay(z) + A\(z), which can be approximated as [21]:
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Fig. 1.3 A potential diagram used to represent the interaction of an adsorbate anion, X',
with a metallic surface as a function of distance from the surface, z. The widths in the
lower portion of the figure represent the decay rates of (MX")* for electron emission into
the vacuum [A(z)] or back into the metal [A,(2)].
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An(Z) ~ Ao exp(—y MZ)

(1.14)
Ay(z)~ Ay exp(-y Vz)

E

where y,, and vy, are inverse decay lengths. Decay of (MX')* may result in the survival
and subsequent exit from the surface of an intact anion X" with kinetic energy 0E, . (z); the
survival probability of such a dissociation depends on how rapidly X" exits the surface, and
can be substantial for metallic substrates, as shown in previous experiments and

calculations [24,39]. With a change of variable, P, (t) may be rewritten as a function of z,

Pion(z) :

A (2)dz
Pi()n(z) = exp —I mt:,l(zv) >

zZ.

1

(1.15)

where z is the distance of origin of X™ from the surface and v(z) (= dz / dt) is the velocity
of emitted X', approximated as the perpendicular velocity v (z). Alternatively, decay
could proceed via electron emission back into the metal or into the vacuum at the rates
A(z) and A(z) respectively at an electron kinetic energy of OE (z), where dE (z) is
described by the energy difference between the ion and neutral curves in Fig. 1.3. The
emission probability depends on such parameters as z_, the crossing point depicted in Fig.
1.3, the distance from the surface at which the potential of the excited state (MX")* falls

below that of MX; it is obvious from the schematic that the position of z, depends on the
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electron affinity of the emitted anion. The position of z, dictates the range of the decay

width for A\(z), and P, (z) becomes

¢ AM(Z')dz'+]-°AV(z')dz'

P, (2z) = exp| - 5 “(2) “(2) (1.16)

Electron emission probability P,(z), then, depends on the branching ratio for decay to the
vacuum:

Ay(2) } |

P,(2)=]1- Pm(zﬂ{ h D)

(1.17)

The distributions S(E) of secondary anions and electrons as a function of kinetic energy E

are given by:

Sion (E) ~ Py(2)Pion (2)SE;0n(2)
Selectron(E) ~ P0 (Z)PE(Z)SEe(Z) ‘

(1.18)

Thus, as suggested by previous experiments [24,38], the mechanism provides an
adsorbate-mediated correlation between electron and anion emission and as such does not
depend on specific energetic properties of the projectile as do models involving kinetic and
potential processes. Comparison of Eq. 1.18 with Eq. 1.7 shows that the proposed
mechanism lacks provision for the transport term found in representations of higher energy

impact processes; such a provision is unnecessary here since the emission processes take
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place on the surface. Also lacking in the proposed mechanism is an excitation probability
term describing the transition from MX" to (MX')*, which would depend on the impact
energy of the projectile.

1.3.3 Motivation for present study: Oxygen is a common surface adsorbate, whether as
a contaminant [40] or in adsorption studies [41,42]; at room temperature, O, gas
adsorption onto substrates can be molécular and/or dissociatively atomic, depending on
the substrate identity, lattice structure and amount of adsorbate already present on the
substrate. Thus, interest in the effect of oxygen adsorption on ion bombardment-induced
secondary emission originates in the context of material processing techniques as well as in
shedding light on the nature of the adsorption process itself. The study of low energy ion
interaction with adsorbed surfaces is important for understanding how the composition of
a contained plasma may be affected by the presence of contaminants (usually oxygen)
adsorbed onto the surrounding walls. For example, knowledge of secondary emission
properties becomes essential in the manufacturing of plasma display panels, where the ion
bombardment-induced secondary electron emission from a protective MgO layer provides
protection for sensitive elements from voltage discharges [43-45].

In addition to the potential contributions to material technology, the present
experiments contribute further insights on some aspects of the mechanisms involved in
low-energy ion bombardment-induced secondary emission that remain under development
[5,15,46]. In particular, little work has been done with negative ion bombardment, in
particular; a few studies have been performed using high-energy (keV) C and C, beams

on Si0, films, comparing the secondary electron emission results with those for incident
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C" and for bombardment of metals (Au, Pt) [47-49]; a few earlier papers make vague
references to such primary ions as O", H and CI" incident on targets including Mo, Pt and
W [50,51].

The few data that exist on ion bombardment-induced secondary electron emission
indicate that yields due to negative primary ions are higher than those due to positive
primary ious, for both metallic and semiconductor substrates; this may be due to the low
electron affinity of the extra electron, which may be easily released from the primary. ion
[47,50]. Negative ion scattering studies have shown that electron-exchange events
between the levels of the incident ion and the metallic (copper) [52], semiconducting
(silicon) [53] or insulative (magnesium oxide) [54,55] substrate can oceur with some
efficiency. It must be kept in mind, however, thét the studies above have been performed
using largely high-energy primary beams; any characteristic trends may not necessarily be
seen in the low-energy regime, in which kinetic electron emission is reduced and/or absent,
and electronic excitation processes become dominant. In particular, potential emission is
eliminated as an emission mechanism, since there is no positive ionization potential in the
case of a primary negative ion, and hence no exothermic method for electron emission.
Thus, using low-energy negative primary ions as surface probes provides a unique
opportunity to test the excitation emission model mentioned above, since potential and

kinetic emission of electrons will be pfecluded.
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1.4 Scope of the dissertation.

It is the goal of this dissertation to shed some light on the interaction of low energy
ion beams with adsorbed surfaces, putting the emission mechanism proposed above to the
test by using negatively charged projectiles, and comparing the results with those for cases
in which conventional potential emission is permitted. Regarding the latter case, few
studies have been done on the effects of an adsorbate on the secondary emission observed,
and no comparative investigations have been made with respect to the different excitation
mechanisms.

Our comparative investigation consists of two general types of incident ion: one
type which possesses the ionization potential prerequisite for Auger emission processes,
namely the noble gas ions Ar”, Ne” and He’, as well as N,"; and the other, for which Auger
processes cannot occur due to insufficient or nonexistent potential energy, namely Na“,
Xe", O and F. The incident energies of the ion beams were < 500 eV, and thus were not
within the range for significant kinetic emission processes. These ions were incident on
three types of substrate, in order to investigate the role of the electronic properties of each
in the emission mechanism: metallic, namely polycrystalline tungsten, and a comparison of
polycrystalline and single-crystal (111) aluminum; semiconducting, namely single-crystal
(100) silicon; and insulating, namely oxidized single-crystal (0001) magnesium. Finally,
the adsorbate used in most cases was oxygen, though the effects of chlorine adsorption
were studied for the tungsten surface as well.

The experiments were carried out in ultra-high vacuum (~ 10""° Torr); great care

was taken to ensure the initial maximum atomic cleanliness of each substrate by sputter-
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cleaning and heating processes to drive off surface contaminants. Adsorption was then
effected by exposing the substrate to the adsorbate gas for specific pressures and
durations, and the surface coverage was calculated using relatively well-known sticking
coefficients [relevant references given in each section]. Emission probabilities (yields) and
kinetic energy distributions for secondary electrons and anions were measured as functions
of both adsorbate exposure and incident ion energy; mass spectra of the secondary anions
were recorded as well.

What follows is an examination of the results for each substrate studied in these
experiments, presented in order from most to least conducting; a research scheme is
depicted in Fig. 1.4. The experimental data are shown for each, followed by a discussion
of the nature of the adsorbed substrate as well as its interaction with the incident ions.
Results from previous studies are compared to the present results, in which the effect of
the adsorbate on secondary emission is found to depend on the nature of the projectile and
substrate involved. Finally, the present results will be explained in terms of the proposed
emission mechanism. These cross-comparisons for two types of incident ion and three
types of substrate, each with unique electronic characteristics, will enable us to explore

more effectively the role of an adsorbate in these low-energy ion-substrate interactions.
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Fig. 1.4 A research scheme for the present experiments. Two projectile types and three
substrate types are investigated.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 Preliminary remarks.

All of the present experiments Were conducted in the Atomic and Molecular
Laboratory at the College of William and Mary. Since our focus was on examining effects
of changes in the surface state on an atomic level, cleanliness of the surface was an
important consideration; careful sample preparation was necessary in order to make
meaningful analyses of the data. Each separate experiment was preceded by initial
cleaning procedures formulated to be the most efficient for the particular sample under
investigation; only then did data acquisition follow.

In order to explore ion-substrate interactions in some depth, it was necessary to
modify the existing apparatus to accommodate a new ion beam production line; the
experimental methods are discussed in general, followed by a description of two
consecutive configurations of the experimental apparatus. The first configuration involved
incident Na" as a surface probe; the Na’ ion gun was UHV compatible and housed within
the UHV chamber. In order to investigate effects of other projectile species, parts of the
apparatus were expanded and modified for the second cohﬁguration, which utilized a
relatively high pressure discharge ion source. All experiments were conducted in ultra-

high vacuum (UHV) conditions such that the pressure was on the order of 10™ Torr.
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Each substrate studied was subjected to a specific cleaning procedure that was deemed
most effective in contamination removal for that substrate, depending on its relative
degree of general surface reactivity. The specific conditions for mounting the sample in
the UHV chamber were modified slightly to accommodate each different substrate but the
basic geometrical dimensions of the beam-surface interaction area were maintained in
order to provide normalization for the range of experiments.

Three basic types of data were taken for each projectile-surface system studiéd, as
the projectile energy and exposure of the surface to adsorbate were varied: secondary
negative product (anion and electron) emission probability (yield), secondary negative
product kinetic energy distribution, and secondary anion mass determination. The results
of these measurements provide insight into the interaction of the incident ion beams with

the adsorbate-induced dynamical state of the surface.

2.2 Experimental apparatus.

The experiments were conducted in a stainless steel Varian FC-12E Table Top
vacuum chamber of approximate working volume 0.2 m® and sealed by a copper gasket
with a 12-inch Wheeler flange; .all other flanges in the UHV system were Conflat®, sealed
with copper gaskets. A schematic depiction of the apparatus is shown in Fig. 2.1. The
main turbo-drag pump (Pfeiffer) is pogitioned on the side of the main vacuum chamber and
has a pumping speed of 260 I/s; five 50 I/s Vaclon® ion pumps (Varian) are arranged
around the base of the main chamber as well. All turbo pumps in the system are backed by

Sargent-Welch or Pfeiffer rotary-vane roughing pumps (~ 50 I/s), in addition. At the
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Fig. 2.1 A schematic of the experimental apparatus. The gas handling system is depicted
in the lower-right portion, with leak valves denoted by @. Feed-through flanges on the
main chamber (for electrical connections) are not shown, nor are roughing pumps for each
turbomolecular pump. Details of the ion source are shown in Fig. 2.2.
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bottom of the chamber is a set of titanium filaments used for titanium sublimation pumping
(Varian). The pressure in the main chamber is monitored by a Bayard-Alpert style nude
ion gauge (Varian) with thoria-coated iridium filaments and a relative gas correction factor
of about 1.0 for O,. A residual gas analyzer (RGA) (Ametek) is positioned next to the ion
gauge for mass and partial pressure measurements.

Two high-precision UHV variable (107 torr-I/s minimum controlled leak rate)
leak valves (Varian) are used to control the admission of argon and of adsorbate gas into
the main chamber. Argon gas is leaked from a differential line into an ionization cell for
the Fisons argon ion gun employed in sputter-cleaning; between the argon leak valve and
the gun portal into the main chamber is a small reservoir pumped by another 260 V/s
Varian turbo-drag pump. The pressure of the reservoir is on the order of 10 Torr when
the argon gun is not in use. Pneumatic gate valves are situated between the main chamber
and each of the 260 Vs turbo-drag pumps to protect the main chamber in the case of pump
failure; these valves close automatically in the event of power failure (which routinely
occurs) and only reopen with a manual reset. Two gas-handling lines exist to supply
argon as well as adsorbate gas; the argon and the adsorbate gas lines can be pumped out
separately with a BOC Edwards turbomolecular pump (~ 60 I/s). Heating tape has been
wound around the main chamber, gas line and “analysis region” so that these areas can be
heated to assist desorption from the inner walls of the vacuum system during pump-down.
The bake-out temperatures are regulated via thermocouples affixed to the upper and lower
portions of the main chamber, and typically reach about 500 K. Halogen lamps in the

main chamber and in the “analysis region” provide additional internal bake-out heating.
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Pumping down from atmospheric pressure to ~ 107° Torr usually takes 3-5 days, and
involves the activation of the turbo pumps, ion pumps, bake-out, and titanium sublimation
pumps sequentially as the order of magnitude of the pressure decreases.

For the first phase of experiments with incident Na" the above constituted the
pumping and gas-handling arrangement, but modifications were necessary for the second
phase in order to accommodate a new source beam line. Between the high-pressure
source and the UHV main chamber, three stages of differential pumping were used. The
discharge source itself is located in a small (~ 0.01 m’) chamber which is pumped by a
Pfeiffer-Balzers turbo-drag pump (< 175 V/s) and which maintains a pressure of < 107 Torr
when not in use; a cold cathode gauge (Balzers) is used to monitor pressure.inside the
chamber. An external gas line provides the source gas via a variable leak valve into the
anode, which is mounted horizontally in the chamber and which houses the filament; the
gas line can be pumped down by opening its reservoir to the source chamber. The anode
itself is mounted off an external feedthrough for ease in filament replacement; as seen in
the ion source schematic of Fig. 2.2, the filament of ~ 0.4 mm diameter tungsten wire is
affixed to two electrically isolated posts inside the anode housing. The substrate of
interest is biased at -20 V and the anode, the site of ion creation, is biased at a voltage of
|Vomotel- The probe beam impact energy is, then, (|V 4| +/- 20) eV for positive/negative
ions. Gas is released into the source chamber to a pressure reading of about 4 x 10 Torr,
and a filament current of 10 A or more provides sufficient thermionic emission to sustain a
discharge for ionization of the source gas. All subsequent beam focusing elements are

biased with respect to the anode, and their polarities are switched easily to accommodate
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Fig. 2.2 A schematic of the ion source and the primary beam lens stack, as described in
the text. The positions along the beam trajectory of successive pumping levels are
denoted by “TURBO”; the location where the lens stack crosses the wall of the main
vacuum chamber is denoted by a vertical dotted line. The lens potentials used to focus the
beam resulted in the general focus/defocus trend depicted to the right with rays and
concave/convex lenses. To assist with beam focusing, an electrometer was used to read
the beam current on G1.
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extraction of a positive or negative ion beam. The arc discharge is operated at about 110
V with a passive feedback resistor placed in series with the discharge to affect arc stability.
The first focusing lens (DQ) is mounted directly over the anode end-plate; both
components have beam-limiting apertures to facilitate the differential pumping.
Subsequent to the DO lens is a stack containing six additional focusing lenses (Dbl, SL1-
5) with a quadrupole lens (SQ) midway through the lens stack; a bellows component on
the feedthrough on which the anode is mounted can be used to optimize the positioﬁ of
the anode and the DO lens with respect to the source lens stack. This lens stack focuses
all ions into the mass spectrometer (MT) which is a 90° sector with a nominal radius of
0.09 m. The magnetic field is provided by pole faces specifically désigned for second
order focusing. All focusing potentials for the new ion source were determined by
maximizing the current detected on the entrance slit of the MT, and varied from beam to
beam to some degree, though the general focus-defocus trend is as depicted in Fig. 2.2; it
was generally necessary to have current on the order of 30 nA at the entrance slit of the
mass tube in order to attain surface current of about 0.5 nA. The magnetic field (B
[Gauss]) required to pass an ion of mass m, charge q and energy E at a radius of 0.09 m

can be written as:

B=1.225mE, @2.1)

1
q

where the mass / charge / energy is given in units of u / a.u. / eV. The mass tube is
electrically isolated so that it can be biased with respect to the anode, as are the source

lenses. A manual gate valve is situated between the source lens stack and the mass tube,
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and a turbo-drag pump (Pfeiffer; 60 I/s) is positioned on the mass tube itself. A BOC
Edwards turbo-drag pump (60 I/s) is positioned below the next stage in the beam
trajectory, which interfaces with the main chamber: the “globe”-shaped conduit, in which
are housed three additional focusing lenses (G1-3). Current monitoring off the G1 lens is
often used as an aid to beam focusing; it was generally necessary to acquire ~ 3 nA of
beam current on G1 in order to attain surface currents of ~ 0.5 nA. Thus the beam
attrition was > 80% from GI1 to the surface.

After the G3 lens begins the gun lens stack (GL1-4) which includes a quadrupole
lens (GQ) near the end of the stack. For phase one experiments, a sodium source (a
sodium-impregnated tungsten dispenser cathode manufactured by Spectra-Mat, Inc.)
interfaced with the gun lens stack at this juncturé, and the gun lens stack consisted of a
grounding shield and four lenses, including an Einzel lens; for phase two experiments, an
additional lens (GLS) was added in order to join the gun lens stack to lens G3.

The surface holder and extraction lens arrangement is shown in Fig. 2.3. The back
plate (BP) of diameter 150 mm is made of tungsten wire mesh of 93% transparency and
lies ~ 25 mm behind the surface; it is biased slightly less negative than the surface in order
to facilitate secondary product focusing. The current on the BP may be measured to assist
with primary beam focusing onto the surface. The gun lens stack is oriented at 60° with
respect to the normal of the surface as is the argon sputtering gun in mirror-image, to
maximize symmetry. A biased cylindrical wire mesh (“inner ring”) of ~ 64 mm diameter
and coaxial with the surface normal provides some electric field shielding from the surface

plane to ~ 25 mm beyond the end of the first extraction lens; small apertures on either side
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Fig. 2.3 A schematic of the surface holder and extraction lens arrangement. To assist
with beam focusing, an electrometer was used to read the beam current on BP. Shielded
by the “inner ring”, primary ions effect secondary emission of negative products, which are
collected on L1 and SC; the secondary electrons are separated from the anions by means
of the electromagnet located on L2. The orientation of the split lenses S and SC is shown
rotated 90° from its true orientation with respect to the axis along the surface normal, for
purposes of illustration. For energy and mass measurements, the secondary products are
focused through 1.4 into the “analysis region”.
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of the mesh accommodate the cleaning and probe beams. The surface itself can be
mounted in electrical isolation from the surface holder; alternately, it may be attached
directly to the holder via connections external to the vacuum in order to pass current
through it for resistive heating purposes. A tungsten filament can also be attached to the
holder for electron bombardment heating; in some cases, a thermocouple was positioned
behind the surface as well. The extraction lens stack (L.1-4) is positioned concentric to the
inner ring and coaxial with the surface normal at a distance of a few cm from the surface;
all negatively charged secondary products are focused and collected on the first lens
element (1) and on the “split collect” lens (SC) downstream. In order to ensure that the
yield measurements are accurate, the optimum element potentials for the extraction lenses
depicted in Fig. 2.3 were determined by previous simulations with SIMION, an
electrostatic lens design and analysis program used for ion optics optimization; the results
of a sample particle trajectory optimization are shown in Fig. 2.4 [56]. About 75% of the
negative products is collected on the lens closest to the surface (L1), while the remainder
are focused down the lens stack for further collection and analysis. In the second lens
(L2) is a small electromagnet, the transverse B field of which is used to separate the
electrons from the ions without appreciably affecting the trajectory of the latter; the
magnetic fields used are typically on the order of 70 G. Hysteresis of the electromagnet
had small but observable effects so that for data acquisition purposes any residual
magnetic field had to be canceled for an accurate zero-field measurement. The third lens
(L3) consists of two half cylinders (“split lens” and “split collect,” S and SC) that are

electrically isolated from each other and may be biased with a transverse electric field so as
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Fig. 2.4 A schematic depiction of the ion trajectory simulation in the presence of
electrodes determined, in part, using SIMION® software (Idaho National Engineering
Laboratory) to optimize the secondary product collection efficiency, modeled after Ref.
[56]. The potentials are, from left to right, -19.7 (BP), -20.0 (surface), -43.7 (inner ring),
+70.0 (L1), +272.2 (1L.2), +116.8 (L.3), +90 (8), +90 (8C), +45.4 V (L4).
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to collect the negative products which enter the lens stack. Thus the electron and amion
yields may be determined independently. The absolute total yields are the ratios of the
total secondary anion and electron current, I, to that of the incident ions on the surface, I:
Y, = L /L. For incident cations, the surface current detected, L, equals the sum of the
current of incident ions I, and the total current of secondary negative product, 1.: I‘_,mf = |

+ |L|; for incident anions, L= || - |I]. Thus the total yields for incident cations and

anions can be written as

Ycaiilons _ II—l __ 'IL1|+ IISCI
- IIsurf'“' |I—| IIsurf| - (IIL1|+ !Isc l)
aicns _ L] |+ fsc|
1o

Lo |+ ll—i ) gt |+ (IIU'* IISCD

where I; | is the negative current measured on the first extraction lens and Iy is the
negative current measured on the split collect lens when the transverse magnet is not in
use. Anion yields Y, are calculated using the ratio of the SC current when the transverse
B field is on (and no electrons are detected on the SC element), I;, to that when the B

field is not in use, and electron yields Y, make up the difference from Y,

IB
Y, = Yl |
A total ISC (23)
Ye = Ytotal - YA
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The L3 lens may also be biased to pass the negative products past L4 into the “analysis
region” (see Fig. 2.1). When kinetic energy measurements were required, a spherical
electrostatic energy analyzer (EEA) was mounted in the analysis region; for high-
resolution and precision secondary ion mass spectroscopy, the EEA was replaced with a
quadrupole mass analyzer (QMA). The EEA, manufactured by Comstock Inc. (model
AC-901B), consists of two concentric copper spherical surfaces with an average radius of
36.5 mm,; from measurements of the full-width-half-maxima of kinetic energy distributions
as a function of transmission energy E,__., the resolution has been determined to be
AE/E,,., = 0.01. Three additional focusing lenses assisted in optimizing the transmitted
beam, which was detected by a three-stage (~ 10° gain) Hamamatsu microchannel plate.
The EEA is operated in voltage-stepping mode to measure kinetic energy distributions,
but may also be operated in single-energy pass mode for time-of-flight (TOF) mass
spectroscopy. For TOF measurements, the voltage of the GL3 lens of the Na* gun was
pulsed in a pass / no pass mode, in which the “pass” voltage was that which permitted
beam transmission. The “no pass” voltage was typically greater by 100 V. The best TOF
results were attained for a pulse rate of ~ 2 kHz and width ~ 2 us. The electron peak,
which was typically detected at t .y, ~ 5 Us (toughly, the time required for a typical Na'

packet to reach the surface), was set as the zero point, and the relationship between mass

m and time-of-flight t was determined as:

m=a+ b(t ~ Yelectron )2 > (2.4)

where a and b are constants determined for each data set in order to calibrate the scale
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with respect to known peaks. Two peaks (commonly those of H™ and O) were required to
determine the constants a and b for calibration of each data set. For increased mass
resolution, a Stanford Research Systems RGA-100 was used as a QMA,; this necessitated
removal of the EEA apparatus and its vacuum housing,

In phase two with the use of the new ion gun apparatus, data acquisition was
complicated by the presence of fringing magnetic fields due to the dipole sector magnet
used for mass selection of the probe beam. The magnetic field was measured to be as high
as 5 G in the path of the extracted beam in the L2 lens. An electron emitted from the
surface at -20 V to L1 at 70 V and thus having an energy of about 90 eV experiences a
force of about 3 eV/mm with a curvature radius of ~ 60 mm,; for a path length of 50 mm
(which is less than the path length of L2), the electron will be deflected by more than 20
mm, which is greater than the radius of L2. Thus the fringing B field in the secondary
beam trajectory is significant enough to reduce the measured current on the split collect
lens and result in a falsely low yield measurement for secondary electrons. To counter
these fringe fields, a Helmholtz-like coil (NM) was arranged on the outside of the main
chamber with the center plane of the coils coincident with the plane containing the
secondary beam trajectory. The fringe fields from the dipole sector magnet were canceled
by adjusting the current in the pseudo-Helmholtz coil.

For yield analysis, current measurements of I, I;, and I are taken with Keithley
electrometers (models 485 and 617). For energy distribution analysis, intensity
measurements are taken with an Aston GPIB scaler (model 721) while the kinetic energy

is derived from the EEA track bias measurements taken with a Fluke voltmeter (model
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45); in the TOF mode, intensity-versus-time measurements are collected by a Stanford
Research Systems SR430 Multichannel Scaler which is triggered by a DEI high-voltage
switch (moderated, in turn, by a Dumont pulse generator). For QMA mass analysis,
intensity measurements are taken directly from the RGA for a specified mass via an RS-
232 COM port; all other data were collected by means of GPIB hardware interfacing
(National Instruments 488-TEEE) on a PC platform. LabVIEW™ was used to program

and coordinate data acquisition and voltage and current stepping routines.

2.3 Surface preparation.

2.3.1 Surface cleaning: The surfaces studied were typically rinsed with methanol prior to
insertion in the main chamber. Since the focus of these experiments is on phenomena in
the sub-monolayer coverage regime, surface cleanliness was of the utmost importance.
Two main methods of surface cleaning that were employed involved sputter-cleaning and
heating methods. The Fisons model EXOSF argon gun used for sputter-cleaning was
operated in its ionization mode, in which argon gas is admitted into the ionization cell. A
VG Electrovac Ltd. imaging unit {(model 346) enables manual horizontal and vertical
translation of the beam over the surface as well as rastering of the beam in 2-d mode.
Imaging is accomplished by inputting the surface current (enhanced by a Stanford
Research Systems preamplifier, model SR570) to the “z” input of an oscilloscope with the
rastering “x” and “y” voltages used to correlate with the Ar" beam position. Sputter-

cleaning was effected by rastering the Ar” beam over the surface for a duration of as much

as12 hours. The beam energy was 3 keV for W, Al and Si, and 0.5 keV for the more

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

sensitive Mg surface; the Ar* surface current at these energies was about 0.5 pA. For
additional surface preparation, the W and Si surfaces were heated resistively by passing
several amps through them to achieve annealing temperatures around 1000 K, while the Al
and Mg surfaces were heated by electron bombardment from a tungsten filament
positioned behind the surface. The temperature of the Mg surface was monitored by an
aft-positioned type J thermocouple so és not to exceed its melting point of 650°C. The
cleanliness of the surface after these sputter-heating cycles was confirmed by observation
of minimum secondary anion collection via yield and/or mass spectroscopy measurements.
Further cleaning considerations are discussed in the sections pertaining to the specific
surface.

2.3.2 Surface modification via adsorption: Oxygen was the most commonly used
adsorbate; oxygen exposure is achieved by admitting high purity oxygen (99.9%) into the
main chamber via the variable leak valve while monitoring the partial pressure of O, (mass
32 u) with the RGA to within 15% accuracy. The extent of adsorption is denoted by
exposure and reported in units of Langmuir (L) (1 L = 10 Torr s); there was no direct
method to determine coverage, but its extent can be approximated using known
parameters of the adsorbate interaction with individual surfaces. Using the ideal gas law
with the Maxwell-Boltzmann distribution for the collision of adsorbate particles with a

surface, the flux of molecular incidence (in units of molecules/cm®sec) is described by

P
o = 3513x 1022{———-—}
JMT |- (2.5)

where P is the pressure in Torr, M is the molecular weight in u, T is the temperature in K.
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Thus for 300 K and 10 Torr conditions, O, will impinge upon a surface at the rate of 3.6
x 10" molecules/cm’ sec. To derive the rate of accumulation R, one must introduce the
concept of the sticking coefficient S, which ranges from unity (all impinging species
adhere to the surface) to zero (no impinging species adheres to the surface); the rate of

accumulation for oxygen under these conditions then becomes

R=(36x10'")S. (2.6)

Monolayer coverage is on the order of 7 x 10" atoms/cm? [57]; assuming that O,
dissociates to adsorb atomically on a surface, monolayer coverage is attainedin~1/8
seconds for a pressure of 10 Torr, which corresponds to an exposure of ~ [1/S] L.
Thus if all the impinging species adhere to the surface and S = 1, then an exposure of 1 L
will result in monolayer coverage. The exposure Exp was measured in units of Torr-sec
by admitting adsorbate gas into the main chamber at a partial pressure P (commonly on
the order of 107 Torr) for a specified time t:

Exp=Pxt. 2.7

In actuality the sticking coefficient tends to depend how much adsorbate is already
on the surface, i.e., the coverage as a function of adsorbate exposure time, ©(t), and is
often approximated as S,, the initial sticking coefficient for &(t = 0). The initial sticking
coefficients for the substrates used in the present experiments varied from ~ 0.1 for W to ~
0.01 for Al, Si and Mg, meaning that exposures on the order of tens of Langmuir
constituted monolayer coverage for W, but that hundreds of Langmuir were required for

monolayer coverage of the other surfaces.
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CHAPTER 3

METALLIC SUBSTRATES

3.1 Tungsten
3.1.1 The tungsten surface.

Tungsten (W) is a body-centered cubic (bcc) metal with lattice constant 3.16 A
(293 K), work function 4.55 eV, atomic weight 183.85 u and an electronic configuration
of [Xe]4f**5s?5p°5d*6s”. It has a strong affinity for oxygen, for which the adsorption
process has been studied in some detail (see, fqr example, Refs [58-60]).

Previous experiments have shown that low energy noble-gas ion bombardment-
induced secondary electron emission yields are decreased when the W sﬁrface is oxidized
[16,61,62], due to a reduction in the surface density of states near the Fermi level and a
corresponding decrease in the Auger neutralization processes required for electron
emission in these circumstances [16]. It is of interest to investigate whether this trend
continues for incident Na’, in which Auger neutralization processes are, in fact, not
possible; previous results for other metallic substrates [24] suggest that secondary electron
emission from a W surface may actually be enhanced by oxygen adsorption. Comparison
of the results with those for chlorine adsorption provide further support for the proposed
alternative emission mechanism outlined in Section 1.3.2.

The tungsten sample used in the present experiments was a 3.2 x 40 mm?

45
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polycrystalline ribbon of reported 99.9% purity [63] and was prepared by consecutive
cleaning cycles of high-energy Ar* sputtering and annealing via resistive heating to
temperatures over 1000 K. The surface was exposed to oxygen in the manner described

in Section 2.3.2. Chlorine exposure was achieved by admitting methyl chloride (99.9%
purity) into the chamber while monitoring the partial pressure of CH,Cl". Since the
presence of alkali metal has been shown to alter the surface work function and affect
secondary emission [64-66], great care was taken to limit the Na* dose during the
experiments. The Na’ beam was on the order of a few nA and was incident on the surface
for, at most, a few minutes, resulting in the accumulation of only small fractions (~ 10”) of

a monolayer. TOF-SIMS measurements confirmed minimal Na* accumulation.

3.1.2 Tungsten results.

3.1.2.1 Yields: Total secondary electron and anion yields for Na" incident on a
polycrystalline substrate are shown in Fig. 3.1.1 as functions of adsorbate exposure and
energy of the incident Na" ions. In both cases, it is clear that the presence of an adsorbate
(O, in Fig. 3.1.1(a), CH,Cl in Fig. 3.1.1(b)) significantly enhances secondary emission.
For both oxygen and CH,Cl adsorption, the yields increase with adsorbate exposure and
appear to saturate for exposures in the range of 5-10 L, though in the case of O/W,
secondary emission undergoes an initial decrease for small exposure but continues to rise
as the oxygen exposure is increased. This decrease may be due to an initial increase in
work function associated with a small oxygen exposure; Daniels and Gomer [61] report

A ~+1.2 eV for 1 L oxygen exposure on W(100). For the case of O/W, the yield

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

s (3
=)
5
B3
£
,,,,,, o
gr 0 @
4 I3 ®)
A £
) ."0”*"'4”-"’(4{//‘4‘}& 3
g £
g LZLL L LA 77 SR
zaif ]
DD 760 : — &Q

Na* Impact Eﬂergy V)

Fig. 3.1.1 The total (anion plus electron) secondary emission probabilities (yields) for Na*
impacting a tungsten substrate exposed to (a) oxygen or (b) methyl chloride. The
absolute probabilities are expressed as a per cent and are displayed as a function of Na*
impact energy and adsorbate exposure.
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increases as Na' impact energy increases, whereas for CH,CU/W the yield exhibits a
maximum at 150 eV, decreasing to level off at the highest Na™ impact energies studied.
Fig. 3.1.2 shows the separate secondary electron and anion yields as functions of
Na* impact energy for monolayer oxygen (a) and chlorine (b) coverages of W. For O/W,
the electron yield increases monotonically over the Na™ impact energy range studied,
exceeding the anion yield for impact enérgies > 300 eV, whereas the anion yield increases
from about zero at 50 eV Na® impact energy, saturating at about 2% for ~ 150 eV Na’
impact energy. The ratio of secondary electrons to anions increases monotonically with
Na" impact energy, but rises with oxygen exposure to saturate at about 6 L O, exposure,
as depicted in Fig. 3.1.3. For CH,;CI/W, the initial increase in yield observed in the total
yield (Fig. 3.1.2(b) above) is seen to be due to the secondary anions, which are readily
emitted at ~ 6% yield even at a low Na' impact energy of 50 eV this secondary anion
emission probability doubles in value to maximize at ~ 100 eV Na* impact energy but
decreases to saturate at ~ 4% for > 450 eV Na" impact energy. The electron emission is
subdued compared with that for O/W, increasing slowly from zero over the Na* impact
energy range studied. The uncertainties depicted as error bars in Fig. 3.1.2 are determined
by repeating the experiment three or four times, with surface cleaning and re-exposure to
6 L O, (10 L CH,Cl) between each repetition.
3.1.2.2 Kinetic energy distributions: The normalized secondary electron and anion
kinetic energy distributions resulting from the impact of 150 ¢V Na" with an adsorbed W
surface are shown in Fig. 3.1.4 for approximately one monolayer of oxygen (a) (6 L O,

exposure) and chlorine (b) (10 L CH,Cl exposure) coverage. The secondary electron
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Fig. 3.1.2 Electron and anion emission probabilities are shown separately as a function of
Na” impact energy for about 1 ML of (a) oxygen and (b) chlorine adsorbate coverage.
Secondary electron (open circles) and anion (solid squares) yields are shown.
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Ratio: Electron / Anion Yields

Fig. 3.1.3 The ratio of secondary electrons to secondary anions is shown as a function of
Na' impact energy and of oxygen exposure. At a given impact energy, the ratio saturates
between 5 and 10 L O, exposure.
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Fig. 3.1.4 The kinetic energy spectra for electrons (open circles) and anions (solid
squares) are shown for (a) O/W and (b) CVYW. The adsorbate coverage in each case is
about 1 ML and the Na" impact energy is 150 eV. The calculated anion (solid line) and
electron (dashed line) distributions are shown (Eq. 1.18).
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distributions are nearly symmetric for both cases, maximizing at ~ 2 eV but with slightly
larger full-width-half-maximum for the CI/W case as opposed to the O/W case.

Secondary anion distributions peak at ~ 1 eV with a slightly higher most probable energy
for the case of CI/W, and exhibit a high-energy tail. Spectra for other exposures and Na*
impact energies (not shown) are very similar to those shown in Fig. 3.1.4, independent of
adsorbate exposure and Na™ impact energy. Also shown in Fig. 3.1.4 are calculated
kinetic energy distributions, the origin of which are explained in Section 3.1.3.2.

3.1.2.3 Mass spectra: TOF-SIMS data show that CI" is the emitted anion for Na'-
bombarded CH,Cl/W; Fig. 3.1.5(b) shows the spectrum for 250 ¢V Na" impacting W with
1 ML Cl coverage, in which the peak at 35 / 37 amu due to **CI' / ’CI' is the sole peak of
any consequence. The interaction of O with W is more complex, however, as seen in Fig.
3.1.5(a), the TOF-SIMS spectrum for 250 eV Na" impacting W with 1 ML of oxygen
coverage. The spectrum is dominated by the peak denoted by WO, where x = 1-4, with a
lesser contribution from O". The WO, peak is centered around 220 amu, corresponding
more closely to WO, (216 amu) but the higher-mass resolution is such that the peak may
also have contributions from other tungsten oxides such as WO WO, and WO, éll of
which have been observed in previous SIMS measurements of anion emission from O/W
[67,68]. The development of the tungsten oxides in relation to O for different regions of
the secondary anion emission kinetic energy spectrum can be studied by adjusting the EEA
to pass ions of a specific emission energy. WO, dominates O for all Na'-impact and
secondary emission energies, with ratio R = [W0,J/[0] ranging over 3 <R <40 as

shown in Fig. 3.1.6(a) as a function of oxygen exposure for the most probable emission
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Fig. 3.1.5 Time-of-flight spectra are shown for secondary anions emitted from (a) O/W
and (b) CI/W for about 1 ML adsorbate coverage and a Na' impact energy of 250 eV.
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Fig. 3.1.6 The ratio of WO, to O detected in the secondary product is shown as a
function of Na* impact energy. In (a) the ratio is shown at the most probable secondary
anion kinetic energy of ~ 1 eV as a function of oxygen exposure; in (b), the oxygen
coverage is in excess of 1 ML and the ratio is shown as a function of the secondary anion
kinetic energy.
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energy, ~ 1 eV. For all Na' impact energies and over the range of secondary emission
energies studied, R peaks at the most probable energy and decreases for higher emission
energies as shown in Fig. 3.1.6(b) for an oxygen exposure of 18 L; thus the mean emission

energy of O exceeds that of WO, by a few eV.

3.1.3 Tungsten discussion.

3.1.3.1 Adsorbate-tungsten interaction: Most authors agree that oxygen adsorption
onto tungsten occurs in at least two phases, depending on pressure and temperature
conditions [59,69]: for low coverages (< 1 L), oxygen chemisorbs on top of the W
surface, with an initial sticking probability close to unity [58,60]; as coverage increases,
oxidation of the W substrate begins, characterized by displacement of W lattice atoms by
O adatoms and corresponding shifts in the W 4f energy levels due to W-W bond
weakening and breaking [70]. In earlier thermal desorption studies of oxygen adsorption
of tungsten, O” was the primary desorption product for initial stages of oxygen exposure,
while tungsten oxides appeared for later stages [59].

It has been reported that exposing polycrystalline W to an oxygen exposure of 5 L
results in a coverage of ~ 1 ML [58,60,71], with second monolayer formation occurring at
exposures on the order of 100 L [58]. In the present experiments, the W surface is
subjected to repeated annealing and thermal cycling, a process which has been found to
induce reconstruction such that the surface becomes multifaceted, exhibiting several low-
order planes [59,69,72]. Precise characterization of oxygen adsorption onto a W surface

is made difficult by the coexistence of several different adsorption structures, the identity
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and extent of which depend on oxygen coverage, temperature and annealing history,
particularly for low coverage; in fact, the rapid changes in adsorption site patterns and
surface work function for low coverage [59,61,73] may be the cause of the dramatic yield
variation for low coverage in Fig. 3.1.1(a). Although the extent and nature of the surface
reconstruction appear to be highly dependent on temperature and oxygen coverage,

- several studies have indicated that W(100) facets dominate polycrystalline W surfaces that
have been prepared as in the present experiments [69]. For single crystal W(100), it has
been observed that oxygen exposures as small as 2-3 L result in monolayer formation
[70,74,75]. Thus we assume that 1 ML coverage of our polycrystalline W surface has
been achieved for an oxygen exposure of 6-8 L.

For W exposed to CH,Cl, Zhou et al. [76] argue that CH,Cl molecules bind to the
W surface though the halide, and that about 16% of the molecules at molecular saturation
coverage (~ 1.5 molecular ML coverage) undergo decomposition in which the methyl
group dissociates, leaving Cl firmly attached to the W substrate. The remaining CH,Cl
molecules readily desorb intact from the surface at room temperature, whereas Cl desorbs
only at very elevated temperatures. Thus one would expect Cl monolayer coverage to
occur for an exposure of about 1.5/0.16 ~ 10 L CH;Cl. The present results suggest that
this is the case; as seen in Fig. 3.1.1(b) above, the secondary emission saturates for CH,Cl
exposures around 10 L. That CI and not carbon-compounds of CI reside on the surface,
is supported as well by the mass spectra in Fig. 3.1.6(b) above, in which CI is shown to be
the sole secondary anion emission product.

As referred to in Section 1.3.2, results of previous investigations led to the
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development of a model that can provide for the observed secondary emission of both
electrons and anions from oxygen-adsorbed Al, Mo and stainless steel surfaces [24,33,34].
In that model, the emission was depicted as resulting from a collision-induced excitation
and subsequent decay of a binary system, e.g. AlO’; electrons and O were the secondary
emission products. The O-W interaction is not as simple, however, as O is not observed
to be the dominant secondary anion in this case. According to Bauer et al. [59], oxygen
chemisorbs dissociatively on top of a W(100) surface. With an increase in oxygen
coverage, the stoichiometry of the O-W interaction changes such that a single W atom is
bound to multiple O atoms, resulting in increased lattice relaxation and reduced binding
energy for surface W atoms with respect to the bulk. This view is supported by thermal
desorption data, which show that tungsten oxides desorb from W at lower temperatures
than does atomic oxygen, and that the relative intensity of the tungsten oxides increases
with increasing oxygen coverage in compatibility with the present results in which WQ, is
the dominant secondary anion. The oxygen adsorption process can be thought of in a
simplified manner by the recognition of two distinct adsorption patterns: WO formation at
the lowest exposures of oxygen, and the additional formation of W-WQ,” at higher |
exposures. Since a precursor oxide of higher coordination obviously requires more near-
neighbor adatoms, the source of secondary O~ at the lowest coverages is presumed to be
WO, the singly-coordinated oxide [59,68,70]. As seen in Fig. 3.1.6(a), the [WO, V/[O']
ratio R increases with increasing oxygen exposure, but the saturation of the total yield
(Fig. 3.1.1 (a)) and of the electron/anion ratio (Fig. 3.1.3(a)) suggests that the anion yield

saturates at around 6 L oxygen exposure. This suggests that the emission of O™ actually
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decreases as oxygen coverage increases, suggesting that O” continues to arise from a
singly-coordinate oxide and that oxides of higher coordination are favored for higher
oxygen coverages. The W-WO, complex could then be considered as WO, bound to the
W sﬁbstrate, where the W-W bond has been weakened as discussed above. Collisional
excitation of a WO complex is presumably responsible for 0" emission, while the
excitation of a W,0, complex would résult in the emission of WO,

Chlorine adsorption, unlike that of oxygen, does not induce reconstruction of the
tungsten surface [77]; this suggests that chlorine does not weaken the surface-bulk W-W
bond to the extent that oxygen does. Only desorption of Cl is observed in thermal
desorption studies of Cl adsorption on tungsten surfaces; no WCI, products were observed
[78-80]. Our observation of CI alone in secondary mass spectra, as in Fig. 3.1.5(b), is
compatible with the assumption of the favorability of a WCI surface state.
3.1.3.2 Modeling collision-induced secondary emission from adsorbed tungsten: In a
manner after the discussion of Section 1.3.2, let us assume that oxygen and chlorine
dissociatively chemisorb onto the tungsten surface, residing on the surface with a negative
charge of at least 0.6e [60,70,81]. This results in the formation of a surface state
resembling WX, where X denotes the adsorbate. If an impacting ion electronically excites
WX to an antibonding state (WX)*, the negative ion X" may exit the surface intact or
decay by electron emission into the vacuum or alternatively back into the metal.

Once the appropriate surface states are determined for each adsorbate, the
probability of emitted electron and anion survival into the vacuum may be calculated. It

can be inferred from Fig. 1.3 that an increase in electron affinity can generally be
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correlated with a decrease in crossing distance z_; concurrently, the ion survival probability
(Eq. 1.16) will increase and the electron survival probability (Eq. 1.17) will decrease.
Thus, higher anion yields and lower electron yields would be expected for ion
bombardment of surfaces with adsorbates with higher electron affinities. Fig. 3.1.2 shows
this trend clearly; for the case of CI/W, the ratio of secondary anion yields (Y ,) fo the
electron yields (Y3) is large compared with that of the O/W system. For example, at a Na'
impact energy of 150 €V, {Y,/Y;} ~ 8 for CUW whereas {Y ,/Y;} ~ 1/4 for O/W at the
same impact energy. The electron affinity of CI' (3.6 V) is substantially larger than the
value reported for WO, (2 eV [82]) and slightly larger than that of WO, (3.3 eV [83]).
Using the survival probabilities of Eqs. 1.16 and 1.17, the kinetic energy
distributions, S(E), may be calculated for secondary anions and electrons as a function of
the secondary emission energy E (Eq. 1.18). The calculated (normalized) kinetic energy
curves are compared to the data in Fig. 3.1.4; parameters (described in Table 3.1) related
to the curves depicted in Fig. 3.1.4 can be adjusted to maximize the fit of the calculated
distribution to the data observed. Adsorption and gas phase bond strengths for WCl are
taken from Ref. [81], and the electron decay widths A,(z) and A,(z) are assumed to be
similar to those used to describe the O/Al system in previous calculations [24,39]. For the
O/W system, the exiting anion was taken to be WO, for the purposes of calculation, since
Ota et al. [84] have shown that the ﬁearest neighbor O-W distance for an O/W system
with 0.5 ML oxygen coverage (1.65 A) corresponds closely to the O-W bond length in
bulk WO, (~ 1.9 A).In conjunction with the argument above, smaller electron emission

widths were used for the CI/W system than for O/W, since the electron affinity of CI' is
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larger than the electron affinity of WO,; the crossing distance z, was increased for the
O/W calculation as well.

The parameters used in the calculation are as follows: E, the energy of the
repulsive curve at the equilibrium distance of the excited state from the surface; K, an
“initial momentum” term used in the excited state velocity of Eq. 1.15; b, indicative of the
width (1//b) of the initial distribution of surface states; z,,, the equilibrium distance of the
surface state distribution from the surface; z,, the crossing point beyond which electron
decay to the vacuum is prohibited; A,, the initial width of electron decay to the vacuum;
Y+, the inverse decay length of electron decay to the vacuum; A,,, the initial width of
electron decay to the metal; v,,, the inverse decay length of electron decay to the metal.
The table below lists values used to fit calculated distributions for the O/W and C/W
substrates, and compares them to values used in previous calculations fér the O/Al system
[56].

The origin and physical meaning of the parameters listed in Table 3.1 will be
discussed in further detail in Section 6.5. It is worth noting that the equilibrium distance
used in the O/W calculation is less than that used for the O/Al calculation, some
justification for this may be derived by looking at the differences between W-W and Al-O
interaction, since these are the bond that must be broken in order to effect the secondary
anion emission observed for each system (WO, and O, respectively). The surface free
energy (surface tension) for W exceeds that of Al (0.043 and 0.016 eV/a,’, respectively,
meaning that W lattice atoms are more tightly bound to begin with [85]); indeed, the

elemental bond length for W-W is less than that for Al-Al (2.74 and 2.86 A, respectively).
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TABLE 3.1 Parameters used in calculations.

[a1(0) MW (WO,) I[Iw (Ch
1.4 2.3 1.9

0.1 1 0.2

0.3 0.32 0.32
3.17 1.8 3.2

4.35 6.5 53
0.0215 0.01 0.018

0.119 0.119 0.119

1.0 0.16 0.2

0.9 0.9 0.9

In order to effect WO, emission, bond dissociation will have to occur beneath the first
layer of W atoms, whereas the bond dissociation required for O” emission will occur in the
super-surface region. Thus one would expect O/W surface states to reside closer to the
surface than O/Al states. The value used for the initial width for electron decay to the
metal (A,,,) is less for the W substrate than for the Al substrate. This may be viewed in
light of the observation that the electronegativity of the adsorbate (3.4 for O, 3.2 for Cl) is
closer to that of W (2.4) than that of Al (1.6); when a surface species departs the
substrate, the loss of (negative) charge from the W substrate will not be as great. The
positive charge density that an electron sees when it is on O” departing the Al surface, on

the other hand, will be greater, facilitating electron decay back to the metal.
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3.1.4 Summary.

In summary, oxygen adsorbs dissociatively on a tungsten surface whereas exposure
of the surface to methyl chloride results in adsorption of the halide; adsorption saturates in
the range of 5-10 L of O, (CH,Cl) exposure. The presence of an adsorbate significantly
enhances secondary anion and electron emission resulting from low-energy Na*
bombardment of the W surface for both oxygen and chlorine absorption. The yields of
secondary product rise with increasing adsorbate exposure, but the dependence upon Na*
impact energy differs notably between the O/W and CUW systems. The secondary anion
products from the O/W (CI/W) system consist of primarily tungsten oxides {(chloride),
reflecting the greater complexity of the oxygen-tungsten surface interaction. The present
studies cannot adequately address finer points of V surface morphology associated with
either adsorbate system but the data suggest that the Cl-adsorbed W surface does not
undergo reconstruction to the extent that the O-adsorbed W surface does. Differences
between the electron affinities of the secondary anions results in different anion survival
probabilities; by adjusting the appropriate parameters, the secondary anion and electron
kinetic energy distributions can be calculated to good approximation of the observed data

for both the O/W and CV/W systems.
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3.2 Aluminum
3.2.1 The aluminum surface.

Aluminum (Al) has an atomic mass of 26.98 u and an electronic configuration of
1522s22p63 s*3p'. With a valence of +3, Al bonds readily to oxygen to form the tri-
coordinated AL, O, structure. The Al-O adsorption interaction as well as ion bombardment
of the Al surface have been relatively Weﬂ-explored experimentally; in addition, Al lends
itself easily to theoretical investigations. Due to its relative simplicity and good
conductivity the Al surface is readily modeled with such approximations as the so-called
jellium model of free-electron metallic surfaces, in which the surface wave-function is
represented as sinusoidal below the surface and as a decaying exponential above. In the
jellium model, the parameter r,, which is indicative of interstitial electron density, is
commonly taken to be about 2a, for Al [86].

In the proposed mechanism for secondary emission described in Section 1.3.2 the
adsorbate-surface interaction is modeled as a binary system in which lattice and bulk
effects are largely ignored. Therefore it is a key assertion of the model that, being
mediated by simple molecular potentials, the secondary emission processes are not
significantly dependent on surface structure. Such relative insensitivity has been observed
in experiments comparing polycrystalline and single-crystal molybdenum [33], and it is of
interest to explore this concept further for two different morphologies of Al, comparing
the results to other experimental and theoretical investigations.

The Al samples used in the present experiments were a 3.2 x 40 mm’

polycrystalline ribbon of 0.04 mm thickness manufactured by Alfa Aesar to be of
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99.9995% purity, and a thin single-crystal surface of (111) orientation and 13 mm
diameter. Each surface was prepared by sputter-cleaning with the Ar” cleaning beam for a
duration in excess of 12 hours. Oxygen exposure was achieved in the manner described

previously in Section 2.3.2.

3.2.2 Aluminum results.

3.2.2.1 Yields: The secondary electron (a) and anion (b) emission probabilities (yields)
for O, Ar*, Ne" and He" incident on polycrystalline Al are shown in Figs. 3.2.1-3.2.4 as a
function of primary ion impact energy and of the Al substrate’s exposure to oxygen. The
same type of data for the example of Ar” incident on Al(111) are shown in Fig. 3.2.5 asa
function of Ar" impact energy and of oxygen exposure. Comparing Figs. 3.2.2 and 3.2.5
for incident Ar”, it can be seen that more variance in the emission probability exists for the
single crystal substrate. For polycrystalline Al, the electron (anion) yield rises from 4.5%
(0.02%) at the lowest Ar' impact energy and oxygen exposure, to 5.9% (1.8%) at the
highest energy and exposure; in the case of Al(111), the electron (anion) yield ranges from
2.4% (0.3%) t0 5.2% (0.9%). The Ar’-induced emission probabilities are slightly lower
for Al(111) but it is clear that the trends of the data are similar when one compares
polycrystalline and single crystal Al surfaces: for both, electron emission probabilities vary
about 0.4% across all exposures for aﬁy given impact energy, displaying no clear signs of
adsorbate-induced change, whereas the anion emission probabilities undergo a small but
perceptible increase as the oxygen exposure is increased.

Secondary electron (a) and anion (b) yields are shown separately in Fig. 3.2.6 as a
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