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Electron Emission from Surfaces Induced
by Slow Ions and Atoms

R.A. Baragiola and P. Riccardi

2.1 Introduction

Electron emission from surfaces is of crucial importance in determining the
properties of electrical discharges, where it is caused by the impact of ions,
atoms, electrons, and photons. At the microscopic level, the physics of elec-
tron emission from solid targets is usually described by a three-step model:
electron excitation, electron transport to the surface, and its escape through
the surface. This division serves a heuristic purpose and it must be borne in
mind that, in purely surface events, actually only one step is involved. What
distinguishes electron emission by different incoming particles is the excita-
tion step [1], which depends strongly on the momentum of the particle. This
is because there is a minimum energy needed to extract an electron from the
solid (work function for metals, band gap plus electron affinity for nonmetals)
and this energy transfer implies a momentum transfer from the projectile.

This chapter is concerned with heavy particle collisions (ions and atoms) at
low energies (below a few keV) and will discuss first the physical mechanisms
and then applications to electrical discharges in gases. The overall picture of
electron emission induced by heavy particles is the following. Electrons are
excited from the target or the projectile as a result of Coulomb interactions
involving the nuclei and electrons through mechanisms that are grouped in
two categories, potential and kinetic, depending on the source of the excita-
tion energy. Such excitations occur mostly in binary collisions at the surface
or very shallow depths, since the penetration depth of low-energy atomic pro-
jectiles is usually very shallow, tens of nm or less. The excited electrons can
be ejected directly into vacuum or undergo a series of collisions in the target
solid (electron transport) on their way to the surface. The collisions are either
elastic scattering with atomic cores, which cause large deflections in trajec-
tories, or energy loss collisions by scattering with other electrons, contingent
on the availability of electronic states. As a result of such inelastic scattering,
the electrons which succeed in escaping the solid come from a shallow depth,
of the order of 2 nm for metals and semiconductors and up to a few tens of
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nm for insulators. In the latter case, the depth of origin of electrons is limited,
at low primary energies, by the slowing down of the projectile mainly as a
result of ion–atom collisions. Electron escape involves energy loss through the
surface barrier and change of momentum perpendicular to the surface.

The main observable in electron emission is the average electron yield γ
(number of electrons ejected per primary particle), either as an integral quan-
tity or in the form of distributions of electrons according to their energies,
angles of emission, and spin state. Emission events are statistically distributed;
i.e., the yield fluctuates around the mean value γ and is described by proba-
bilities Pn of emission of n electrons per projectile (

∑
Pn = 1;

∑
nPn = γ).

At the low impact velocities of interest, only low n (0, 1, 2) are important [2].
Experiments show that γ is at most ∼2–3 and depends critically on the elec-
tronic structure of the surface. Large increases in γ are detected when going
from clean metals to gas-covered surfaces. The energy of emitted electrons
is less than 20 eV, typically peaking at a few eV, while the distribution of
emission angles with respect to the surface normal is cosine or below cosine.
For single crystals, the angular distribution is strongly affected by diffraction.

2.2 Physical Mechanisms

The fundamental physics of electron emission in slow ion–surface interactions
has been reviewed in detail, with emphasis on atomically clean surfaces. See
reviews in books [3–7] and specific articles on kinetic [8,9] and potential [10,11]
electron emission. Here, the focus will be on slow singly charged ions mostly
impacting gas-covered surfaces, typical of electrical discharges.

2.2.1 Excitation Mechanisms

In the impact energy range of interest, two main electron excitation mech-
anisms can be broadly distinguished, kinetic and potential, depending on
whether the excitation energy is provided by the motion of the projectile
or its potential energy. The potential and kinetic emission mechanisms are
not exclusive of collisions at surfaces but also happen in two-body gas-phase
collisions. Both mechanisms can only occur above an energy threshold related
to U , the minimum energy required to free an electron. It is typically assumed
that the electron comes from the surface and has a binding energy that is not
much affected by the incoming particle. This is a good approximation for met-
als, where U is equal to the work function and falls in the approximate range
1.5–6 eV. In nonmetals (semiconductors and dielectrics), U is often approx-
imated by the minimum binding energy of a valence electron, as usually it
costs less energy to remove an electron from the solid than from the incom-
ing atomic particle (its ionization potential). In this case, U is equal to the
surface band gap plus the electron affinity. Values range approximately from
4 to 11 eV.
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In potential electron emission (PEE), electron excitation results from the
conversion of internal energy ε brought by an ion or an excited atom, through
a two-electron Auger process. Such process can be Auger capture where an
electron from the solid is captured by the ion and another electron is excited
or Auger deexcitation where an excited projectile relaxes to a lower state
transferring the energy to another electron. For electron emission to occur,
the energy released in the Auger process, ε−U , has to exceed U (i.e., emission
requires ε > 2U). For most singly charged ions, PEE does not occur at surfaces
that have been exposed to the atmosphere, since the relation ε > 2U is not
generally satisfied for adsorbed molecules.

In kinetic electron emission (KEE), electrons are excited as a consequence
of time-varying Coulomb interactions between the nuclei and electrons of the
incident particle and the surface, within the constraints of the Pauli exclusion.
Here, several mechanisms are possible, depending on the type of surface. In
metals, projectiles can interact with loosely bound (“conduction”) electrons
and shallow core levels (such as the d-band in light transition metals). Deeper
core levels are not accessible at the energies of interest. Binary collisions of
“free” valence electrons of the targets with the screened Coulomb field of the
projectile are the dominant excitation mechanism for light projectiles (H, He,
Li) on metals. A collision with a nearly free electron cannot result in a large
energy transfer because the mass mismatch between the heavy particle and
the electron prevents transferring sufficient momentum. The maximum energy
transfer to an electron by a much heavier atomic particle occurs in head on
collisions, where the electron gains twice the projectile velocity after a single
scattering. The resulting energy transfer is T = 2mv(v + ve), where v and ve

are the velocity of the projectile and the target electron before the collision,
respectively, and m the electron mass. Therefore, there is a minimum impact
velocity that will result in a free electron excited to a state with energy above
the vacuum level, when T = W , given by [12]

vth =
vF

2

(√

1 +
2W

mv2
F

− 1

)

, (2.1)

where W is the work function, vF the Fermi velocity, and m the electron
mass. This corresponds to 1.5–3 × 107 cm s−1 (117–470 eV amu−1) for most
metals, consistent with extrapolation of the experimental results for light
projectiles [12]. Deviations from (2.1) contain information on the velocity
distribution of electrons at the surface [13].

For heavy projectiles, the observed threshold velocities are an order of
magnitude lower than (2.1). This is due to an additional electron excitation
mechanism. This is the electron–electron interactions during the interpenetra-
tion of the electron clouds of the projectile and one of the target atoms which
promote electronic levels directly into the ionization continuum or through
autoionizing states [14].
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A direct demonstration of the importance of excitations in such binary
atom–atom collisions below the free electron threshold of (2.1) was made by
Rabalais et al. [15] who studied the impact parameter dependence of KEE in
collisions of 4 keV Ar+ with Ni(110) and found that electron emission required
a minimum impact parameter in a collision below 0.3 Å.

In binary collisions between projectile and a target atom, the minimum
possible threshold for KEE allowed by energy conservation is when the
center-of-mass energy equals U . However, quite above this threshold the elec-
tron yield is usually undetectable above the background of other secondary
processes.

2.2.2 Separation of PEE and KEE

PEE and KEE are separable in two limiting cases. When Ecm < U , and
ε > 2U , only PEE can occur. If, on the other hand, ε < 2U and Ecm > U ,
electrons can only be ejected by the kinetic mechanism. In KEE, the threshold
condition is when the maximum energy transfer is equal to U . Energy transfer
center-of-mass energy Ecm has to exceed U . PEE does not require the motion
of the projectile but can be affected by it, whereas KEE can be affected by the
degree of excitation of the projectile. Electron emission statistics have been
used to separate PEE and KEE for singly charged ions, based on the fact that
PEE generally results in at most one electron being emitted [16].

2.2.3 Electron Transport and Escape into Vacuum

At low projectile impact energies, many of the electrons are emitted from the
surface layer and it is difficult or incorrect to separate scattering inside the
solid and transmission through the surface barrier. Inside the solid, excited
electrons undergo a cascade of collisions until their energy is degraded into
heat or stored in long-lived excited states. Those excited electrons which are
directed outward may cross the surface of the solid and escape before being
thermalized, giving rise to electron emission. Therefore, the energy distri-
bution of emitted electrons does not represent an equilibrium situation. An
important characteristic of the low-energy ion impact case discussed here is
that the vast majority of the initially excited electrons have very small kinetic
energies, insufficient to excite additional electrons above the vacuum level.
That is, electron multiplication [17] is typically unimportant.

2.3 Electron Yields

Experiments involve measuring the dependence of electron emission on dif-
ferent factors. These include the projectile and target properties and the
bombardment geometry. Important properties of the projectile are its excita-
tion and ionization state, its mass, and whether it comes as a single atom,
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a molecule, or a cluster of atoms. Relevant target properties are the elemen-
tal composition and atomic and electronic structure in the surface region,
the magnitude of surface electric fields, the temperature, and, for magnetic
materials, the degree of magnetization. The relevant geometrical factors in
experiments include the angle of incidence with respect to the surface and to
the possible preferred crystallographic planes.

Electrons can absorb a much larger energy transfer (even a substantial
fraction of the center-of-mass energy in the collision) if they are not free, but
bound to atoms. In this case, the treatment of the collision is similar to that
of ionization in gas-phase collisions, where electronic excitations occur due
to electron–electron interactions which promote electronic levels directly into
the ionization continuum or through autoionizing states [5]. Atom–atom col-
lisions can excite electrons from the projectile or the target and are thought
to be the main mechanism ejecting electrons during impacts on gas-covered
surfaces [18]. The atomic collisions considered here can occur between a pro-
jectile atom and a target atom, between fast target recoils and other atoms, or
even between atoms in the projectile in the collision spike formed on impact.

2.3.1 Dependence of the Electron Yields on Ion Velocity

Early measurements using atomic ions have shown that, at low velocities, the
KEE yields have the velocity dependence

γ = γo(v − vth), (2.2)

for ν not too close to νth. The extrapolated value of νth is ∼4.5 × 106 cm s−1

(10.6 eV amu−1) for gas-covered surfaces [19, 20], roughly independent of the
type of bombarding ions. The implicit acceptance of (2.2) has influenced the
way data have been plotted in the literature. One can ask whether the extrap-
olated value νth is affected by a limited experimental sensitivity or the way
the data are plotted. KEE yields induced by Xe+ ions on atomically clean
gold [21, 22] depart from the linear behavior of (2.2) and do not have a
definite threshold down to ν = 1.2 × 106 cm s−1 (100 eV). KEE down to
1.5 × 106 cm s−1 (160 eV) has previously been observed by Waters [23] for
Cs on W who also found that gas adsorption increases the electron yields by
three orders of magnitude at these low velocities. We will return to this last
point later, because of its significance for discharges.

The model of KEE resulting from binary low velocity atomic collisions
suggests that the projectile velocity be measured in terms of the characteristic
velocity

vc =
a∆E

�
, (2.3)

which follows from Massey’s [24] adiabatic criterion, where a is the range of the
interaction causing the transition with energy defect ∆E. At low velocities,
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this suggests a similar dependence that has been proposed for ionization
collisions in the gas phase, using a straight-path approximation [25, 26],

γ = γo exp(−vc/v), (2.4)

or a sum of exponentials if several processes are present with different values
of νc. Breaks in the plot of log γ vs. 1/ν could then be used to identify different
excitation channels.

In the limit of very low velocities, (2.4) should break down for at least two
reasons (1) the inability to reach interatomic distances where the coupling to
the continuum is sufficiently strong and (2) the existence of an absolute binary
threshold when the center-of-mass energy equals U . Situations close to this
absolute binary threshold have been identified in the impact of relatively light
ions on gas-covered surfaces [18], from comparisons with gas-phase ionization
cross sections.

Beyond the binary collision approximation, the minimum possible thresh-
old results from energy conservation, when the projectile energy equals U .
For this to occur, the lattice has to absorb all the momentum of the projectile
and all the available energy has to go into the excitation of a single electron.
This is very unlikely for heavy particle impact, since there is a large number
of alternative pathways for the dissipation of the incident energy.

2.3.2 Electron Energy and Angular Distributions

Ferrón et al. [27] have measured electron energy distributions for 4 keV Ar+

on clean and oxidized Al and Mo surfaces. The peak of the distributions
occurs at a few eV and there are relatively fewer high-energy electrons from
oxidized surfaces. Other collision systems are characterized by electron energy
distributions with sharp or broad peaks characteristic of specific processes,
such as autoionization, plasmon decay, or the decay of shallow core levels [5].
Recently, the method of factor analysis of energy distribution curves has been
used to identify different mechanisms of ion-induced electron emission [28].

The angular distribution of ejected electrons has, in general, a cosine
dependence on angle with respect to the surface normal. Structure is super-
imposed on this dependence in the case of experiments on single crystals, due
to the diffraction of the electrons [29].

2.3.3 Electron Emission from Contaminant Surface Layers

Figure 2.1 depicts the results of analytical expressions given by Phelps and
Petrovic [30] for electron yields γi (γa) from metal surfaces under the impact of
Ar+ ions (Ar neutrals) both for clean and contaminated (dirty) surfaces, based
on a compilation of experimental data. This graph serves to illustrate several
points. For Ar+ on clean surfaces, the electron yields are constant at very
low energies, indicating the predominance of PEE. In contrast, Ar neutrals,
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Fig. 2.1. Electron emission yields for argon ion and atom bombardment for clean
(dashed curves) and dirty (continuous curves) metal surfaces (adapted from [30])

which carry no potential energy, do not produce PEE. The electron yields for
neutrals are exclusively due to KEE and increase rapidly with energy above
a threshold which is below 40 eV. The KEE component of Ar+ is essentially
the same as that of Ar, due to the spatial separation of the PEE and KEE
mechanisms. PEE occurs outside the surface by Auger neutralization produc-
ing neutral Ar which then enters the solid producing KEE. For dirty surfaces,
the PEE yield by Ar+ is suppressed, a general property of PEE caused by the
stronger bonding of electrons in adsorbates compared to metals. Strikingly,
the KEE yield, seen clearly for neutral Ar, is much larger for dirty than for
clean surfaces and the ratio decreases with increasing projectile energy, as
reported earlier [31].

This behavior of dirty surfaces is similar to that of insulators which also
have larger KEE yields than for clean metals or semiconductors. In most
of the literature, this is attributed to a larger mean electron escape depth
due to the reduced electron scattering for electron energies below the band
gap. However, this effect is not important at the low energies appropriate to
electron discharges, where ion penetration is very shallow. A more important
factor is the easier electron escape from insulators due to a reduced surface
barrier.

Comparative experiments on the adsorption of oxygen on clean Al and Mo
surfaces showed very large effects on the yields [27] with γ increasing for Al
and decreasing for Mo. Since one can expect a similar electronic configuration
in the oxygen in both cases, the reason for the large differences in the two
materials is not likely to result from differences in direct excitation. Rather,
it was argued that yields were mainly affected by the change in the surface
barrier but not necessarily related to changes in the work function.
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2.4 The Role of Ion-Induced Electron Emission
in Glow Discharges

The pivotal role of electron emission yields in electrical discharges has become
better understood in the last decades. Recent complex numerical models
[32–39], categorized as fluid, kinetic (Monte Carlo), and hybrid (combina-
tion), have shown that the modeled discharge characteristics are seriously
influenced by the accuracy of the input data. Models require realistic cross
sections for electron, ion, atom and photon collisions with the gas, as well as
realistic probabilities for electron, ion, atom and photon interactions with elec-
trode surfaces. Whereas the data for modeling the relevant gas-phase processes
are relatively well known [30,39, 40], those describing electrode processes are
often uncertain, such as the electron emission yields from cathode materials
under actual gas discharge conditions. Therefore, there has been significant
effort spent lately in understanding issues associated with secondary electron
emission processes in modeling the characteristics of gas discharges [30,40–45].

A comparison with measured voltage–current characteristics is generally
the first way to check the results of model calculations. An important param-
eter is the ratio of the electron to ion current densities at the cathode surface,
γ′ = Je,tot/Ji,tot, called the apparent or effective secondary electron emis-
sion yield per ion. The derivation of this quantity is not trivial, since several
particles (positive ions, metastable atoms, fast neutrals, and photons) con-
tribute to electron emission from the cathode and their relative importance
changes with the operating parameters and conditions of the discharge. Fur-
thermore, as compared with ion beam measurements of electron emission
yields of heavily sputtered samples in ultrahigh vacuum, cathode materials
operated under discharge conditions can have significantly different secondary
emission yields [30]. Nevertheless, until recently, it was common practice to
assume a value of γ′ independent of discharge conditions. An example of the
effect of the choice of γ′ is shown in Fig. 2.2, taken from [39], depicting the
voltage–current density curve of the helium discharge for pL = 3 Torr cm,
where p is the pressure and L the electrode separation.

The simulation is based on a 1D hybrid model, using different values of γ′.
As can be seen from Fig. 2.2, the particular choice of the value of γ′ results in
pronounced differences in the calculated curves, none of which are consistent
with experimental data. We note that the curve obtained assuming γ = 0.3,
a value that corresponds to typical electron yields for He+ on clean metal
surfaces, disagrees strongly with the experimental data. Figure 2.2 reports also
the characteristic obtained from a fluid model calculation, using γ′ = 0.16. It
agrees quite well with experiment, suggesting that cathode was not cleaned
by the low-sputtering yield of He since contaminated surfaces have low PEE
yields. However, as discussed in [39], the fluid model fails to reproduce other
characteristics of the discharge, such as the spatial distributions of ion and
electron densities.
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Fig. 2.2. Electrical characteristics of helium glow discharges. The 1D hybrid mod-
eling results (filled symbols) obtained for pL = 3 Torr cm are shown for apparent
secondary electron yield values γ = 0.1, 0.13, 0.16, and 0.3. kTe = 0.3 eV is assumed
in the model. The dashed line is the result of a fluid calculation with γ = 0.16 and
kTe = 1 eV, while asterisk denotes experimental data obtained at pL = 3.38 Torr cm
(from [39])

Phelps and Petrovic [30] reviewed the processes responsible for the pro-
duction of the initial secondary electrons required for the growth of current
at electrical breakdown and for the maintenance of cold-cathode discharge in
argon, a commonly used as a benchmark gas for discharge studies. These elec-
trons are produced in collisions of Ar ions, fast Ar atoms, metastable atoms,
or photons with the cathode or in ionizing collisions of fast atoms or ions
with the neutral Ar atoms in the gas phase. Since electron emission yields for
ions, fast atoms, metastable atoms, and photons vary greatly with particle
energy, surface conditions and discharge conditions, the effective yield γ′ has
to include the effect of all the relevant mechanisms as accurately as possible.
The authors assembled a large amount of data for photoelectric yields and
secondary electron emission yields by argon ions and fast argon atoms, as a
function of ion and atom energy, for a large number of different metal surfaces,
both clean and dirty. Since data for different metal surfaces are rather close
to each other, they made analytical fits [30, 46] for electron emission yields
as a function of impact energy for both clean and dirty surfaces, as shown in
Fig. 2.1. The fits should be best for KEE yields from contaminated surfaces
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because of the insensitivity to the target material. For clean surfaces, it is
better to use the PEE yield from the fit to a large number of materials [47]

γp = 0.032(0.78Ei − 2φ). (2.5)

Here Ei is the neutralization energy of the ion and φ the work function of
the surface. For contaminated surfaces, the PEE is quite smaller, as shown in
Fig. 2.1 for Ar+ (Ar0 only produces KEE). In this case, there is no equivalent
expression to (2.5) since yields depend not only on φ but also on the type of
contaminant.

The analytical expressions provided by Phelps and Petrovic stimulated sev-
eral studies that improved the description of discharge processes in argon [30,
39, 41–45]. Given the energy-dependent electron yields for each relevant pro-
cess, the apparent yield can be calculated self-consistently from the simulation.
As an example of the procedure, we mention here the work by Bogaerts and
Gijbels [41] who developed a hybrid model to describe the discharge condi-
tions typically used for analytical glow discharge mass spectrometry. In this
technique, the material under analysis is used as the cathode of the glow dis-
charge, and the particles sputtered by energetic plasma species are identified
by mass analysis. Under the typical conditions of such a discharge, only Ar+

and fast Ar play a significant role in electron emission from the cathode. Hence
the apparent yield can be calculated from the simulation as

γ′ =
Je,tot

Ji,tot
=

∫ Ei,max

0
Fi(E)γi(E)dE +

∫ Ea,max

0
Fa(E)γa(E)dE

∫ Ei,max

0
Fi(E)dE

, (2.6)

where γi(E) and γa(E) are the yields induced by ions and atoms shown in
Fig. 2.1 while Fi(E) and Fa(E) are the calculated ion and atom flux energy
distribution at the cathode. The energy distributions Fi(E) and Fa(E) depend
on discharge conditions and may significantly affect the value of the effective
yield. For example, the model of Phelps and Petrovic calculates the effective
yield describing the fluxes of electrons, ions, atoms, and photons in a spatially
uniform electric field. Attempts have been made to use this effective electron
yield, calculated for a uniform electric field, to model also the cathode fall of
abnormal glow discharge [40, 46]. The failure of these attempts led to intense
debate [39, 40, 44, 46, 48], recently clarified by Donkó and coworkers [39, 44].
Using a hybrid model, they showed that the different electric field distributions
result in dissimilar energy distributions of species bombarding the cathode,
thereby modifying the effective electron yield. This points to the important
fact that the electron emission yields induced by ions and neutrals (γi(E) and
γa(E)) can be used in the simulations, but the effective yield γ′ has to be
calculated under the actual discharge conditions.

The analytical expressions for γi [30, 46] were recently used in modeling
the breakdown behavior in radiofrequency argon discharges [49]. The depen-
dence of γi on the incidence angle θ was included and taken to be ∝ 1/ cos θ.
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It was found that, at low gas pressures, the breakdown voltage is a multivalued
function of pressure, i.e., a single pressure corresponds to several breakdown
voltages [50]. The multivalued branch of the breakdown curve could be repro-
duced only by taking into account the energy dependence of the ion-induced
secondary electron emission yield. The inclusion of the angular dependence of
the yield improved the agreement with experimental data.

It is important to remark that many of the above-mentioned studies used
the yields γi and γa for “dirty” metal surfaces. However, it is known that, for
untreated metal surfaces, the KEE yields decrease with successive sputtering
cycles as contaminants are removed [47] while, at energies below a few hundred
eV, the PEE yields increase upon sputter cleaning. Furthermore, changes in
the electron emission yields, due to spatial and temporal modification of the
surfaces of electrodes during the discharge, can produce plasma nonuniformi-
ties and instabilities in discharge parameters [51], which are major concerns
in plasma-based processing of materials, such as film growth and etching.

We now consider the magnetically assisted magnetron glow discharges,
where secondary electrons are trapped in the region near the cathode by an
external magnetic field. The electron confinement allows operation at low
pressures of a few millitorrs with typical applied voltages between 200 and
500V, making the magnetron discharge very convenient for sputter deposi-
tion. The magnetic field strength is adjusted to avoid affecting the ions, which
are extracted from the plasma and hit the cathode, where they give rise to
sputtering and electron emission. Models of the magnetron discharge [35,42],
discussed in the following section of the book, show that sputtering is predom-
inantly determined by ions of the buffer gas, with a much smaller contribution
of fast neutral and a marginal contribution of sputtered target particles.
Therefore, electron emission from the cathode is primarily determined by ion
impact.

The dependence of the magnetron discharge characteristics on secondary
electron yields has been investigated by self-consistent calculations. As an
example, Kondo and Nanbu [52] found with a Monte Carlo model a substantial
decrease in both the electron density and ionization rate when decreasing γ
from 0.15 to 0.12. Shidoji et al. [53] discussed the influence of the electron yield
on the current–voltage characteristic of the Ar discharge using a hybrid model,
with γ = 0.0005 Va, where Va is the applied voltage (in the range 240–400V).
The authors found that the Va in the simulated J–V characteristic was lower
than the experimental value obtained with a Cu cathode, and an agreement
required halving the value of γ, which they state would make it too small
compared to experimental values. The authors attributed the discrepancy to
diffusion loss of electrons.

2.4.1 Effect of Electron Recapture at the Cathode

Inelastic collisions and a fraction of elastic collisions prevent the ejected elec-
trons from returning to the cathode. However, since the electron mean free
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path is inversely proportional to pressure, at the low gas pressures of a mag-
netron discharge [42,54,55], a significant number of these electrons can return
to the cathode and be recaptured without producing ionizations. The effect of
electron recapture on the argon discharge characteristics has been discussed in
a simplified [54] and a detailed model of the dc planar magnetron [42]. Since
electron emission from the cathode is primarily determined by ion impact, the
effective electron emission yield is given by [42]

γ′ =
Nej − Nrec

Nion
= γ′

ion − Nrec

Nion
, (2.7)

where Nej is the rate of electrons produced by ion impact, Nrec the rate of
electrons recaptured at the cathode, and Nion the rate of ion impacts on the
cathode. The effective electron yield without recapture, i.e., only due to ion
impact at the cathode, is given by γ′

ion = Nej/Nion. The authors calculated
γ′
ion using the energy-dependent expression for γi given for clean metal sur-

faces [30]. For these types of surfaces, Fig. 2.1 shows that at the Ar+ energies
typical of a magnetron discharge electron emission is determined by PEE with
a nearly constant yield. The effective yield γ′ is a function of the pressure and
the electron reflection coefficient RC, which in turn depends on the cathode
material, including contaminant layers. Kolev and Bogaerts [42] calculated
that γ′ is significantly reduced by electron recapture and exactly one half of
γ for the intermediate value of RC = 0.5.

The influence of different discharge parameters on the discharge voltage
during magnetron sputtering has been recently discussed by Depla et al. [55]
who compiled a list of electron emission yields for several metals from experi-
mental data and empirical formulas found in literature [47,56,57]. As seen in
Fig. 2.3, the discharge voltage for constant current operation of the magnetron
resulted inversely proportional to the PEE yield of the target material [58].
This finding can be understood on the basis of the well-known equation pro-
posed by Thornton [59] for Vmin, the minimum discharge voltage to sustain a
magnetron discharge,

Vmin =
W0

γ′εiεe
, (2.8)

where W0 is the effective ionization energy (≈30 eV for Ar+), εi the ion collec-
tion efficiency, and εe the fraction of the maximum number of ions Vmin/W0

that can be made on average by a primary electron before it is lost from
the system. Expressing the effective yield γ′ as the product of the ion-induced
electron emission yield of the target material γi and the effective gas ionization
probability E(p) [56], we get

Vmin =
W0

E(p)γiεiεe
. (2.9)

Assuming a material-independent recapture probability and a constant
pressure leads to the inverse proportionality between the discharge voltage
and γi, reported in Fig. 2.3.
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The electron emission properties of the cathode material influence also the
I–V characteristics of the discharge. The measured I–V curves [56] have been
reproduced by the equation I = β(V − Vmin)2 [60], where β is a constant. As
shown in Fig. 2.4, the value of β increases with increasing γi. As discussed
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in [56] this is because, for a fixed discharge voltage, a higher γi produces
a higher plasma density [52], which means a lower plasma impedance and,
therefore, a higher value of β.

2.4.2 Effect of Changes in the Chemical Composition
of the Cathode

It is noteworthy that, for some target materials (Al, Cr, Mg, Nb, Re, Ti) at low
discharge current, the discharge voltage decreases with increasing current [55],
possibly due to target contamination by residual gases during sputtering.
Indeed, since water is the main species in the residual gas, its chemisorption
on target surfaces cannot be ruled out, especially at low discharge current.
Chemisorption is critical in reactive magnetron sputtering of a metallic target,
where a reactive gas is added to the discharge to deposit a compound material.
The addition of the reactive gas results in the formation of a compound mate-
rial not only on the substrate (anode) but also on the target (cathode) where
its formation is balanced by the sputtering process. This changes the electron
emission properties of the cathode which, together with the modification of the
plasma composition, changes the plasma impedance. At a constant discharge
current, this change of the plasma impedance results in a change of the dis-
charge voltage. Whether the voltage increases or decreases with respect to the
discharge voltage with metallic targets depends on the target material [61–63].
It has been found [60] that the discharge voltage during reactive sputtering of
aluminum decreases when adding oxygen or nitrogen, in contrast to the case
of other metallic targets. The difficulty in the understanding of these contrast-
ing behaviors is that both the target condition and the plasma composition
change when adding the reactive gas.

A series of interesting experiments [58, 64] have been recently performed
to study the behavior of the discharge voltage, at constant current, during
reactive sputtering of oxides. In these experiments, the metal target is first
sputtered in pure Ar until a constant discharge voltage, VAr, is established.
Then Ar was replaced by pure oxygen and the new discharge voltage, VO2 ,
was measured. In a third step, O2 was replaced with Ar and the discharge
voltage with the oxidized target, Vox,Ar, was measured. In this way Vox,Ar

can be directly compared to VAr, since both are measured under identical
experimental conditions and plasma composition. As shown in Fig. 2.3, the
measured discharge voltage for metallic targets VAr is inversely proportional
to the ion-induced electron emission yield γi of the target. A straight line can
be fitted to the data in Fig. 2.3

1
VAr

= A + Bγi. (2.10)

Given the fitting coefficient A and B, which are only valid for a given series of
experiments because they depend on the experimental conditions (discharge
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current, pressure, and magnetic field), the authors attempted to extract the
electron emission yield of the oxidized target as

γi,ox =
1
B

(
1

Vox,Ar
− A

)

. (2.11)

The literature data for ion-induced emission yield of oxides are scarce. For
magnesium oxide, the authors found a value of 0.4, which is of the same order
magnitude of the value of 0.2, measured by ion beam experiments [65,66]. We
note here that the yield obtained by this procedure should be more properly
compared with the effective yield without recapture, γ′

ion as defined in (2.7),
and may not be directly compared with ion beam-induced emission yields γi.
In fact, (2.9) and (2.10) are based on a compilation of PEE yields for clean
metal surfaces, i.e., constant yield γi in the ion energy range of interest for
magnetron discharge for which γ′

ion = γi (see, e.g., (2.6)). For dirty or oxidized
surfaces and in general for KEE, there will be differences between γi and γ′

ion,
this last being determined by the dependence of γi on ion energy and by the
ion energy distribution at the applied discharge voltage. The extent of this
difference will depend on the narrowness of the ion energy distribution, but
it should be carefully taken into account as it can be a source of discrepancy
when comparing electron emission yields obtained by different experimental
techniques and procedures.

Another source of discrepancy may be the assumption of a constant prob-
ability of recapture of electrons at the cathode. Chemisorption affects the
electron recapture at the cathode and hence the effective ionization probabil-
ity. As shown by Babout et al. [67] for copper, the electron reflection coefficient
decreases with oxygen exposure, i.e., recapture becomes more important.

A remarkable finding of these experiments is that two groups of materi-
als could be distinguished from the analysis discussed above: one where the
electron yield increases on oxidation (Al, Ce, Li, Mg, Y) and one where it
decreases (Cr, Nb, Re, Ta, Ti). This finding is in apparent contrast with
the generally accepted idea that oxide materials have larger yields than met-
als, although it is not inconsistent with the different behavior of Al and Mo
upon oxidation [27], mentioned above. A suggestion for the uneven behavior
of different materials upon oxidation has been proposed based on a study by
Wittmaack [68] of electron emission from n-type silicon bombarded with O+

and O+
2 ions. A conclusion of this work is that the enhanced electron yield

generated by oxygen implantation in silicon is directly proportional to the
fractional coverage of the surface with SiO2 islands growing at the bombarded
surface. Isolated oxygen atoms embedded in Si or suboxides (SiOx, x < 2)
apparently produce only a negligible change in the electron yield. This inter-
pretation, however, has not been accompanied by arguments based on electron
excitation, transport, and escape mechanisms. Based on Wittmaack’s work,
Depla et al. [58] concluded that the discharge voltage behavior during reactive
sputtering of metal oxides originates in the formation of an oxide layer of the
order of 1–2nm, as estimated from the sum of the ion range and the straggle
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of the oxygen implanted during the plasma oxidation. The formation of this
oxide layer changes the electron yield of the target; depending on the type
of oxide formed during plasma oxidation and subsequent sputtering in argon,
the yield is high (oxides) or low (suboxides). The low yield of suboxides is a
very interesting feature that has not yet been elucidated and deserves further
investigations with the use of in situ surface analysis techniques.

2.5 Outlook

The description of the understanding of physical mechanism and its appli-
cation to some types of gaseous discharges points to directions for research.
The most important variable in electron emission seems to be the state of
the surface, which changes dynamically during the operation of the electric
discharge. This is because of the competition of sputtering which removes
native surface contamination and chemical alterations due to ion implanta-
tion (in reactive discharges) and recondensation of impurities from surfaces
in the vacuum system. Possibly the most promising first step would be the
study of electron emission yields using reactive gas ions over a range of tar-
gets, incident energies, and accumulated ion fluences. Fundamental studies
need to relate observed changes in electron yields to measured changes in sur-
face composition, as determined, e.g., by X-ray photoelectron spectroscopy.
This is particularly important to understand the materials dependence of the
changes of electron yield upon oxidation.
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