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Preface

These notes are based on the lecture ”Plasma Surface Physics” in the
summer semester 2021 and are based on earlier lectures on plasma-surface
interaction and layer diagnostics and emerged in 2004/05. As main sources,
the books by Liebermann and Lichtenberg (Principles of Plasma Discharges
and Materials Processing), Zangwill (Physics at Surfaces), Venables (Intro-
duction to Surface and Thin Film Processes), Barabasi and Stanley (Fractal
Concepts in Surface Growth) and Nastasi, Mayer, Hirvonen (lon Solid In-
teraction) were used. The section on vacuum physics is based on Leybold
(Fundamentals of Vacuum Technology). These notes are not intended to
replace these books and are understood as a supplement.
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Chapter 1

Introduction

Reactive plasmas are an essential part of plasma technology. The use of
low-temperature plasmas often aims to synthesize a coating from a gaseous
compound or to etch a surface. In a plasma discharge, a source gas is dissoci-
ated and ionized, and the reaction products are deposited on the surrounding
surfaces. The essential advantage of this process is the fact that dissociation
already takes place in the gas phase and not only on the surface. In other
processes, such as chemical vapor deposition (CVD), the surface to be coated
usually has to be hot to initiate the dissociation of the starting molecule. In
plasma-enhanced chemical vapor deposition (PCVD), the surface can remain
at room temperature. This is an invaluable advantage, as the choice of sub-
strates thus becomes almost arbitrary.

Figure 1.1: Material conversion in reactive plasmas.



CHAPTER 1. INTRODUCTION

The material conversion in reactive plasmas can be schematically written
as a balance equation:

=nengk  — = (1.2)

The generation of reactive particles with density p essentially occurs
through collision reactions of electrons with density niwith the neutral gas
with density ngq with the rate coe cient k. The con nement of the reactive
particles in the plasma volume is expressed by a con nement time . Thus,
the following equilibrium concentration is established:

N = (7} |{r}§ Ng r%'lz'e? (1.2)
Reactor plasma Plasma

Here, the reactor geometry, the gas ow, and the pumping power de-
termine the residence time of the gas in the reactor. The plasma density is
predetermined by the heating power, while the electron temperature depends
on the plasma type and the boundary conditions.

If the reactions of the reactive particles among themselves are neglected,
the absolute density of a reactive particle nis essentially determined by the
con nement time : if the particles are very reactive, they are lost upon
the rst wall collision; a high density cannot form in the plasma. Without
additional information, one cannot distinguish from the observation of a low
density n, whether the production rate of these particles is low or whether
they have a high loss probability upon a wall collision. This contradiction is
often overlooked in the literature.

When considering the interface between a plasma and a solid, several
established disciplines of physics meet:

~ Plasma Physics: In plasma physics, the plasma edge layer is described
by several models. In these models, the particle ux of ions and neu-
tral particles onto a surface can be predicted in terms of the number of
particles and the energies of the particles. However, the boundary con-
dition of the surface for the incident particle ux is often only roughly
captured with simple loss probabilities (often 1, i.e. every incident
particle is lost).

N

lon Beam Physics: There is the very established discipline of ion beam
techniques in which the course of a collision cascade of an incident ion
in a solid is described. This physics is needed to describe the sput-
tering of solids as it occurs in accelerators and in nuclear physics in
the interaction of high-energy ion beams with a target. The codes and

7 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 1. INTRODUCTION

models are very well developed, but they contain no chemical compo-
nent. Furthermore, these codes often model processes that only occur
on the time scale of a collision cascade from fs to ps. Slower processes
such as di usion are not captured.

N

Surface Physics: In surface physics, the nature of the interfaces is in-
vestigated in great detail. Here, the adsorption of a molecule on a
reactive surface (e.g. CO on ruthenium) is often considered. Depend-
ing on the temperature and surface structure, di erent adsorption and
dissociation channels result. The consideration of these systems is al-
most inverse to those in the interaction of a plasma with an interface.
In the case of a plasma, the particles are often the reactive reaction
partners (e.g. H atoms, SiH radicals), so that the surface itself can
initially be inert (e.g. Si crystal). In this sense, one must invest a lot of

e ort in the preparation of the plasma in a plasma experiment, while
in pure surface physics, a lot of e ort is invested in the preparation
of the surfaces (e.g. preparation of a metal single crystal in ultra-high
vacuum at 102 mbar). The exposure is then very simple by setting
a gas pressure of stable molecules as reaction partners; with the im-
pingement rate according to gas kinetics, the ux of reaction partners
is automatically set.

However, several di culties arise in the processes at the plasma-solid
interface:

" Surface establishes itself: At the plasma-surface interface, the intense
particle ux generates a modi cation of the surface, which settles at
a certain equilibrium value. This is the end of the reaction partners
for the incident particles. For this reason, the base pressure of an
experiment, which is so important for pure surface physics, is not so
signi cant for the consideration of the plasma-surface interaction, since
the plasma rst creates the exact surface (e.g. the growing Im or the
etched surface). Therefore, it is also essential to observe these interfaces
as in-situ and in real-time as possible. If a surface is analyzed only after
plasma exposure, many changes may have already occurred.

A

Heterogeneous processes: In the processes at the plasma surface, syner-
gies and anti-synergies between the incident particle species can often
occur. For example, there is the process of chemical sputtering, in
which the simultaneous interaction of ions and reactive neutrals rst
leads to erosion. i.e. the separate investigation of the ion-solid and the
neutral-solid interaction alone will not bring the desired clari cation.

8 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 1. INTRODUCTION

" Complex particle spectra: A reactive plasma is initially generated from
a simple source gas. However, plasma chemistry leads to the formation
of a variety of species, all of which can impinge on a surface and react
there. The complexity of these surface processes is signi cantly higher
than that of a simple adsorption process of e.g. CO on a metal surface

(from the perspective of surface physics, such a reaction is already very
complex).

© A. von Keudell, Ruhr-Universit Art Bochum



Chapter 2

Surfaces

In the following, some fundamental laws and concepts of surface physics will
be introduced. With this knowledge, it is possible to check the plausibility

of hypotheses for individual plasma-surface processes. Direct experimental
veri cation is often not possible, as there is usually no precisely de ned and
well-studied surface physics experiment for these processes. For example, the
surface reactions of molecular radicals are decisive for plasma deposition, but
there are no precisely de ned single-particle experiments for these reactions
under ultra-high vacuum conditions.

2.1 Basic Concepts

2.1.1 Coverage

The coverage of a surface with a surface density of adsorbed atoms or
molecules Rqys is generally expressed as:

Nads
= 2.1
= (2.1)

Here, it should be noted that the total number of adsorption sites g
depends on the system and does not necessarily correspond to the surface
density of the surface atoms. #is thus a normalization and often denotes
the maximum surface density that can be achieved for an adsorbate.

2.1.2 Sticking Coe cient

The interaction of neutral plasma species can generally be divided into several
classes. A particle can chemisorb on the surface, which is characterized

10



CHAPTER 2. SURFACES 2.2. THERMODYNAMICS OF SURFACES

by a probability s, the sticking coe cient . As another possibility, the
particle can be re ected with probability r or form a new patrticle that desorbs
with probability through a reaction with the surface. Together, these
probabilities must sum to 1:

s+r+ =1 (2.2)

For plasma technological processes, one often wants to determine the
probability with which a certain particle species contributes to Im growth
or Im erosion. However, numerous measurement methods only allow the de-
termination of the so-called surface loss probability , which corresponds
to the sum

=s+ (2.3)

i.e. on the basis of a measurement of , one can only estimate the actually
interesting quantity s. These di erent reaction pathways are illustrated in
Fig. 3.1.

Figure 2.1: The surface reaction can be divided into a fraction for sticking
s, re ection r, and surface reaction .

2.2 Thermodynamics of Surfaces

2.2.1 Surface Energy and Surface Tension

The simplest description of surfaces is based on thermodynamics. The inter-
nal energy in a closed system is given by:

U=TS pV + N (2.4)

11 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 2. SURFACES 2.2. THERMODYNAMICS OF SURFACES

The change in internal energy as a function of the extrinsic quantities
S;V and N is de ned as:

dU =TdS pdV + dN (2.5)

If a solid is split into two parts, the change in internal energy required
for this is the surface tension multiplied by the newly created surface A.
i.e. the change in internal energy by increasing the surface by an amount dA
is

du =TdS pdV + dN + dA (2.6)

However, the surface tension has two contributions:

"~ Breaking of individual bonds

First, energy must be expended when splitting the solid to break the
individual bonds. This energy is referred to as surface energy .

~ Segregation in multi-component systems

In multi-component systems, phase separation can also occur, as, for
example, component A in a system AB accumulates at the surface after
splitting. This is referred to as segregation of component A. Through
this phase separation, component A undergoes a phase transition from
a dissolved state within the solid to a dense phase at the surface. With
the change per phase i is respectively a termdn; associated.

In summary, the energy that must be expended to split the solid is the
surface energy and the change in energy during the phase transition in multi-
component systems. Both together are the surface tension :

X
= f dA + dn; 2.7
% gy v dn &1
surfacetension surfaceenergy | '_{Z_}
segregation

The geometric structure of the surface always tries to adjust itself in such
a way that the surface tension is minimized. The condition for this is
I

dA = minimum (2.8)

The surface tension has the unit [Nm ]. It corresponds to a force per
boundary line of a surface. Each crystal direction is associated with a di er-
ent surface tension . If a crystal is not split along preferred directions, many

12 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 2. SURFACES 2.2. THERMODYNAMICS OF SURFACES

step edges are created on the surface. At these step edges, more bonds have
been broken during the splitting of the crystal compared to a surface without
step edges. Therefore, the surface tension is very high in the former case
due to a large value for £ (see Fig. 3.2).

Figure 2.2: The surface tension depends strongly on the plane under which
the crystal was split.

The minimization of condition 2.8 can be observed from the external
shape of a solid if it is brought close to its melting point. In the experiment,
a small droplet of the material to be observed is placed on a heated surface.
Due to the high temperature, the individual atoms have su cient mobility
to enable any change in shape of the solid. Without the boundary condition
of a crystal, the minimization of the surface would lead to the formation
of a sphere, as in a soap bubble or a raindrop. However, in the case of a
crystal, many bonds at the surface are not satis ed and a spherical shape is
not the energy minimum in the microscopic sense. Therefore, the resulting
shape can be determined using the so-called Wul plots , as illustrated
in Fig. 3.3: for each crystal direction, a vector is drawn with a length
corresponding to the surface tension. Then, planes are constructed with a
surface normal corresponding to the -vectors. The smallest enclosed volume
then also corresponds to the shape of the crystal that is observed in the
experiment.

2.2.2 Determination of Surface Tension

The determination of the surface tension on plasma-treated surfaces is often
carried out in so-called wetting experiments. The idea of this measurement is
to analyze the conditions for the force equilibrium at the boundary line of a
droplet on a surface. The so-called contact angle (see Fig. ?7?) is set in such a
way that the surface tensions at the boundary line droplet-vacuumpy, , the
boundary line surface-vacuum gy and at the boundary line surface-droplet

sp cancel each other out. The curvature of the droplet is observed with a

13 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 2. SURFACES 2.2. THERMODYNAMICS OF SURFACES

Figure 2.3: Wul Plot. The surface tension determines the shape of a
crystal near the melting point.

suitable microscope and the value forsy can be inferred from the contact
angle (see Fig. 3.4).

sv = spt pv COS (2.9)

In many systems of plasma technology, the surface tension is dominated
by the surface energy. This surface energy is a measure of the energy that
must be expended to break bonds. In non-polar carbon- uorine compounds,
this energy is much lower than in strongly polar oxygen-containing Ims.
Therefore, a very large contact angle is observed in C:F Ims and the Ims
are usually hydrophobic, water-repellent. In oxidized surfaces, the contact
angle will be small and the Ims are usually hydrophilic, water-attractive.

Figure 2.4: The contact angle is essentially determined by the surface
tension of the surface/vacuum boundary sy .

14 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 2. SURFACES 2.2. THERMODYNAMICS OF SURFACES

In plasma technology, the case often occurs that the surfaces can become
very rough. The contact angle of these rough surfaces is characterized by the
Wenzel equation .

COS =rcos (2.10)

which links the contact angle of the smooth surface with the contact
angle  of the rough surface. i.e., in the experiment on a rough surface,
a contact angle of is observed, which is di erent from that of a smooth
surface. Since the surface tension is a force per circumference, the in uence
of a rough surface can be interpreted as a change in the force e ect at the
boundary line where the three media meet.

The proportionality constant r is the ratio of the projected area Ato the
actual area A, as illustrated in Fig. 6.1.

Figure 2.5: In the case of rough surfaces, the contact angle can be either
reduced or increased.

The morphology of the surface amplies, according to Eq. 2.10, both
the hydrophobic and the hydrophilic properties of a surface. On a rough,
hydrophobic surface, the contact area can be further reduced if the contact
angle is further increased. Conversely, in the case of a hydrophilic surface,
the contact area is maximized (see Fig. 6.1).

This can also be shown by a graphical representation of Eq. 2.10 (see
Fig. 6.2). Point 1 and point 3 correspond to the angles on a smooth surface.
If this surface is roughened, point 1 shifts to 2 and 3 to 4, i.e. the surface
becomes either more hydrophilic or more hydrophobic.

2.2.3 Crystal Growth

In surface physics, dierent forms of crystal growth can be explained by
the respective variation of the surface tension. Three typical morphologies
can be distinguished. The surface tension of the adsorbed Im is; the

15 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 2. SURFACES 2.2. THERMODYNAMICS OF SURFACES

Figure 2.6: Graphical representation of Eq. 2.10.

surface tension of the substrate is; the surface tension at the Im/substrate
interface IS g-f:

~ Vollmer-Weber s< g+ s

If the surface tension of the substrate 5 is small, the energy gain by
wetting this surface is low. Therefore, Im growth usually occurs in
the form of islands.

N

Frank van der Merwe s> g+ s=F

If the surface tension s is very large, wetting the surface can e ectively
reduce the free energy of the system. Therefore, layer-by-layer growth
IS observed.

N

Stranski-Krastanov

This mixed form between island and layer growth occurs when layer-
by-layer growth is initially preferred on a substrate, e.g. to compensate
for a lattice mismatch. However, the surface tension of the adsorbate
then predominates and island growth is observed.

2.2.4 Nucleation

Film growth is not necessarily a process that begins instantaneously, but
may require a nucleation phase. Certain equilibrium conditions between the
surface and the gas phase must exist for Im growth to begin. The internal
energy of a system is given by:

16 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 2. SURFACES 2.2. THERMODYNAMICS OF SURFACES

Figure 2.7: Depending on the surface tension, dierent forms of crystal
growth are obtained.

U=TS pVv + in; (2.11)
and

dU =TdS pdV + idn; (2.12)
i
From the comparison between the total di erential of Eq. 2.11 and Eq.
2.12, one can immediately conclude that:

X
0=SdT Vdp+ nd (2.13)

This is referred to as the Gibbs-Duhem relation . This equation links
the intrinsic quantities of a system, temperature, pressure, and chemical
potential. If one now introduces a change in one of these parameters, one
can calculate its e ect on the other intrinsic quantities. The variation of the
chemical potential with variation of pressure or temperature is therefore:

d = Ni[SdT +V dp] (2.14)

If the pressure of a system is changed from a pressurgtp a pressure
p, at constant temperature, a change in the chemical potential is obtained
according to:

z Z
1°° 1°° 1 p
= —  Vdp=— NkgT-dp=kgT In— (2.15)
N Po N Po p Po

17 © A. von Keudell, Ruhr-Universit Art Bochum
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This equation can now be used to describe a system of gaseous particles
in front of a surface. The gaseous particles have a pressure p. In equilibrium
with the surface, the gas particles in both systems, adsorbed and gaseous,
have the same chemical potential. Therefore, the pressurg gan be inter-
preted as the saturation vapor pressure, since then =0 applies.

If the pressure is now increased above the saturation vapor pressuge p
the chemical potential of the gaseous particles increases, and it becomes
more favorable for them to condense on the surface. This gas-solid phase
transition is described by the Gibbs enthalpy. This is reduced because the
gaseous particles with high chemical potential become condensed particles
with lower chemical potential. Therefore, the change in Gibbs enthalpy due
to the condensation of N gaseous patrticles is given by:

G= N (2.16)

However, the change in surface tension must also be considered in this
condensation. Additional terms result from two new interfaces, the interface
condensate-vacuum Ar and condensate-substrate Bkt With the respec-
tive surface tensions (see Fig. 2.8). Thus, the total change in Gibbs enthalpy
is:

Figure 2.8: Nucleation in the form of hemispherical nuclei.

G=N +A oF F A contact SAcontact S=F (2-17)

For particles to condense from the gas phase, the change in Gibbs enthalpy
must be negative. Let us assume that the condensate can be described by
hemispherical nuclei with radius r. The change in Gibbs enthalpy is given
by the condensation of N gaseous patrticles into a nucleus with radius r. The
surface and contact area are each quantities that scale with /%, while the
number of particles in the nucleus scales with / £.

18 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 2. SURFACES 2.2. THERMODYNAMICS OF SURFACES

4
G/ ?r?’ +r 2 2 E st o=F (218)

The variation of G with the nucleus radius r is shown in Fig. ??. It
can be seen that for very small radii, the Gibbs enthalpy rather increases.
Only for nuclei with a radius greater than a critical radius ¢ does the Gibbs
enthalpy decrease, r > .

Figure 2.9: The change in Gibbs enthalpy during nucleation as a function
of the radius of hemispherical nucleation nuclei.

If the pressure in a system is increased above the saturation vapor pressure
Po, is increased. Nevertheless, it may not be favorable for the system to
condense gaseous particles on the surface, since the decrease in G according
to N is overcompensated by the creation of new surface according to
+ rAor. Thus, no nucleation takes place! Only when, through statistical
uctuations, a nucleus has randomly formed with a radius r that is larger
than the critical radius r¢, does nucleation occur and these larger nuclei can
grow further by continuous condensation.

The radius r, can be reduced by a strong increase in , i.e. the vapor is
supersaturated. Thus, one reaches regions in whichapproximately reaches
the diameter of an adsorbate atom. When this point is reached, condensation
sets in abruptly.

Nucleation often initiates condensation processes. For example, sponta-
neous condensation in a supersaturated vapor only occurs when nuclei are
present. Example: condensation trails of airplanes.

19 © A. von Keudell, Ruhr-Universit Art Bochum
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Figure 2.10: If the gain in G through the condensation of gas atoms is
large, nucleation sets in. The shape changes with a supersaturation of the
vapor, which leads to a greater change in the chemical potential upon
condensation.

2.2.5 Roughness Transition

Finally, we want to consider another result of the thermodynamics of surfaces.
So far, the morphology of the surface has always been considered with regard
to a minimum of the surface tension. This was derived from a minimum of
the energy.

In many systems, however, one often has the situation that the temper-
ature is kept constant by a temperature bath. These isothermal systems are
better described by the free energy, which is a function of T;V;N. This free
energy in a system is given by:

F=U TS (2.19)

The free energy depends on the internal energy and the entropy according
to:

dF = SdT pV (2.20)

i.e. a system with a di erent temperature compared to the external tem-
perature bath undergoes irreversible processes until the free energy is mini-
mized. To this end, consider an island on a surface that is to be characterized
by its edge. This island edge represents an increase in energy in the system,
since the atoms at the edge lack a neighbor and their surface energy is greater.
If the energy per surface site of width a is de ned as §& the energy of a step
edge of length | is:
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I
U= an. (2.22)
How many possibilities are there for the shape of the island? We describe
a closed line of length | on the surface as an iteration from atom to atom,
where the number of possible new directions at each step is equal to the
number z of neighboring atoms. The total number of steps until the length |
is reached is |I=a. Thus, we obtain for the number of possible island contours:

=z =2 (2.22)

With this number of possibilities, the entropy of an island with circum-
ference | can be calculated as S =gkin . Together, we obtain for the free
energy:

| |
F= an Tk gInz™ = gl[E0 k gTInz] (2.23)

What does this equation mean? At low temperatures, the term &=domi-
nates and the surface remains atomically at. However, at a certain temper-
ature T, the entropy term dominates and the surface becomes spontaneously
rough, e ectively reducing the free energy. This is the roughness transition
. However, this is only observed for a few elements, since the temperature
for this transition must be lower than the evaporation temperature of the
material.

2.3 Surface structure

The structure of surfaces is determined by the minimization of the free energy.
For example, if one considers a silicon surface that has been created by
the cleavage of a crystal, the large number of open bonds represents an
unfavorable free energy. This can be reduced by a so-called reconstruction

of the surface. In this case, open bonds on the surface are connected. The
exact surface reconstruction depends on the temperature of the surface.

A famous example is the reconstruction of a silicon surface that was cre-
ated by cleavage in the crystal direction (100). The open bonds are assumed
to be saturated by hydrogen atoms at room temperature. If the substrate
temperature is increased, the surface undergoes three reconstructions as il-
lustrated in Fig. 2.11:

~ 1 1 Reconstruction
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Figure 2.11: The reconstruction of a hydrogen-covered silicon surface un-
dergoes several stages with increasing temperature.

A

N

At room temperature, two hydrogen atoms are bound to each silicon
atom on the surface. However, adjacent hydrogen atoms come so close
that their mutual repulsive interaction bends the silicon-silicon bonds
of the binding partners. Stress builds up in the surface.

3 1 Reconstruction

If the temperature is increased to about 150, the system has the
possibility to reduce this stress by desorption of Hmolecules. In doing
so, two adjacent SiH groups reconstruct to form a new Si-Si bond
and release an kKl molecule. This new Si-Si bond is, however, strongly
strained. Through this type of reconstruction, the distance between the
H atoms increases, and the formerly energetically unfavorable adjacent
SiH, groups can relax.

2 1 Reconstruction

At 250 nally, the system gains by the formation of H molecules.
However, no open bonds may be created, so that all Silgroups re-
construct with each other. Now, each silicon surface atom has only one
hydrogen as a binding partner. At even higher substrate temperatures,
the hydrogen then begins to desorb completely and open bonds remain
on the surface.
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2.4 Electronic Structure of Surfaces

In chemical reactions on surfaces, the charge transfer from an adsorbate to
the surface or vice versa is decisive. Therefore, the electronic structure of
surfaces is important for evaluating their reactivity.

2.4.1 Metals - Work Function

First, let us consider the electronic structure of metal surfaces. The con-
sideration is similar to that of a plasma edge layer. The atomic cores are
immobile, while the electrons can move as a free electron gas. As the energy
of the electrons, one has contributions from the kinetic energy, the potential
energy, and the electron-electron interaction.

Figure 2.12: Thomas-Fermi model of the electronic structure of a metal
surface.

Z
W= 2K e@ n(r)
|

2m
NN interaction

If the electrons are described as a distribution function in real and mo-
mentum space, the local electron density is obtained by integration over the
momentum space according to the density of states and Fermi-Dirac statis-
tics:

dr® (2.24)
}

0

23 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 2. SURFACES 2.4. ELECTRONIC STRUCTURE OF SURFACES

Z

n()= o 1

e(®@ ) +1 (2.25)

The total number of possible electron states in a volume3Lresults from
the boundary conditions of the solid. The number of modes up to a maximum
wave vector k in the volume is given by:

4

The factor 2 in the numerator corresponds to the two spin settings. The
term (2 =L) * corresponds to the volume that a mode occupies in phase space.
The derivative of Eq. 2.26 with respect to the energ@¥ with E = 2 is
referred to as density of states. The electron density is obtained with this
density of states as:

Z

N 17 2 4kadk 1

T T 2 3 e P +1 (2.27)
L
or
VA 1
— 1, 1
e = k=0 _2k dkm (2.28)

This electron density is inserted into the Poisson equation. The solution
of this equation at the solid-vacuum transition is shown in Fig. ??. If the
electron-electron interaction is taken into account, oscillations in the electron
density at the interface occur, which are referred to as Friedel oscillations. It
can be seen that the course of the electron density at the surface is blurred
and a characteristic dipole layer is formed. If one integrates over this
density distribution, one obtains a potential well. This dipole layer causes
the con nement of the electrons in the solid. This is analogous to the edge
layer of a plasma. The dierence lies in the fact that the characteristic
lengths depend on the electron density, i.e. mm for plasmas aAdor solids.

In addition, the Boltzmann relation su ces for the description of plasmas,
while Fermi statistics are applied in solids.

The depth of the potential well corresponds to the so-called work func-
tion , as the energy required to remove an electron from the solid.

Adsorbates on this surface can now either enhance or weaken the dipole
layer, depending on the orientation of the dipole moment in the adsorbate.
The best-known example is the adsorption of cesium, which counteracts the
dipole layer of the solid and thus reduces the work function. This is partic-
ularly important for the generation of negative ions.
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2.4.2 Semiconductors - Surface States

In the electronic structure of semiconductor surfaces, the transition of the
band structure through the boundary condition surface must be considered.
In the simplest case, the potential pro le in the solid is given by

V(z)=V o+2V4cosgz (2.29)

(see Fig. 2.13), with g =%- and a the lattice constant. \} is the depth of
the potential well and 4 is the periodic modulation of the potential in the
solid lattice. This potential is inserted into the Schrdinger equatiok

2

V@ @=EQ@ (2:30)

Figure 2.13. Model for band structure calculation.

As an ansatz, so-called Bloch wave functions are used

(2) = u(z)e (2.31)
with a prefactor u(r), which takes into account the periodicity of the
lattice. A simple example for u(z) would be u(z) / e!9? . The simplest

ansatz for a wave function of this type is:
W(2)= e &2 4 g {koz (2.32)
This ansatz is inserted into the Schredinger equation, and one obtains:
k2 Vo E Vg

Vy k g2V, E

From this, the eigenvalues are obtained:

=0 (2.33)

1Here, the factor % is omitted.
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E=V o+ g + oK g ? k g +V2Z 1=2 (2.34)
and the wave function:
- 1
K = eilk $)zc0s égz+ (2.35)

with ei = % The solutions can now be interpreted depending on the
absolute magnitude of the individual parameters as follows:

" Vg =0:
If Vy is equal to zero, there is no periodic potential in the potential

well. One obtains the solution for free electrons whose potential energy
is V 0-

E=V o+k? (2.36)
k=3
For a wave vector corresponding to the Brillouin zone boundary, one
obtains two eigenvalues, corresponding to the band gap, as sketched in

Fig. 2.14.

E=V o Vg+ (2.37)

NIQ

Figure 2.14: Solutions for the energy eigenvalues as a function of the
electron wave vector.
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~ a.
zZ> 5.

The solutions for z > a=2 correspond to a location outside the potential
well. Here, the wave function is exponentially decaying. The wave
function inside and outside the potential well must be continuously

di erentiable.
«=el(k $)zcog %gz + z< g (2.38)
_ . "%Ez a
k=e Vo z> > (2.39)
" Band Gap:

The solutions for states with energies that lie in the band gap can be
derived from:

+V2 1=2 (2.40)

2 g 2
2 g

E:V0+g+kg 92k

With x= k % % one obtains
2
9,

E:V0+ >

X  gX+Vgr 1=2 (2.41)

If x becomes negative according to Fig. 2.15, the term k g=2 is
automatically imaginary. i.e. for the solution of the wave function, one
obtains real exponential functions, which do not represent a solution for
the volume of the solid, but for the surface. These states are referred
to as surface states .

From Fig. 2.16 it is evident that x is largest in the middle of the
band gap. Therefore, the prefactor (k g=2) also becomes large, which
corresponds to a small decay length. This means that surface states
with energy eigenvalues in the middle of the band gap are strongly
localized. This has a great in uence on the strength of the chemical
bond of the adsorbate to the surface, as shown in Chap. 4.

Bibliography
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Figure 2.15: Strong localization of surface states.

Figure 2.16: Continuous, di erentiable continuation of the WF into the
vacuum.
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Chapter 3

Particle Fluxes on Surfaces

3.1 Ions

In reactive plasmas, the bombardment of the surface with ions is a fundamen-
tal characteristic and a unique feature of material synthesis. The following
section brie y reviews the transition between the plasma and an adjacent
surface before focusing on the energy distributions of the incident ions.

Review of Plasma sheaths

Consider a quasi-neutral plasma in front of a surface. This surface is not grounded.
Since the electrons are much more mobile, they leave the plasma at the edge. Thig
locally violates the quasi-neutrality and a sheath potential forms that counteracts
the loss of electrons. A new equilibrium is established. In this sheath, the electron
density is much smaller than the ion density, as illustrated in Fig. 3.1.

Initially, the energy conservation for the ions is given by:

%Mvz(x)+e(x): %MV% (3.1)

Vo is the velocity with which ions enter this space charge zone. In addition,
current conservation applies:

ni (X)vi(X) =N oVo (3.2)
Solving for n;(x) with E ¢ = %Mvg gives:
o 2e(x) _ e
n(x)=ng 1 Mv2 =ngy 1 E, (3.3)

For the description of the electron density, the Boltzmann relationship is used
again:
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Figure 3.1. Charge carrier density pro le in the sheath

e

Ne(X) = N geke Te (3.4)
Substituting both into the Poisson equation gives:
" #
R0 __no e () e
o e - exp ke Te 1 E, (3.5)

This equation corresponds to a di erential equation for the potential pro le (x)
in the sheath. This equation is multiplied by dgg and integrated over x. The left
side becomes

x40 &
7 0 dx dx
“d() ddE

dx =

dx dx dx
“d(x) q d (x) _
o dx dx -
1 dx °
> ix (3.6)
The right side becomes
Zx40 mo e e
e— ex 1 dx =
o dx 0. . kg Te Eo
£0 e () e
e— ex 1 d 3.7
0 0 ¢ kg Te Eo S

Thus, with integration over under the assumption that (0)= @ @%j ,, =0,
we obtain:
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" #
1 dXx 2 eno e e 2

- = — kgTee—— k gTe+2E 1 — 2E .
2 dx o B eekB Te B le 0 EO 0 (3 8)

This equation requires that the right side becomes greater than zero for mean-
ingful solutions. Assuming that e k g T, the right side can be expanded to the
second order:

+ + = + )
|
>
le 1l e

This term must be greater than zero. Therefore, it can be concluded:
1) ? 1()?
2kgTe 4 Egq

With E ¢ = %Mvg, the condition for the initial velocity v ¢ is obtained:

>0 (3.11)

kB Te

Vo >
M

=Vgp (312)

This is referred to as the Bohm velocity. In describing the space charge zone,
we have assumed the energy conservation of the ions and found a boundary condition
the Bohm velocity, which must be satis ed for the entry of the ions into this sheath.
This naturally raises the question of how the ions are brought to this velocity.

The acceleration of the ions to the Bohm velocity occurs in the so-called
presheath (Fig. 3.2). In this region, quasi-neutrality must prevail:

ni(x) =n e(x) (3.13)
From this, it can be derived:

1 dni(x) 1 dne(®)

ni(x) dx  ne(x) dx (3.14)
With j i = njevi(x), we obtain:
Lodne®) _ev0) d j _ 1 diy 1 dv( B

ne(x) dx  ji(x) dxev(x) ji(x) dx v(x) dx
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Figure 3.2: Potential pro le in the presheath and sheath. The extent
of the presheath is of the order of the mean free path of the ionsgnen
and the sheath is of the order of the Debye length p.

Using the Boltzmann relationship for the electrons, we nally obtain:
1 dvi(x) e d®x 1 di(x
vi(x) dx kg Te dx Jji(x)  dx (3.16)

In the presheath, the local ion velocity v (X) must always be less than the Bohm
velocity vg . Therefore, from Eq. 3.16, the inequality is obtained as follows:

1 dvi(x) e d 1 dj;

— + — < == A7

vg dx kg Te dx  j; dx (&)
This equation can be satis ed by several conditions:

"~ lon friction: In the case of current conservation ( % = 0), the left side
must explicitly become less than 0. This can be achieved if the increase in

ion velocity is reduced by ion friction. That is, the change in v (x) is not
equivalent to a change in (x).

~ Geometry, contraction: Geometric e ects can cause the current density to

increase as the sheath is penetrated. For example‘;%‘ > 0 in a cylindrical
arrangement.

" lonization: The current through the presheath can increase by assuming

additional ionization. Here, too, 3—; > 0 applies.

Surface without Bias Voltage

Due to the violation of quasi-neutrality in the sheath, a potential di erence builds
up. If we denote the charge carrier density at the edge of the sheath with g we can
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determine the currents that hit the surface. The ion current is given by the Bohm
ux:

i =€NoVe (3.18)

and the electron ux that hits the surface is given by:

= }n Veith = }n V, efesvTV (3.19)
e—4se;th—40e;th .
For the case of a so-called oating surface, (i.e., the surface is not grounded),
e = i must hold. This implies:
1 e w
NoVe = 5 NoVen €55 '° (3.20)
keTe 2 _ 1 BksTe 1zzee W (3.21)
M "4 m kg Te '
Thus, the so-called oating potential is obtained:
M 1=2

A potential drop must also occur between the edge of the sheath and the plasma|
volume, in which the ions are brought to the Bohm velocity. This can be easily
derived from:

1

EMvg =e p (3.23)

This gives the so-called plasma potential

_ ke Te
P2
All potentials are de ned here with respect to the layer edge (v =vg). The entire
potential di erence between the plasma potential and an external experimental mass
of a plasma reactor includes the entire sheath voltage.

(3.24)

Surface with Applied Voltage

Matrix Sheath

In plasma processes, a voltage is often explicitly applied to an electrode. This
results in a high voltage drop across the sheath. This high voltage pushes the electrong
back further and accelerates the ions. In the simplest approximation, the violation of
guasi-neutrality in the sheath can be described as a step function. If it is assumed that
the ion density in the sheath is constant, it is referred to as the so-called matrix
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layer (Fig. 3.3). The electric eld for this case is calculated from the Maxwell
equations as follows:

dE 1
1

E(x) = —enpx (3.26)
0

Figure 3.3: Charge carrier density pro le in the matrix sheath

This gives the potential pro le:

()= Sngmx? (3.27)
0o 2
With (s) = V, the density s of the sheath is obtained:
2 eV 17 2ev 2
= § = 2
eng b kB Te (3 8)

This result shows that the sheath can be many Debye lengths thick.

Child-Langmuir Sheath

The assumption of a constant ion density in the sheath is only valid if collisions
in the sheath counteract the acceleration of the ions. In the case of a collision-free]
sheath, the ion density decreases with increasing acceleration. As an approach, wi
obtain:

A1

%Mvz(x) = e (x) (3.29)

Here, we have neglected ¢ as the ions in the sheath are strongly accelerated
and their initial energy (according to vg) is of minor importance.

en(x)v(x) =j o (3.30)

This gives
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Figure 3.4: Charge carrier density prole in the Child-Langmuir
sheath

1, 2e(x) ?
0= o oW (331)
Thus, the Poisson equation gives:
d? (x ' 2e(x)
dE(Z) = LO |\§|) (3.32)

At this point, the electron density in the sheath is neglected. This is a good
approximation at high sheath voltage, as the electrons are e ectively pushed back
into the plasma volume.

After multiplying by dgg and integrating over x, we obtain:

1=2

L d () 2 (3.33)

jo 2e
- . 9p=920 ==
2 dx o M

The integration used the fact that (0) = 0 and dg‘)z jx=o = 0. This gives for

(s)= V:

4 20 TPys2

jo=go0 = o (3.34)

This corresponds to the space charge-limited current according to the Child-
Langmuir law, or the V372 law. With current conservation, we must have:

j 0 =€NnopVvp (335)

and we obtain for the sheath thickness:

(3.36)
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Collision dominated sheath

So far, we have always assumed a sheath without collisions, in which the velocity
of the ions increases according to energy conservation. The other limiting case arise$
from the assumption that collisions in the sheath limit the velocity, as expressed by
the mobility. Initially, of course, ux conservation applies in the sheath.

Ni(X)vi(x) =n ove (3.37)
but the velocity is described by

vix)= E (3.38)
In the following, two cases can be distinguished:

~ Constant mean free path = const.
If the mean free path is constant, the mobility of the ions can be expressed as:
e e

M E= ¢ - E (3.39)

vi(x)= E =

This gives for a velocity-independent mean free path:

1=2
Vi (%) = %E(x) (3.40)
Thus, the ion density is:
1=2
= Y8 = €
n;(x) = 6 Nop =VgNg M E(x) (3.41)
Substituting this into the Poisson equation, neglecting the electron density in
the sheath:
dE e e 1=2 1. e 1=2
d7 = —NgVe fE(X) = —Jo ME (342)

The dependence obtained from this is:

. _g 5 3=2 i 1=2 V32
lo=3 3 oM &2

(61

(3.43)

It can be seen that the scaling is very similar to the Child-Langmuir law.
Only the dependence on the sheath thickness s is somewhat di erent, since
the ion density in comparison to free fall cannot decrease as quickly. Another
di erence is the mean free path in the expression for the current. If this
becomes small, the current across the sheath is also small.
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~ Constant mobility m = const.
A constant mobility implies a velocity-independent collision frequency. Thus,
we obtain:
de e ;, _,
—=— "E 3.44
5 (3.44)
This solves to:
: 9 V2
Jo= 80 & (3.45)

It can be seen that depending on the boundary condition and prior assumption,
the relationship between potential, voltage, and layer thickness is di erent. However,
the formation of a sheath between plasma and surface complicates the homogeneol
surface coating of three-dimensional workpieces (Fig. 3.5). If the sheath thickness
is large, the ion beam incident perpendicularly no longer illuminates the surface
conformally, and an anisotropic coating is obtained, especially in small structures (in
CVD, synthesis occurs on the hot surface, which is almost independent of the shapg
of the workpiece).

[

Figure 3.5: Coating of three-dimensional bodies is only possible at
high electron density.

3.1.1 Energy and Current of Incident lons

lon Energy Distribution in a DC Discharge

The ion energy distribution in a DC discharge is initially quite simple,
as all ions fall through the sheath voltage V and thus singly charged ions
have the energy eV. Charge exchange collisions (CX charge exchange) in
the sheath can change the distribution, as the newly formed ions see a
correspondingly smaller remaining potential drop within the sheath. This
contribution from charge exchange collisions leads to an exponentially in-
creasing contribution to lower ion energies (see Fig. 3.6). This exponential
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dependence can be easily visualized. The mean free path for such a col-
lision changes the particle number N over a ight distance dx according
to dN = 1=Ndx. Therefore, the number of original ions decreases expo-
nentially with the path x in the sheath. At the same time, the number of
formed charge exchange neutrals increases. In total, this exponential increase
to small energies remains, as the probability of experiencing no collision on
the ight from the sheath edge to the surface is exponentially smaller than
experiencing many collisions.

Figure 3.6: lon energy distribution from a DC sheath where charge ex-
change collisions (CX) contribute to ions that hit at lower energies than the
sheath voltage.

lon Energy Distribution in an RF Discharge

The ions that fall through the sheath can follow the oscillating eld to
varying degrees depending on their mass. In the case of very light ions" {H
the ion energy distribution is correspondingly broad. A characteristic double
peak structure is formed, as shown in Fig. 3.7.

The width of this energy distribution is determined by the ratio of the
transit time through the sheath and the frequency of the rf. The transit
time is calculated from:

Q
<

e
M

= uE (3.46)
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Figure 3.7. Depending on the mass of the ions, they can follow the os-
cillating eld in the sheath more or less. Their energy upon impact on the
surface depends on their phase relation to the electric eld in the rf cycle.
Since the E- eld remains at its maximum or minimum for a longer time, a
characteristic double peak structure of the ion energy distribution is formed.

Given a thickness of the sheath s, a transit time is obtained for a
constant E- eld in the sheath:

M 12
= 3.47
oF (3.47)
The width of the energy distribution can be well described by a scaling
factor =! . There are two limiting cases:

"1 &, 1: With a long transit time, the high and low E- elds
that the ion sees on its trajectory through the sheath are averaged out.
The energy distribution becomes very sharp and its maximum lies at
the average sheath voltage corresponding to the DC self-bias.

11, 1 With a very short transit time, the ion sees either a
high or low E- eld, depending on the phase relation to the rf period in
which it enters the sheath; the energy distribution becomes very broad.

The shape of the energy distribution is shown in Fig. 3.7. The width
IS given by:

E/ =/ — X% e (3.48)
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Since the sheath voltage varies sinusoidally, the E- eld remains at its
maximum or minimum for a longer time, forming a characteristic dou-
ble peak structure of the ion energy distribution.

In the case of collisions in the sheath, one would expect in the simplest
case that the energy distribution would broaden and smear out. However, in
the case of rf plasmas, the interesting observation is made that a whole series
of new peaks appears: if a charge exchange collision occurs in the sheath, a
new stationary ion is obtained, which is accelerated from this point in the
sheath and hits with an energy corresponding to the phase relation to the
eld and the remaining transit time. This behavior is shown in Fig. 3.8.

Figure 3.8: Structured broad ion energy distributions are created in the
case of charge exchange collisions within an rf sheath.

Neutral Particles In reactive plasmas, a variety of radicals are formed
from the source gas, which contribute to Im growth or erosion. The uxes
of these reactive particles to the surfaces are discussed below.

3.1.2 Diusion
Density Pro les

The essential transport process is diusion for the neutral particles. To
describe di usion, we initially start from the momentum balance of a type
of particle. This is extended by a simple approach for the collision term,
the relaxation approximation. The change in momentum in a uid element
is given by the momentum lost in a collision ( mv), multiplied by the
frequency of this process ( n ). Thus, we obtain:
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mn @@Y +(wrnvy =qgnE rp mvn m (3.49)

In the steady state, the time derivative is set to zero. Assuming that

m V (we consider the case of high collision frequency), the second term
on the left side proportional to \* can also be neglected. Thus, we obtain:

1
= E 3.50
v - en rp ( )

m

Using the ideal gas law, two cases arise. For an isothermal change of
state, we have:

rp=kTrn (3.51)

For an adiabatic change of state (i.e., the temperature does not remain
constant with a change in pressure), the adiabatic equation applies:

P M
5 (3.52)

Here, is given by

2+N
N
with N the number of degrees of freedom.
For an isothermal change of state, the following expression for the velocity
of the plasma species in the uid picture is obtained:

(3.53)

kg T
v= S p ®1M (3.54)
m m mm N
. kg T
T=nv=n © E 5 (3.55)
m m m m

The rst term describes the particle ux driven by a drift term, such
as ions and electrons by the electric eld. The second term corresponds
to a particle ux driven by a density gradient, di usion. Accordingly, the
so-called mobility is obtained to describe the drift:

jaj
m m

(3.56)

and the di usion constant as:
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ke T
D= —2 (3.57)
m m

The connection between drift and di usion is given by the Einstein re-
lation:

jaj
—D
kg T
As an example, we consider the solution of the continuity equation in pla-

nar geometry for a neutral gas (i.e., the drift term falls away). The geometry
is sketched in Fig. B.1.

(3.58)

Figure 3.9: Geometry for solving the di usion equation in 1-dim

The approach is:

@n

— +r(Dm)=0 3.59

ot (Drn) (3.59)
Assuming that D is spatially constant (e.g., a constant temperature pro-

le), we obtain:

@n 2
— =D .
at r “n (3.60)
We make a separation approach for the density n according to
n = u(t)w(x) (3.61)
and separate the variables.
l1@u 1 , 1
tat D Wr W = const: = (3.62)
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Since the left side depends only on time and the right side only on location,
both sides must each result in a constant. We de ne this as -1/ . The time
dependence is obtained from the solution of

@Qu_ 1

o v (3.63)
with

u) =u e (3.64)

The solution of the spatial dependence is obtained from

1 1

- = 2
5 Wr w ; (3.65)
With the de nition of a geometry constant = = D we obtain
1 —_ 2
—W=r ‘w (3.66)
with the solution
W(X) =W cosi + o+ (3.67)
In planar geometry with the boundary condition n = 0 for x = =2, the

geometry constant is obtained:

I
= - (3.68)
For other geometries such as cylindrical geometry or spherical problems,
correspondingly di erent geometry constants are obtained (in cylindrical ge-
ometry, the spatial dependence is given, for example, by Bessel functions).
The solution in one dimension is:

n(x;t) = n ce * cos TX (3.69)

That is, the density pro le that arises from di usion of neutrals corre-
sponds to a cosine. This is referred to as the fundamental mode of di usion.
This density pro le decays exponentially over time. Even if an initial density
distribution deviates from the cosine pro le, the cosine distribution quickly
forms due to the decay of higher modes, whose amplitude then becomes
exponentially smaller.
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Di usion Coe cients

The question to be clari ed here is how large this di usion coe cient is. Initially, a
hypothetical boundary surface in a gas volume is considered. The uxes that pass
through this boundary surface collision-free from both sides are, at a distance

according to Fig. 3.10:
o= @i ) gmiee)= ¥ 2D 370
The factor % corresponds to one spatial direction out of six possible ones. We|
obtain:

_— @n_ 1
Jz = @z D= £y (3.72)
Figure 3.10: Di usion through a boundary surface.
With
1
= o (3.72)
Thus, the di usion coe cient is given as:
11
D= ¥ (3.73)

To calculate the diusion coe cient, we rst need the average velocity of the
particles in the gas volume. This is calculated from the averaging over the velocity

distribution.
Z

hvi  vfd3v (3.74)

With a su cient number of collisions, the distribution function f has the form of
a Maxwell distribution, as it is a distribution of maximum entropy, as shown further

below. The distribution function is:
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m &2 1=2mv_2

2KaT e k8T (3.75)

f(v) =

From this distribution function, the average velocity is obtained as:

1=2
hvi = 8";‘]T (3.76)

The average velocity in one direction x is:
2kg T 172
m

jhwij = = %hvi (3.77)

Thus, the particle ux onto a hypothetical boundary surface in a gas volume,
after considering only the positive x-direction, for example, is:

11 . 1 .
=n ééhV| = 21nhV| (3.78)
The di usion coe cient D is obtained after these preliminary considerations as:
_ r_ _
11 . 11 8kT ™ 1 81 kT ¥
D= =—hvi= Z— - - === 7
3n Vi 3n m 2 n m (&)

Finally, the e ective cross-section for the collision process must be determined.
In general, the collision between hard spheres is assumed, with a distance;ras the
sum of the radii. With the reduced mass , we obtain:

3p- 1 keT 1=2
8 nr3, 2

Here, isthe Lenard-Jones parameter, which is tabulated for many combinations
of collision particles. It corresponds to a correction to the assumption of hard spheres.

D=

(3.80)

Di usion Pro le with Surface Reactions

When considering spatially bounded plasmas, we have so far assumed per-
fectly absorbing walls. This can be taken into account with a boundary
condition according to a density n = 0 directly at the location of the wall.
For unreactive particles, the wall is not a sink and they are simply re ected;
no variation in density occurs. For reactive particles, on the other hand, the
wall of a plasma is only partially a sink. This is expressed by a re ection
coe cient r, which liesinarange 0 <r<1.

The particle uxes across a boundary surface that lies within a mean free
path in front of a wall are given by two components: a ux j, towards
the wall and a ux j i, away from the wall. The ux jss that is lost at the
wall corresponds exactly to the di erence of these two parts according to
[?, Cha87]:
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Jloss =Jout ] in (3.81)

Now consider the density of the particles at the location of this hypothet-
ical boundary surface. This is calculated from the uxes passing through this
boundary surface:

1 . :
n= m(] out *]in) (3.82)
Here, the average velocity in one spatial dimension according to Eq. 3.77
is decisive. Thus, we obtain:

1 . .
n= W(J out +J in) (383)
Finally, we introduce that the uxes jo and ji, are linked via the re ec-
tion coe cient:

jin = I’j out (384)

Figure 3.11: Geometry for considering the diusion prole of reactive
particles.

We have three equations 3.81, 3.83, and 3.84 for the three unknowns
jiniJout, @and joss. These can be eliminated and we obtain as a relationship
for the ux | joss that is lost at the surface:

o1 1 1
]Ioss - 2

n
1+r  aV1 =2

(3.85)

We now consider the two limiting cases of large and small re ection co-
e cients, according to Fig. B.6:
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" Wall re ects almost perfectly, r 1

If r 1 (i.e., the particles are not lost at the surface), the fraction of
particles passing through the boundary surface is:

Jioss ' %nvg E {Zr)_ (3.86)
=S

That is, the fraction s that sticks to the wall is j = %nv in accordance

with gas kinetics. With a re ecting wall, no density pro le forms in

front of the surface. Thus, the incident particle ux onto the bound-

ary surface is simply the directed particle ux in a homogeneous gas

volume.

N

Wall absorbs almost perfectly, r 0

If r O (i.e., the particles are lost at the surface), the fraction of
particles passing through the boundary surface is:

. 1
Jloss ' Env (387)

In discussing this dependence, it should be noted that the density in
Eq. 3.87 is to be taken at the boundary surface in front of the surface.
n is not the density in the volume and not identical to the density in
Eq. 3.86. This is illustrated in Fig. B.6: the fact that the wall acts as
a sink causes a density gradient to form in front of the surface, which
leads to a lower local density compared to the density in the volume.
Eqg. 3.87 can be considered composed of two parts:

. 1 1
Jloss = I?%nv + -nv = —nv (3.88)
z}

ftz)

gaskinetic gradient density

NI =

The second term arises from the fact that the ux directed into the
volume %nv is exactly compensated by the di usion according to the
density gradient towards the wall. That is, the gradient adjusts itself
so that no net ux occurs away from the wall.

By determining the particle densities in a pulsed plasma in a time-resolved
manner, the re ection coe cient can now be determined. The idea of this
measurement is to observe the decay time of a particle species: if this is short,
the surfaces act as a sink and the re ection coe cient is correspondingly
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Figure 3.12: Depending on the size of the re ection coe cient, a di erent
density pro le forms in front of the surface. The relationship between the

ux of reactive particles lost at the surface and the local density in front of
the surface is given by Eq. 3.87.

small. If it is large, the reactive particles are re ected at the surfaces and
their re ection coe cient must therefore be large. The temporal variation of
a particle species is given by the continuity equation:

@n

@t+ =0 (3.89)
Now, two cases can be distinguished:
" Free fall
In the case of neglecting collisions, the continuity equation can be lin-
earized as:
n 1. _ 11 1
ST s T SV (3.90)
Thus, for the decay time  with -~ = &
1 Al .
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" Transport-limited

If it is assumed that di usion decisively in uences the transport to the

wall, the linearized continuity equation is:

n

n
:D_2

(3.92)

Empirically, it has been shown that the characteristic length can be

written as:

\Y
2 _ 8+K

(3.93)

Here, ¢ is the geometry constant resulting from the solution of the
continuity equation without considering wall e ects (e.g., =l in planar-
parallel geometry). The value for is obtained from the approach:

. n 1 17
Jloss=Dm=D —= Env1+r
This implies that :
111
D 41 =
Thus, the approach is:
1 1
_ = D 5 v
ot a

The value for is contained in the expression for .
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Chapter 4

Neutral Particle-Solid
Interaction

4.1 Adsorption

In general, a distinction is made between physisorption and chemisorp-
tion. In physisorption, the adsorbate retains its chemical identity, and the
binding energy is < 0.5 eV. In chemisorption, the adsorbate loses its origi-
nal identity, as a new covalent or ionic bond is formed with the solid. The
binding energy in this case is usually > 0.5 eV.

4.1.1 Physisorption

In physisorption, the binding is determined by the induced dipole-dipole in-
teraction, the van der Waals bond. Both in the adsorbate and in the
substrate, a respective dipole moment is induced. A prominent example of
this type of bond is the adsorption of noble gases on metals at low tempera-
tures.

There are two variants to calculate this induced dipole-dipole interaction.

" Lenard-Jones Potential
The potential energy of the interaction of two dipoles is:

Epot / P adsorbats Bsubstrate (4-1)

The electric eld of a dipole scales with the distance r as:

1

E/ 5

(4.2)
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Figure 4.1: Physisorption of Xe on silver or gold surfaces. The binding
energy is usually in the meV range and proportional to the electron density
in the metal.

In the case of induced dipole-dipole interaction, the electric eld of the

dipole in the adsorbate now induces a dipole moment in the substrate
through polarization. The polarization of the substrate is described by

the polarizability sypsrat as follows:

'psubstrat = substrat E'adsorbate (43)

Here, we assume that the adsorbate carries a dipole moment that is
linked to a corresponding electric eldE agsorbate. CONversely, the dipole
moment of the adsorbate is given by the electric eld of the substrate
as:

Padsorbate = adsorbate E Substrate (4.4)

If these equations are taken together, the potential energy of the bond
between adsorbate and substrate through the induced dipole-dipole
interaction is obtained as:

- e 2 substrate adsorbate
Epot/ P adsorbate Bubstrate = substrate adsorbateJE] / r6

(4.5)

The repulsive part of the interaction arises from the Pauli exclusion
principle. This part is arbitrarily designated with a scaling of 1=#2.
This gives the Lenard-Jones potential as:
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C C

b (4.6)

Epot = r@ 6

According to this consideration, the binding energy in the case of van
der Waals interaction is particularly large when the corresponding po-
larizabilities are large. Thus, Xe has a higher binding energy because
its polarizability is large compared to He due to the high number of
electrons. The adsorption on metals with high electron density such as
Au is greater compared to Ag.

Image Force

In the case of very conductive substrates, one can assume that the
moving electron in the adsorbate atom creates an electrostatic image
of itself in the substrate, as illustrated in Fig. 4.2.

Figure 4.2: Image potential.

The potential energy is composed of the individual contributions of the
repulsive interaction between like charges and the attractive interaction
between unlike charge carriers:

1 ¢ e e e

Ept = = = + +
YT 2r 2zr) 2z 2z

(4.7)

The distance between the atomic nucleus and the surface is z and the
radius of the electron orbit is r. If the expression for the potential
energy is developed into small terms r=z 1, one obtains:

1€r?
8 z8

One can see that the potential energy scales with the distancé zand
thus has a greater range than the classical Lenard-Jones potential.

E pot = (4. 8)
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Nevertheless, the absolute value of the binding energy always remains in
the meV range.

4.1.2 Chemisorption

Compared to physisorption, a direct chemical bond is formed in chemisorp-
tion, in which the identity of the adsorbing molecule is lost. Let us rst
consider the chemical bond in a molecule.

The H; lon

In the hydrogen molecule ion H, the distance of the protons is given as r,
the distance r, of the electron to proton 1 and g to proton 2, as illustrated
in Fig. 4.3.

Figure 4.3: Coordinate system for the H 3 -ion.

The potential energy of the system has an attractive contribution of the
electron to the two protons and a repulsive part of the protons to each other.

3 1 1 1
Epot = 7, T, + r (4.9)
To determine the wave function of the electron, we make the assumption
that it arises from a linear combination of atomic wave functions (LCAO
Linear Combination of Atomic Orbitals). Since both protons are in-
distinguishable, the probability of presence of the total wave function must
be symmetric with respect to the plane of symmetry of the molecule. There

are two possible linear combinations for this.
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Figure 4.4: Linear Combination of Atomic Orbitals LCAO. Superposition
of 1s wave functions as even and odd total wave function.

1/ At B (4.10)
> A B (4.11)
(4.12)

In homonuclear molecules, the total wave function has di erent symmetry
behavior. One distinguishes even and odd wave functions for which the
following must apply:

even(t) = even( ) (4.13)
odd(f) = odd( ) (4.14)

In Fig. 4.4, the case of the superposition of 2 1s wave functions is shown.
The case of the linear combination 5(1s)+ g(1s) results in an even wave
function. The case of the linear combination (1s) g (1s) results in
an odd wave function. If the probability of presence of the electron fj is
formed, it can be seen that only in the case of the even total wave function
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a nite electron density between the two atoms is created. This nite elec-
tron density reduces the repulsive interaction of the two protons with each
other. Consequently, the function ..., describes the bonding molecular
state and the function ,q4q the anti-bonding state. The energy di erence of
the molecular levels between a bonding and a non-bonding state depends on
the overlap of the wave functions.

A more detailed analysis yields the variation of the total energy with the
distance of the protons r, once for the bonding state and once for the anti-
bonding state in Fig. 4.5. Only in the state .en @ minimum in the potential
energy occurs at an atomic core distance of 1.26

Figure 4.5: Electron density in the H 7 -ion for the even and odd total wave

function. Potential energy as a function of the atomic core distance R.

Bond Atom-Metals

When an atom or molecule bonds with a substrate, a splitting of the levels
occurs, which can be large or small depending on the overlap of the wave
functions. In many metals, on the one hand, there are the s-electrons, which
are responsible for the chemical bond, but also the localized d-electrons. Both
states contribute di erently to the bond between atom and adsorbate. If the
band in the solid is broad as in s-band metals (Na, Mg,...) e.g., the overlap
is small and the level of the adsorbate broadens at most. If the band in the
solid is narrow, since the states are localized as e.g. in the d-band metals, a
strong splitting of the levels is observed.

When an atom or molecule comes into contact with a surface, a charge
transfer can occur and electrons from the solid occupy the bonding or non-
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Figure 4.6: Level broadening when the atomic level overlaps with the s
band in metals.

bonding states of the adsorbate atom. The possibility of charge transfer,
however, depends on the position of the Fermi level relative to the ionization
energy in the adsorbate. If the non-bonding state in the atom is occupied by
charge transfer, the bond of this atom to the substrate is weak. In the case
of a molecule, this can mean that when the non-bonding molecular state is
occupied, the breaking of this molecule is initiated.

If, on the other hand, the ionization energy in the adsorbate is small
compared to the work function in the solid, the bond is strong, since in the
case of charge transfer usually only the bonding state is occupied.

A similar consideration can also be made for the comparison of the binding
energies of adsorbates on noble metals compared to transition metals. With
lled d bands, the occupation of the non-bonding level is dominant and the
bond of the adsorbate is usually weak. With only half- lled d-bands, the
bond is strong, as shown in Fig. 4.9.

Molecules, Catalysis

When molecules bond to the surface, this picture becomes more compli-
cated, as one must consider both the bonding and non-bonding states in the
molecule as well as their respective overlap with the states of the solid.

As a molecule approaches the surface, a splitting occurs both of the
bonding and the non-bonding molecular state. The comparison of the levels
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Figure 4.7: Level splitting when the atomic level overlaps with the localized
d band in metals.

with the Fermi energy then determines whether the non-bonding level of the
molecule can be occupied. If this is the case, the molecular bond breaks and
the levels of the atom must be used for the new consideration. This course
of the adsorption of a molecule is shown in Fig. 4.10:

Semiconductors

In semiconductors, the charge carrier density at the Fermi edge is very low.
Consequently, the reactivity for catalysis is also very low, since the induction
of reactions is always associated with a charge transfer.

4.2 Surface Processes

4.2.1 Adsorption, Desorption

The strength of the bond is visible in an experiment in which particles are ad-
sorbed or desorbed from the surface. To calculate the rates, we rst consider
the total number nq of particles that are bound in the potential well of depth

From the convolution of the density of states g() with the occupation
f(), we obtain:

Z 0
No(T) = dg()f() (4.15)

E
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Figure 4.8: Splitting of atomic states in a d-band metal

The occupation in the potential well is given as:

f()=2Z ags€ *e7 (4.16)

with Z 545 the partition function in the adsorbed state, which results from
the possible internal degrees of freedom (rotation, vibration). The density of
states of a harmonic oscillator is derived from its energy :

1
=~ o n+ > (4.17)
The density of states is the number of possible states at an energy in the

energy interval . The number of states is obtained, neglecting the factor
1/2, as:

N(E) = - (4.18)
~1,

Here, it is additionally assumed that the frequency does not change with
energy. Since the states are only occupied withigK in the minimum of
the potential well, the parabolic approximation applies and an explicit de-
pendence !() does not need to be considered. The density of states is thus:

dN 1
90)= — = (4.19)
d o
By integrating Eq. 4.15, the number of particles in the well is obtained
as:
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Figure 4.9: The strength of the bond depends on the width of the d-band.

ke T
~! 0

The ux of particles Jo.1 that desorb is given as the number of particles
in the potential ng times a rate R. This rate is the desorption rate that we
want to determine.

no(T) = Z e T (4.20)

Jout1 =N o(T)R (4.21)

When these particles have moved away from the surface, they occupy
states in the phase space of free particles. This number given as u%)
times dt becomes:

Z1 dxdp
h U
OZ 1 d
-1 d—)t(dpf()dt
2,

n
t_dt =J out:2 dt

h

151 p

R maefOd

= Tz e an (4.22)
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Figure 4.10: Dissociation of a molecule on the surface is only possible if
the anti-bonding orbital of the molecule can be occupied by charge transfer.

Due to particle conservation, the particle uxes according to Eq. 4.21
and Eq. 4.22 must be equal:

Jout1 = Jout2 (4.23)

Thus, the Arrhenius law for the desorption rate is obtained with:

| : E
RDesorption =Ro= é_ﬂe ke T (4.24)
One can see that the rate R follows an exponential law with an activation
energy E. The prefactor scales with the vibrational frequency of the adsorbed
atom. This can be understood intuitively, since the atom moves away from
the surface once in every vibrational period and thus tries to overcome the
potential barrier.

4.2.2 Sticking Coe cient

In the sense of time reversal, one could also equate the rate of desorption with
a rate of adsorption. However, the probability that a particle with energy
upon impact on the wall falls into the potential well is less than 1. This is
described by the so-called sticking coe cient s() or s(T):
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Figure 4.11: Desorption by excitation of particles from the chemisorption
potential

z 1
Radsorption =Ry s()e *Td ﬁ (4.25)
|2 {z C )

s(T)

Figure 4.12: The rate of desorption and adsorption di er by the sticking
coe cient.

s() denotes the probability for a particle with kinetic energy to be
trapped in the potential well. s(T) takes into account that at a temperature
T only a part of all particles have the energy .

How can a nite sticking coe cient s() now be calculated? For this
purpose, a box potential is illustrative. We consider the geometry as sketched
in Fig. 4.13. A particle of mass M and energy k, hits a surface atom of mass
m and temperature . On the surface, there is a chemisorption potential of
depth .

The velocity v, of the incident particle upon impact on the surface atom
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Figure 4.13: Estimation of the sticking coe cient based on a box potential.
The incident particle has the mass M and kinetic energy Ei, . The surface
atom has the mass m and the temperature {.

1=2

WE (B +) (4.26)

That is, as the particle approaches the surface, its kinetic energy ini-
tially increases in the chemisorption potential. The probability of a collision
with a surface atom with velocity v (expressed by a Maxwell distribution
/exp(a 2v?))is given as:

p(v)dv = (v, v)exp(a 2v¥)dv (4.27)

If the velocities of the substrate atom v and the adsorbate atom,\point
in the same direction, collisions are less frequent than if the two velocities
are oppositely directed.

For the sticking coe cient, it is now decisive how great the probability is
that a particle after the collision has an energy less than . Then it remains
trapped in the potential well. The kinematics require for the velocity § after
the collision of an adsorbate particle with the surface atom:

Lwe consider the one-dimensional case; thereforg vs negative according to the chosen
coordinate system.
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. M
1 Vh + 1 % mit = (4.28)
The kinematic factor describes the fraction of energy that can be trans-

ferred to a substrate atom:

0 —
h=

mM
=4 —
(m+M) 2

At a critical velocity v, the energy after the collision will be less than .
That is, smv2 = . Thus, the condition is obtained:

(4.29)

1" 2 i
Ve= s (I+) o (@ NV o (4.30)
The sticking coe cient s() is given as:
R (vi v)exp(av 2)dv
=R (4.31)
. (vh v)exp(av 2)dv
The solution of the integrals gives:
. — 1 1 f 2\,2
S(vp; ;@) = > + Eer (ave) +exp(a VC)W (4.32)

The dependence of the sticking coe cient 4.32 on the parameters of our
model can be illustrated as follows:

" Depth of the potential well, according to

If the depth of the potential well becomes larger, the kinetic energy of
the particle increases. In the momentum transfer, energy is transferred
according to the kinematic factor . The absolute amount of this en-
ergy transfer becomes larger, and the greater reduction of the potential
energy of the particle leads to it being trapped in the potential well.
The sticking coe cient increases with increasing depth of the potential
well.

N

Higher particle energy, according tov

At a higher particle energy, more energy must be lost in the surface
collision in order for the particle to be trapped. The sticking coe cient
decreases with increasing particle energy.
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" Mass di erence according to

The kinematic factor becomes unfavorable with a large di erence in
the masses of the collision partners. Consequently, the sticking coe -
cients for hydrogen atoms are usually very small. In the microscopic
sense, the possibility of energy transfer upon collision with a surface
atom depends on the coupling to the phonon spectrum of the solid.

N

Substrate temperature according to a

At a high substrate temperature, the sticking coe cient decreases, since
according to the Maxwell distribution, the velocity of the surface atoms
increases. Since collision processes with surface atoms whose velocity
is oppositely directed occur more frequently, the energy loss of the
adsorbate particles is smaller. The sticking coe cient decreases with
increasing temperature.

4.2.3 Adsorption Isotherms

The determination of the sticking coe cient can be done in di erent ways.
The simplest is the direct measurement by a scattering experiment in which
a quanti ed beam of particles is re ected from a surface and the particle loss
or the growth rate is measured. However, it is also possible to determine
the sticking coe cient from a determination of the surface coverage in
equilibrium.

The coverage of a surface depends on the incident particle ux,j the
sticking coe cient s, and the desorption rate R. In the simplest case, the
density of adsorbed particles on the surface is given as:

dr]ads .
g U FO_(l{z)_} n oR (4.33)
s()
with ngy the number of surface sites. (sis the sticking coe cient on the
uncovered surface. The di erential equation for gives:

dn )
d—?[:JinSO(l ) n oR (4.34)

Langmuir Isotherm

As a measurement, one either considers the change in coverage as a function
of the particle ux (isotherm) or as a function of the substrate temperature
as the determining quantity for the desorption rate R.
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If one starts with the exposure of a surface at constant temperature, the
surface coverage initially changes according to:

d .
/s o 1 (4.35)

In the case of a Langmuir isotherm, it is assumed that the sticking coef-
cient s() depends in a simple way on whether the surface site is occupied
or not. This approach was chosen in Eq. 4.34 and one obtains:

s()

So

=1 ) (4.36)

Figure 4.14: Dependence of the sticking coe cient on the coverage in the
case of Langmuir adsorption.

Hot Precursor

In adsorption processes, it is often possible that either surface di usion occurs
or that several free adsorption sites are needed to chemisorb all atoms of a
molecule, for example (e.g., dissociative chemisorption). These cases can be
described in general by considering the adsorption process as a sequence of
reaction steps.

Initially, the probability of an adsorbed particle to chemisorb is given
as . The probability to diuse to an adjacent site is given as p. The
probability to desorb, if the surface site is unoccupied, isypif it is occupied
pd. The sum of these probabilities is one. Now, the adsorption at a surface
site 1 is considered:
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Pa(1) = pa(l ) (4.37)
Pa(l) = pa(l )+p g (4.38)
(1) = 1 p a(l) pa(d) (4.39)

With a probability p (1), the particle di uses to an adjacent site 2. At
this site, new probabilities arise:

Pa(2) = pm(Lpa(l )
P2 = Pm(@)(Pa(l )+pP J)
pm(z) =1 p a(2) p d(2)

One can see that for a given coverage , the total probability to chemisorb
(corresponding to the sticking coe cient) is obtained as:

s=pa(l )I+p m(1)*+pm(2)+::] (4.40)

Figure 4.15: Probability p 5 describes adsorption, p, di usion to an adja-
cent surface site, and g for desorption.

This leads to a geometric series with the limit:

_ pa(1 )
71 pa@ (4.41)

This can be solved to the so-called Kisliuk model:

1

S
= 1+ — 4.42
5 1 (4.42)
with
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0
so= P2 = P (4.43)
Pat+ Py PatPd

The form of the sticking coe cient s as a function of is shown in Fig.
4.16. The number ! corresponds to the number of adsorption sites that are
visited before chemisorption takes place. Three cases can be distinguished:

~ 1
The number of adsorption sites is high; the number of sites an incident
particle visits before chemisorption takes place is high. Even at high
coverage, the probability of chemisorption is high, since the adsorbed
particle can nd the few free sites through surface di usion. One speaks
of associative adsorption.

This form of the model is also referred to as the hot precursor model.
On corrugated surfaces, the perpendicular momentum of an incident
particle can easily be converted into a transverse momentum.

~ 1:1

For a value of = 1, the above description reduces to the simple
expression for the Langmuir isotherm 4.36:

1

S
= 1+ =1 4.44
5 1 (4.44)

The Langmuir isotherm corresponds to a surface mechanism in which
a particle does not di use, i.e., p(1) = 0, and in which the patrticle is
not adsorbed at an occupied surface site, i.e.3 g 1. This gives for

Eqg. 4.39:
0=1pa1 )p o1 ) (4.45)
This solves to:
Patpa=1 (4.46)
Thus, we obtain:
0
= P 1 o (4.47)

PatPd PatPag
2Corrugation refers to a strong variation of the potential energy with the lateral position
on the surface

67 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 4. NEUTRAL PARTICLE-SOLID INTERACTION 4.2. SURFACE PROCESSES

In this case, several surface sites are needed for the adsorption of a
particle. One speaks of dissociative adsorption. An example is the
chemisorption of H or O, on metals.

Figure 4.16: General dependence of the sticking coe cient on the coverage.
1 describes the number of surface sites visited by the incident particle or
consumed in the adsorption event.

4.2.4 Activated Adsorption

In considering the sticking coe cient, we initially assumed the simple model
of a box potential for chemisorption on the surface.

Let us now consider the dissociative adsorption of a molecule,,AOn
the surface M, there is initially the chemisorption potential. The depth of
this potential well corresponds to the chemical bonds A M in the order of
several eV. However, there is also a physisorption potential for the binding
of the entire molecule A to the surface A M. The depth of this potential
well is much smaller, in the order of < 0:5eV. As a molecule approaches
the surface, it is rst accelerated in the respective potential well. If it can
give 0 enough kinetic energy to the solid, the particle can be trapped in the
potential well. It adsorbs. Now, two cases can be distinguished, according
to Fig. 4.17:

If an atom is initially in the physisorption minimum, the sticking co-

e cient depends on whether the particle can overcome the barrier to the
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Figure 4.17: Thermally activated chemisorption occurs if the activation
energy between the physisorption potential and the chemisorption potential
is greater than the binding energy of the physisorption potential.

chemisorption well (this corresponds to the probability p), or whether the
particle desorbs from the surface again (this corresponds to the probability
pq). The corresponding probabilities with the activation energies from Fig.

4.17 are:

Pa = a€ k8T (4.48)
Pa = g€ FeT (4.49)

a and 4 are prefactors. This results in a temperature dependence for
the sticking coe cient s of the uncovered surface:

d_a

So= —P2 = 14+ 9¢ o (4.50)
pa+pd a

"~ Intersection point chemisorption potential/physisorption po-
tential >0 or 4> ¢
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Now the molecule A is rst trapped in the physisorption potential well.

At nite temperature, the particle can either overcome the potential
barrier to the chemisorption potential well or desorb again. When
overcoming the potential barrier, dissociation occurs. One speaks of
thermally activated adsorption.

Contrary to the expectation from the consideration of Eq. 4.32, the
sticking coe cient increases with increasing temperature.

A

Intersection point chemisorption potential/physisorption po-
tential <0 or ,< ¢

Now the molecule A can be trapped directly in the chemisorption po-
tential well. Upon approaching the surface, the molecule enters the re-
gion of the chemisorption potential for the constituents of the molecule
and dissociation occurs. This is the decisive reaction step in catalysis.

As with the simple box potential according to Eq. 4.32, the sticking
coe cient decreases with increasing temperature.

The previous consideration was one-dimensional, since only the distance
to the surface was directly included. In general, however, the adsorption pro-
cess is a higher-dimensional process, since the system can have many degrees
of freedom that can in uence the reaction rate. The simplest extension of the
above picture is the two-dimensional consideration with the distance of the
molecule to the surface and with the distance of the atoms in the molecule
to each other. Now the potential energy can be described as a function of
these two coordinates, as shown in Fig. 4.18. One can see two minima, the
physisorption minimum?® and the chemisorption minimunt. The trajectory
through the space of potential energy is referred to as reaction coordinate.

As a molecule approaches the surface, the distance of the atoms in the
molecule initially remains constant entrance channel, upon approaching
the surface, the distance of the atoms in the molecule would have to increase
to meet the chemisorption potential for each of the atoms exit channel.
The exact course of the reaction depends on where the saddle is located
between the physisorption and chemisorption minima in the two-dimensional
potential landscape. If the saddle is in the (entrance channel), a greater
kinetic energy of the molecule helps to overcome this saddle. If the saddle is
in the (exit channel), a vibrational excitation helps to increase the probability

3large distance to the surface, but distance of the atoms in the molecule as in the free
molecule

4small distance to the surface but large distance of the atoms from each other, the
molecule is dissociated
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Figure 4.18: Reaction coordinates in the contour plot with the coordinates
distance in the molecule h and distance d of the molecule from the surface.

of overcoming the saddle by varying the distance of the atoms in the molecule.
This is shown in Fig. 4.19.

4.2.5 Surface Reactions

Surface reactions are a key goal in the application of surface physics. The
most prominent example is catalysis, where the interaction of reactants with
a surface catalytically accelerates the conversion of substances. The best-
known example is the synthesis of ammonia, where hydrogen and nitrogen
are converted into ammonia with the help of iron catalysts. The catalytic
role of the surface is de ned such that it enables the course of the reaction,
but is not consumed in it.

In catalysis, the essential role of the surface is that it initially breaks the
molecular bond through dissociative chemisorption. Then the new molecule
is associated and can desorb.

For the surface reactions of two reactants A and B to a new product AB,
two essential reaction pathways can be distinguished:
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Figure 4.19: Vibrationally assisted chemisorption.

Eley-Rideal

In an Eley-Rideal reaction, the reactant A directly interacts with the ad-
sorbed reactant B on the surface and produces the product AB that desorbs.
The rate is therefore:

R = kpA B (451)

pa is the pressure of constituent A and is a measure of the ux of incident
particles. g is the coverage of particle species B. k is the rate coe cient.
The rate equation for g gives:

— =sg(1 B)Pe Kd B (4.52)

Here, i is the pressure of constituent B as a measure of the incident ux.
sg is the sticking coe cient of B. k4 is the desorption rate. One obtains with

_ keps

with kg = f(i; The rate is:
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R =k PaPs Ks
1+kgps
An Eley-Rideal reaction is characterized by several things:

(4.54)

" Reaction products are hyperthermal:

Since the reaction proceeds directly, the reaction products do not come
into thermal equilibrium with the surface. This results in the desorbing
particles being hyperthermal.

N

Small cross section:

The direct reaction, e.g., abstraction from a surface atom by an incident
atom, occurs on a short time scale. Since a bond must be broken here,
the probability is very small and the cross section for the reaction is
small.

N

Dependence of the reaction rate:

Since the reactant A reacts directly, the reaction rate 4.54 increases
continuously with the coverage of B until complete coverage is reached
and the rate saturates (see Fig. 4.20).

Langmuir-Hinshelwood

In the Langmuir-Hinshelwood reaction, both constituents A and B rst ad-
sorb on the surface and react there to form a new molecule AB. The rate
is:

R=k A B (455)

pa is the pressure of constituent A and a measure of the ux of incident
particles. g is the coverage of particle species B. k is the rate coe cient.
From the rate equations for g and A, one obtains:

Ke P

KaPa _
1+Kkapa +keps

- 1+Kkapa +kgps and ®

A (4.56)
Here, i /p a is the pressure of constituent B/A as a measure of the inci-
dent ux. ka = f(—’z and kg = Sk_'f, The rate is:
R =k kAkB pApB , (457)
(L+kapa +kgps)

The Langmuir-Hinshelwood reaction has the following characteristics:

73 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 4. NEUTRAL PARTICLE-SOLID INTERACTION 4.2. SURFACE PROCESSES

A

A

N

Reaction products thermal

Since the reactants A and B are in thermal equilibrium with the surface,

the temperature of the desorbing products AB is equal to the substrate
temperature.

Large cross section

The cross sections for the Langmuir-Hinshelwood reaction are usually

large, since the reaction times of the adsorbed reactants A and B can
become su ciently long.

Dependence of the reaction rate

The rate for the formation of the product AB depends on the simulta-
neous coverage of the surface with reactant A and B. Only then does
one obtain an optimum in the rate (see Fig. 4.20).

Figure 4.20: Reaction rates as a function of the pressure ps of the con-
stituent B in the case of an Eley-Rideal (ER) or Langmuir-Hinshelwood
(LH) mechanism.
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4.3 Example: a-Si:H Deposition

Amorphous silicon is an important component of plasma technology, as it is
the only thin- Im material from which electronic components can be manu-
factured. Pure amorphous silicon is initially a material with poor electronic
properties. However, it has been shown that the addition of hydrogen greatly
increases the conductivity [Abe93]. Hydrogen incorporated into the amor-
phous network thus saturates defects in the band center. This material can
be produced in di erent ways:

PECVD in Silane Plasmas

The most established method for producing amorphous silicon Ims is
coating from silane plasmas. Here, electron impact-induced dissocia-
tion of silane initially dominates, according to:

e +SiH,!SiH ,+2H+e (4.58)

In this dissociation, excited silane is initially formed, which relaxes
under evaporation of two hydrogen atoms. This is in contrast to the
dissociation of methane, which directly leads to CH

SiH, ! SiH ,+2H (4.59)

If the partial pressure of SiH is high enough, the very reactive Sik
reacts with SiH,.

SiH, + SiH4 ! Si ,Hg (4.60)

Finally, disilane is then dissociated into silyl radicals.

e +SiHg!2SiH s+e (4.61)

According to this reaction scheme, two important reaction partners can
be formed that are important for Im synthesis: (i) SiH, if the SiH,4
partial pressure is low (ii) Sik and SbHg if the partial pressure of SiH

is high. In the experiment, it was shown that only in the latter case
can Ims with good electronic properties also be produced. Therefore,
one must ensure in silicon coating that the plasma is operated so that
only a small part of SiH, is consumed or converted. Typically, this is
only 10
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A

N

Reactive Magnetron Sputtering (RMS)

In contrast to PECVD, it is also possible to deposit a-Si:H Ims in
reactive magnetron discharges. For this purpose, hydrogen is added to
the argon discharge. Remarkable about this process is the fact that,
despite the direct deposition of silicon atoms compared to SiHas in
PECVD, the intensive hydrogen ux is su cient to saturate the de-
fects in the material and actually produce a Im with good electronic
properties.

Hot lament

Finally, there is also the possibility to produce a-Si:H with the hot
lament method. Here, the hot lament essentially serves to dissociate
hydrogen. This reacts via:

H+SiH, ! SiH 3+H> (4.62)

to form silyl radicals. The advantage over PECVD is the better scala-
bility of the discharges.

Since the production of a-Si:H Ims is essentially carried out in silane
plasmas with low depletion, the growth models have particularly focused on
scenarios for the incorporation of Siklinto an a-Si:H surface.

First, the experimental observations are summarized:

N

N

N

Surface loss probability remains constant at 0.3: Numerous exper-
iments showed that the surface loss probability for SiHis constant

at 0.3. This is surprising, as one would expect that processes such
as surface di usion are strongly temperature-dependent with variable
substrate temperature.

Sticking coe cient s constant at s = 0:1 for substrate temperatures less
than 350 C: In addition to , sis also constant over a wide temperature
range. Only above 350C, it increases to 0.3.

Hydrogen concentration: The hydrogen concentration in a-Si:H de-
creases continuously with the substrate temperature. The hydrogen
concentration on the surface, however, remains high over a wide tem-
perature range, only the composition with respect to the proportion of
SiH, SiH, and SiH; surface groups changes.
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Figure 4.21: Surface loss probability and sticking coe cient as a function
of the growth temperature.

Against the background of these boundary conditions, a model has ini-
tially been established that, on the one hand, brings a high sticking coe cient
but also a high hydrogen coverage into harmony. By postulating a hot precur-
sor mechanism, one can achieve that SiHs rst adsorbed on a fully covered
surface and diuses until it nds a free bond as an adsorption site. After
that, desorption is classi ed as unlikely in this model, additionally achiev-
ing a constant incorporation probability that is independent of the substrate
temperature.

This model is strictly dependent on the requirement that Siil can only
be incorporated at a free bond. However, it subsequently turns out that SiH
can also be incorporated in strained bonds on the surface according to:

SiH;+Si Si!Si SiH 5 H (4.63)

The excess hydrogen is then thermally released by reconstruction of the
surface.

In addition to the deposition of amorphous silicon Ims, it is also possible
to deposit microcrystalline silicon at high hydrogen dilution of the plasmas.

4.4 Surface Roughness

The investigation of plasma-surface phenomena is made di cult in practice
by the fact that the reactants and surfaces are often poorly de ned. In
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Figure 4.22: Hydrogen concentration in a-Si:H as a function of the growth
temperature.

pure surface physics, one can usually refer to well-characterized surfaces and
adsorbates.

An elegant way to learn something about surface processes is, on the other
hand, the observation of surface roughness and its temporal development
during Im growth. The idea is that depending on the growth process, the
surface can become very smooth or, on the contrary, rough. If a growth
precursor, for example, has a large surface di usion length, epitactic Ims
are formed in the limit, while growth precursors with a very short surface
di usion length lead to very rough Ims, as illustrated in Fig. 4.24.

The mathematical tool to quantify these phenomena is described below:

4.4.1 Basic Concepts

The average Im thickness in one dimensionis obtained by averaging the
heights h(i; t) over a distance L according to:

e
hh@®i= = (i) (4.64)

5The dimensionality of an interface (here the surface) between the Im and the envi-
ronment in three dimensions is 2. In two dimensions, the interface becomes a line and the
dimension of this boundary is 1.
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Figure 4.23. By H » dilution, it is possible to deposit microcrystalline
silicon in silane plasmas.

This interface is created by the random impact of particles that lead to
an increase in the Im thickness. If the particle ux is constant over time,
the following must apply:

hh(t)i / t (4.65)

The roughness w(L; t) is de ned as the quadratic deviation from the mean
value, and one obtains:

" #i=2
. . 1=2 1 X . N 2
w(L;t)= hKi hhi 2 "= C (h(i;t) hhi) (4.66)
i
This notation of a one-dimensional interface is illustrated in Fig. 4.25.
If one now lets a layer (in the computer model) grow and observes the
resulting roughness, one makes the following observations (see Fig. 4.26):

" Dynamic growth exponent

The roughness begins to increase with a characteristic exponent, the
dynamic growth exponent :

w/t L11 (4.67)

The exact value of depends on the growth process, as will be shown
further below.
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Figure 4.24: The roughness of a surface provides information about the
formation mechanism of the thin Im.

Figure 4.25: Notation for describing the surface contour.

" Static growth exponent

At a given scale of observation L, one nds that after a certain coat-
ing duration, the roughness apparently no longer changes. This is due
to the fact that, for example, roughnesses become larger in scale with
increasing growth, and the observation size no longer captures the mor-
phology of the surface. If the observation scale L is changed, larger-
scale roughnesses can be observed again, and the temporal change in
roughness becomes visible again. Thus, the saturation valugwof

the roughness depends on the scale of observation. This dependence
follows a scaling according to the static growth exponent :

Weat / L {1 (4.68)
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" Exponent z for the time t  at which saturation occurs:

The time t, from which saturation occurs can also be expressed by a
scaling that depends on the length scale of observation L:

(469

The parameters , and z are not independent of each other. At the
point where saturation occurs, the dynamic (4.67) and static scaling
(4.68) must coincide. Therefore, the following must apply:

w=t, =L (4.70)

With equation 4.69 one obtains

LZ =L (4.71)

From this it follows:

z=— (4.72)

The scaling laws for roughness can be expressed in summary as a unique
function:

Wi/ Ly - (4.73)

Scale | _{ZX_
Time dependence

Growth Mechanisms The absolute size of the growth exponents depends
on the growth mechanism of thin Ims. In the experiment, one observes
the roughness over time and compares the plot of this quantity with Eq.
4.67. Alternatively, one can also observe a given Im on di erent scales and
determine the respective roughness. The comparison with Eq. 4.68 then
provides information about the static growth exponent.

As possible growth mechanisms, some are highlighted (see Fig. 4.27):

" Random Deposition

In random deposition, the incident particle is directly incorporated.
Since the point of impact is statistically distributed, this process follows
Poisson statistics (see below). The roughness increases continuously.
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Figure 4.26: Average roughness as a function of the scale of observation
L and the growth time t.

~ Surface Di usion

In surface di usion, the particle can di use over several surface sites
after adsorption to nd a suitable site. This leads to smoother surfaces.
A prominent example is epitaxy, in which absorbed particles are only
incorporated at step edges, and layer-by-layer Im growth is observed.

N

Ballistic Deposition

In ballistic deposition, a particle is incorporated if it nds a nearest
neighbor. This creates a non-linear e ect, since the incorporation prob-
ability also depends on neighboring surface sites.

4.4.2 Single Particle Modeling

For the modeling of growth phenomena, there are two fundamentally di erent
approaches. In the single particle approach, a microscopic picture of the
growth process consisting of activation barriers for surface di usion, etc. is
developed, and the resulting roughness is then calculated in a Monte Carlo
computer program. In the continuum approach, one tries to encode the
physics into an equation and then tries to determine the scaling properties
of this equation. From this, the growth exponents then result.
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Figure 4.27: Di erent variants of Im growth.

In the single patrticle picture, the random deposition can still be described
analytically. The probability of reaching a height h at a certain location i
when N particles hit over a distance L is given by the following probability:

N
h

The average Im thickness is therefore:

P(h;N) = pre p )" (4.74)

X N
hhi=" hP(hN)=Np= ==t (4.75)

The mean value of the square of the height is:

X
hiti = h?P(h;N)=Np(L p)+N ?p? (4.76)

From this, the roughness is obtained as:
w? =hh% hhi 2=Np(1 p)= % 1 % =t 1 % (4.77)

Finally, one obtains the dynamic growth exponent for random deposition
= 1=2. That is, the roughness increases continuously with an exponent of
1/2. This is also referred to as runaway roughness:

w2/t bzw: w/t 2 (4.78)
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In-Depth - Determination of Scaling via Solution of Continuum
Equations

In the continuum approach, one tries to describe the physics of roughness develop
ment by a di erential equation. Here, G(h; x;t) describes the physics of Im growth
and (x;t) describes the fact that the incident particle ux F is a statistically uc-
tuating quantity.

@h

@t

The form of G(h; x;t) can be derived from several boundary conditions. For

example, the validity of the equation must not depend on the sign of x and h, etc.
From this, the leading terms for G are obtained as:

O 2pir ha r2n (h) 2404 (xD) (4.80)

@t

Random Deposition

=G(h;x;t) +F + (x;1) (4.79)

First, consider random deposition in the continuum picture. Let F be the average
ux of incident particles:

@h
@t
The static nature of the incident ux implies that:

=F + (x;t) (4.81)

h(x;i =0 (4.82)

The incident particle ux is characterized by uncorrelated noise:

hogt)(x %t%9i=2D 9x x 9@t 9 (4.83)

Here, D is a constant that is a measure of this noise, while d denotes the dimension
of the problem. This term only gives a nite value if x = x % and/or t = t © applies.
That is, events that are separated in space or time lead to h (x;t) (x%t%i = 0 and
are therefore uncorrelated.

The average Im thickness after a time t is again:

z t
hh(x; t)i = (F + )dt=Ft (4.84)
0

or the average square of the height:

hHP(x; )i = (F + dt
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z t
F?+ 2D
0
F 2t + 2Dt (4.85)

From this, the roughness is calculated as:
w? = hh?i hhi 2 =2Dt (4.86)
One obtains again:
w = (2Dt) 12 (4.87)

One can see that the roughness again scales with the dynamic exponent = 1=2,
just as in the single particle approach.

N = dA (4.88)

If this situation is considered for a hemispherical body, one obtains the change
in the chemical potential as:

4 ((r+dn)2 r2)

= 4.89
4r 2drVA!:m (4.89)

This can be shortened to the Thomson-Gibbs formula:
=2 L*fm (4.90)

Thus, the rate of adsorption is proportional to the change in the chemical po-
tential and inversely proportional to the curvature radius of the surface. That is,
more strongly curved surfaces grow faster than less strongly curved ones. Intuitively,
this can be explained by the fact that in strongly curved surfaces, a change in this
curvature corresponds to a strong change in the surface tension, which is favored.

The factor 1=r corresponds to the curvature of a surface. Thus, one obtains the
continuum approach as:

%T/ r 2h (4.91)

Determination of the Scaling Exponents via Analysis of the
Scaling of the Equations
For the description of the development of roughness, it is important to de ne the

scaling properties of the surfaces when the observation or description scale is changed.
One distinguishes self-similar and self-a ne surfaces:

~ self-similar

In self-similar surfaces, the equations describing the physics are preserved i
the quantities location x, height h, and time t are scaled as follows.
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bh

—~ O X

self-a ne

In self-a ne surfaces, on the other hand, the equations describing the physics
are only preserved if the individual dimensions of the problem are scaled di er-

ently. An increase in the length scale by the factor b transforms into a scaling
of the quantities height h and time t according to:

x ! bx
h ' b h
t ! b %t

We want to use the property of scaling the quantities to determine the exponents.
For this purpose, the quantities and are chosen in such a way that the solutions

become independent of b. We want to illustrate this with a simple example. For the
derivation of the scaling properties, the transformation of the equation

%T: r 2h+ (x;t) (4.92)

is considered in the following. For a self-a ne surface, we replace the quantities
x; h and t according to the following rule:

X ! bx
h ' b h
t ! b %t

and arrive at the transformed equation:

h
b2 %t: b 2 r2nh+p 202 (4.93)
Here, was calculated as follows:

h (bx; bzt) (bx % bz®i=2D 9(bx bx 9 ?(bzt bzt Y=b©@? h § (4.94)
Here, it was used that 9(bx) =bd 9(x). Thus, one nally obtains:

%h: b(2(D [ 2p4p bE2(2)
t

(4.95)
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This equation must be independent of the absolute size of b, since the equa
tion describes the physics of the mechanism and should not depend on the scale @
observation. Therefore, the following must apply:

(2)(2 =0
%(d+z)(z):0

From this it follows that:

2 d

- 5 (4.96)
2 d

= = (4.97)

Surface Di usion

In the case of Im growth by surface di usion, one obtains a continuum equation
according to:

@h_

@t
The exponent r 4 can be motivated as follows. In surface di usion, a material

transport along the surface takes place. This particle ux is driven by a di erence

in the chemical potential. Thus, adsorbed atoms diuse from a region with high
chemical potential to a region with low chemical potential, according to:

@
@x

The change in height at a location x due to this surface di usion is given by the
continuity equation with:

Kr “h+F+ (x;t) (4.98)

j= (4.99)

@h

= +7ri= .
ot =0 (4.100)
Since the chemical potential scales as fh/ , one obtains overall:
@h 4
—/r °h 4.101
@t ( )

To derive the scaling properties of this equation for self-a ne surfaces, however,
the scaling properties of the prefactors must also be consideréd As a result, one
obtains:

4 d

= (4.102)
4 d

= (4.103)
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static dynamic
Random Deposition| does not saturate %
Evaporation Condensation 0 0
Ballistic Deposition 0.38 0.24
Surface Di usion 1 3

Table 4.1: Scaling exponents for a 2-dim surface depending on the growth
mechanism

Nonlinear E ects

The simplest case of a nonlinear e ect is ballistic deposition. Here, the environment
of the point of impact is decisive for the deposition as illustrated in Fig. 4.27.

The dependencies in the continuum equation can be illustrated with the help of
Fig. ??. The change in height h at a location x due to an incident ux F is given

by:

h2=(Ft) ?+(F ttan ) 2 (4.104)
h2=(F1t) 2+(F trh) 2 (4.105)
h=Ft 1+@ M2 (4.106)

For rh 1 one thus obtains:

@h__1 2 )
@t F é(rh) + (x;1) (4.107)

This is referred to as the KPZ equation. In one dimension, an analytical
solution for the scaling exponents is known:

(4.108)

WL NI

(4.109)

aThis is achieved by the renormalization group theory

In summary, the individual growth mechanisms have di erent scaling
properties, which are summarized in Table 4.1 for the case of the two-
dimensional interface.
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4.4.3 Measurement Methods

There are two approaches to measuring the scaling exponents. The dynamic
scaling exponent can be determined in-situ by optical methods, e.g., ellip-
sometry, or ex-situ by atomic force microscopy, which is performed on Ims
with di erent layer thicknesses.

The static scaling exponent can be determined with the AFM, in which
di erent scan areas are chosen. The comparison with Eq. 4.68 then provides
information about the static growth exponent.
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Chapter 5

lon-Solid Interaction

The ion-solid interaction can be separated into a nuclear and an electronic
component for the case of plasma-typical energies and ions. The interaction
through collisions with the target atoms describes the nuclear collision pro-
cess, which leads to momentum and energy transfer. The interaction with
the electrons in the solid only becomes important at high particle velocities
and is usually only associated with energy loss.

The interaction of ions with the solid atoms can be considered as a con-
sequence of individual collisions or as a collective e ect [Sig81]:

N

N

Linear Cascade

If the interaction is considered as a sequence of independent individual
collisions, one speaks of a linear cascade. The probability of a three-
body collision at the energies considered does not come into play. This
type of description is referred to as the theory of the linear cascade,
or as BCA (binary collision approximation).

Heat Spike

In a collision process in which a lot of energy is locally deposited, the
collective movement of the atoms in the target can become important.
This can be considered as a local heating and one therefore speaks of a
heat spike. However, this only becomes important for large or highly
charged ions and will not be considered further.

5.1 Neutralization

As an ion approaches the surface, neutralization usually occurs well before
the surface. For further consideration, it is irrelevant whether the projectile
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Figure 5.1: In the ion-solid interaction, one distinguishes small momentum
losses due to electronic excitation and large momentum losses when scatter-
ing o the target atoms.

is considered as an ion or not, since the shielding by the solid electrons is
decisive in the collision processes.

Interaction Potentials

The potential of the target atoms is characterized by their shielding by the
surrounding electron gas, similar to Debye shielding in plasmas. If the elec-
trons in a solid of length L are described as plane waves with an energy
and a wave vectork, one obtains:

~2k2

= (5.1)

The number N of electrons at the location % is calculated by counting in
the sphere with radius Kj in the phase space at temperature T = 0 as follows
(see Fig. 5.2):

@ 55< 25N 6.2
Spins L

Here, it is taken into account that due to the Pauli exclusion principle,
each wave occupies a volume ofzr *in phase space, and we only count
in an octant (factor 1/8) since we consider standing waves. The connection
between energy and electron density n % is therefore:
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Figure 5.2: Phase space for electronic states in a solid.

2 32 2=3 2 _
— — 2 2=3
“om 3N Tam 3 (5-3)
The density of states is given as:
dn VvV 2m *? _
g() = qd 22 = =2 (5.4)

The local variation of the kinetic energy of the electrons is a re ection
of the potential energy. After the total energy remains constant, the kinetic
energy increases in regions where the potential energy V is negative. With
the substitution = V one obtains:

N = (2m) 2=3

= (V) = (5.5)

By means of the Poisson equation, the potential energy V and the poten-
tial for electrons are linked as = eV.

r2= E(n+ n ) (5.6)
0

With respect to the density n. of the immobile positive ions, we then
obtain through a local change in the electron density n

r2= Sq (5.7)
0

or as an expression for the potential energy V :
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r 2V i/n (5.8)
or as a di erential equation:
rav/(v) 2 (5.9)
and with an approach according to:
Ze?
= 5.10
4 ol ( )

If we substitute this into the radially symmetric di erential equation, we
initially obtain:

1@ v

rr@r @r

From Egs. 5.5, 5.10, and 5.10, the shielding of the Coulomb potential in
the vicinity of a target atom, the so-called Thomas-Fermi equation:

| (V) 32 (5.11)

_,d?
12

U _ 3=
o (5.12)

with the abbreviation

do
r=arteX arg = 0885ﬁ (513)

For the case where the two collision partners have dierent nuclear
charges, one uses:

_ 5 2
arr :0:885% Zett = Z12+2372 (5.14)

eff

The exact solution of the Thomas-Fermi equation is complex. In partic-
ular, it is not suitable for the numerical calculation of projectile trajectories
as a sequence of scattering processes on shielded potentials. To have simpler
potentials for solving the scattering integral, as described below, dierent
approximations are used:

~ Power Law

The shielding function (x) can be written as a power law with an
integer exponent s. However, this type of solution is only valid in a
limited range of distances between the projectile and the target atom.
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Therefore, the solutions must be joined together, as illustrated in Fig.
5.3.

k arg st
S r

nlx

151
X

(x) = (5.15)

Figure 5.3: Shielding function according to the Thomas-Fermi equation.

with s an integer and k a constant.

N

Universal Law

A more general form of the shielding function was developed by Ziegler,
Biersack, Littmark (ZBL), which corresponds to an empirical approxi-
mation for the solution of the Thomas-Fermi equation. As a shielding
function, one uses an approach:

(X) =a e X +::+a5eP (5.16)

with 8 coe cients a and b. The distance X is:

X = (5.17)

r
ay
with

1

ay = 028854@W

(5.18)

The exact form of the ZBL shielding is:

(X) = 0:1818e ¥# +0:5099€%94%%* +0:2802e"4928* +(:02817¢"2016x
(5.19)
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Review of Scattering Physics

Kinematics

So far, the type of scattering process has not been speci ed. In solving the scattering
problem, the goal is to determine the dependence between the impact parameter H
and the scattering angle . For this purpose, one practically starts from the center-
of-mass system. The center-of-mass velocity is:

Figure 5.4: Laboratory system - center-of-mass system

miyvy +moVvo

Vep = ———— % 5.20
om S (5.20)

The reduced mass ngn, Iis:

mimy
Mep = ———— 5.21
m = (5.21)
The relative velocity is:

Vi =V1 V> (5.22)

The scattering angles ; and , in the laboratory system are related to the
scattering angle in the center-of-mass system ., according to Fig. 5.4 as:
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msySin ¢m

tan ;= (5.23)

2= %( cm) (5.24)

The energy loss is obtained from the solution of energy and momentum conser
vation for a given scattering angle. This is referred to as the kinematic factor

E _ 2mims

=—= = W(l COS  cm) (5.25)

The kinematic factor is maximized in a central collision. One obtains:

_ mim;
= 7(m1 T m )2 (5.26)

After introducing these new quantities for the center-of-mass system, the energy
conservation must be solved on the trajectory:

1 1
>Mem P+r2_ 2+ (= émcvaz2 (5.27)
as well as the angular momentum conservation:
Mem Vob = Mem r? —m (5.28)

Equations 5.27 and 5.28 can be inserted into each other using the relationship:

d d 1
—= (5.29)
dr dt o
One nally obtains the so-called scattering integral:
em = 2b h 5 dr (5.30)
I min r2 1 1% rQ 1:2
2'em VR

Here, the scattering potentials V (r) are inserted according to the type of inter-
action and the integral is solved. This results in the dependence (b), from which
the di erential cross section is subsequently determined.

Cross Section

To describe the cross section for a collision, the di erential cross section is rst

introduced as the fraction of the cross section that leads to scattering into a certain
solid angle element d :

d :
2 bdb = q F_R{szn_} ﬁﬁ} |{% (5.31)

Radius Ring Solid angle d
Correction Distance
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Particle conservation requires that the ux through a ring of width db and radius
b is identical to the ux through a ring with opening angle d on the surface of a
sphere with radius R. Solving gives:
d b db
d sin d
That is, for the determination of the di erential cross section, we need a relation-
ship between the so-called impact parameter b and the angle at which the particle
is scattered.

(5.32)

Figure 5.5: Di erential cross section

The total cross section is nally obtained by integrating over the entire solid
angle:
z d
sc =2 —sin d (5.33)
o d
However, for transport, it is not the loss of the particle that is interesting or
the probability that a scattering process has occurred, but rather how much this
scattering process has reduced the momentum. The corresponding cross section fd
momentum transfer must be corrected by the factor:

dp=p pcos (5.34)

Figure 5.6: Cross section for momentum loss

=
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%p =1 cos (5.35)
Thus, one obtains:
z d
m = 2 (1 cos) d—sin d (5.36)
0
That is, if the particle is hardly de ected, i.e., 0, cos becomes zero and
the cross section ,, vanishes.

5.2 Energy Loss

The energy loss of an ion on its trajectory in the solid is characterized by
two quantities:

"~ Stopping Power

The so-called stopping power denotes the energy loss of a projectile per
path length in a solid:

dE
B =

™ evVm? (5.37)

" Stopping Cross Section

If this stopping power is related to the particle density n, the stopping
cross section can be given:

= %2—5 evm? (5.38)

5.2.1 Nuclear Energy Loss

As mentioned at the beginning, the nuclear energy loss refers to the energy
and momentum loss during scattering o the target atoms. The probability
of scattering a particle with energy E over a path length dx is given as:

p(E) = n (E)dx (5.39)

The fraction of collisions in which an energy T is transferred to the target
atom is:

dp(E) — _  d(E)
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Now, one must still integrate over all possible energy losses T and one
obtains the average energy loss hdEi over a path length dx with:

Z Z TmaX
haei= TIPE) T4E)

T = T 41
Tar d n - e dT dx (5.41)
Thus, the stopping power becomes:
Z
dE. _ Tmax _d (E)
hd—l-n - Td—TdT (5.42)

At low energies, the energy loss increases because T increases linearly. At

high energies, the cross section for scattering becomes small and the energy
loss decreases again (see Fig. 5.7).

Figure 5.7: Behavior of the stopping power in the case of nuclear energy
loss.

5.2.2 Electronic Energy Loss

In the case of electronic energy loss, the excitation of the electrons by the

projectile is decisive. The type of approximation is determined by the velocity
v of the projectile:

“v and 'O

At high particle energies, the de ection is small and the energy loss
is calculated according to the Bethe-Bloch formula. Initially, the

momentum loss due to the motion in the eld of the Coulomb force is
given as:
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p= Fdt (5.43)

Since the momentum loss is small, the velocity v of the projectile can
be assumed to be almost constant and approximated as:

p= % Fdx (5.44)

The small momentum loss also means that the direction of the projectile
hardly changes and thus no change in b occurs, i.e., the integration in
dt can be directly converted into the integration in db. The force in the
Coulomb potential is given as:

d)(r)
db

With an electron as a collision partner, the change in direction of the
projectile is small and b remains constant on the trajectory (see Fig.
5.8). This gives:

F =

(5.45)

1dz1
— -4 2 2y1=2
p= vab . (x“+b%) dx (5.46)
or
Z 1
p= ZiZ,€ v dx (5.47)

2 2)3=2
v4 obl1 (x {+Zb)

2

Figure 5.8: In the case of electronic energy loss, no de ection of the pro-
jectile occurs, since the collision partner is the electron in the solid.
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and nally:
27,7 ,€
= 4 b (5.48)
with Z >=1
2 24
L (5.49)

T 2m (4 o)»v2Pm

The stopping power is obtained from an averaging over all possible
energy losses, as explained in Eq. 5.42:

Z Z
dE Tmax d E bmax
h&|=ne o T%dex=ne - T2 bdb (5.50)
or
h9E;. 4Zi€Me | Dra (5.51)
dx (4 2)mev2 b '

Now, the integration limits are needed, given as minimum and max-
imum impact parameters. The maximum transferred energy corre-
sponds to the central collision on an electron, given as:

1
Trmax = 4§mev2 =2m V2 (5.52)
With Eqg. 5.49 one obtains:

Z.€
n = —— 5.53
bmln 4 omevz ( )
The minimum transferred energy corresponds to the ionization poten-
tial that must be provided to be able to excite an electron of the target
atom at all.

Tmin = hEXcitation energyi = | (5.54)
or
27,€
b = 2 o 2moV2l (5:59)
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In addition, the maximum impact parameter cannot be larger than half
the distance between the solid atoms.

dE.  4Z2en, n 2MeV?

hax'= (4 o)2mev2 I

(5.56)

“v'v g and

At low energies, the energy transfer is limited by the fact that not all
electrons can participate in the scattering, as they are bound in the
Fermi sea.

E=m vV (5.57)

Figure 5.9: Behavior of the stopping power for electronic energy loss.

5.3 Sputtering

In the case of sputtering a solid, one considers the case where surface atoms
are struck in a collision cascade and may be able to leave the solid. This is
expressed by a sputtering yield Y :

Y = N sputtered (5.58)

Nincident
with N sputered the number of atoms released and iNigen: the number of
incident energetic ions. This sputtering yield is generally a function of the
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energy of the incident ions and the material considered. Sputtering in turn
produces particles that leave the surface with a characteristic energy and
angular distribution. This will be discussed below.

Consider the sputtering process in which an ion penetrates the solid and
there, through nuclear energy loss, strikes the solid atoms. The number N
of struck solid atoms (= recoils) with an energy greater than g, is, given a
total energy of the projectile E, given as:

N(E; E o) EEO (5.59)

Figure 5.10: In the collision cascade, secondary particles of energy kg are
generated in a solid angle do.

is a function of the interaction potential for the speci ¢ combination of
projectile and target. This is a linear approximation in which it is assumed
that the energy E is divided equally among recoils of energy,Ea 1000 eV
ion can only generate 5 recoils of energy 200 eV due to energy conservation,
etc.). The number of recoils n(E; &) within the energy interval dEg is given
as:
=y AN(E;Eo) E _ .
n(E, Eo) = dEO Eg = F(E, E 0) (560)
The total number G(E; E ) of particles that are moved per unit time and
are in the energy interval di is given by the ux of incident projectiles
times the number of recoils n(E; i) generated thereby and the unit of time
dto.
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dt, is formally replaced by:
dEo dEg
dto = = 5.62
Thus, one obtains:
E dE
GE:EQ)dEo= m—y—ao— (5.63)
Eovo &

These are the patrticles within the solid that are released. Now, however,
we only need the recoils that are moving towards the surface, as only these
have the possibility to leave the solid. The ux of particles J is given by
the product of recoils G(E; &) times velocity v,. In addition, this ux
must be projected onto the surface direction by multiplication with cos , as
illustrated in Fig. 5.11. Thus, one nally obtains:

Figure 5.11: The outward-directed ux of secondary particles is obtained
by projection onto a direction.

E dE
J(E;Eo)dEod = G(E;E ()dEedVv gcos = mgv—dgoVOCOS d
0 V0 gx

(5.64)
When the recoils pass through the surface of the solid, the barrier cor-
responding to the surface binding energy & must still be overcome. This
can be described within the framework of elastic scattering.
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From the conservation of momentum for the velocity component parallel
to the surface, which remains unchanged, the following condition is obtained:

VoSin g=VvisSin 4 (5.65)
or

E, Sin2 1=E OSinz 0 (566)

Figure 5.12: Barrier model of sputtering.

The conservation of energy gives:

El = Eo E SB (567)

From the derivative of the conservation of momentum with respect to the
solid angle, one can derive:

E12$in 1 COS 1d 1d 1:E03in o COS od 2d 2 (568)

With the solid angle d = 2 sin dd one thus obtains the relation-
ship:

Eicos 1d 1=Egcos od o (5.69)

Thus, one can convert the ux of directed particles J intoayield Y =J=
as:

E dE; E;

dY = ,——F=—=—=c0
"EZ Lo E,

S 1d 1 (570)
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If one now replaces & with E ; + E sg, one obtains

dE E
dY = mE-—p L cos id (5.71)
o (E1+Esg)
The di erential sputtering yield is thus [Tho68]:
dy E E:
= cos 5.72
dEid 4 " dd% (E1+Esp)’ ' (5.72)

This is referred to as the Thompson distribution. This dependence in

the sputtering yield is characterized by several peculiarities:

A

" Energy distribution E  ;

If one considers the maximum of the energy distribution of the sput-
tered particles, one nds that this does not depend on the energy of

the incident ions E. That is, by measuring the maximum, one can
determine the surface binding energy &.

Figure 5.13: Energy distribution of the sputtered particles.

" Angular distribution 1

The emission of the particles follows a cosine distribution in the rst ap-
proximation. That is, the sputtering behaves like an emitting surface.
This can be explained by the fact that the generation of the particles
in the volume is assumed to be isotropic generation of recoils.

Energy dependence E
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The sputtering yield increases linearly with the energy of the ions E.
This simple statement must be corrected at two points. On the one
hand, the sputtering yield decreases again at very high energies, since
the ions penetrate deeply into the material and the recoils are only
generated at great depth, from where they can hardly reach the surface
anymore. On the other hand, sputtering is a threshold process, since
the kinematics of the collision partners speci es a minimum energy of
the ions above which sputtering can occur.

Figure 5.14: Sputtering as a threshold process.

This threshold energy can be derived intuitively. Consider an ion of
energy E that falls onto the surface. This ion must rst change its
direction in a rst collision. In doing so, a percentage of energy,
the kinematic factor, is transferred to the target atom. That is, the
backscattered ion has only an energy of E(1 ). This backscattered
ion must now transfer its energy to a surface atom. The percentage is
now directly the kinematic factor . This energy transfer must at least
transfer the surface binding energy Eg for sputtering to occur, or:

E@ ) >E sB (5.73)
This thus gives a threshold kg for sputtering of:

Ess

Ewn > —(1 )

(5.74)
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A

This equation only applies to projectiles that are lighter than the tar-
get, since backscattering had to occur in the rst step. For heavier
projectiles, the rst step is more complicated, since the projectile can
only reverse its momentum through multiple scattering (momentum
reversal). The threshold energies typically range from 10 eV to several
hundred eV, depending on the projectile/target combination.

Angle of the incident ions

The sputtering of the target also depends on the angle of the inci-
dent ion. Here, one obtains two contributions. On the one hand, the
sputtering yield increases with a atter angle of incidence, since the
cascade of recoils reaches closer to the solid surface. That is, more
particles have the opportunity to reach the surface. However, at very
at angles, the number of target atoms within which the projectile is
decelerated becomes very small. And the sputtering yield becomes zero
at =90

Figure 5.15: Angle dependence of sputtering with the angle of the inci-
dent ion to the surface normal.

N

Rough surfaces

In the case of rough surfaces, the angle dependence almost disappears,
since the angle of incidence , as well as the emission angle, are no
longer uniquely de ned.
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Empirical Formulas for Sputtering In principle, the recommendation is to
calculate the sputtering yield with the corresponding computer codes (e.g.,
TRIM.SP[Eck91]). As an approximation formula, the so-called Bohdansky
formula has become established, which is structured as follows. The sputter-
ing yield as a function of the energy of the ions at perpendicular incidence
on the surface is:

!
En 2° E
Y (Ein; =0 )=Qsn() 1 =" 1 =" (5.75)
Eo Eo
The absolute value is determined by the adjustable parameter Q. The
energy dependence can be directly derived from the mass ratio of the pro-
jectile and the target. The individual parameters are the reduced ion energy

Eion
= 5.76
E . (5.76)
with the Thomas-Fermi energy EF:
Z1Z,6 M1+ M 5
Err = 577
TF a|_ M2 ( )
with the length scale a
g2 1= _ . 122 _ ., 1=2
A= s G Zyo+Z;0  =04685 ZiU+Z0 (A
(5.78)
and the parameter for the nuclear stopping,s
3:447 “In( +2:718
sn() = p ( {18 (5.79)

1+6:355 + (6:882" ~ 1:708)

The threshold energy B, at a given surface binding energy & nally
depends on whether the projectile is lighter or heavier than the target:

8
< e M; < 0:2M,
En = . 04 (5.80)
8Esg M_; M, >0:2M»
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5.4 Chemical Sputtering

5.4.1 Fundamentals

Etching using plasmas is a key application in the semiconductor industry.
For the production of integrated circuits, it is necessary to create lateral
structures on a silicon wafer. In some cases, it is also necessary to create
trenches or holes with a high aspect ratio, i.e., great depth compared to
the diameter. For the production of structures, there is an additive and a
subtractive method, as illustrated in Fig. 5.16: (i) in the additive method, a
mask is rst applied to the silicon wafer. This mask consists of a polymer that
can be exposed (lithography). The exposed polymer can then be removed by
means of an etching process. A Im is deposited on this structured surface.
Subsequently, the mask is removed, which thereby exposes the previously
covered areas of the silicon wafer (lift o ); (ii) in the subtractive method,
the Im is rst deposited and then the mask is applied. In an etching step,
the Im is now removed that was not covered by the mask.

Figure 5.16: Typical process sequence for etching structures in semicon-
ductor technology.

This described structuring can be realized for lateral structures with wet
chemical methods. However, to create holes or trenches with a high aspect
ratio, a high anisotropy of the etching process is required. This can only be
achieved by plasma etching (also referred to as dry etching). In conventional
wet chemical etching, the material removal occurs isotropically, which limits
the transfer of a mask to a silicon substrate.
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Material | Etch plasma | Etch product
Al BC|3+Ar,He AICI 3y A|2C|6
CCl, AIClI 3, Al,Clg
Cl, AlICl 3, Al,Clg
SiCl, AICI 3, Al,Clg
CHCl3 AICl 3, Al,Clg
Si| CF4+0, SiF,
SF+0, SiF,
XeF, S|F4
F, SiF,
Cl, SiF,
SiO, | CFy SiF,+CO,
C.Fs SiF4+CO,
CsFs SiF4+CO,
W | CF,, Sk WFg
Ta | NF3,F> WFg
Nb | NF3,F; WF¢
Mo | NF3,F; WF¢

Table 5.1: Selected examples of common etch plasmas

The structuring of nanometer-sized structures in the semiconductor in-
dustry is a central part of the technology and is used for many components on
the m scale, such as MEMS (Micro-Electro-Mechanical-Systems): a promi-
nent example is the micro-mirrors used in projection devices. But also micro-
pumps and sensors.

The combination of material and reactive plasma is shown for some typical
examples in Table ??.

Plasma processes are primarily required to be anisotropic and selective,
i.e., that a material such as Si@ is etched much more strongly compared
to Si. Plasma processes have the advantage that the mask production also
de nes the minimum structure size, that the use of chemicals is low. The
disadvantage compared to wet chemical processes is, however, the necessity
of a vacuum arrangement.

When etching silicon or silicon oxide, uorine-containing plasmas are gen-
erally used. In the plasma, uorine is dissociated and reacts with silicon to
form SiF;. The selectivity and the anisotropy of the etching process can
be better controlled if pure uorine F; is not used but uorine-carbon com-
pounds GF,. In addition, it is possible to add up to 20% Q to form stable
volatile compounds such as COf etc. In addition, the etch rate increases
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as O, + CF,4!'CO , +4F.

A particular feature of etching in uorine-containing plasmas is the clear
dependence of the etch rate on the doping. n-doped silicon is etched much
faster than p-doped silicon. This e ect is initially initiated by adsorbed u-
orine atoms, which, due to their strong electronegativity, can easily polarize
the high electron density in n-doped silicon. A charge transfer occurs and
an F -ion is formed on the surface. Due to the image charge that is created
in the conductive silicon, the F -ion is drawn deeper into the material (see
Fig. 5.17).

Figure 5.17: Doping dependence of silicon etching.

5.4.2 Anisotropic Etching

Anisotropy in plasma etching is ensured by the fact that the reaction rate
on a given surface is only high if reactive particles and ions simultaneously
impinge, as illustrated in Fig. 5.18. In this famous experiment, a silicon
surface was etched with selective particle beams of energetic argon ions and
thermal uorine atoms: (i) if only uorine atoms impinge, a slight chemical
etching occurs. A Si:F polymer forms on the surface, which has a passivating
e ect; (ii) if the ion bombardment is added, the Si:F polymer is e ciently
sputtered and the erosion rate increases dramatically. The ux of uorine
atoms is still essential, since the volatile compound Sjfnust be formed; (iii)
without the addition of uorine atoms, one only has physical sputtering. This

is not very e cient in the considered energy range. That is, one recognizes

112 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 5. ION-SOLID INTERACTION 5.4. CHEMICAL SPUTTERING

that the erosion rate is only high if ions and reactive atoms impinge on the
surface simultaneously.

Figure 5.18: Synergism in the etching of silicon in XeF , and argon ions.

One recognizes that the formation of the Si:F surface layer is essential
for the erosion behavior. Depending on the ratio of the ux of F atoms to
the surface and the set ion bombardment, one observes the growth of this
uorine polymer or the e cient erosion of the substrate, as illustrated in Fig.
5.19.

Since the ions have a preferred direction through the sheath, they ensure
not only an e cient erosion rate but also the anisotropy of the etching pro-
cess. For the production of integrated circuits, it is necessary to create narrow
lateral structures. The individual memory cells are arranged vertically rather
than planar. This makes it necessary to be able to produce trenches with a
high aspect ratio. Plasma etching can exactly achieve this. Conventional wet
chemical etching processes with an isotropic etching direction are unsuitable.

If one considers a trench, the ions and the neutral atoms only impinge
simultaneously on the bottom of this trench. On the sidewalls, the ion bom-
bardment is greatly reduced. There, a stable Si:F polymer forms and signif-
icantly reduces the erosion of the sidewalls.

This sidewall passivation is highly sensitive to the choice of process pa-
rameters. If, for example, the etching of aluminum in chlorine plasmas is
considered, the etching e ect is still quite isotropic in pure chlorine. Only
when using CC} does a stable Al:C:Cl polymer form on the sidewalls. Only
at the bottom of the trench does one then again obtain the preferential etch-
ing e ect.
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Figure 5.19: Anisotropic etching through the balance of erosion and poly-
merization.

The formation of surface polymers is a self-limiting process. This is
mainly due to the e cient momentum reversal of the incident ions. The in-
cident ions cannot reverse their momentum because of the unfavorable mass
ratio to the uorine atoms. This happens much more e ciently on silicon
atoms. That is, for example, an argon ion penetrates the Si:F polymer and
is only re ected at the Si:F interface. The reversal of momentum increases
the sputtering e ect and thus represents a self-limitation of the Si:F layer
thickness.

5.4.3 Selectivity

The plasma etching can additionally act selectively, in the sense that Si is
etched while SiQ is not attacked. This is particularly important since a
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Figure 5.20: Formation of a polymer layer on the surface.

uniform ux of reactive particles to all surfaces cannot be guaranteed for
di erent structure sizes. Therefore, it is important that in structures that,
for example, have already been freed of Sitno further etching of Si occurs,
so that other structures on the wafer can be completely structured during
this time.

Depending on the substrate material, one obtains di erent graphs accord-
ing to Fig. 5.18. By skillfully choosing the operating point, one can achieve
that either only SiO, or only Si is etched.

5.4.4 Limits of Plasma Etching

When etching microstructures, the following points must be considered:

" Loading

If an etching process is optimized for a given reactor with a single
silicon wafer, large di erences arise when one wants to transfer the
same process to a reactor with several wafers. Since the exposed silicon
surface of the wafers is now many times larger, more reactive gas is
consumed. Accordingly, the etch rate per wafer is reduced. This is
referred to as loading.

A

Damaging

High-energy ions that impinge during etching lead to lattice defects
and thus reduce the conductivity in the materials. This is compensated
by a thermal annealing step. The problem of damage is particularly
important for the gate area in a eld-e ect transistor, where the current
transport must proceed undisturbed in a small volume.
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N
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N

Figure 5.21: Sidewall passivation.

Microtrenching

The incident ions in plasma etching have a small but nite opening
angle. lons that hit the sidewalls are scattered at a small angle. This
locally increases the ux to the corners in the trench: an inhomogeneous
etch rate is created, as illustrated in Fig. 5.23.

Notching

When etching structures in insulators, a charging can occur, since the
electrons impinge from a larger solid angle compared to the ions. Thus,
the upper end of a trench becomes negatively charged and the bottom
positively charged. The elds thus created de ect the incident ions,
which leads to a ux enhancement at the sidewalls at the bottom of
the trench, as illustrated in Fig. 5.24.

Etch Lag

In plasma etching, a sucient ux of ions and reactive particles is
necessary. Since the reactive particles impinge on the surface from all
spatial directions, the ux within a narrow trench is much smaller than
within a wide trench. Thus, a wide trench is etched much faster than a
narrow trench. This results in di erent depths of the structures after a
given process duration. This can only be compensated by over-etching.
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Figure 5.22: Selective etching by choosing the operating point

However, this requires that the etching step in the wide trenches is
stopped by a boundary surface in the material. This is illustrated in
Fig. 5.25.

N

Dust formation in plasmas

In many processes of semiconductor technology, reactive precursors are
used. However, under unfavorable process parameters, negative ions
form in the plasma, which are trapped in the enclosing plasma poten-
tial. These negative ions undergo ion-molecule reactions and nally
form macroscopic dust particles. If these dust particles fall onto the
wafer surface, they can destroy the corresponding structures there.

117 © A. von Keudell, Ruhr-Universit Art Bochum



CHAPTER 5. ION-SOLID INTERACTION 5.4. CHEMICAL SPUTTERING

Figure 5.23: Microtrenching: due to the re ection of ions on the sidewalls
of a trench, an etch enhancement occurs at the bottom.

Figure 5.24: Notching.
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Figure 5.25: Etch depth depends on the aspect ratio of the holes.
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5.5 Secondary Electron Emission

5.5.1 Secondary Electron Emission by lons

lons impinging on surfaces not only lead to sputtering and material removal
but also knock electrons out of the solid, which is referred to as secondary
electron emission by ions. Here, electronic excitation in the solid becomes
visible through the emission of an electron that exits the surface. The energy
input is initially the electronic energy loss of the incident ion or the neutraliza-
tion of the ion directly in front of the surface. Similarly, secondary electrons
can also be triggered by impinging electrons or other excited species. The
rate and energy of the secondary electrons are essentially determined by the
density of states of the involved states. The following discusses the classical
Hagstrum model [?].

First, consider the energy scheme of an ion in front of a surface in Fig.
5.26. Here, two scales can be considered. On the one hand, relative to the
vacuum level B, awum and on the other hand, relative to the bottom of the
Fermi sea, which describes the metal.

Figure 5.26: Energy scheme of the generation of secondary electrons. The
energies in the Fermi sea of depthg with the bottom E ¢ below the vacuum
level and E; the ionization energy of the ion.
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Auger Neutralization
Rate of Secondary Electron Emission
In the so-called Auger neutralization, the ion is neutralized at the surface

by an electron in the state °. The energy released is transferred to an electron

in the state % The kinetic energy of the electron that leaves the surface is
E( relative to the vacuum level:

Ex= %+ 92 ,+E; (5.81)
or  relative to the bottom of the Fermi sea:

k= %+ 9 +E; (5.82)

Figure 5.27: Auger neutralization: An ion with ionization energy E ; trans-

fers its energy upon neutralization to the electronic system of the solid while
capturing an electron at energy °©

The rate of generation of these secondary electrons is determined using
Fermi's Golden Rule.

Rate = ZThinjfi ZN( ON( ON( %Sd d M °Y (5.83)
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Here, the density of states of the involved states Ng), N( 9, N( % is
important for the energy dependence of the rate. In particular, more states
become accessible at higher energies and the secondary electron emission
coe cient increases. The absolute size when comparing di erent metals is
determined by the di erences in the density of states. To calculate the rate
for all possible states that lead to an electron at energy, one must integrate
over all states °and

zzz,
Rate, = — hijHjfi N ON( ON( %d d %8 (5.84)

(% %E; o OP (¥

This integral can be calculated more easily by using the following substi-
tution.

0= 4 (5.85)
0 = (5.86)

That is, when integrating over , the sum of °and %remains the same
(see eq. 5.81), thus the energy of the electrop is also xed. The integral
over the average energy is divided into two parts. Once between 0 ang=2
and between =2 and . The appropriate integration limits for are then
Oto and Oto . By substitution, it can be seen that all states °and

petween 0 and  are included.

Z = N(C IN(C+) (2 +E i o wdd (587)

+ N(C IN(+) (2 +E i o ) dd5.88)

;:22 0

This can be written more concisely as:

z
F 1
Z= TO@+E i o Wd=T Z(x+ o E) (5.89)
0
with the so-called Auger transform T. The argument of this function
corresponds exactly to the value for at which the argument of the delta
function (2 +E o «) becomes zero and thus =1.
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Z

T() N(C IN(+)d < F=2 (5.90)

ZO

F

T() N(C IN(+)d F=2< < ¢ (5.91)

0
Here, the quantities N() are the occupation of the states in the solid
at energy and result from the product of the density of states times the
Fermi-Dirac distribution. For these excitations at high energies due to neu-
tralization, however, the temperature dependence can be neglected and it is
su cient to consider the density of states up to the Fermi energy. In the
simplest model of a free electron gas, this would be:

r
3n
N()= =— — 5.92
0) >E. E. (5.92)

The total rate of excited electrons per ion is how obtained by integrating
over all states. The coe cient C combines the prefactors or the matrix
element. Here, the energy dependence is very small.

Z Z 1
Rateygtg) = C N( )T z(k"' o Ei) P(; wdd «  (5.93)

The probability of exciting an electron to energy ¢ is for > ¢:

N(WT 3(k+ o E )
CNCOT 2(k+ 0 E ) dy

The nal number of electrons that are created in the solid must still take
into account the probability P;(s;Vvo) of the absorption of the ion's energy

with velocity v, at location s, as well as the angular distribution of the
emission P(; )

Pe( )= R (5.94)

z,72,7
Ni( k)= Pi(s; Vo)Pk( k;S)P (; «)sin ddds (5.95)

S 0 0

Angular Distribution of Emission

Finally, the probability that the released electron leaves the solid must be
considered. Here, only a part of the angular distribution must be integrated
up to a critical angle . as illustrated in Fig. 5.28.
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Z,Z7Z .
Pe( &) = P (5 «sindd (5.96)
0 0
The secondary electron emission coe cient is nally:
Z 1
= Ni( k)Pe( K)d « (5.97)

0

By passing an electron of energy,, which is emitted at an angle through
the surface barrier with height o, an electron is obtained at energyx o
and angle °in vacuum.

kCos 2= o+ (  o)cos % (5.98)
Experiments show that the angular distribution of the emission is not
homogeneously distributed over 4 .
Pi(< o _
Pi(> o

IOForf =1, from the consideration of the density of states for free particles

f? (5.99)

/

Figure 5.28: Angular distribution of emission

" #
1=2

1
S — (5.100)
2 k

Pe

Thatis, for = owegetR=0and for (!1wegetP =1 This
expression is modi ed by the preference for forward scattering:
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2 1 . 1=2
L o
Pe = 52 ) £ (5.101)
1 1 5 =

For f = 1, i.e., an isotropic distribution, we get the simple expression
5.100 again.

Energy Loss of lons as a Function of Depth s

P(S; Vo) = R(S) V—lods exp Rs— (5.102)

Energy Distribution of Emitted Electrons

The nal number of free electrons generated outside the solid at energy is

No( k) = Ni( k)Pe( &) (5.103)

The secondary electron coe cient is then the integral over all possible
energies of the free particles E
Z 1

= No(E «)dEx (5.104)
0

The energy distribution of the emitted electrons is shown in Fig. 5.29. It
can be seen that this distribution has a characteristic shape that is shifted
to higher energies for larger ionization energies. The energy distribution of
the emitted electrons is obtained by convolving the density of states of the
free particles.

Fig. 5.30 shows the energy distribution of the secondary electrons for the
case of argon ions on copper. The energy scale begins with the bottom of
the Fermi sea. The distribution of the electrons in the solid as well as the
emission probability is shown.

Fig. 5.31 shows the dependence of the secondary electron emission on
the ionization energy of the incident ions. generally increases withE In
this parameter, there is also a small dependence on the kinetic energy of the
ions. In the range up to 100 eV, for example, at high energies, neutralization
takes place closer to the surface. Here, the lower level of the ion is slightly
shifted upwards, so that E can decrease by e.g. about 2 eV for helium ions
and thus also .
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Figure 5.29: Schematic energy distribution of the electrons inside the solid
relative to the bottom of the Fermi sea (left). Energy distribution of the
emitted electrons.

Auger De-excitation

In addition to Auger neutralization, there is the process of Auger de-
excitation. Here, the rst step is the transition of an electron from the
solid into an unoccupied level in the ion, see Fig. 5.32 (green arrow). An
energy E is released during the transition to the ground state of the ion, the
neutralization. The released energy Eis then used to trigger an electron
from the solid or the adsorbate atom. The process of Auger de-excitation
has only a small contribution compared to Auger neutralization.

5.5.2 Secondary Electron Emission by Metastable Par-
ticles

Secondary electron emission by the impact of metastable particles is very
similar to ion-induced secondary electron emission. Here, an ion is rst
generated in a rst step. There is the process of resonant ionization and
Auger de-excitation:

~ Resonant lonization: In the so-called resonant ionization, the overlap
of the excited state of the metastable particle with a free state in the
solid is very large. As aresult, the metastable particle is quickly ionized.
Subsequently, this ion is then neutralized again by Auger neutralization
and a free electron is created. This process has a large cross section.
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Figure 5.30: Calculated energy distribution of the electrons inside the solid
or outside for argon ions on copper.

" Auger De-excitation: In Auger de-excitation, the ground state is cre-
ated because an electron from the solid transitions into the state of
the metastable particle. A negative ion is created. This immediately
neutralizes itself with the emission of an electron. This process has a
small cross section.

The two processes depend on the relationship between the energy of the
upper excited state and the Fermi energy. As an example, the reaction of
helium metastables is shown in Fig. 5.33. The ionization energies are 24.8
eV and the upper level is at about 20 eV. That is, for work functions greater
than 4.8 eV, resonant ionization occurs, for smaller work functions Auger
de-excitation.
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Figure 5.32: Auger de-excitation. The energy during de-excitation can
either be emitted by an electron of the adsorbate (self-excitation) or an
electron of the solid.
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