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proofreading.
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Chapter 1

Introduction

1.1 De nitions

Plasmas can generally be divided into low-temperature plasmas and
high-temperature plasmas. High-temperature plasmas, in which ions and
electrons reach very high temperatures, are fully ionized and are studied in
fusion research. In contrast, low-temperature plasmas are often only par-
tially ionized. The heavy patrticles such as ions and neutrals have, at low
pressures, temperatures close to room temperature, whereas only the elec-
trons possess high energies necessary for ionization and dissociation. At low
pressures, there exists only a local thermal equilibrium among the elec-
trons and the heavy particles themselves. Only at high pressures do the
particle temperatures equalize, forming a global thermal equilibrium.

The speci cation of a temperature implies the existence of a Maxwell dis-
tribution of the particles, as shown in Fig. 1.1. The Maxwell distribution

only develops in a system when collisions e ciently provide an equal distri-
bution of energy. Deviations from this Maxwell distribution are especially
observed at high electron energies, where either ionization or dissociation
processes lead to a depletion of energetic electrons, or heating processes ex-
plicitly generate electrons with higher energy. In general, one can say that a
Maxwell distribution rarely occurs in low-pressure plasmas, and that the con-
cept of temperature is only used for a narrow energy window (e.g., Maxwell
distribution with two excitation temperatures) or only for speci ¢ excitations
(rotational temperatures, vibrational temperatures).

As mentioned initially, the local thermal equilibrium changes into a global
one when the pressure is increased. Considering a plasma at constant power
coupling per particle, it can be observed that as the pressure increases, the
electron temperature decreases while the ion temperature increases; i.e., the
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Figure 1.1: Distribution function of electrons in low-temperature plasmas.

temperatures equalize. At atmospheric pressure, a global thermal equilib-
rium is eventually reached. Increasing the pressure further leads to a slight
temperature rise, as di usion losses within the de ned plasma volume become
smaller. This is illustrated in Fig. 1.2.

Figure 1.2: Dependence of the particle temperature on pressure in the
discharge.

Low-temperature plasmas can exist in di erent forms that vary signi cantly

in charge carrier densities, current-voltage characteristics, and temperatures.
This can best be illustrated by the characteristic curve of a DC plasma, as
shown in Fig. 1.3. When a current is set, the voltage applied to a gas gap
behaves as follows:

" (Region 1 in Fig. 1.3, Townsend discharge) Charge carriers are

8 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum
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Figure 1.3: Characteristic curve of a DC discharge.

generated by an external source. With increasing voltage, all can be
collected and the current rises.

(Region 2 in Fig. 1.3, Townsend discharge) All charge carriers gen-
erated by the external source are collected, and a further increase in
voltage does not change the current.

(Region 3 in Fig. 1.3, Townsend discharge) The acceleration of
charge carriers between collisions becomes so large that ionization can
occur, forming an avalanche. The electrons multiply, and the current
can increase further.

(Point 4 in Fig. 1.3, Breakdown) From a certain point onward, sec-
ondary electron emission at the cathode increases so strongly that
no external source is required to generate the rst electrons of the
avalanche. From this point, the discharge ignites and becomes a self-
sustaining discharge.

(Region 5 in Fig. 1.3, Normal glow discharge) A normal glow dis-
charge burns between the electrodes where the voltage remains constant
as the current varies. With increasing current, the plasma- lled region
between the electrodes expands at constant current density.

(Region 6 in Fig. 1.3, Abnormal glow discharge) From a certain
point, the electrode is completely covered, and further current increase
can only occur by raising the voltage. Since sheath voltage and current

© A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 1. INTRODUCTION 1.2. METHODS OF POWER COUPLING

scale as j / V *%2, the voltage must increase to allow a larger current
to ow. This is called an abnormal glow discharge.

" (Point 7 in Fig. 1.3, Transition to arc) At a certain point, the current
becomes so large that macroscopic heating of the electrode occurs, and
electrons are emitted thermionically. The transition to an arc takes
place.

" (Region 8 in Fig. 1.3, Arc) The voltage decreases with increasing
current because the plasma conductivity increases.

1.2 Methods of Power Coupling

Low-temperature plasmas have numerous applications where discharges at
various pressures and geometries are used for light generation, coating, etch-
ing, or functionalization. Various methods exist for generating these plasmas,
which di er signi cantly in their type of power coupling, as discussed below.
Energy is coupled into a plasma by irradiating it with electric elds. In these
elds, the electrons are accelerated:

E=E el (1.1)

The e ciency of power coupling can be evaluated according to three main
criteria:

~ Con nement:

Con nement signi cantly a ects coupling e ciency, as preventing
losses or isolating the plasma from its surroundings allows for higher
plasma densities and temperatures. Important parameters are pressure
and any applied magnetic eld: at higher pressures, collisions hinder
particle transport to the plasma edges; with a magnetic eld, particles
are con ned to their gyration orbits. Only collisions enable transport
perpendicular to the magnetic eld. For example, if a magnetic eld is
applied parallel to a surface, transport toward that surface is strongly
suppressed.

N

Resonant heating:

E ciency can be further increased when heating is resonant. The sim-
plest form of resonant heating utilizes cyclotron motion. An electron
follows a circular path with the gyration radius r | :

10 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum
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N

mev’)
= 1.2
re eB (1.2)
with an angular frequency known as the cyclotron frequency:
eB
le= — 1.3
- (13)
or
fo=2:8B[10 * T][MHZz] (1.4)

For resonant heating to occur, the orbital motion given by r or the
circumference 2 . must be smaller than the mean free path ,:

L=t (1.5)

ngm

with ng4 the neutral gas density and ,, the collision cross section. It

is evident that at high pressures, the gyration radius must become
very small, requiring very high magnetic elds. These high magnetic
elds necessitate high frequencies of the alternating electric eld to
achieve resonance. Such conditions are economically challenging to
realize. For low-pressure plasmas at pressures of a few pascals, magnetic
elds of about 100 mT are required to achieve resonant heating at GHz
frequencies. Both the magnetic elds and GHz radiation make this
method technically demanding.

Resonant heating at lower magnetic elds or excitation frequencies can
also be realized by macroscopic plasma oscillations, such as in helicon
plasmas. However, these plasmas are very sensitive to the tuning of
this resonance.

Heating volume:

The coupling into the vessel can also result in power being absorbed
only in a small region of the volume, as the plasma, acting as a dielec-
tric, may absorb the power too strongly, heating only the edge region.

The penetration depth of an alternating electric eld is typically on
the order of the wavelength (see Fig. 1.4). For a given frequency, this
yields:

11
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Figure 1.4: An electromagnetic wave penetrates a plasma approximately
to the order of the wavelength.

C
Vakuum = F (1.6)

with ¢ the speed of light and f the frequency (2f =1). At MHz
frequencies, this corresponds to a wavelength of about 300 meters, and
at GHz frequencies, a wavelength of about 30 cm. However, one must
consider that the wavelength in the plasma can be much smaller when
the refractive index is taken into account:

A= 1 L (1.7)

One can see that when the frequency{ is much smaller than the
plasma frequency },, the refractive index becomes purely imaginary
and the wave's penetration depth into the plasma becomes very small.
In the general case, one must also consider the collision frequency in Eq.
1.7, which gives the refractive index a real part, further shortening the
wavelength in the plasma. For MHz-driven discharges, this wavelength
or penetration depth is typically several centimeters.

The plasma frequencies of electrons and ions are:

ne? ne?
| = | . = -
or
p
fpe =9000 n¢[cm? J[HZ] 1.9

12
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CHAPTER 1. INTRODUCTION 1.2. METHODS OF POWER COUPLING

The possibilities of energy coupling and their e ciency can now be discussed
for plasmas that are generated with di erent excitation frequencies of the
electric eld.

DC-...kHz-discharges (!;t <! pi <! pe)

Discharges operated with direct current or with alternating voltages up

to kHz behave similarly, as the excitation frequencies are lower than
the plasma frequency of the ions and electrons. That is, both electrons
and ions can follow the electric eld. In these discharges, a DC current
ows through the electrodes, which means that electrons must also be
generated via secondary e ects to maintain charge carrier conservation.

Figure 1.5: DC discharge with and without insulating electrode.

However, this current ow is simultaneously a limitation of the ap-
plicability of these plasmas, as charging occurs at insulating surfaces,
leading to arcs (or arcing). This can only be avoided by temporarily
changing the polarity of the discharge and thus compensating for the
applied charge. At very high currents through the electrodes, thermal
emission can also occur, resulting in an arc plasma.

Resonant heating is usually not possible at these frequencies, as the
gyration radii become much larger than the mean free paths. However,
additional magnetic elds can improve con nement and thus increase
the e ciency of heating.

DC or kHz plasmas have a wide range of applications, as electrical
power supply for very large technical plasmas can be provided cost-
e ectively in this way. The voltages are typically in the kV range.

13
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A

A

MHz-discharges (!, <! i <! pe)

In discharges operated in the MHz range, the excitation frequency is
higher than the plasma frequency of the ions but lower than the plasma
frequency of the electrons. That is, the ions can no longer follow the
eld oscillations in the rst approximation. The wavelength of the
radiation in the plasma is in the range of centimeters to meters, as the
refractive index is very high.

These plasmas are usually heated by the displacement current or by
so-called stochastic heating, where electrons are heated in spatially
varying electric elds that change periodically.

Figure 1.6: MHz discharge.

Heating by displacement current also allows power to be coupled via
insulating surfaces. Since the net current to the surface vanishes, charg-
ing e ects are avoided. The voltages are in the range of several hundred
volts to kilovolts. Resonant heating is usually not possible here either.
Exceptions are collective excitations of the entire plasma, such as in
helicon plasmas. These are, however, special cases.

GHz-discharges (Ini <! v ! pe)

As with the MHz discharges, ions can no longer follow the eld. Since
the plasma frequency for typical electron densities is also in the GHz
range, the refractive index 1.7 is approximately 1. Partially, the elec-

trons can also no longer follow the eld, i.e., the plasma becomes trans-
parent to the radiation.

In the GHz discharge, heating occurs via the displacement current.
However, stochastic heating is less e cient, as the absolute eld

strengths are smaller compared to the MHz discharge. Resonant heat-
ing is possible, as with a magnetic eld of about 100 mT, the high-

frequency eld becomes synchronous with the cyclotron frequency.

14
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CHAPTER 1. INTRODUCTION 1.3. OVERVIEW OF DISCHARGE TYPES

Figure 1.7. GHz discharge with and without magnetic eld support.

A major di culty with these plasmas is that the power is locally ab-
sorbed and a large plasma volume can hardly be lled with the GHz
elds (see Fig. 1.7). The amplitude of the elds is in the range of below
100 V, and the wavelength is in the range of cm.

1.3 Overview of Discharge Types

1.3.1 High Pressure

The most prominent representatives of high-pressure plasmas are short-arc
lamps, as used in projectors and spotlights. Between two electrodes, an arc
plasma is ignited in a noble gas (see Fig. 1.8). In addition to the noble
gas, a halide is always present in the lamp. This evaporates after ignition.
Through collision processes with the halide atoms, the electrical resistance of
the lamp increases and the e ciency of power conversion rises. This explains
the typical warm-up behavior of these lamps, which reach their maximum
light intensity only after a few seconds. Short-arc lamps are the most energy-
e cient method for generating large amounts of light.

1.3.2 Atmospheric Pressure

At atmospheric pressure, the most common plasma applications are thermal
plasma arcs, used for plasma cutting and plasma welding. Here, an

15 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum
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Figure 1.8: Principle of a short-arc lamp.

arc is ignited between two coaxial electrodes, and the owing gas carries
the ame onto the workpiece, which, depending on power, is either cut or
welded (see Fig. 1.9). These thermal plasmas are highly prone to uctuations
and instabilities, which must be suppressed by gas vortexing or magnetic
stabilization. Furthermore, the electrodes su er from strong erosion at the

arc root. This is also mitigated by moving the arc root on the electrode

through electric forces.

Figure 1.9: Arc plasmas for plasma welding, plasma cutting, and plasma
spraying.

Thermal plasmas are also used for material processing. One eld is plasma
spraying, where a powder is injected into the arc (see Fig. 1.9). The material
melts while traveling from the injection point to the surface within the arc
and then rapidly solidi es on the workpiece. This process is, for example,
used to create ceramic coatings on turbine blades.

Another application of material conversion is the thermal decomposition of
waste, where the material passes through the arc or is destroyed in a crucible
by the arc. This is particularly advantageous for highly hazardous substances
that require high temperatures for decomposition (e.g., dioxins).

Finally, thermal arcs are also used for the synthesis of new substances, since

16 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum
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the arc can serve as a very homogeneous, high-temperature, short-time reac-
tor. Many nonequilibrium reactions require a limited reaction time to initiate

a reaction such as A ! B, but to prevent further reaction B ! C. Thermal
plasmas are very well suited for this control.

A major area of application is plasma switches (see Fig. 1.10), which are
used for switching large currents. In this application, a plasma must be
prevented, since it causes strong erosion of the electrodes when the switch
opens. For this purpose, the gas gap is lled with S which ows into

the gap when the plasma switch opens and e ciently extinguishes the form-
ing plasma, because uorine, as a strongly electronegative gas, binds free
electrons.

Figure 1.10: Plasma switch.

In addition to these hot arc plasmas, there are also cold atmospheric-pressure
plasmas, where the formation of an arc is suppressed by removing the second
electrode or by introducing a dielectric barrier that limits the current ow.

In the so-called corona discharge, a simple wire is placed at a high voltage
(see Fig. 1.11). The surrounding electric eld can ionize the air, forming
a small discharge channel. In this channel, free electrons are generated,
which, through electron-impact reactions in air, e ciently produce ozone.
Corona discharges are used, for example, for ue gas dust removal in power
plants. Dust particles are negatively charged in the corona discharge and
then directed onto collectors by electric elds. This charge application also
takes place in every photocopier and laser printer. On the drum, a charge
layer is rst applied by the corona discharge and then selectively discharged
by a laser beam. At positions where the charge remains, toner particles are
electrostatically accumulated and transferred to the paper.

A compact form of the corona discharge is the barrier discharge (see Fig.

17 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum
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Figure 1.11: Corona and barrier discharge.

1.11). Here, a dielectric barrier is introduced between two electrodes to limit
the current ow. This type of discharge can only be operated with alter-
nating voltage, since the electrical charge of the barrier must be periodically
neutralized. Such discharges are used for ozone generation for sterilization
and water disinfection, as excimer lamps, and in plasma displays.

A newer type of atmospheric-pressure plasma is the microplasma, in which
electrode spacing and gas ow are so small that plasma generation is primar-
ily sustained by secondary electrons, while gas cooling is su cient to prevent
arc formation. In these microscopic plasmas, nonequilibrium reactions can
dominate, similar to those long known from low-pressure plasmas.

1.3.3 Low Pressure

The simplest low-pressure discharge is the DC discharge, as used in uores-
cent lamps. At low pressures, a gas is excited to emit light, and the emission
is converted by suitable phosphors on the coating into the optimal spectral
range.

Discharges operated in the kHz range are often used for the sputtering of a
metal target to produce large-area inorganic layers such as oxides and nitrides
on a substrate. By applying an additional magnetic eld, the discharge is
made more e cient. These are called magnetron discharges. In this
process, a reactive component such as oxygen or nitrogen is added to the
sputtering argon plasma. In the plasma, the gases are ionized, and the
sputtered metal atoms, as well as the oxygen or nitrogen atoms, deposit on
the workpiece to form the coating. Examples include magnetron discharges
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used to coat architectural glass. The advantage of these discharges is that
they can be scaled up to very large areas. In addition, their power supplies
are technologically easy to implement.

Figure 1.12: Capacitively coupled discharge.

Capacitively coupled MHz discharges (CCP capacitively coupled
plasma) are used for plasma etching and plasma coating (Fig. 1.12). Con-
nement in these plasmas can be further enhanced by applying a superim-
posed magnetic eld. These plasmas are among the most common types
because they are highly versatile. Both conductive and insulating substrates
can be treated. Using multiple frequencies, ion uxes, and plasma density
can also be controlled independently. However, capacitively coupled plasmas
are not as easily scalable as kHz discharges. Especially for large areas on the
order of meters, standing waves occur in these plasmas, leading to coating
inhomogeneities. This remains an area of active research.

In inductively coupled systems, the plasma density is further increased, since
here the plasma acts as the secondary winding of a transformer (see Fig.
1.13). This is called an ICP inductively coupled plasma. The coupling
occurs via a dielectric electrode, which has the disadvantage that a metallic
coating on this electrode can hinder the coupling. Scaling up this discharge is
di cult because the secondary winding, the plasma, cannot be shaped arbi-
trarily. Therefore, these plasmas are often used as remote plasmas to generate
an intense source of reactive particles. These then ow into a chamber and
react with the substrate.

Finally, there are microwave discharges used to generate plasmas at high
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Figure 1.13: Inductively coupled discharge.

densities. The ion energies are comparatively low, so the surfaces of sub-
strates are not strongly sputtered. Typical applications of microwave plas-
mas include the generation of oxygen or nitrogen atoms and the synthesis of
polycrystalline diamond from methane-hydrogen mixtures.

Microwave plasmas can be transformed into electron cyclotron resonance
plasmas (ECR electron cyclotron resonance) by applying a superimposed
magnetic eld. In a small resonance zone, a very intense plasma is gener-
ated. Both microwave and ECR plasmas are di cult to scale up, since power
coupling is always spatially localized.
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Chapter 2

Ignition

2.1 Excitation and Transport

The excitation and transport of electrons in a gas are decisive for the gener-
ation of a plasma, i.e., ignition. In an electric eld, electrons absorb energy
until ionization can take place, as illustrated in Fig. 2.11. This accelera-
tion of the electrons depends on their collision rate with the background gas.
The energy absorbed is partially lost again through elastic collisions, and the
electrons become thermalized. A drift occurs. This acceleration of the elec-
trons depends on their collision rate with the background gas. Some of the
absorbed energy is lost through elastic collisions, and the electrons thermal-
ize. A drift motion sets in. When electrons move in a high-frequency eld,
these collisions change the phase positions relative to the electric eld. Only
through this process is it possible to increase the energy of the electrons in
an RF eld. Furthermore, the collisions determine the con nement time of
the charge carriers, since the ignition of a plasma always consists of a balance
between the generation and loss of charge carriers.

Thus, the transport properties of electrons in a gas are very important for
plasma ignition. In atmospheric pressure plasmas, for example, ignition in
helium is signi cantly easier than in argon, even though the ionization thresh-
old for helium is signi cantly higher at 24.8 eV than that for argon at 15 eV.
However, the electrons do not lose as much energy in elastic collisions when
accelerating in helium. This facilitates ignition. The key transport param-
eter is the mobility of the electrons in a gas, which links the drift velocity
Variit  tO the electric eld E.

Vaiiit = E (2.1)

This drift velocity depends on the collision frequency and thus on the cross
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Figure 2.1: Movement of an electron in an electric eld through a sequence

of acceleration and elastic and inelastic collisions until the energy required
for ionization is reached.

sections of the individual excitation processes, as explained below. These
mobilities are measured in Schwarmexperiments. Here, the transit time
of a swarm of electrons in an electric eld is observed. This directly yields

the mobility . There are several arrangements for this, as illustrated in Fig.
2.2.

" (Fig. 2.2a) Pulsed arrangement: Most methods are based on mea-

N

suring the transit time of the electron swarm in a gas. In the simplest
arrangement, a swarm of electrons is generated by a short ash of light
in front of the cathode. These electrons travel through the gas to the
anode, where a current pulse is measured after a time t. The drift
velocity can be determined from this transit time and the distance
traveled.

(Fig. 2.2b) DC arrangement with electric shutter: It is also
possible to measure the drift velocity of a uniform stream of electrons.
This is based on the idea of a time-of- ight spectrometer in which
two shutters interrupt the beam. If, at a certain frequency of this
interruption, the period exactly matches the transit time between these
two shutters, the electron swarm passes both shutters, and the drift
velocity can be calculated again from the frequency or period and the
distance traveled. It should be noted here that the shutter also becomes
transparent at multiples of this frequency.

These shutters are implemented by wires stretched in front of the cath-
ode and anode. The cathode has a small lament electrode that emits
electrons. An alternating voltage with a frequency f is applied to these
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Figure 2.2: Swarm experiments: (a) pulsed arrangement, (b) DC arrange-
ment with electrical locks, (c) de ection in a magnetic eld.

wires, which generates an electric eld perpendicular to the direction

of ight of the electrons. This slows down the electrons and closes the
shutter. However, when this AC voltage passes through zero, the shut-
ter is open, and the electrons can pass through. At higher frequencies,
the signal decreases because the opening time of the shutter becomes
shorter and shorter.

N

(Fig. 2.2c) De ection in a magnetic eld: Townsend's original
experiment used the de ection of a swarm of electrons moving in the
z-direction at a drift velocity v, in a magnetic eld according to K =
gv.B. This produces a de ection in the x-direction with a drift velocity
Vy = F x=0g. The de ection itself is measured by measuring the current
on three electrodes.

Determining this mobility is a very integral measurement of the transport
behavior of electrons, since a multitude of collision processes in equilibrium
with the acceleration between collisions leads to this drift velocity.
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2.1.1 Collision processes

Collision processes are generally described by a cross section, which can be
measured and calculated in di erent ways. One starts with the di erential
cross section as the contribution to the scattering of an electron at an atom

or molecule into a speci ¢ solid angle d . This requires the kinematics of the
collision and the interaction potential. From this di erential cross section,
the total cross section is nally determined as:

Z Z
= d d=2 d sin d (2.2)
d o d '
To describe the transport, we set up an impulse balance equation for a owing
plasma. To do this, we need the cross section for the impulse loss. However,
this is smaller than the total cross section, since the loss of impulse in a

collision depends on the scattering angle (see Fig. ??):

p=p pcos =p(l cos) (2.3)
This means that the cross section for momentum loss, becomes:
Z

m=2 g—(l cos )sin d (2.4)
0

With this term, we can now calculate the free path length

1
= 2.
. 25)

or calculate the collision frequency :

m = Nghv mi (2.6)

We consider the following possible collision processes:

" lonization:
lonization only occurs for energies greater than the ionization energy.
Above this energy, the cross section increases sharply and, for most
atoms and molecules, reaches its maximum at an electron energy of 70
eVv.

A

Elastic scattering:

The elastic scattering of electrons among themselves can be described
by normal Coulomb scattering. This process leads to the thermalization
of the electrons. The collisions of electrons with ions can be described
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using a shielded Coulomb potential, since the potential of the ion can
be shielded by the surrounding electrons. When electrons collide with
neutral particles, polarization scattering (Langevin scattering)
occurs. The interaction potential decreases much more rapidly with
the distance of the electron from the atom.

A

Inelastic scattering:

In inelastic scattering, part of the electron energy is used to generate
internal excitation of the gas. The rotational and vibrational temper-
ature increases.

~ Addition:
Electrons can also attach to atoms and molecules. Negative ions are
formed. The cross section for this is very small. In addition, the
electrons must have an energy close to the ionization energy.

N

Recombination:

If the electron collides with an ion, it can recombine. These reac-
tions only occur at high pressure, since in two-particle recombination
a third collision partner is always necessary to ensure conservation of
momentum and energy. Furthermore, dissociative recombination can
also occur, in which the neutral particle formed is rst highly excited
and then decays.

A typical course of cross sections is shown in Fig. 2.3 for the case of electron
collision reactions of methane.

2.1.2 Transport in the uid picture

The most common description of transport in a gas is the uid picture, in
which the totality of electrons is described by a density and a common mean
velocity .

If a voltage is applied across a gas- lled space, charge carriers can be ac-
celerated in it. The velocity of a single electron would continue to increase
because it is an accelerated motion. However, the electron su ers collisions,
so that a mean velocity is established, which is drift velocity v 4.

md22
dt?
with = im It follows that:

A

E m

o]

0 2.7)

_ QAE _
Vg = m = E (28)

m
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Figure 2.3: Principle course of a cross section for electron collision reactions
using methane as an example.

with being the mobility. The current density that ultimately develops is:

j=nevy (2.9)

2.1.3 Transport in the kinetic picture

The description of transport in the uid picture assumes a Maxwellian dis-
tribution of the particles. This boundary condition does not always have to
be given, since acceleration must explicitly lead to a deviation of the distri-
bution function. The simplest description would be a Maxwell distribution
that is shifted by the drift velocity in the direction of the electric eld (see
Fig.2.2). In general, the distribution function of the particles is found by
solving the Boltzmann equation:

d @f @f F @f_ oOf

— = — Y —+ —— = — 2.10

dt @t @X m @V @tcollisions ( )
When deviating from equilibrium, the principle is to assume that the dis-
turbance is small. In many cases, the system also has a preferred direction,
e.g., due to the orientation of the electric eld that accelerates the charge
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carriers. This is taken into account in the so-called 2-term approximation.
The distribution function is divided into an isotropic component f, and an
anisotropic component f according to Fig.2.4:

1) = olvi)+ ~2F1Vi) (2.11)

Figure 2.4: Division of a distribution function f into an isotropic compo-
nent fo and an anisotropic component f;.

i.e., the directional information is now contained in the prefactor of the
anisotropic component, while the components of the distribution function
fo and f; become functions of a scalar. With cos =%, we can write:

f(v) = f o(jvj) +cos f 1(vj) (2.12)

Depending on the angle at which the distribution function is considered, a
di erent form results. If we consider the distribution function for =0, i.e.,

in the direction of the external electric eld, we see the completely shifted
distribution function f o + f ;. If we consider the distribution function for
directions perpendicular to the electric eld = =2, we see no change and
obtain only fo. The impulse term on the right-hand side is determined by
the impulse frequency for momentum transfer,f ;:

@f
@tCOIIision
i.e., the anisotropic part of the distribution function decays due to collisions.

In other words, by switching on the collisions, equilibrium is sought, and the
distribution function f ¢ is achieved.

= ofs (2.13)
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Let us now consider the Boltzmann equation for electrons for a selected
direction z in one dimension:

Qfﬂ/ @f eEZ@‘: @f

@t Z@Z m @y @tcollisions
The 2-term approximation can now be inserted into this equation; Eq. 2.14
becomes:

(2.14)

@b @f .
@t+cos @t+'" (2.15)
or
V, =V COS (2.16)

The equation is then multiplied by either sin or sin2 and integrated
from O to . This type of averaging over space separates the symmetric or
antisymmetric part of the equation, and a balance equation for the partqf
or f,1 of the distribution function is generated. After inserting the variable
substitution from Eq. 2.15 and 2.16 into Eq. 2.14 and the corresponding
integration over sin d, a balance equation for f ( is obtained:

@ + }V@ e_EZi_@sz 1

@t 3 @z m 3V@v
The right-hand side of this equation only becomes zero if the isotropic dis-
tribution function cannot change due to, for example, collisions with heavy
particles. This only applies for a mass M ! 1 of the heavy particles. As a
second variant, equation 2.14 is multiplied by sin2 and integrated from O
to to obtain a rate equation for f ;:

=0 (2.17)

@, @ €@ _

@ @z m @v
It can be seen that the anisotropic component;fis modi ed by three terms:
(i) by a ow in local space according to%f’Z in which particles from neigh-
boring phase space elements ow into the phase space element ©f(fi) by
acceleration or deceleration according to an electric eld £ (iii) or the loss
of anisotropy due to collision processes according to a collision frequengy
In this kinetic picture, mobility can now be derived again as follows. First, we
assume spatially constant conditions and stationary conditions. This gives
us:

mf1 (2.18)

eE, @b _
m @v

mf1 (2.19)
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and can determine f from this. The current is given by:

Z Z
j=enhvize vf,dv= % vf1v2dv (2.20)
Here we insert f{ and obtain:
_ 4 3 €E; @
j=e 3 o @Vdv (2.21)

Thus, the mobility becomes

Z
4 @by,
3 mm, @v
The individual collision processes are hidden in the collision frequengy. At
this point, the connection between the kinetic picture and the uid picture
becomes apparent. Often, the distribution function in the kinetic picture
is sought by solving the Boltzmann equation (Boltzmann solver) and the
transport quantities such as mobility are calculated from this. The solution
in the kinetic picture can often be used for the entire plasma volume, since the
transport of energy by the electrons is much more e cient than that of the
particles themselves. This results in spatial gradients in density and less so in
the electron energy distribution function. The distribution of electron density
in space is then calculated in the uid picture (this would require too much
numerical e ort in the kinetic picture) . The uid picture provides densities
and electric elds, which in turn are used in the Boltzmann equation. This
allows a consistent solution for the plasma to be found iteratively.

n =

(2.22)
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2.2 Ignition of a plasma at low pressure

Let us rst consider the formation of a discharge at low pressure. Here, a dis-
tinction is rst made between a dependent and an independent discharge.

The dependent discharge at low pressure is called a Townsend discharge. In a
dependent discharge, an external source is necessary to generate the primary
electrons. In a self-sustaining discharge, the plasma burns even without the
presence of external ionization sources. The transition from a dependent to
a self-sustaining discharge is also referred to as ignition.

2.2.1 The Townsend discharge
2.2.1.1 External ionization sources

Fig. 2.3 rst shows the simple case of a parallel plate arrangement in which
a cathode and an anode are placed at a distance d from each other. As the
voltage increases, we pass through a characteristic curve. Let us rst consider
regions | and Il of this characteristic curve (see Fig. 2.6) and distinguish
between a surface e ect and a volume e ect as the determining factor in the
generation of primary electrons.

Figure 2.5: Townsend discharge - Movement of charge carriers in a gas
gap.

" Generation of primary electrons by photoelectric e ect at the cathode

First, the electrons are generated by the photoelectric e ect at the
cathode. This results in a current of magnitude § leaving the cath-
ode. However, the total current j is slightly lower because some of
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A

the electrons return to the electrode. According to the gas kinetics of
an isotropically distributed electron gas of density g with a thermal
velocity vy, we obtain:

.. 1

I=1Jo Zenevth (2.23)
This current density must be equal to the current in the plasma volume,
as it can be calculated from the electric eld and the mobility:

j=enevg=eneE (2.24)

From this equation, we can determine the electron densityerand ob-
tain:

. j04e E

1= ZeE+vy (2.29)
It can be seen that for small electric elds, the term y of the elec-
trons dominates and the current increases linearly with the voltage. At
higher voltages, the electrons have a greater chance of escaping loss to
the surface due to their thermal motion and thus contributing to the
current. In large electric elds, the thermal velocity is much smaller
than the drift velocity, and the current is determined solely by the
generation of primary electrons according togj

Generation of primary electrons by ionization in the volume

In the second case, we consider the situation where volume ionization
occurs at a frequency o and ions and electrons are produced simulta-
neously. As a balance of ion production, we obtain:

dn, _ N N v Ve
- 0
dt d di: Te

(2.26)

NI

Here, we take into account that the charge carriers can also disappear
radially from the space between the electrodes through di usion (see
Fig. 2.4), which we characterize with a di usion time constant ;- .

In addition, the charge carriers disappear through recombination with
a rate constant k, or through drift to the electrodes. The drift time
constant! is given as y=d=2. In the case where we can neglect recom-
bination, we obtain the equilibrium density n as:
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Ng od di:

= = - 2.27
2Vy ¢i- +d (2.27)

The total current is given by the ion current plus the electron current,
where the mobility of the electrons dominates. We obtain:

2Vy gi: +d

j=] +t]je=2neE = (2.28)
For small di usion lengths compared to d, the current increases with
voltage, since the charge carriers are now more likely to reach the elec-
trode before they are lost through di usion. If the eld is large, all
charge carriers are e ectively collected, and the current then depends
only on the primary ionization rate .

Figure 2.6: Current-voltage characteristic curve of a Townsend discharge.

Area Il of the characteristic curve is typical for the operating mode of a
counting tube as used for measuring radioactive radiation. Due to the fact
that, at a given voltage, all charge carriers are collected at the electrodes,
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the signal is proportional to the primary ionization ux, i.e., the external
radiation from the radioactive source.

2.2.1.2 Current ampli cation

At su ciently high voltages, ionization can be amplied by an electron
avalanche, as shown in region Il in Fig. 2.6. The increase in charge carrier
current over a distance dz at an ampli cation factor is:

dne = n ¢(2)dz (2.29)

is the so-called rst Townsend coe cient given as ionizations per length.
If we perform the integration according to our drawing in Fig. 2.5, we obtain
ne(d) = n o as the electron density in front of the cathode:

Ne(z) = noe@? (2.30)

The current now depends on the location, since the charge carrier density
changes spatially. We consider the change in the external current di:
_ dQ _

Varifte
dl = a9t dQ q (2.31)

The drift velocity of the electrons and the electrode distance d determine the
time interval dt in which the external current changes. In the microscopic
picture, dt = Y \wijth being the mean free path. However, the external
current is sought, which is why the electrode spacing d is used in Eq. 2.31
(the gas- lled gap can also be regarded as a "black box" through which the
current must be transported). Expression 2.31 takes into account that the
amount of charge within the gas gap is not constant. Due to the current
ampli cation, the total external current is obtained by integrating from 0 to

d. To do this, dQ(z) is rst converted into a change in current di(z) in the
depth interval dz. This gives us:

dl =d % = d %Q(z) = %ene(z)Adz (2.32)
where 4. is the drift velocity of the electrons. The electron density in front
of the cathode can also be expressed by the start-up currenyt Wwhich is the

current leaving the cathode. From

we nally obtain:
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|
ne(Z) = ﬁe(d 2) (234)
e

With these de nitions, we can now calculate the electron current as it falls
on the anode by integrating along the electron movement:
Z,_4 Z

z=d
| |
le= dle = 2el?d gz="2 ¢ed 1 (2.35)
z=0 z=0 d d

However, the ion current also contributes to the current. For the movement
of the ions, we use the continuity equation:

dn.
dt

lons are formed by electron collisions. Therefore, the change in ion density,
electron density, and their drift velocity are relevant:

+1j=0 (2.36)

dn, = n dz (2.37)
dn. dz
o - n g = N eVge (2.38)
The ux is expressed in terms of the drift of the ions:
. dn.
= Envions =Vg+ dz (239)

If we substitute the two expressions 2.38 and 2.39 into the continuity equa-
tion, we obtain:

dn.,

: " =0 2.40
N eVae V g+ (2.40)
or
Ia (d Z) dn+
— " =0 2.41
eAe Vi dz ( )
This gives us the local ion density:
I
dn, = —2 el ¢z (2.42)

eAvy.+

or by integration along the generated electron avalanche from location z to
the anode at location O:
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zZ, |
— a (dz 9~50
n, = ——e dz 2.43
z9=0 eAVd;+ ( )
This yields:

Ia d
Ny = e’ 1 e? 2.44
¥ eAVd;+ ( )

At this point, it should be noted that the functional course of the elec-
tron density and the ion density is di erent, as illustrated in Fig. 2.7. For
Townsend discharge, quasi-neutrality does not apply! The charge carrier den-
sities are too low for this.

Figure 2.7: Spatial distribution of electron and ion density.

We obtain the total ion current by integrating along the current ow from
the anode to the cathode:

dl, = \/(’T;+en+Adz (2.45)
Za |

l, = 2ed 1 e? dz=lel+ 21 ed (2.46)
z=0 d d

Overall, the total current is given by:

=1 o+1, =1 4e9 (2.47)
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Once again, we see a very simple relationship between the total current at
the end and the starting current l,. The factor exp( d) is referred to as the
current ampli cation.

2.2.1.3 Secondary e ects

Let us now consider the case where secondary e ects in uence the charge
carrier balance. The simplest e ect is the generation of secondary electrons
per incident ion at the cathode. This means that the current of electrons at
the cathode consists of two contributions: the externally applied start-up
current 1, and the current of secondary electrons;l . .

le(d) =12+ l.(d) (2.48)
The electron current as it starts at the cathode is:

| =1 ¢(d)ed (2.49)
The ion current at the cathode is given as:

| e(d)

—_ —_ d d
I+ (d) =en. (d)Avg. = eAvgy. eAvd;+e le (2.50)
or
l,(d)=1¢de? 1 e d (2.51)
We thus obtain the current of electrons as it starts at the cathode as:
le(d)=1 .+ | o(d)e? 1 e d (2.52)
or
lo(d) = la (2.53)
ST (e 1) '

The total current is then given as:

| = | ,ed

1
2y 8l Y

Primary ampli cation  Secondary ampli cation

(2.54)

The two factors are referred to as primary and secondary ampli cation of
the current, which are expressed by the two Townsend coe cients and

However, several processes can contribute to the secondary ampli cation, as
illustrated in Fig. 2.8:
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Figure 2.8: Possible secondary e ects that contribute to in the Paschen
curve.

Secondary electrons due to ion bombardment at the cathode

As just derived, secondary electrons can be generated by ion bombard-
ment, which is expressed by the secondary electron coe cient due to
ions:

=  jons (2.55)

The e ciency of secondary electron emission depends on the energy
released when the ions strike the surface. At low energies (below keV),
only the ionization energy is e ectively converted into electronic ex-
citation and thus into electron production via the Auger e ect (see
Plasma Interface Physics script). At high energies, the velocity of the
incident ion becomes large enough that electronic excitations can also
dominate due to the kinematic energy loss of the moving ion. A distinc-
tion is made between potential emission at low energies and kinetic
emission at high energies. The triggered electrons have an energy dis-
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tribution as illustrated in Fig. 2.9. The maximum is approximately at
the work function of the material ( eV). It is important to note that

the energy of the triggered electrons does not depend on the energy of
the ions. The energy of the ions alone determines the absolute quantity
of secondary electrons. This is analogous to the theory of atomization.

Figure 2.9: as a function of the energy of the incident ions (top) and
energy distribution of the emitted electrons (bottom).

N

It is important to note that there is also a secondary electron coe cient
for the incidence of electrons as primary particles. This can also in u-
ence the plasma, but the electrons usually strike the surfaces with very
low energy. The secondary electron emission coe cient for incident
electrons is often considered in electron accelerators.

Photoionization in volume

When electrons are accelerated in the gas space, the atoms and
molecules are not only ionized but also excited. This excitation can
be de-excited by photon emission, whereby these photons can trigger
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further ionizations. The electron density is greatest at z = 0 in front
of the anode. Thus, the number of photons per time becomes:

Finally, there is also the possibility that photons are created in the
avalanche, which in turn trigger secondary electrons via the photoelec-
tric e ect with probability  hoons. These photons depend on the elec-
tron density n. and the rate of photon emission on an electrode g. In
addition, only a fraction of the excited atoms undergo de-excitation
through radiation, and the photons are reabsorbed with an absorption
length at .

j «(0) (2.56)

where describes the e ciency of photon production. The photons
are emitted to a fraction g in the direction of the cathode to generate a
certain photon ux at location z. This ux is reduced by the reabsorp-
tion of photons in the volume. For this purpose, an absorption length
a is used.

j e(0)e* g (2.57)

The photons in a location interval dz now ionize with a probability

aj (0)e* gdz (2.58)

New ions and electrons are created. However, the contribution to the
current is not only the electron-ion pair generated, but also the electron
avalanche that moves from this location toward the anode. For this, we
again use the ampli cation € . The contribution to the current due to
photoionization in the depth interval dz is thus

dl = ae ? j ¢(0)e* gdz (2.59)

Integrating this between 0 and d gives the proportion of current due to
photoionization:

_ aj «(0)g ol axd

|by photons — a 1 (2-60)

The total current through the discharge is given by.
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ltotate = ej e(d)ed + | totale (2-61)

Eliminate j ¢(0) by replacing it with j ¢(d) and obtain I, = ej ¢(d):

| = lae® (2.62)
1 El-(etaz 1)

This expression is similar to Eq. 2.54. From a comparison of coe -
cients, one can de ne an "apparent” phons that depends on the gas
parameters ; ;a and g.

photons = f('; ;@;09) (2.63)

Secondary ions due to electron bombardment at the anode

N

One can additionally assume that the electrons at the anode release
ions via electron-stimulated desorption. This has a probability of !.
The ions formed in this way reach the cathode, where they can in turn
trigger secondary electrons. This corresponds to an apparent higher
ion Uux.

= ions(1+)) (2.64)

A

Fast neutrals

Fast neutrals are created by charge transfer collisions of ions in the
accelerating elds. A fast ion transfers its charge to a neutral particle
and continues to y as a fast neutral. With a coe cient ,,, these then
trigger secondary electrons. The conversion probability of an ion into
a fast neutral particle is expressed by the probability b.

= neutral b(l + !) (2.65)

Overall, all these processes can be expressed by an e ective coe cient

total -

total — ions(l + !) + nb(l + !) + photons( v ,g) (266)

The exact determination of which e ects dominate the secondary electron
yield can be evaluated experimentally by varying the electrode material, the
gas type, and the geometry of the discharge. All these parameters have
dierent e ects on  otal -
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2.2.2 Ignition of a DC discharge

The ignition of an independent DC discharge can be characterized by the
moment at which the secondary ampli cation becomes in nite. This results
in the formation of a large number of charge carriers, and the initial assump-
tions of a vanishing space charge density are no longer justi ed. When the
following condition is met, the discharge ignites:

ed 1 1 (2.67)

A DC voltage discharge builds up, in which the current-voltage characteris-
tic curve is determined by the current transport through the sheath at the
cathode, as will be discussed further below.

For the coe cient , we will now use a very simple heuristic model that
expresses the electrons generated per path length:

E L.
mNg exp  —oeaton (2.68)

{2} | —{z 52

& probability for ionisation

with the energy E. that an electron can absorb between two collisions. This
is calculated from the eld strengthE and the free path length , as follows:

vV 1
Ee= meE —ea o (2.69)
with ngkg T = p, we obtain:
=Apexp B g =Apexp B S/—d (2.70)

for a given plate spacing d and voltage V with E = V=d. The parameters A
and B are:

A = kB—’“T (2.71)
B = mEeIl::_sration (2-72)

Electron multiplication is therefore a function of the ratio of eld strength
to pressure or particle density. The value E=n is often given in the unit
Townsend Td[= 10" Vcm?).

If we insert 2.70 into 2.67 and solve for V, we obtain:
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Alcm®Torr! [B/Vem?!Torr! [e eV
He 1.8 50 27.5
Ar 12 200 16.7
H, 10.6 350 33
CO, 20 466 23.3

Table 2.1: Parameters for the Townsend coe cient .

Bpd

V= napd) Inin@+ 1] (2.73)

This equation yields the so-called Paschen curve (see Fig. 2.10). For large

values of pd, the voltage at which ignition is possible increases linearly with
Bpd. The factor B contains the ionization energy and therefore corresponds
to a term that depends on the type of gas.

Figure 2.10: Paschen curve.

For small values of pd, a minimum value is obtained below which ignition is no
longer possible. This limit is determined by the condition Apd In(1+ )=

0. This includes the coe cient , i.e., this limit depends on the secondary
coe cients, including the electrode material.

A list of parameters for calculating the Townsend coe cient is shown in
Table 2.1. From the de nition of A and B, it can be seen that the ratio A=B
is:
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E - EIonisation . kBT Elonisation (2.74)

A eks T m e
As can be seen in the table, the values obtained are at least close to the true
ionization energy of the gases mentioned.
When measuring ignition eld strengths, in very special cases, some devia-

tions can be observed, as illustrated in Fig. 2.11.

Figure 2.11: Deviations from the Paschen curve for selected examples.

" Long Path Breakdown

When attempting to examine the Paschen curve at very high pressures
and small distances, a kink in the Paschen curve was observed. This is
caused by ignition via a longer path (path 1 in Fig. 2.8) instead of the
direct path (path 2 in Fig. 2.8). To suppress this so-called long path
breakdown, the discharge vessel must be radially enclosed.

N

Field emission

At very small distances, electron production can also occur via eld
emission. In this case, electrons can tunnel directly out of the solid
state, as the strong electric eld strongly bends the edge to the work
function. However, the electrode distance should only be 5 m.

Furthermore, eld emission can also occur at tips on the electrode. By
applying carbon nanotubes as extremely sharp emitters, sources for
electron beams can be produced.
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" Space charge e ects

At high densities, such as at atmospheric pressure, the space charge
density becomes so large that the electric eld generated by the elec-
trons in the avalanche is su cient to continue ionization. In other
words, the avalanche sustains itself. This mechanism is independent of
the electrode material. This ignition mechanism is called a streamer.

N

Supercritical CO,

At high pressure, CQ passes through the critical point at 73 bar and
304 K. At this critical point, there are strong uctuations between the
gaseous and liquid phases of GOThe temporary formation of bubbles
creates regions in which the gas can ignite due to an externally applied
voltage. This is visible in a reduced ignition voltage at the critical
point.

Finally, let us discuss the temporal behavior of plasma ignition, as illustrated
in Fig. 2.12. We distinguish between two time constants: the drift time of
the ions to the cathode 1 and the drift time of the electrons to the anode

t . Most ions are formed in front of the anode. At this location, the electron
density is at its maximum, ny. This means that per drift time of the electrons

t , we get:

dn, _no 4 N,

—=—e" 1 — 2.75
dt t t, ( )
The loss of ions is expressed by the drift time of the ions t This change
in the number of ions can be converted into a current,| = dg—t*e, and we
obtain:
en t
I, =0 ed 1 1 e © (2.76)

It can be seen that the current rise occurs over a characteristic time twhich

is the time the ions need to reach the cathode. These times are typically in
the range of s. This is in contrast to ignition at high pressures. Here, the
electron avalanche becomes so large and self-sustaining that it can bridge
the entire discharge path and thus carry the current. In this case, the time
constant is the drift time of the electrons. Due to their low mass, this is
much shorter, and we obtain time constants in the range of ns.
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Figure 2.12: Time course of the current increase in a Townsend and a
streamer discharge.
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2.2.3 Ignition of an RF discharge

The ignition of a gas in an alternating electric eld occurs in principle ac-
cording to di erent mechanisms, since the stable operation of the discharge
no longer has to be ensured by a DC current ow, but rather the displace-
ment current alone maintains the discharge. To calculate the conditions for
ignition, it is therefore necessary to establish an energy balance between the
energy gain in the electric eld and the energy loss in the collisions of the
electrons with the neutral gas.

2.2.3.1 Average energy of an electron in the RF eld

Let us rst consider the simple case of the acceleration of an electron in an
electric eld:

E = E gl (2.77)

Figure 2.13: Average energy of an electron in an electric alternating eld
over time.

with the corresponding equation of motion:

Mo 2 = gE el (2.78)

This is solved, and we obtain the following for position and velocity:
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z(t) = r(jTEOze{” (2.79)
v(t) ={ %e{“ (2.80)

The electron oscillates around its rest position with a maximum velocity
when passing through the rest position of:

_ 9
It can be seen that the velocity decreases as the frequency of the electric eld
increases. The maximum energy is:
_1 ., _ 1¢°E§
Emax = 5MVineax = 512
However, this energy is very small. If typical numbers are used, energies
in the range of less than one eV are obtained. This energy is much lower
than the ionization energy of the gases, and ignition could not take place.
This can only be resolved if one takes into account that the electrons su er
collisions and thus run out of phase with the electric eld, thereby increasing
their average energy. Let us consider the equation of motion again, but this
time taking damping into account:

(2.82)

d?z dz |
Mzt mM o= qE oe (2.83)

For the velocity, this is solved by:

vy = S

From this, we can now determine the power, or the energy,that an electron
absorbs from the electric eld per unit of time. With j = env and the power
density P = JE, we get:

(2.84)

eE !
P = neMe{’t Eqelt (2.85)
m( 2+ 2)
This power is not purely imaginary, but also contains a proportion of active
power, so that the time average is not zero. From < P, we obtain:

ne’> hE2

(2.86)
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This formula can also be applied to the DC case with ! = O:

b= ne’E}
2m

(2.87)

This corresponds to the power dissipated by an ohmic current. Comparing
these two powers, the in uence of the alternating electric eld can also be
expressed by an e ective electric eld:

2

The power hPj is absorbed on average over time. This is balanced with the
energy loss per time that the electrons su er during elastic collisions with
the neutral gas. To do this, we consider the energy loss during a collision of
an electron with mass mg and average energy hEi with a neutral gas atom
of mass ny. We obtain:

Mmem . m
_ 9 hEi _€
(Me+myg)? My
This energy is lost by n electrons according to the collision frequency,

per time. Overall, we can write the following balance equation for power
consumption and output:

T = hEj (2.89)

ne’ nE3 Me . 1
—— —~ __=n Eionn + —N nhEi+nhEi — 2.90
2me(! 2 4 %) lon: =lon: mg m di - ( )

The energy loss on the right-hand side consists of ionization at a ratg,,
energy loss in elastic collisions according tg,, and particle loss via di usion
with a con nement time ;. .

In the simplest case, we want to neglect ionization and di usion, since elastic
scattering dominates. This gives us the average energy hEi of an electron
from Eq. 2.90:

mge’EE mg !?
We see that the average energy can be a multiple of,k, corresponding
to the ratio % 1. This result is obvious, since with an in nitely large
mass di erence my=m, during collisions, the electrons never lose energy and
only change their phase to the electric eld, thus always increasing their
energy. The temporal evolution of the energy of an electron with and without
collisions is illustrated in Fig. 2.13.

hEi = (2.91)
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RF Ignition
Simulation of the energy increase of an electron with and without consider-
ation of collisions.

2.2.3.2 Diusion-determined ignition

To evaluate the necessary ignition eld strength [, it is now necessary to
reconsider the balance equation 2.90. A simple ignition condition can be
derived by balancing the charge carrier generation with the loss due to di u-
sion. To determine the density pro le of electrons, To determine the density
pro le of electrons, we use the continuity equation:

ilj_? =N jon: +n g extern +D e%r; (2-92)
At this point, we add ionization by an external source in order to be able
to solve the density prole from the continuity equation alone. Without
this term, all terms would be proportional to the electron density, which
would cancel out, i.e., there would be no convergent solution. A convergent
solution for this case can only be obtained by additionally solving a power
balance equation for the discharge in order to determine its temperature. The
continuity equation for a simple parallel plate arrangement yields a cosine-

shaped density pro le.

n(z) / cos(z [';’ ) (2.93)

49 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 2. IGNITION 2.2. IGNITION OF A PLASMA AT LOW PRESSURE

From the boundary conditions, i.e., n(d=2) = 0, we obtain a relationship
between the geometry of the arrangement and the ratio of ionization and
di usion coe cients. This has the dimension of a characteristic length 2

lon: 2 1

D, q "z (2.94)
This condition can be interpreted as the ignition condition of the plasma,
since the solution precisely requires that

lon: —

1

di:
must apply. However, both the ionization frequency and the con nement
time are functions of the temperature of the plasma. This means that small
changes in temperature lead, for example, to a higher ionization rate com-
pared to the loss rate, and the electron density continues to increase. This
would be the case for ignition and also explain why an energy balance is
necessary for the independent determination of the temperature in order to
determine the density pro le of the discharge. We will now consider the two
limiting cases of high and low pressure.

(2.95)

- |
m .

At high pressures, most particles reach a mean energy hEi equal to the
ionization energy Eon., because the loss to the walls is small. Elastic
scattering dominates and we can neglect the rst and third terms in
Eq. 2.90. This means that we obtain the following for the ignition eld
strength Eq:

1=2
m2

Eo = mgeez Eion: ( r%1+! 2) (2.96)

Since ,, !, we see that because , = nghv i, the ignition eld
strength increases linearly with the gas density or pressure. Further-
more, the ignition eld strength is independent of the dimensions of
the reactor.

m !

If the pressure is low, we can neglect the elastic collisions. The balance
equation 2.90 becomes:

ne? nE3 o1
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The average energy of the particles becomes smaller than the ionization
energy, since a signi cant portion of the patrticles is lost through di u-
sion before they can reach the ionization energy. If we use the ignition
condition on. = 1= 4. and 1=g4. = 2¢, we obtain the following for
the ignition eld strength:

Deme! 2 1=2
Eo = 2—eez(hE| +E on;) (2.98)
m

Since ./ |}, we see that the eld strength scales with } , i.e., the
ignition voltage increases again as the pressure decreases, as illustrated
in Fig. 2.14. In addition, the ignition eld strength depends on and

the geometry of the reactor.

At this point, it is important to note that this simple consideration neglects
any secondary e ects and the loss of charge carriers due to drift to the elec-
trodes. Both contributions are particularly important at low pressures, so
that measured ignition curves may deviate from the shape in Fig. 2.14 de-
pending on the gas and the geometry of the setup.

The contribution of secondary electron emission (SEE) at the electrodes be-
comes important below a critical pressure, and the Paschen curve continues
to decrease because there is now an additional production channel for the
electrons. A "second minimum" is passed through. At low pressure, how-
ever, the point can be reached where the eld strength becomes too high
because the electrons are now lost again too quickly due to drift, so that ion-
ization cannot take place again. Only when the voltage becomes very high
can ionization take place again, even at low pressures. This characteristic
curve can only be observed under special experimental conditions.
Normally, ignition curves are measured by increasing the voltage at constant
pressure (path 1 in Fig. 2.14). The left branch of the RF Paschen curve
for RF ignition in particular cannot be measured accurately in this way. To
do this, it is necessary to rst set the voltage at very low pressure and then
increase the pressure (path 2 in Fig. 2.14).

This con nement can be further modi ed by superimposing a DC electric
eld. The e ective con nement length ¢ is thus reduced according to:

lon: i2+ (ZE) — 1

= 2.99
D. D, (2.99)

The quantity #2- corresponds to the inverse of the drift con nement time.
Furthermore, a superimposed magnetic eld can greatly reduce the ignition
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Figure 2.14: Ignition eld strength in the alternating electric eld as a
function of pressure.

eld strength at su ciently low pressure, since the electrons can now be
heated resonantly and the con nement can also be improved.

Finally, there is also the possibility of negative ion formation. This increases
the ignition eld strength because the loss of charge carriers becomes greater.
Expressed by an attachment frequency,, we obtain:

Ion::i_'__a 1
De 2 D, 2

(2.100)

2.2.3.3 Drift-determined ignition

As already mentioned, at low pressure and corresponding frequency, situ-
ations arise in which the amplitude of the oscillation reaches the order of
magnitude of the distance between the electrodes. In this case, the loss of
charge carriers becomes very large, and the ignition eld strength increases
accordingly. This transition is not gradual but occurs suddenly when the
amplitude becomes too large at a certain frequency. This is illustrated in
Fig. 2.15.

2e 12
m O 2412

(2.101)

NI
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Figure 2.15: Ignition eld strength in the alternating electric eld as a
function of frequency for di erent pressures and impact rates.

If we start at high frequencies, the ignition eld strength changes only slightly.
As the frequency decreases, the amplitude increases and the losses rise very
slightly, as a small proportion of the electrons can reach the wall. This is
visible in a very slight increase in the ignition eld strength. If the amplitude

of the oscillation reaches exactly the plate spacing, then the losses increase
sharply, which must be compensated for by a strong increase in the ignition
eld strength. As the frequency is further reduced, the energy of the particles
increases as they hit the electrode and the e ciency of the secondary electron
emission increases. This means that a new mechanism e ectively supplies
electrons, which again leads to a reduction in the ignition eld strength.

With the right frequency and plate spacing, these secondary e ects can
even build up, resulting in what is known as a multipactor discharge.
These multipactor discharges are particularly parasitic discharges in evacu-
ated waveguides for microwave supplies in large fusion plants.
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2.3 Ignition at Higher Pressures

The previous description of ignition phenomena was always based on the fact
that an externally applied eld leads to an acceleration of the charge carriers
until ionization occurs. The e ciency of this acceleration then depends on
the reactor geometry, the frequency of the eld, and the mean free path.
However, it was always assumed that the charge carrier density is so small
that the external elds are not in uenced or shielded thereby. Exactly this
assumption is no longer justi ed for ignition phenomena at higher pressures.
Due to the high neutral gas density, so many electrons can be created in an
avalanche that the local electric eld in the vicinity of this avalanche becomes
as large as the external eld. That is, in the vicinity of this avalanche,
ignition can be triggered by the avalanche itself. This e ect is referred to as
the streamer mechanism.

2.3.1 Streamer Mechanism

In the case of ignition at high pressures (or through the streamer mechanism),
it is observed that the Paschen curve can no longer be used for description,
since, for example, the in uence of surfaces on the ignition voltage disappears.
Moreover, the observed ignition eld strengths are lower than expected: at
one bar, the mean free path is approximately 1 m. That is, to absorb energy
of 10 eV to ionize, an electric eld of the order of 10V/m is required.

In the experiment, however, only 10 V/m is observed. Finally, ignition
also occurs much faster than at low pressure, since the time constant is
determined by the drift of the electrons and no longer by the drift of the
ions. That is, the streamer mechanism runs on the nanosecond time scale. A
developed streamer can then even run through a gas path much faster than
the drift velocity of the electrons, since ionization no longer occurs directly
through electron impact but also through the electric eld itself or through
photoionization. These two processes naturally spread much faster compared
to the drift velocity of the electrons. A photograph of a streamer discharge
is shown in Fig. 2.16. It can be seen that at very short exposure times,
the emission only comes from the head of the streamers. In this example, a
bundle of streamer discharges is created, which branch out.

The in uence of the electric eld by a streamer is shown in Fig. 2.17. A
streamer consists of a streamer head, the location with high charge carrier
density, and a streamer channel, which extends along the direction of
travel of the streamer. In the case of a negative streamer, the streamer
head is negatively charged. At this point, the front of the electron avalanche
has a correspondingly high electron density. This avalanche runs along the
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Figure 2.16: Photograph of a streamer discharge at di erent exposure
times [16].

external electric eld. However, the ionization itself is caused by the eld
strength of this large negative local charge. In the streamer channel, the
positively charged ions remain, which cannot follow the rapid movement
of the electron avalanche. If the electric eld of the charge carriers in the
streamer is superimposed with the external eld, a eld distribution as shown
in Fig. 2.17 is obtained.

The eld is particularly strong in the vicinity of the streamer head. The
elds in the vicinity of the streamer channel are much weaker, but they
cause electrons from the surroundings to be slowly collected in the streamer
channel and a quasi-neutral channel to be built up. At the same time, a
streamer widens as it progresses, since ionization at the streamer head can in
principle occur in all directions. This leads to a decrease in the local electric
eld, and a free streamer can extinguish again after a certain running time.
In principle, a distinction is made between negative and positive stream-

ers, as illustrated in Fig. 2.18:

" In the case of a negative streamer, an electron avalanche is created
at the streamer head and the streamer moves in the direction of the
anode, along the external electric eld.
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Figure 2.17: Electric elds in the vicinity of a streamer.

" In the case of a positive streamer, a large number of photons are also
created in the electron avalanche, which in turn ionize the surroundings.
In particular, also in the region in the direction of the cathode. An
electron avalanche created there runs into the area of the channel and
thus creates quasi-neutrality. However, a positive streamer head of
the remaining ions remains, which moves towards the cathode via this
mechanism. Unlike the negative streamer, we have a di erent direction
of movement, and the direction of the positive streamers is also not
as clear and straight as that of the negative streamer, since ionization
always occurs through photons in all directions. Positive streamers can
therefore only exist in gases that tend to e cient photoionization.

If there is a streamer discharge between two electrodes, this streamer can
reach the surface and thus create a quasi-neutral plasma channel between
the electrodes. This conductive channel causes a short circuit, and a large
current ows at high pressure. This is then referred to as a spark.

A simple criterion for the occurrence of a streamer can be de ned. For this
purpose, we consider the electric eld of the negative streamer head with a
radius R in a gas gap with electrode spacing d. This is:

e
4 oR?

The factor e 1 denotes the primary ampli cation of the avalanche that
prevails in the gas gap until the streamer head is formed. An independent

Ea= ed (2.102)

56 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 2. IGNITION 2.3. IGNITION AT HIGHER PRESSURES

Figure 2.18: Negative and positive streamer.

streamer can be created if the electric eld at the surface of the head be-
comes equal to the ignition eld strength K before the avalanche reaches
the other electrode at a distance d. The expansion of the head corresponds
approximately to the ionization length, i.e., R = 1. In this approximation,

we obtain:

4 oEo

e 2
Since K, according to Paschen's law, is a function of , and the ignition
eld strength for a given gas is known, we can determine the term d '
20 from this equation. From the primary ampli cation, this results in the
minimum number of electrons in the streamer head® 10 8 electrons. This
is referred to as the Meek criterion. That is, given a eld strength and
thus a Townsend coe cient , we need a distance d until the streamer is
formed.

d=In 20 (2.103)

2.3.2 Streamer Model

In the following, we want to derive a very simple modélof the movement
of a streamer, as illustrated in Fig. 2.19. The continuity equation for the
electron density is:

IN. Babaeva and G. Naidis, Modeling of streamer propagation, in Electrical Discharges
for environmental purposes ed. by E. Van Veldhuizen

57 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 2. IGNITION 2.3. IGNITION AT HIGHER PRESSURES

dn )
d_te +1j = lon Ne (2.104)

We go into the reference system of the streamer moving with v and initially
get a temporally constant electron density at the streamer head. That is, we
have:

rj = lon ne (2.105)

The current in the reference system of the streamer is obtained if all velocities
v are subtracted formally. Thus, from rj = OI%(ve v)n. v ¢ denotes here the
absolute drift velocity of the electrons. This can under certain circumstances
be less than the velocity of the streamer itself, since a progression of the
streamer head can also be carried by electric elds or photons.

d
Ene(ve V)= jonNe (2.106)

After the product rule, we solve the spatial derivative and obtain, under the
assumption that v is spatially constant, as an equation for the electrons:

dn d
d_Ze + E (neVe) = jonNe (2107)
From a continuity equation for the ions, we get
dn
dZ+ = ionNe (2.108)

At this point, we have used the fact that the movement of the ions with v
is much slower than that of the electrons.
From these equations, it can now be derived by component comparison that:

NeVe = (N4 N gV (2.109)

This means that by the movement of the streamer with v, which carries a
net charge n n ¢, a current of the electrons v, is induced, which moves
absolutely with the drift velocity v.. From this equation, it can also be read
that v v . is: the integral over the electron density alone is much larger
than the integral over the net charge carrier density h n .. Therefore, the
equation can only be satis ed if, on the other hand, v v, applies.

The ion density is obtained by additionally applying the Poisson equation:

— = _(n+ n e) (2110)

from:
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Figure 2.19: Electric eld and charge carrier density of a single streamer.

vdn ;. = onnedz (2.111)
= dE—— 9% 2.112
Ionne e(n+ n e) ( )
oV
= ——dE 2.113
lon eve ( )

That is, the relationship between ion density and electric eld is:

dn+__0
dE e

_lon (2.114)

The term on=Ve corresponds exactly to the ions generated per distance, the
ionization length . If we again use the heuristic approach in the form:

= Ae BE (2.115)

for , we can integrate Eq. 2.114 to determine the ion density in the channel
according to the electric elds that pass from Enannel 10 Ehead

E head

E channel
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In the approximation Echanmer 0, We get:

o Efead

— ea 2.117

€ Ehead +B ( )
It can be seen that the ion density that builds up is proportional to the
electric eld of the streamer head and the ionization length. The electron
density in the streamer head is now obtained from the continuity equation
for the electrons:

rl+;channe|

dn d
v d_ze + Eneve= lon Ne (2.118)
Since v does not change spatially in the rst approximation, this can be

shortened to:

Vdn e + Vedne = ion nedz (2.119)

This can be solved by integration by integrating the electron density from
the channel to the avalanche head, or in space along the radius R:

Z
Ne;background dn R .
— = _dz (2.120)
Ne;head Ne 0 Ve V
Ne. 1
In —2ket = R . (2.121)
r]e;background Ve V
R
V Voenead — (2.122)
In e;head

Ne;:background

The logarithmic dependence in the denominator on the particle density is
very weak. This value is usually around 10. In the case of a very fast
streamer (it holds & V), it is observed that the velocity is proportional to

the radius of the streamer head. This is correctly reproduced by this simple
model. An example of a result of a complete uid-dynamic description of a
streamer is shown in Fig. 2.20. It can be seen very nicely how the electron
density spreads, but only at the location of the streamer head is an elec-
tron excess formed, and locally the electric eld is changed. A quasi-neutral
streamer channel remains. Behind the streamer head, the eld strength is
lower compared to the initial situation, while it is signi cantly higher in front

of the streamer. Furthermore, one can see the beginning of the division of
the streamer head into two individual streamers (streamer branching).

In this streamer discharge at high pressure, conductive channels are created
on the trail of the streamer. If the recombination is small, so-called leaders
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can be created from these streamer discharges. These are conductive plasma
channels as they form on thunderclouds before a breakdown occurs between
the cloud and the ground.
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Figure 2.20: Calculation of the electron density (top row), the net charge
and the equipotential lines (middle row) as well as the electric eld of a
streamer (bottom row) at di erent times [16].
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2.4 Example - Ignition Phenomena in the At-
mosphere

To conclude, we want to discuss an example in which all previous ignition

phenomena come into play: the discharges in the upper atmosphere. From
satellite and aircraft observations, it is now known that some discharges can

occur not only between thunderclouds and the ground, but also between the
thunderclouds and the upper atmosphere. An overview of these phenomena
is shown in Fig. 2.21.

Figure 2.21: Schematic representation of discharge phenomena in the up-
per atmosphere [36].

In a thunderstorm, the thunderclouds initially charge up. In the strong
electric eld, streamers are created, which bundle into leaders and nally
discharge to the ground or the cloud in the form of a lightning bolt. However,
these strong electric elds can also directly trigger streamer discharges above
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the thunderclouds. Discharges that run upwards from the clouds are referred
to as jets. Due to the excitation characteristics of nitrogen, these glow blue.
A complex mechanism is the so-called sprite, which only occurs in connection
with a lightning discharge, as illustrated in Fig. 2.22. In the ionosphere, a
low charge density exists, as produced by cosmic radiation. With increasing
altitude, the pressure decreases. A thundercloud has an electric dipole eld
that extends into the ionosphere. In this eld, a discharge can ignite at
su ciently low density - a weak Townsend discharge in the upper atmosphere.
If the positive charge at the upper end of the thundercloud now discharges to
the ground, the eld of the thundercloud changes and we suddenly get a very
large electric eld at great heights. This electric eld is above the ignition
eld strength, and a streamer discharge can build up, which now runs down
along the electric eld (positive streamer). The color of this discharge again
corresponds to the excitations of nitrogen, which are quenched to di erent
degrees at di erent altitudes. These sprites can simultaneously trigger shock
waves in the ionosphere, which are referred to as elves.

Figure 2.22. Field distribution above thunderclouds.
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Chapter 3

Plasma Equilibrium

The achievement of the ignition criterion of a plasma initially corresponds to
an exponential multiplication of the electrons (cf. secondary ampli cation of
the Paschen criterion). The generated electrons nally form such a strong
space charge zone that they shield the external electric eld. That is, the
generation comes to a halt, and a new equilibrium is established.

The equilibrium state of a plasma is equivalent to a balanced particle and en-
ergy balance, i.e., the in ow and out ow of particles as well as the absorbed
power and the loss power are identical. The particle balance is largely deter-
mined by the boundary region, since at this boundary the patrticles leave the
plasma or ow in. For the description of the energy balance, on the other
hand, the heating processes and the losses through collision processes in the
plasma are relevant.

This problem can be illustrated as a "Black-Box" in Fig. 3.1, where a particle
UX | Teiichen @nd energy input P lead to certain particle densities & n;, n
and energy distribution functions f(E) or temperatures T. To calculate this
equilibrium, we will discuss the properties of the plasma sheath and the
plasma heating in general in the following.

3.1 Plasma sheath

3.1.1 Space Charge Region

Given a quasi-neutral plasma in front of a surface. Depending on the charge
carrier currents in the plasma and the potential of the surface, a so-called
sheath is formed. The formation of this sheath is a consequence of the cre-
ation of the new equilibrium state after ignition. Especially in the boundary

regions, the light electrons can leave the plasma very easily compared to the
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Figure 3.1: In equilibrium, the particle and energy ows into a plasma
must balance the losses.

ions. Thus, the plasma would always charge positively. However, this charg-
ing creates an electric eld in the boundary region that exactly counteracts
this loss of electrons. That is, sheaths always compensate for the di erent
mobilities or losses of the individual charge carrier species.

Density pro le after turning on a plasma

Simulation of the formation of sheaths in a plasma with constant charge
carrier density in the volume. The electrode at -0.05 m is biased with -100

V.
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A distinction is made between an ion sheath, in which only ions are present

in the sheath and the electrons are repelled by the electric eld, and an
electron sheath, in which the situation is reversed. In an ion sheath, the
electric eld points in the direction of the surface and thus keeps the electrons
in the plasma, while it is the opposite in the electron sheath. An ion sheath
can be easily recognized because the absence of electrons is visible as a dark
zone in the plasma in which no electron impact reactions and thus also no
light emission occur (see Fig. 3.2).

Which type of sheath is established depends on the charge carrier balance in
the plasma. Thus, an ion sheath is usually formed at the cathode of a DC
discharge, while an electron sheath may occur at the anode if the anode area
is very small compared to the cathode area.

3.1.1.1 Space Charge Region of an lon sheath

The simplest case is initially that of an ion sheath. In this sheath, the
electron density is much smaller than the ion density, as illustrated in Fig.
3.3. The course corresponds to that of a pn junction in solid state physics.
The positive space charge zone is the sheath of the plasma. The negative
space charge zone is represented by a thin electron layer at the solid surface.
To calculate the course of the ion density in the sheath, we rst use the
energy conservation of the ions according to:

MV e ()= oMV (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)
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Figure 3.2: Photo of an ion sheath in front of a substrate to which an
external voltage is applied. A dark zone is visible in front of the surface.
The external voltage displaces the electrons there and thus also suppresses
the light emission in this region.

Solving this gives, with B = Mvg:

2e (x) e(x)
1=2=n 1

MV02 0 Eo

For the description of the electron density, the fact is used that, due to their

high mobility, they directly map the course of the electric eld. Itis therefore

permissible to simply use the Boltzmann relation:

nix)=no 1 (3.3)

e(x)

Ne(X) = N gekeTe (3.4
Inserting both into the Poisson equation gives:
" #
d® () _ no e (x) e()
e e—0 exp Ko 1 E, (3.5)

This equation corresponds to a di erential equation for the potential pro le
(x) in the sheath. However, this transcendental equation can only be solved
numerically.

However, at least an estimate for the region of the sheath at x 0 can be
derived as follows. First, the equation is multiplied by?%- and integrated

over X. On the left side, we get
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Figure 3.3: Pro le of the charge carrier density in the sheath. A positive
space charge zone is formed in front of the surface. This is compensated

by a negative space charge zone directly at the surface. Due to the large
di erences in the charge carrier densities in the plasma compared to the
solid, the thicknesses of these space charge zones are also very di erent.

“rdx) o

dx =

7 0 dx dx
*d(x) dd(x)
_ dx =
2 dx dx dx
dx) o dx)  _
o dx dx -
1 dx °?
5 (3.6)
On the right side, we get
*d() N " e (x) e (x) 2
. Tdx e—0 exp Ko 1 E, dx =
20 q " e (X) e (X) 2 ¥
0
e— ex 1 d 3.7
©) 0 P ke Te Eo (37

Thus, with the integration over

obtain:

under the assumption that (0) = 0, we
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" #
1 dx 2 en e (X) e(x)
- = — kgTee—— Kk gTe+2E, 1 2E
> dx 5 B le€ Ko Te Ble 0 = 0

(3.8)
This equation requires that the right side becomes greater than zero for
meaningful solutions. In the region x ' 0, both e k gTe and e
Eo apply. Thus, an interesting relation can be derived if the right side is
expanded to the second order:

1 e
kgTe 1+ + = kg Tot+ 3.9
Ble keTe 2 kgTe Ble (3.9)
|
le 1 e 2
2B, 1 EE_O 3 E_o 2B, O (3.10)

This term must be greater than or equal to zero. Therefore, it can be con-
cluded that:
1(e)? 1(e)?
2ksTe 4 Eo
With E o = %MV%, the condition for the initial velocity vq is obtained:

0 (3.11)

v
I

=Vg (3.12)

This is referred to as the Bohm velocity. This velocity is equal to the
ion sound velocity. This is an important result because it provides a
boundary condition for the ion current that leaves the plasma. This current
is independent of the exact pro le of the sheath and an external voltage that
might be applied to the surface. This initially appears surprising. However,
the Bohm criterion only considers the conditions in the region where the
sheath begins in the plasma and the positive charge carrier density must
increase, and the potential must decrease. The further potential pro le and
the dynamics of the charge carriers within the sheath towards the surface are
irrelevant for this.

We initially derived this condition formally from the solvability of the equa-
tion. However, this condition can also be physically motivated. For a sheath
in equilibrium, the following must apply at the location where the ion sheath
begins:
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din, n )
d

with n the total density of negative charge carriers. This inequality means
that the potential must decrease (d negative) while at the same time the
net space charge increases (d(mn ) positive). Only then does one obtain a
uniform transition between the plasma and space charge zone. This condition
is equivalent to the Bohm velocity. If the ions do not enter this space charge
zone with a certain velocity, they could not build up this positive space charge
at the boundary to the plasma sheath!

In describing the space charge zone, we assumed energy conservation of the
ions and found a boundary condition, the Bohm velocity, which must be
satis ed for the ions to enter 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. 3.4). Quasineutrality
should prevail here:

0 (3.13)

Figure 3.4: Potential pro le in presheath and sheath. The extension of
the presheath is of the order of the mean free path of the ionsgnen, While
the sheath has a thickness of the order of the Debye lengthp.

ni(X) = n ¢(X) (3.14)
From this, it can be derived that:

1 dni(x) _ 1 dne(x)
ni(x) dx  nex) dx

(3.15)
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With j ; = njev(x), we obtain:

L dne) _ev( d ji _ 1 di® 1 dv® g
ne(® dx — ji(x) dxew(®) ji() dx  v(x) dx '
With the Boltzmann relation for the electrons, we nally obtain:
1 dvi(x) . _® dx) _ 1 dji(x) (3.17)

vi(x) dx keTe dx — ji(x) dx

In the presheath, the local ion velocity M\x) must always be less than the
Bohm velocity 5. Therefore, from Eqg. 3.17, the inequality is obtained
according to:

ldvi , e d _ 1dj
vg dx kgTedx  jjdx
This equation can be satis ed by several conditions:

(3.18)

~ lon friction:

In the case of current conservation‘—]k% = 0), the left side must ex-
plicitly become less than 0. This can be achieved if the increase in
velocity of the ions is reduced by ion friction. That is, the change in
vi(X) is not equivalent to a change in (x).

N

Geometry, Contraction:

Geometric e ects can cause the current density to increase as it pene-
trates the sheath. For example% > 0 applies in a cylindrical arrange-
ment.

~ lonization:

The current through the presheath can increase due to the assumption
of additional ionization. Here, too,“lxi > 0 applies.

It can be seen that collision processes, whether friction or ionization, are
essential for the formation of the presheath in the plasma. Thus, it can be
immediately concluded that the extent of the presheath must be of the order
of the mean free path of the ions. For the description of the plasma sheath,
there are thus two dominant but strongly di erent scales: the mean free path
of the ions for the presheath in the range of typically several cm, and the
Debye length for the space charge zone typically in the range of m to mm.
Now let us nally calculate the potential di erence that is established in
front of an insulating surface. This results from the condition that the ion
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current and the electron current on an insulated surface must be equal. The
ion current is given by the Bohm ux:

i =NoVe (3.19)

and the electron ux that hits the surface corresponds to the directed ux
from the volume element directly in front of the surface. If the location of
the surface is denoted by x = s at which a potential \y prevails, we obtain

by means of the Boltzmann relation (n(x =s) = n(x = 0)exp =% ):

kBTe
1 1 e w
e = Zn(x =SV eith = Znove;th eksTe (3.20)
For the case of a so-called oating surface (i.e., the surface is not grounded)
e = i must apply, from which it follows:
1 e w
NoVg = Znove;thekBTe (3.21)
keTe > 1 8kgTe 7
ole 1 BleTe "7 w (3.22)
M 4 m ke Te

Thus, for the so-called oating potential, we obtain:

ke T Mo
w = Be °In o (3.23)

It can be seen that the potential becomes negative, i.e., the plasma is more
positive than the surface. The voltage is a multiple of the electron energy.
Also, between the sheath edge and the plasma volume, a potential must
drop in which the ions are brought to the Bohm velocity. This can be easily
derived from:

1
éMvg e p (3.24)
From this, the so-called plasma potential is obtained:
kBTe
= 2
P g (3.25)

All potentials are de ned here with respect to the sheath edge. However,
much more frequently one needs the potential with respect to the exper-
imental mass of the reactor. This is then the plasma potential plus the
oating potential.
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3.1.1.2 Space Charge Zone with Multiple lon Species

With the general formulation of the Bohm criterion 3.13, more general cases
of a plasma sheath can be well described. For this purpose, we consider the
case of a sheath of a plasma in which several di erent ion species are present.
The charge carrier density of a plasma with several ion species (index j) is
generally:

=e nj en ¢ (3.26)
i
For the evaluation of the Bohm criterion, we rst need an expression of the
form 3—” for each charge carrier species. We start with the positive ions. The
continuity equation for each ion species requires:

dn; d(njv)
+ = .
pm dx 0 (3.27)
In the steady state, this becomes:
dv; dn;
nj d_)i + Vj d_)(J =0 (328)
or the momentum balance:
dv; dv;
m; n; d—\f[‘+vjd—\)/i =n;eE (3.29)
From this, for steady cases, we get:
dyy _ d
m; v, o - i (3.30)
Together with the continuity equation, this nally gives:
1 dn,- d
V= T 3.31
MY ,-V’ dx dx (3:31)
or
dn; en
bl I .32
d mj V2 (3 3 )

For the relationship between electron density and potential, we simply use
the Boltzmann relation:

(3.33)
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We insert the two terms of the form(‘j’—n for ions and electrons into our Bohm
criterion

d X dn _dne
or
X dn, dn
h €
e | g e g (3.35)
and nally obtain:
Xen ene
[ m; V¢ keTe (3.36)

We want to illustrate the application of Eq. 3.36 with two small examples:

" a single ion species
If only one ion species is present, we get

1 1
- 3.37
and we immediately get 3.12 again.
~ two ion species
For the simple case of two ion species, we get:
Ny Nz Ne
+ 3.38
m]_V% m2V§ kBTe ( )
We transform this to:
NikegTe NokpgT,
ey 288 (3.39)

vZmg  vZmy

and we recognize the Bohm velocities of the individual ions according
to:

2 2
V& V&
B;1 B;2
Ni——+Ni1— N ¢ (3.40)
2 2
V2 V3
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i.e., this condition can be satis ed if each ion enters the sheath with
its own Bohm velocity. This would be the case for low pressures. At
higher pressures, collisions occur in the presheath that equalize the
velocities of the ions. This means, however, that some ions enter the
sheath slower, while others enter faster than their own Bohm velocity.

3.1.1.3 Space Charge Zone for lons with a Distribution Function
f(v)

Even the case where we have an ion species, but these ions hit the sheath
with di erent velocities, can be easily mapped. The equation:

X
en ene
mjv?  kgTe

(3.41)
i

can be formally reinterpreted as a distribution over di erent velocities, and
we get:

Z 1
en 1
— —f(v)d v
m o, Vv

€Ne
kg Te

This equation does not specify a fundamental velocity but requires a speci c
form of the ion energy distribution function to satisfy the Bohm criterion.

(3.42)

3.1.1.4 Space Charge Zone of an Electronegative Plasma

In technical plasmas, negative ions can also be formed, such as in oxygen-
or uorine-containing plasmas. In these cases, the Bohm criterion must take
into account that part of the negative charge can also be present in the form
of heavy ions. In this case, we must modify the Poisson equation to:

r2 = E(n+ Nen ) (3.43)
0

n denotes the density of negative ions. The degree of electronegativity is
often expressed as a coe cient :

(3.44)

Density pro le of an electronegative plasma after 1200 ns
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Density pro le of an electronegative plasma after 1200 ns, starting with an
electronegativity in the volume of 0.7/0.3. The cosine pro le decays until
an ion-ion consisting of negative and positive ions is formed.

That is, the condition of quasi-neutrality can be formulated as:

n.=(1+)n ¢ (3.45)

In an ion sheath, the negative charge carriers are in equilibrium with the
electric eld, and we can simply use the Boltzmann relation in each case:

Te
Ne+N =Ngo€eTe + N oekeTe T (3.46)
With the de nition = % this becomes:
N - -
Ne+n = 110 efeTe + @ FaTe (3.47)

Thus, the change in the negative charge carrier density with the potential at
the sheath edge ((0) = 0) becomes:

dine+n ) 1 0 1+
d ~ ksTe © 1+
According to the general formulation of the Bohm criterion 3.13, the change

(3.48)

—d(”‘j;” ) is equivalent to the condition:
Z
kBTe 1 1 1+
—f(v)Jdv n . (3.49)
M VZ 1+
| X —{z—}
n+ \71[

B
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Figure 3.5: sheaths in electronegative plasmas. Part of the negative charge
is present in the form of negative ions. Since their mobility is low, they
are pushed back further into the plasma than the electrons. An electron
boundary and a negative ion boundary are formed.

From this, we obtain the Bohm velocity:

y KeTe 1+ 1=2
B M 1+

(3.50)

Several limiting cases can be distinguished for 3.50:

A

=0
If becomes zero, i.e., no negative ions are present, we get the simple
Bohm criterion 3.12 again.

=1

If =1, the temperature of the electrons is equal to that of the negative
ions. That is, in this case, both negative charge carriers can follow the
electric eld in the same way. Thus, they are no longer distinguishable
from the electrons in this consideration, and we get the simple Bohm
criterion 3.12 again.

>0and 1

If is large, i.e., the electrons are much hotter than the ions, and
is not too small, i.e., the density of the negative ions is signi cant, the
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Bohm velocity is strongly reduced, since the ions now no longer have
to overtake only the light electrons at the plasma sheath edge, but are
only in competition with the heavy negative ions.

The consideration of the Bohm velocity is, however, more complicated, since
we now no longer have a clear boundary where the sheath begins. Due to
their lower mobility, the heavy negative ions are stopped further away from
the sheath, so that the electron density and the negative ion density do not
become zero at the same location. Two interfaces are formed, as illustrated
in Fig. 3.5. This means, however, that the parameter changes spatially
in the sheath, with a value in the plasma bulk ,, and a value s at the
sheath edge of the electrons. For the charge carrier densities of the electrons
at the sheath edge p and in the plasma volume (bulk) ke as well as for
the negative ions, we have:

e p

ns;e = n bu|k;e ekBiTe (3.51)
This means:
e p(Y1
S: be kgTe (3.53)

Often is known. If we now want to calculate s, we still need the plasma
potential p, which describes the voltage drop from the plasma bulk to the
sheath edge. This voltage drop was for a plasma without negative ions:

1
e p= ékBTe (354)
In analogy to Eq. 3.50, we get:
1 1+
e p= ékBTel F . (355)

Thus, we now have a relationship betweens, , and p that can be solved
numerically.

3.1.1.5 Double Layers

Double layers always form at locations where two plasmas with di erent
plasma potentials are combined. This can be easily realized in the experi-
ment through a two-chamber system in which a plasma ows into a second
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one. Other examples are dusty plasmas in which the dust is spatially inho-
mogeneously distributed and a dust-loaded plasma and a dust-free plasma
form an interface.

As illustrated in Fig. 3.6, the two plasma potentials ; and > must match

at this interface. A space charge zone is formed, with an electron layer and
an ion layer. This is entirely analogous to the pn junction in solid state
physics. Initially, energy conservation applies to the charge carriers in a
spatially varying potential (x)

1
Ej = émj Vj2+qJ' x) (3.56)
From the Poisson equation, we get the charge carrier density according to:
d? 1 X
i - | g n; (3.57)
with
Z
n = fj (v)dv
Z
7 J
- 1B (3.58)
2m(E q )
we obtain:
z
d2 X B2 f,(E)E
0507 = q P J( ) (359)
dx j e 2m(E q ;)
We multiply again with ?j—x and integrate over dx and obtain:
1 d 2 X Z g, q
50 4 o fi(E) 2m;(E q j )dE = const: (3.60)

j Ea

The solution of this equation gives the potential pro le in the double layer.
The movement of the charge carriers in this double layer can be expressed in
a velocity-position diagram 3.7. It can be seen that both ions and electrons,
if they come from the "wrong side", are simply re ected at the double layer
(this is analogous to the mode of operation of a pn diode). These are referred
to as trapped charge carriers. If the ions or electrons come from the other
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Figure 3.6: Phase space of a double layer.

side, respectively, they are accelerated and can penetrate the double layer.
The local densities of the individual charge carriers are shown in Fig. 3.6.
It can be seen that due to the superposition of the accelerated as well as
the trapped charge carriers, a positive and a negative space charge zone is
created.

Eg. 3.60 can now be solved in a simple approximation. For this purpose, we
transform and use the electron and ion current again in the approach:

0d2 — jlonen + j_e (3 61)
dx? Vionen Ve -

Again, we multiply by ‘c‘,—x and integrate over x. If the potential on the left
side is o and on the right side 0, and also the rst derivatives are zero, we
get on the left side:

: Z . Z .
T R =
With the velocities:
]
Vionen = Vineno t2€( o ) mi. (3.63)
' .1
Ve = viyt2e o (3.64)

e
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Figure 3.7: Potential pro le and charge carrier densities in a double layer.

With the boundary conditions Vignen:o = Ve:o = 0, we nally get the so-called
Langmuir criterion for a double layer in the limite ¢ k gTe:
1=2

je mi

j lonen Me
i.e., the electron current dominates in the double layer. This can also be
physically interpreted. The change in velocities of the electrons and ions, re-
spectively, when passing through the sheath generates a corresponding force
on the double layer. If the double layer is at rest, then the momentum of the
ions and that of the electrons must cancel each other out. For this reason,
the ratio must apply according to the Langmuir criterion.

(3.65)

3.1.1.6 Inuences of Geometry

So far, we have only considered the case of an ion sheath. The formation of an
ion or electron sheath depends on the particle balance and the corresponding
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voltages of the plasma-exposed surfaces. To consider this, let us look at
a parallel plate arrangement in which we can freely choose the area of the
cathode A and the anode A. A high negative voltage is applied to the
cathode. In the simplest case, the ions can leave the plasma. Their ux is
given by the Bohm velocity at the sheath edges and the corresponding areas.
One obtains:

lionen = NoVe (Ac+A %) (3.66)

The electrons can only reach the anode in this simple consideration, since
the potential at the cathode is too large. The ux of electrons is:

1 e
Ie = thh noekBTeAa (3.67)
with vy, = S'fnLTe Vg = ‘el |t must be linen = | ¢ from which it
follows:
1 e
VB(AC + A a) = thh ekBTe Aa (3-68)
or
kBTe 4VB AC + A a
= In 3.69
e Vih Aa ( )
“AL A ¢

If the anode area A is much larger than the cathode area A we get
as an approximation:

keTe. 4
Blepy 2B g (3.70)
e Vith

Since y, Vv g, becomes negative, which means that the potential
decreases from the plasma to the surface, i.e., the electrons are repelled
by the anode. This is intuitive, since the much more mobile electrons
could easily leave the plasma and thus the charge carrier balance would
no longer be balanced. This potential pro le is almost typical for many
technical low-pressure plasmas.

If now the anode area becomes very small and the ratig=v, can
compensate for it, becomes positive.

83 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 3. PLASMA EQUILIBRIUM 3.1. PLASMA SHEATH

Figure 3.8: Potential pro le depending on the geometry of the discharge.

kBTe 4VB AC
In ——=
e Vin Aa

>0 (3.71)

Now the ion sheath at the anode turns into an electron sheath so that
the electrons can e ectively leave the plasma. Since the area of the
anode in this example becomes very small, the loss of electrons must
be made more e ective by reversing the potential. This con guration

is often found in high-pressure lamps, in which a small cathode but
also a small anode are brought into contact with each other.

3.1.2 Sheaths with Applied Voltage

So far, we have considered a sheath that forms in front of a surface to balance
the di erent mobilities of the positive and negative charge carriers. However,
in plasmas, an external voltage is often applied to a surface, which addition-
ally increases the sheath.

These sheaths with applied voltage play a major role in technical plasmas, as
the sheath voltage simultaneously modi es the energy of the impinging ions.
Processes such as sputtering (the physical dislodging of atoms from a solid
by momentum transfer) depend in detail on the energy of the projectiles.
Due to the formation of the electric eld in the sheath, the ions also hit
the surface perpendicularly. This is an essential component of anisotropic
etching, in which the etching chemistry depends not only on the isotropic
ux of neutral etching species (uorine atoms, oxygen atoms, etc.) but also
on the anisotropic ux of energetic ions. The direction of the ions determines
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the etching direction of the microstructure. This is crucial in semiconductor
technology for the production of electronic components such as memory cells.

3.1.2.1 Matrix Sheath

First, let us consider the simplest case where a high voltage pushes the elec-
trons further back into the plasma and strongly accelerates the ions. In the
simplest approximation, the violation of quasi-neutrality in the sheath can
be described as a step function. If the ion density is assumed to be constant
in the sheath, one speaks of the so-called matrix sheath (Fig. 3.9).

de 1
ax —Oeno (3.72)
1
E(X) = —engx (3.73)
0

Figure 3.9: Pro le of the charge carrier density in the matrix sheath.

From this, the potential pro le is obtained:

1
(x) = Eonoéxz (3.74)

With (s)=V (, we obtain
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€Ny - b kB Te

(3.75)

This result shows that the sheath can be many Debye lengths thick. In
the description of the matrix layer, the acceleration of the ions in the electric
eld was neglected. This acceleration would, under the assumption of current
conservation (jp = n(x)v(x)), lead to the fact that the density of the ions
must decrease towards the surface. Despite this de ciency, the formulation
of a matrix sheath is useful, since for the description of volume phenomena
in the plasmas (see stochastic heating) often only a nite sheath thickness
is important, and the fact that a certain amount of charge is stored in the
sheath. Exactly this is correctly reproduced.

However, there are still some special cases in which a matrix layer is a good
model. One such case is Plasma lon Immersed Implantation (PlIl), in

which a negative high-voltage pulse is applied to a workpiece. As a result,
the electrons are quickly pushed back into the plasma, while the ions cannot
initially follow the pulse; the matrix layer is formed. In this matrix layer, the
ions then pass through the electric eld and are implanted into the workpiece
with high energies.

The advantage of this pulsed approach is the fact that the thickness of the
sheath can be much thinner compared to a permanently applied voltage
(Child-Langmuir sheath, see below). That is, given a plasma density n and
voltage V, a cavity can still be lled, while the sheath thickness s in a uni-
formly operated plasma would be larger.

3.1.2.2 Child-Langmuir Sheath

The assumption of a constant ion density in the sheath is only valid if colli-
sions in the sheath counteract the acceleration of the ions. In the case of a
collision-free sheath, the ion density becomes lower with increasing accelera-
tion, as illustrated in Fig. 3.10. As an approach, we get:

%MVZ(X) - e (X) + }M\/S (376)
fiz-)

The second term on the right side can be neglected because the ions in the
sheath are strongly accelerated and their initial energy according t@ Vs of
minor importance. Current conservation provides:

en(X)v(x) =] o (3.77)
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From Eq. 3.76 and 3.77, we obtain:

Figure 3.10: Pro le of the charge carrier density in the Child-Langmuir
sheath.

}j 2e(x)

= g
n(x) = o v (3.78)
Thus, the Poisson equation gives:
) _ jo 2000 7
dx2 M (3.79)

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

Multiplication with % and integration over x gives:
- — 12=2— — 11=2 3.80
> dx Y () (3.80)
In the integration, the boundary conditions were used that (0) = 0 and
¥ =0. From this, for (s)= V o, we obtain
x=0
: 4 2e Vpl3=2
=~y — 11=2——— .81
Jo 9° WM S (3.81)

This equation suggests that the current § would change with the voltage.
However, in the case of a plasma sheathy js already given by the Bohm
criterion. The actual dependence is between sheath voltages and sheath
thickness. That is, with
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jo = eNgVp (382)

an expression for the sheath thickness s can also be derived:

2e\y,
° kBTe

p—
2
5= (3.83)

These relationships provide a link between the particle densityonthe thick-
ness of the sheath s, the temperature of the electrong, Tand the applied
voltage . The comparison with the matrix layer shows that the extent
of the Child-Langmuir layer is greater. Due to the decrease in ion density
according to the acceleration, the extent of the space charge zone must be
greater in order to enclose the same amount of charge with the same voltage
drop.

Eg. 3.81 is referred to as the Child-Langmuir Law (V 37%-Law), as it ap-
plies to any space charge-limited current. A typical example is the maximum
current in ion optics, where the distance between two electrodes/optics (cor-
responding to s in Eq. 3.81) is constant and Eq. 3.81 thus sets the maximum
current density jo for a given voltage V.

The Child-Langmuir Law for describing a space charge-limited current was
historically particularly important in the development of tube ampli ers.
There, the law describes which current density could be switched at a given
grid spacing s and voltage V. In the context of plasma physics, this "grid
spacing” is variable, since now the current density is constant, namely plasma
density times Bohm velocity, and the sheath thickness s adjusts itself in such
a way that the voltage V drops across it.

For a given plasma process, the extent of the sheath can be estimated to
decide to what extent a plasma can penetrate into the opening of a workpiece
or not. These dependencies can be illustrated as follows:

" The sheath thickness increases with increasing voltage.

" The sheath thickness decreases with increasing electron density at a
given sheath voltage.

" The sheath thickness decreases with increasing electron temperature.

For practical application, however, the exact quantitative relationship is es-
sential. This, however, depends on the assumption of whether one may
neglect collisions of the ions in the sheath or not.
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3.1.2.3 Collision-Dominated Sheath

So far, we have assumed a sheath in which the velocity of the ions increases
according to energy conservation. Collisions of the ions in the sheath were
neglected. The other limiting case results from the assumption that collisions
in the sheath limit the velocity, as expressed by the mobility. Initially, ux
conservation applies in the sheath.

Ni(X)Vi(xX) =N oVs (3.84)
but the velocity is calculated by

viX)= E (3.85)
The mobility is given by:

e
= o (3.86)

with , = ng4h nvi. Forthe description of the collision frequency, the velocity
is important. Here, two di erent approaches can be chosen: (i) at high
pressure, the collision frequency is given by the thermal velocity (ii) at low
pressure and large mean free paths, the velocity is rather the drift velocity.
These two cases give:

A

p small, constant mean free path m = const.

At low pressure, the mean free path , = 1=ny , is constant, and
for the collision frequency we directly set, = ng mVvi. The mobility
becomes:

e €m
A = E = E =
Vi) M MV m(X)

(3.87)

From this, for a velocity-independent mean free path, we obtain:

1=2

Vi(X) = eM—mE(x) (3.88)
This gives the ion density:
1=2
= VB = €m
n,(X) = Vi(X) Nop =VgNg M E(X) (389)
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This is inserted into the Poisson equation under the neglect of the
electron density in the sheath:

dE e e =21 e 1=2

As the current density, we obtain:

? 3=2 2e " 1=2 V03=2
3 ° M §°=2

(3.91)

jo

WwIN

It can be seen that the scaling is very similar to the Child-Langmuir
Law. Only the dependence on the sheath thickness is somewhat di er-
ent, since the ion density cannot decrease as quickly compared to free
fall:

s/ ISy (3.92)

m

The dependence on the mean free path is correspondingly weak.

A further comparison shows that the collision-determined sheath is
equal to the Child-Langmuir layer multiplied by ( n=s)"">. That is,
the space charge-limited current is only reduced if the mean free path
becomes smaller than the space charge zone.

p large, constant mobility m = const.

At high pressure, the collision frequency is independent of the velocity,
and the mobility becomes a constant. Thus, we obtain:

dE e
—=—1E1 3.93
x . (3.93)
This solves to:
.9 VO2
Jo= go 3 (3.94)

This can be rewritten into a dependence of the sheath thickness s on
the voltage \4:

s/ Ve (3.95)
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It can be seen that depending on the boundary condition and prior assump-
tion, the relationship between potential, voltage, and layer thickness is dif-
ferent.

Figure 3.11: Dependence of the sheath thickness s on the voltage YV,
depending on the model as expressed by Eq. 3.83, 3.75, 3.92 and 3.95.
Normally, one would expect a sequence of slopes with the pressure starting
with the matrix layer at high pressure (strong ion friction) up to the Child-
Langmuir layer (free fall); however, the dependence is not directly on the
pressure but rather on the collision frequency, which can depend di erently
on pressure and velocity.

The di erent dependencies of the sheath thicknesses on the voltage dé-
pending on the model are illustrated in Fig. 3.11. The dependence in the
case of the Child-Langmuir layer is the greatest, since due to the acceleration,
the density of the ions in the sheath decreases strongly. To enclose the same
amount of charge in the sheath at a given voltage, it must be correspondingly
thick. The other extreme case is the matrix layer, in which the ion density
does not vary. The sheath thickness can be thin in comparison, since even a
thin sheath contains the required amount of charge. The collision-determined
sheaths lie in between, since the acceleration of the ions is hindered and the
velocity does not increase as strongly as in the Child-Langmuir layer. In
the case of the collision-determined sheaths, it is also smaller at low pres-
sure, since although the velocity increases, the collision frequency decreases
again. This compensation falls away in the sheath at high pressure, which
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is therefore also thicker in comparison in order to store the same amount of
charge.

3.1.2.4 Energy Distribution of the Impinging lons

The energy distribution of the ions that hit the surface is a direct measure
of the sheath voltage. In addition, this energy distribution is changed by
collision processes in the sheath. Here, so-called charge exchange collisions
(CX) are important, in which an ion transfers its charge to a stationary neu-
tral atom/molecule. The ion becomes a fast neutral atom/molecule and also
reaches the sample surface. The stationary neutral particle becomes an ion
and is accelerated from the location of its formation towards the surface.
Since this charge exchange takes place inside the sheath, the potential di er-
ence that the new ion passes through is smaller than the sheath voltage. If
we express the probability that a charge exchange occurs with p, we obtain
after a distance x the form:

p/le m (3.96)

with , the mean free path of the ions in the sheath. That is, the probability

of forming a stationary ion increases exponentially with x: if a stationary ion

is formed at small x, the probability of surviving the rest of the ight path
without a collision is much smaller than if this ion is formed at large x directly

in front of the surface.

This behavior can also be observed in the experiment, as illustrated in Fig.
3.12. In the energy distribution of A" , only a single peak is observed, since
an Ar** can only be formed in the plasma but not in a charge exchange
collision. However, if Né ions are observed in a neon plasma, an exactly
exponential increase in the ions at lower energies is observed at high pressure.

3.1.2.5 Sheaths in High-Frequency Plasmas

The behavior of high-frequency sheaths is essentially more complex, since the
condition of balanced electron and ion currents to the surfaces only needs
to be ful lled on average over time. That is, the shape of the sheath can
change strongly and sometimes only retain ions and sometimes only electrons.
Furthermore, it depends on the frequency of the applied voltage whether the
ions can follow the changes of the electric eld or not.

In the simplest case, the frequency of the alternating voltage is large com-
pared to the ion plasma frequency, and the ions can be considered as static.
Then, the varying high-frequency voltage only pushes the electrons further
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Figure 3.12: Measurement of the ion energy distribution of Ne * in a neon
discharge and of Af* in an argon discharge at 0.5 Torr ( 1 mbar) [15].

into the plasma and out again. The ions, on the other hand, only see a
time-averaged electric eld in the sheath.

The energy distribution of the ions from a high-frequency sheath takes on
very complex forms. If we apply a sinusoidal voltage and assume that the
ions fall instantaneously through the sheath, i.e., their transit time is much
smaller than ! } , we obtain a characteristic bimodal distribution, as shown
in Fig. 3.14 in the example of a CF plasma. Since the phases in which the
sheath voltage becomes maximum or minimum are the longest, we obtain
ions with high or low energies correspondingly more frequently than ions
with medium energies. However, this is only a limiting case, since the transit
time of the ions becomes longer with their mass.

This relationship can be best illustrated with a path-time diagram of the
ion transport in a sheath (see Fig. 3.13). In a DC layer, an ion simply
falls through the sheath to the surface, and one obtains a classical trajectory
in the path-time diagram (this would be a parabola if the electric eld in
the sheath is constant, because s = 1=t In a high-frequency sheath,
however, the sheath voltage changes sinusoidally and at the same time the
extension of the sheath. This modulates the energy distribution. On the
one hand because the electric eld in the sheath changes continuously, but
because depending on the mass of the ions and the excitation frequency, the
sheath edge can also overtake the ions.

This complex behavior of ion acceleration in an RF sheath is best calculated
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Figure 3.13: Path-time diagram of the ion trajectories in a DC sheath
compared to an RF sheath.

with a computer simulation in which the ions are started with a random
phase to the sheath oscillation in the plasma volume.

IEDF in an RF discharge without collisions IEDF in an RF discharge with

collisions
Simulation of the energy gain of an electron with and without considering

collisions.
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We nevertheless want to estimate the dependence of the energy distribution
on frequency and ion mass. For this purpose, we consider the acceleration a
of the ions in the sheath:

dv eE
a= —= — 3.97
T M (3.97)
Thus, with the sheath thickness s =3a 2 the transit time becomes:
2sM 12
= — 3.98
oE (3.98)

Based on this equation, we can now distinguish two limiting cases:

A | 1
' rf

If the transittime is very long, the ions only see an averaged potential.
The energy distribution will therefore be narrow. This is particularly
the case for ions with heavy masses or for sheaths with high frequencies.
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Figure 3.14: Measurement of the ion energy distribution in a CF-RF
plasma [28].

~ I 1
' rf

If the transit time is very short, the ions can almost follow the eld, and
the energy distribution will therefore be broad and take on its bimodal
form.

The width of the ion energy distribution can thus be estimated as:

1 1
E/ > / P (3.99)

An example of a measurement of such a distribution in a CF plasma is
shown in Fig. 3.14. A superposition of bimodal distributions is observed,
which becomes broader the lower the masses of the involved ion species are.
The ion energy distribution in the high-frequency sheath was described so
far for the case of a collision-free sheath at low pressures. In the case of a
collision-determined sheath, the collision band at lower ion energies is added
here. In general, one should initially expect this exponential increase in the
frequency of the ions to smaller energies again. However, these secondary ions
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are also modulated by the variation of the electric eld. This is illustrated

in Fig. 3.15. For this purpose, we consider the varying voltage as it changes
in the sheath. The amplitude becomes smaller the closer the location is to
the surface. That is, an ion that falls through this sheath sees a variation
of the voltage as sketched in Fig. 3.15. If a charge exchange collision now
occurs, events are more frequent in which this oscillation of the sheath voltage
either shows a maximum or a minimum. This can be converted into an ion
energy distribution analogously to the bimodal distribution. One recognizes
a complex superposition of the bimodal distributions in the collision band to
smaller energies.

Figure 3.15: Collision-determined ion energy distributions in an RF sheath
[51].

The sinusoidal voltage at an electrode is the most common form of time-
dependent bias voltage. However, it may be advantageous to be able to
explicitly tailor the ion energy distribution. This was particularly investi-
gated in plasma etching, since a sharp energy distribution of the ions allows
a particular selectivity of etching Si over SiQ. To control the ion energy
distribution, arbitrary signals are applied to the electrode via a function
generator and ampli er: depending on the transit time of the ions and the
modulation of the sheath edge, special ion energy distributions are obtained,
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as illustrated in Fig. 3.16.

Figure 3.16: lon energy distributions from an argon plasma with di erent
variations of the substrate bias voltage [1]. (a) DC voltage, (b) sinusoidal
voltage, A® triangular voltage, (d) pulsed rectangular voltage.
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3.2 Plasma Heating

3.2.1 General

The energy supply to a plasma initially occurs through the acceleration of
electrons in an electric eld. This eld can be generated in various ways in
the plasma, for example through external electrodes or coils that generate
constant or time-varying E- elds. This does not yet correspond to heating,
since an increase in the temperature of a plasma requires a uniform distri-
bution of the directions of motion in space, as prescribed by the Maxwell
distribution. Since the acceleration usually occurs in one spatial direction,
heating actually involves two steps: rst, the acceleration in the electric elds,
and then the isotropization of the directions of motion through collisions of
the electrons with each other or through collisions with the background gas.
These two steps usually do not occur simultaneously and can be spatially
and temporally separated from each other.

Traditionally, heating can be divided into several categories:

~ Ohmic Heating

Acceleration and isotropization occur almost at the same location and
simultaneously in ohmic heating. Between two collisions with the back-

ground gas, an electron can absorb energy in the electric eld and
then release it again upon collision, which leads to the aforementioned
isotropization when electrons collide with each other, and to excitation,

ionization, or dissociation when they collide with heavy particles.

N

Stochastic Heating

Stochastic heating was traditionally introduced as a heating without
collisions, which is not meaningful according to our de nition. In
stochastic heating, electrons gain their energy through collisions with
temporally and spatially varying electric elds. However, in these col-
lisions, they only absorb energy. The complete heating process still
requires that these energetic electrons must be isotropized again to in-
crease the temperature of the plasma. The term stochastic heating
originates from the consideration that the electrons must collide with
the oscillating electric elds in a random, i.e., stochastic phase to ex-
perience a net acceleration.

" Wave Heating

In wave heating, electromagnetic waves are irradiated. In the non-
resonant case, this is the acceleration in a high-frequency electric eld.
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In the case of resonant heating in a plasma with a superimposed mag-
netic eld, this is the acceleration on the gyration path of an electron.

3.2.2 Ohmic Heating

Ohmic heating in a direct current (DC) or alternating current (RF) electric

eld can be derived in general. The oscillation of the potential (The limiting
case ! I 0 corresponds to the DC case) at the electrode leads to time-varying
electric elds in which the charge carriers are accelerated:

me+m o, X=eEsin!t (3.100)
With the approach:
X=cySin!lt+c ,cos!t (3.101)
we obtain as a solution:
eky! 1 .
X= ————— coslt —“sinlt (3.102)

24 2
m 2+ 2

The absorbed power per electron is:

1 1
= = in! = in!
dtr—‘dx dteEO sin!tdx = eE gsin!t X (3.103)

A temporal average of the absorbed powerp of a single electron is obtained
from:

Z

1 .
= = eEgsin!t xdt (3.104)
T o

If we substitute the expression for x, we obtain:
_ €E§ m
o2m 2+ 2

The total absorbed power per volume for an electron density n is:

(3.105)

1 1
éEg =5 fE2 (3.106)

The prefactors can be interpreted as DC conductivity 4. or RF conductivity
«. This distinction between DC and RF conductivity can also be expressed
equivalently by an e ective eld strength
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2

EZ =B} (3.107)
2+

as already derived for the ignition of a plasma in the RF eld. The power
can also be represented as a function of the displacement currepf pecause
jt = «Eo

p= (3.108)

NI =
=Y
m
on
I
|
=Y

This is a power per volume V. The total absorbed power that is dissipated
by a current I = Aj + owing through a plasma of thickness d is given by:
1,1

Pges = 51— (3.109)
rf

The formulation of power absorption according to Eq. 3.106 can also be
rewritten as:

e’n
P = —E*—" (3.110)
m 2+1 2
enl _,
= 2 3O 2412 (3.111)
.1 2 m
= = oE 2! P2y 2 (3.112)
iz} | —(z 1
Energy E Feld Energy transfer rate
We recognize that the energy is transferred at an e ective rate :
I 2
=2-F (3.113)
m

3.2.3 Stochastic Heating
3.2.3.1 Experimental Evidence

In the experiment, it is observed that the power absorption in high-frequency
plasmas at low pressures does not completely disappeay, (becomes small
because ,, = ngh vi). That is, despite the lack of collisions with the
neutral gas, the electrons apparently can absorb energy from the oscillating
eld. This can be expressed by an e ective collision frequency, which at low
pressures approaches a constant value (see Fig. 3.17).
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Figure 3.17: E ective collision rate in an RF plasma as a function of
pressure [40].

An early explanation of this phenomenon is the re ection of the electrons
at the oscillating sheaths. Through the collision with the spatially and tem-
porally changing elds, an energy transfer can take place. This e ect was
initially introduced by Fermi as a possible explanation for the creation of
high-energy particles in cosmic radiation.

Heating of an electron through collisions with an oscillating sheath. Stochas-
tic heating of an electron through collisions with an oscillating sheath and
neutral particle collisions.

Simulation of the energy increase of an electron through collisions with
an oscillating sheath with and without considering collisions in the plasma
volume.
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This acceleration of the electrons through collisions with the sheath has since
also been observed experimentally many times. For this purpose, a parallel
plate arrangement is considered, and the intermediate space of the discharge
is observed time-resolved synchronously with the exciting alternating eld. If
emission lines are observed that have a short lifetime, an image of the exciting
fast electrons is obtained. This method is referred to as PROES (phase-
resolved optical emission spectroscopy). These data are now plotted in

a two-dimensional diagram, where one axis represents time and the other the
location between the electrodes. According to the idea of stochastic heating,
the collision at the sheath should lead to an electron beam that penetrates
into the plasma, which is visible as a straight line in this PROES path-time
diagram. The slope of this line is then the velocity of the electrons. Exactly
this is the experimental nding, as shown in Fig. 3.18.

This PROES image shows only the acceleration of the electrons and not yet
explicitly the heating of the discharge. For the electrons to experience a net
energy gain, the phase of the electron relative to the oscillating eld must
change after a collision with the moving sheath. The electrons must therefore
only collide with the sheath in a random phase. For this reason, it is referred
to as stochastic heating.
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Figure 3.18: PROES data of an RF discharge [46].

3.2.3.2 Re ection of Electrons at Oscillating sheaths

In the following, we want to derive a simple model of stochastic heating. For
this purpose, we rst consider an electron with velocity v moving towards a
sheath that is moving towards the electron with velocity y. After re ection,

it has the velocity v (see Fig. 3.19). This velocity is greater than the initial
velocity, which can be easily shown. For this purpose, we move into the rest
frame of the moving sheath by subtracting a from all velocities:

VO = vV o (3.114)
V) = Vi Vs (3.115)

In the moving reference system, we approximate the sheath as a "hard wall",

i.e., upon re ection of an electron, only the direction of the velocity changes,

but not the energy of the electron and the magnitude of the momentum.
Thus, we have:

Vo=v ? (3.116)

If we substitute this into Egq. 3.114 and 3.115, we obtain in the laboratory
system:

Vi = V+2V g (3.117)
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Figure 3.19: Fermi acceleration: Re ection of an electron with velocity v
at a matrix layer with velocity v ¢s. If the electron and the sheath are moving
towards each other, the velocity after re ection vs is greater than v.

In this equation, it is important to note that the signs of the velocities must
be considered. Thus, the velocity & points in the negative x-direction in
Fig. 3.23. The energy gain then corresponds to:

1
E= 5Me VARV (3.118)

Analogously, the re ection of an electron at the retreating sheath would also
correspond to a deceleration ¢v= v 2v 5. However, the collisions of

the electrons with the expanding and the retreating sheath are not equally
probable, as will be discussed below.

3.2.3.3 Sheath with Homogeneous lon Density Pro le

The simplest model of an oscillating sheath is that of a matrix layer. The
number of incident particles n with velocity v that collide with a surface
element of the sheath per unit time tis

= (Vv DAV (3.119)

Analogously, the number of electrons hitting the retreating sheath would be:

't]— = (Vi v ed)f(v)dv (3.120)

Since jvj+Ved > JV] [V o applies, a net energy input is evident. Further-
more, it becomes clear that this model is only valid for the case that v ..
Otherwise, the term (v Vv ¢ would become negative, and the sheath would
"overtake" the moving electron. This is referred to as the approximation of
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a slowly moving sheath (slow sheath approximation). In the following,
the contribution of the cooling of the electrons in the retreating sheath is
neglected. The absorbed power per electron with velocity v is then:

= %me(vf2 V AV vV ef(v)dv (3.121)

The term (v v ¢g) also takes into account the direction of the velocity vectors.
That is, if, for example, v and s point in the same direction and are equal

in magnitude, the heating disappears because no more collisions occur. The
absorbed power by n electrons is obtained by integrating over the entire
velocity space. If we also substitute Eq. 3.117, we obtain:

z 1
P=2m « VeV V &)?f(V)dv (3.122)
Ves
Z 1
P=2m . Vef(VIV 2 2v 2vf(v) +v 3f(v)dv (3.123)
V=V g

The velocity of the sheath is given asg¢ = vgocos!t. The absorbed power
corresponds to the temporal average over an RF cycle. As a result,
the odd powers of y disappear upon averaging. If a Maxwell distribution is
assumed for f(v), we nally obtain:

Z 1
1
P =2mev3 vi(v)dv = 2mv 3Zvipn (3.124)
v =0 4
or
1 2
P = Smevgvian (3.125)

The expression 3.125 can also be expressed through the RF current. For this
purpose, we use:

jif COSIt = env ¢(t) = env o cos !t (3.126)
or

Vo = e—n (3127)

Thus, the absorbed power per area through stochastic heating becomes:

T

P = Megn'

(3.128)
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At this point, we encounter a fundamental problem in the analytical descrip-
tion of stochastic heating. An important input parameter is the assumption
about the distribution function of the electrons re ecting at the sheath edge.
This distribution function f 4(v) at the location of the sheath edge is certainly
not identical to a Maxwell distribution f(v) in the volume, since the acceler-
ation process takes place there. That is, the model is not yet self-consistent.
In the case of the matrix layer, we also get another problem: the oscillation
at the electron sheath with an alternating current RsVves cannot occur inde-
pendently of the oscillation of the electrons in the plasma volume. There,
the identical alternating current must ow with n qvs (index s denotes the
density and velocity of the electrons at the ion edge at x = 0). If we assume
a matrix layer, ng = n ¢ applies. Thus, the oscillations of the velocities must
also be equal, and no acceleration can occur. This can only be resolved by
choosing a more realistic description of the sheath.

3.2.3.4 Sheath with Inhomogeneous lon Density Pro le

The model of stochastic heating with a homogeneous density pro le leads to
the contradiction that no heating can occur, since the electrons in the volume
must oscillate with the same amplitude as the sheath edge itself. This can be
resolved by choosing a more realistic model of the sheath. Fig. 3.20 shows
such a sheath in which the ion density is approximately static in the rst
approximation and follows the typical course as in a Child-Langmuir sheath.
We can de ne an ion sheath edge and a moving electron sheath edge. The
electron density now oscillates with the applied RF voltage. Since the ion
density in the sheath is lower than in the volume, the electron density at the
electron sheath edge &4 must also be lower than in the volume (the densities
at the ion sheath edge should begh Since the RF current in the volume
as well as at the electron sheath edge must now be equal, it is immediately
apparent that the oscillation of the electrons in the volume must be smaller
than the movement of the sheath edge. Thus, we obtain stochastic heating,
since the electrons collide with a faster electron sheath edge. We now want
to derive this quantitatively.

First, we consider the distribution function of the electrons in the plasma
volume fg(v). Without the RF eld in the volume, the distribution function

is a simple Maxwell distribution f.,(v). In the volume, the electrons oscillate
with vg = vgsin!t = v gsin . As a result, the distribution function f ,,(v)
moves back and forth with ¥, and we can set §(v) =f (v v 5). That s,
our reference system for the electrons that hit the sheath edge moves with
Vs. The densities in the volume are gand at the electron sheath edge &
The distribution functions integrated over velocity give the density of the
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Figure 3.20: sheath with inhomogeneous ion density pro le. An ion sheath
edge at x = 0 with density ng and an oscillating electron sheath edge at
X = s(t) with local density n g are distinguished.

electrons at this location. Therefore, we have:

fs(v) / ng (3.129)

fes(V) / N o (3.130)
nes neS

fes(V) = n_fs(V): n_fm(V V) (3.131)

If we now solve our question in the variableS=v v g, we can consider the
simple distribution function in the plasma volume for f,(v9. The accelera-
tion now arises from the relative velocity of the electrons in the volumesv
compared to the velocity ys at the electron sheath edge.

VR()=V es V s=Ves V gSiNn (3.132)

That is, we now have to determine how the electron sheath moves in the
inhomogeneous density pro le, as illustrated in Fig. 3.24, to obtaing().

It should be noted that the movement of the sheath is fast compared to
the inertia of the ions, i.e., they only see an averaged pro le of the electron
densityne. Initially, energy and ux conservation of the ions applies:

Nionen(X)Vionen(X) = N oVp (3.133)
1 1
é|\/|vﬁmn(x) = éMvg e (3.134)
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with the temporally averaged potential that the ions see. The electric eld
in the region of the sheath is then:

@E_ Er‘lOI’]eI’\ (X) X > S
@x 0 X<s (3.135)
Charges and elds are connected via the Poisson equation:
@G _ e
—_— = — 3.136
@X 0 (nlonen(x) n e) ( )
and
@
— = 3.137
ax (3.137)

The averaged electron density in the sheath is given by the following simple
approach:

ne(x)= 1 2— nlonen(x) (3.138)

with 2 the length of the phase in the RF cycle at x < s(t). That is, if
we are approximately at the location x at the ion sheath edge, the electron
sheath position is larger most of the time, i.e., is small, and thusnes(x) =
nlonen(x). Shortly before the surface, the length of the phase with x > s(t)
is very large. Thus, 2 also becomes large, and we obtaingx) 0. This

is illustrated in Fig. 3.21.

From equations 3.133 to 3.138, we obtain the spatial distribution of the ion
density nienen(X) as well as the velocity of the electron sheath(t). This
gives:

1 2 . .
VR()= vV 0g 3—02 gcos +3 sin + 20033 + sin3 (3.139)
D

The + sign is for the phases =[0; ] and the - sign for =] ;0]. Here,
So IS the e ective amplitude of the electron oscillations in the plasma volume
from

jrf

So = eln. (3140)
The description of stochastic heating in the homogeneous density pro le was:
YA 1
P=2m ¢  Ves(V+Ves)fes(V)dv (3.141)

Vs

109 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 3. PLASMA EQUILIBRIUM 3.2. PLASMA HEATING

Figure 3.21: Linking the phase and the position of the electron sheath
edge s(t).

We rst transform again into variables relative to the movement of the elec-
trons in the plasma bulk, i.e., ¥ = v v ¢, and additionally we use the
connection of the distribution functions according to:

n
fes(V) = n—es m(V V) (3.142)
S
Thus, we obtain:
Z 1
P = 2m e% Vee (VO Ve V 002 f m(V)dVO (3.143)
S Wg
or
~ 0 1
1
n
P=2m eﬁ Ves @02 2v O(Ye—S{ZV— }S) + (\1e_s{zv_ }S)ZA 2f i (VOdv°
>R Ve () Ve ()
(3.144)
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The lower limits of the integrals can always be approximated to 0. Now we
substitute Vg = Ves V o9SiN and negVes = N sVs and average over all possible
(which corresponds to temporal averaging) and obtain

z zZ,
P = 2m ev02i sin d vo% o (V9dvP (3.145)
L Z vz,
+4m Vo sin vr()d V¥ i (vOdv® (3.146)
L Z 7%
2m Vo sin v2()d fm(V9dv® (3.147)

VR

From the symmetry of the -dependence of ¥(), we can see that only the
second term remains upon temporal averaging, and we obtain:
1 Z Z,
P =4m Vo sin vg()d V¥ (vOdve (3.148)
VR
The integral over the distribution function gives exactly the thermal velocity
of the electrons. By integrating over d , we nally obtain:

3 s

P = -
32 2

MeNsVin V3 (3.149)

Here,  is the e ective amplitude of the electron oscillations in the plasma
volume and p is the Debye length.

This result is in principle more accurate than Eq. 3.125 and is illustrated in
Fig. 3.22 from [25]. The limiting case according to Eq. 3.125 is the upper
limit, which is only reached if the electron density at the electron sheath edge
is much smaller than that of the ion sheath. In this reference, a very simple
estimate is also shown, which, however, already reproduces the behavior very
well. For this purpose, the quantities in Eq. 3.125

1
P= émevgvth n (3.150)

are replaced by densities &4 and ng and velocities ¥s and Vg at the electron
sheath edge and the ion sheath edge, respectively. Furthermore, it is assumed
that the absorbed power depends on the relative velocity.y v s and the
density of the electrons at the electron sheath edge.qitself. Thus, we
obtain:

1
P = éme(ves \Y} S)thh Nes (3.151)
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Figure 3.22: E ciency of stochastic heating as a function of the ratio of
electron density in the volume to electron density at the sheath edge [25].
The parameter on the x-axis is n,=nes.

With current conservation in the sheath

NesVes = N sVs (3.152)
we nally obtain
1 Nes °
P=Imevi 1 —  VipNes (3.153)
2 Ns

It can be seen that the expression is reduced by a factot s i compared

to the simplest description of the model of homogeneous ion density. If
Nes ! N 5, We obtain the model of homogeneous ion density and the heating
disappears. If ns! 0, we obtain a model in which an electron is accelerated
by a collision with a hard wall.

The expression 3.153 describes how stochastic heating varies with the os-
cillation of the sheath: if x / 0, n s / n ¢ and the heating is ine cient, if

X 'S max, the factor (1 n s=ns) is large but the number of electrons g
that are accelerated at X / Spax iS Very small.

However, some assumptions have been made in these models that limit their
applicability:

~ Maxwell distribution
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The distribution function is always assumed to be Maxwell. However,
the region at the sheath edge can certainly not be well described by a
Maxwell distribution.

" Self-consistency

The feedback of the electron oscillations in the plasma volume is as-
sumed to be given and not self-consistently calculated as a result of the
movement of the sheath.

Attempts have been made to remedy these de ciencies in the description
through numerous analytical approaches. These have included di erent forms
of the ion density distribution in the sheath, a strictly kinetic description of
the distribution function at the sheath edge, or uid methods in which the
energy transfer at the sheath edge was encoded by very high local temper-
atures. None of these approaches could describe the absolute e ciency of
stochastic heating. The analytical methods have in common that they es-
sentially assume an almost undisturbed plasma bulk, which must be adapted
in a suitable form to the boundary condition of an oscillating sheath. 1t is
precisely this adaptation that in uences the result of the calculation very
sensitively.

The numerical variants usually refer to PIC codes that describe the dynamics
of the electrons in a parallel plate arrangement. Here, too, the heating of the
electrons at the expanding sheath and the cooling at the retreating sheath
are observed. Both e ects do not cancel each other out completely, and a net
heating occurs. However, the absolute contributions of heating and cooling
are so large that the di erence, although it results in a net heating, remains
with a large error.

3.2.3.5 Heating by Plasma Series Resonance or Higher Harmonics
of the Excitation Frequency

A completely di erent approach to the problem of stochastic heating is chosen
with an electrical equivalent circuit diagram of a discharge in which the
heating corresponds to a damping term in the oscillation equation [34, 14].
In Fig. 3.23, this is illustrated. The sheaths are each capacitors, while the
dissipation through collisions in the plasma bulk corresponds to an ohmic
resistance and the inertia of the electrons corresponds to an inductance. With
this approach, the acceleration at the oscillating sheath and the subsequent
isotropization are no longer discussed separately, but an attempt is made to
directly identify the dissipation of an alternating current as heating.
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Figure 3.23: Simplest electrical model of a capacitive discharge.

For this purpose, we rst consider a plasma between two electrodes. By
applying an external alternating voltage, oscillations of the plasma bulk can
be excited. This oscillation also has a natural frequency, which is given by:

lpsg ' ! (3.154)

This frequency is referred to as plasma series resonance. It is lower than
the plasma frequency |, of the electrons by the square root ratio of sheath
thickness s and extension of the discharge L. Typical values are in the range
of 100 MHz for a plasma frequency in the GHz range. That is, this frequency
lies between the typical excitation frequency of 13.56 MHz and the plasma
frequency. One also refers to this frequency as geometric resonance.

Now let us rst consider this oscillation in the uid picture:

@v @v
mn —+v— = enkE rp mvn 3.155
We assume that there is no spatial gradient in the velocity and no pressure
gradients are present, and we obtain the free damped oscillation in the uid

picture according to:

=% .w =E (3.156)
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or
m @
E @{*’ m V=TI (3157)
We replace the velocity by the current in the discharge | = envA and obtain:
m @, = (3.158)

e @t " enA”
The potential drop across the plasma bulk L is obtained by integrating

from one sheath edge to the opposite one. Thus, we obtain an equation that
links the current | and voltage U,y :

mL dl N mL
nAe?dt nAe
Here, we have expressed the integral

Z s 1 L

. NOAG ST nA

through averaged quantitiesn,L and A. In analogy to the equivalent circuit
diagram, it can be seen that the term befor%‘; corresponds to an inductance,
while the term before | corresponds to an ohmic resistance.

The capacitor of the equivalent circuit diagram is given by the sheaths. For
these, we again assume a matrix layer and calculate the voltage that drops
across it:

5 ml = U puk (3.159)

(3.160)

= S, (3.161)
0

In the case of the matrix layer, or under the approximation that, even in the
case of another type of layer, the charge in the layer can be approximated as
an averagen,, we obtain

r=  Sna (3.162)
0
or the potential of the sheath
Z
° e 1 )
Usheath = -—nszdz= —ess (3.163)
o o0 29
The charge in this sheath is:
Z S
Q=e nsAsdz = e AsS (3.164)

0
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With this substitution, the relationship between voltage and charge becomes:

Q 2

—as
29 asAg

Usheath = (3 165)

We recognize that the voltage depends on the square of the charge in the
sheath. This corresponds to the so-called nonlinearity of the sheath

in contrast to a simple capacitor in which charge and voltage are directly
proportional.

Thus, we obtain as the overall equation for a capacitive discharge with two
sheaths, which is driven by an external voltage sourcesWnder neglect of
friction:

1 ) 1 , . mL
+ —
2 oenSAslel 2 0@ sAszzQ2 n Ae?

For the simple case of a symmetric discharge, we can transform this equation
by rst substituting Q = en  AsS again, and we obtain.

U =

) (3.166)

1 s 1 s mL

Ut = Z—OEQN' Z_OA_S].Q2+ N Ae2
In this equation, the quadratic dependence still exists, since naturally &ind
s, change over time.
In the case of a symmetric discharge, the oscillating charge Q of both sheaths
isequal,and Q =Q,=Q as well as A,; = A5, = A, or Ag = A. Further-
more, it is also evident that although § and s, change, due to symmetry
reasons;(s; +S,) = s = const: must apply. Thus, we obtain:

o) (3.167)

1 L
U= —>Q+ =@ (3.168)
oA

s n Ae?
It can be seen that the nonlinearity disappears if a symmetric discharge is
considered. From this, the plasma series resonance can now be directly read
o according to:

Ae? ne? s

-y U = O_EQQQ-F Q (3.169)
1oL
| 2PSR

This is the di erential equation of a harmonic oscillator with a natural fre-
quency !psg.

Equation 3.167 can now be set up for the simple case of a strongly asymmetric
dischargeAsl As2. Thus, the term of the second sheath disappears and
Q1 = Q. We obtain:
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1 mL mL
Uy = Q2+

Q+
2 o A2 n Ae? n Ae
In the case of a strongly asymmetric sheath, full modulation of the voltage
occurs, and we obtain as a simple approach:

> mQ (3.170)

Uy = 30(1 cos(! 1)) (3.171)

Figure 3.24: Model of the time dependence of the current in an asymmetric
RF discharge for 20 Pa, 5 Pa and 1 Pa (from top to bottom) [34].

Equation 3.170 must now be solved to determine the current in the discharge
that is generated at a given external voltage. However, this solution is not
easy to set up due to the nonlinearity, and thus only numerical solutions or
analytical approximations exist. Therefore, only the principal behavior of
the solutions should be described here.

Due to the nonlinearity of the oscillation equation, it is clear that the solu-
tions for Q or j contain higher harmonics. That is, the oscillation exists not
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only at the fundamental frequency % but also at multiples thereof. These
oscillations, however, cannot oscillate freely but are damped. An example of
these solutions is shown in Fig. 3.24. It can be seen that especially at low
pressures the oscillations build up in the phases of the RF cycle in which the
sheath pushes the electrons into the plasma volume. These oscillations are
more pronounced the lower the pressure is. In this gure, stochastic heating
consists of the e ect that at low pressures the displacement current increases
and its ohmic damping thus leads to more e cient power absorption. That

is, in the expression.

Pges = 1|3fid (3.172)
2 rf

Although the conductivity  becomes larger with low pressure, this is over-
compensated by an increase inslthrough the higher harmonics. A quanti-
tative comparison of the e ciency of this model with the data shown in Fig.
?? achieves astonishing agreement. This model also means that stochastic
heating must disappear in symmetric discharges, since the nonlinearities of
both sheaths compensate each other. Exactly this is the observation in the
experiment.
That the models based on the plasma series resonance work so well is sur-
prising, since they make assumptions in principle that were forbidden in the
previous models based on Fermi acceleration. That is, the assumption of a
matrix layer is inadmissible and also in itself too coarse an approximation of
a real RF sheath. The great advantage of the models based on the plasma se-
ries resonance is the fact that the entire plasma is considered as a whole and
the heating is considered directly. The models based on Fermi acceleration,
on the other hand, are of microscopic nature and initially only describe the
acceleration but not the heating of the particles. It is precisely the second
step of heating that requires assumptions about the transition of a sheath
electron with its directed motion into an electron with undirected motion in
the volume. It is precisely these assumptions that lead to contradictions and
deviations between model and measurement. One recognizes from this dis-
cussion that the phenomenon of stochastic heating or the e ciency of heating
at low pressures is not yet su ciently understood, because all models so far
do not yet correctly include the exact dynamics of the sheath and the bulk
plasma, or the movement of ions and electrons.
At this point, the modi ed ohmic heating according to the plasma series
resonance can be compared with the stochastic heating according to Eq.
3.128. The stochastic heating for an RF current owing through a surface of
an electrode is:
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Pstochastic = EFJ rf m2 (3.173)

This is a power per area. If we compare this with the ohmic power per
volume (for small !):

. Im . W
P ohmic = = M2 hd
ONMIE = 5 ez I m3

If we want to compare both expressions, we must multiply the ohmic power
by the length L of the discharge to obtain a power per electrode area:

(3.174)

, Im L. \W
Pohmic= =—"M =2 —
ohmic = 5—2—1 1 p_"

From a comparison of Eq. 3.173 and 3.175, we recognize that the expression
mL is replaced by the thermal velocity .
The plasma series resonance or the e ciency of power coupling is also practi-
cally used as a diagnostic. Via an electrode that is embedded in the chamber
wall, the RF current to ground is measured. From the shape of the signal,
the e ective collision frequency as well as the electron density can be read
o . At a high collision rate, the oscillations are strongly damped, while they
can build up well at a low collision rate. The amplitude of the oscillations
is proportional to the electron density. This type of diagnostics is partic-
ularly attractive for industrial processes, since the sensors react sensitively
even before the actual failure of the process: if, for example, a mass ow
controller drifts out of its set range, the plasma characteristics change, which
can be read o from a change in the higher harmonics in the RF current.
This change is measurable but still so small that the current substrates can
still be processed before the system is shut down and the mass ow controller
is corrected. The diagnostics thus function as an early warning system for
the performance of the plasma system. These diagnostics are referred to as
SEERS (Self excited electron resonance spectroscopy).

(3.175)
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3.2.4 Wave Heating
3.2.4.1 General

A distinction between ohmic, stochastic, and wave heating is partly arbitrary.
In all cases, energy is transferred to the electrons by uniform or varying
electric elds. In the case of electromagnetic waves, the frequency is so high
that the wave itself, in contrast to electrostatic waves, generates a signi cant
magnetic eld of its own:

r B= o oE (3176)

At these high frequencies, resonant heating also becomes relevant, since the
excitation frequency lies in the range of the cyclotron resonance frequency.
eB

le= o (3.177)
The technical implementation of wave heating is very complex, since the
resonance e ect can only be generated in a limited plasma volume; in general,
the generation of a magnetic eld itself is very expensive, and nally, the
radiation sources for the necessary GHz radiation are also complex.
First, we consider the propagation of an electromagnetic wave in a magne-
tized plasma (magnetic eldBg). With the Maxwell equations

r By = 0T+ o oF (3178)
r E = By (3.179)

We nally obtain a wave equation of the form:

I
r r E = r- r E r2 E = g+ C_ZE (3.180)

From this, with the Fourier ansatz for waves of a certain wavenumber k and
frequency !, we obtain:

R RKE k?E={ é! g (3.181)

3.2.4.2 Waves in Magnetized Plasmas

We now want to consider the relationship between wavenumber and frequency
in more detail for two limiting cases:
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" Waves ? to By

We consider the case where the electromagnetic waves are incident on

the plasma perpendicular to the external magnetic eld3,. The force
ansatz for this case is again:

@
m@i::e E,+v:  Bo (3.182)

In the Fourier ansatz, this becomes:

m{I‘V 1= e E; e ¥ Bj (3183)

With this description of the velocity, we can determine the currenf
and obtain.

J1=-env; (3.184)

This quantity can now be inserted into the wave equation. After some
transformations * we obtain, with the help of ck = n!, the dispersion

to:
12121 2
| — {z— o}

n2

with the so-called upper hybrid frequency:

2 1 2 2
!oh_!p+!c

(3.186)

The quantity 1=n? is illustrated in Fig. 3.25. At points where the
refractive index becomes zero and 1%n 1, a cut-o occurs. That

is, the wave is re ected. These two characteristic frequencies !and
I'L are given by:

N

|
! e

| (3.187)

* R;L

At the upper hybrid frequency, n ! 1 and a resonance occurs. At

this frequency, the gyration motion superimposes with the plasma os-
cillations and a resonance occurs.

|5

1

N

1Section 5.2.2 in the script "Introduction to Plasma Physics"
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Figure 3.25: 1=n 2 for waves in magnetized plasmas that propagate per-
pendicular to the magnetic eld. The dashed lines (in red) refer to ion waves
that can be excited since the ions can also follow the eld oscillations at low
frequencies.

This derivation has initially only considered the dynamics of the elec-
trons. If we go to low frequencies, the ion motion can also be resonantly
heated at the ion cyclotron frequency. Here, too, the plasma oscillations
and the gyration of the ions superimpose. This resonance frequency is
referred to as the lower hybrid frequency:

LG+ 5

Puh =1 ce T2 T2 1=2 (3.188)
*pe - ce

With the cyclotron and plasma frequency of the ions ¢ and !, as

well as the cyclotron and plasma frequency of the electronge! and

I ve. For technical plasmas, these lower hybrids are interesting since the

frequency may be in the radio range. However, this requires a very low

gas pressure since the movement of the ions must proceed undisturbed

on their gyration path in order to e ectively absorb energy. If the

electron density is high, ,e ! ¢ applies, and the expression for the

lower hybrid reduces to:

on = (! ol ™™ (3.189)
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" Waves j to By

The second limiting case is waves that propagate along the direction of
the magnetic eld. We start again with the wave equation:

R RKE k?E={ é! ’E (3.190)
and the momentum balance of an electron.
{mv ;=e E; ev; By (3.191)
with
T=env ; (3.192)

If we insert this into the wave equation and consider the corresponding
directions, we nally obtain the expression:

(3.193)

Figure 3.26: 1=n 2 for waves in magnetized plasmas that propagate parallel
to the magnetic eld.
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The two signs correspond to a right and a left circularly polarized wave.
Here, too, it can be seen that a resonance occurs for the right circularly
polarized wave at the cyclotron frequency { (n! 1, see Fig. 3.26).
The E- eld circulates synchronously with the gyration motion. Since
this depends on the direction of rotation, it is immediately clear that
the left circularly polarized wave cannot heat this plasma.

Unlike the waves perpendicular to the magnetic eld, here the plasma
oscillations of the electrons do not superimpose. In the case of waves
parallel to the magnetic eld, the oscillations occur along this direction

of propagation. That is, the uctuating E- eld of this oscillation is
perpendicular to the direction of motion of the electrons on the gyration
path and can thus not in uence the resonance frequency.

3.2.4.3 Absorbed Power through Wave Heating

So far, we have considered the propagation of waves in magnetized plasmas
and seen that, depending on the orientation, resonances occur at the cy-
clotron or the upper/lower hybrid frequency. In the following, however, we
want to consider the ohmic power absorption in a collisional plasma. We
consider the simple case of the equation of motion of the electrons in a con-
guration with a magnetic eld in the z-direction and an E- eld of the wave

in the x-direction. Thus, we obtain:

d?x dx dy .
mw‘l'm ma"‘EBa = eE OS|n!t (3194)
d?y dy dx
mW+m m gt eB a 0 (3.195)
d?z dz

The motion in the z-direction is a simple damped motion. Therefore, it is
su cient to consider the dynamics of the electrons in the xy-plane.

d?x dx dy eEy .

- — 4+ 2L = . |

i + m G +1 <4t - sin !t (3.197)
2

ey, dy , dx _ g (3.198)

a2 "ar - Cdt

For the solution, we use the ansatz:
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X = Cysin't+C ,cos!t (3.199)
y C3sinlt+C 4cos!t (3.200)

From a coe cient comparison, the quantities G to C, are obtained. Fur-
thermore, only G is of importance here:

E 1 1
Coz  mo 5 + , (3.201)
20 O (e B e (I S
The absorbed power of a single electron is given by:
dx . odx
=F —=eE It — 3.202
p gt ~ CEosin't ( )
with the veloc:|ty + according to:
dx .
i Cilcos!t C ,lsin't (3.203)

We substitute this into Eq. 3.202 and recognize from a temporal average
that only the component according to G remains:

. . . . 1
hpii = heEoC,! cosl!tsinlt eE  (C,!sin2lti = ECZeEO! (3.204)

The total absorbed power of n electrons is:

1€?E2 1 1
hPi = nhpi; =n n= €Eg 5 + . (3.205)
4 m T+l )7+ 2 (P )T+ 2
or:
2
hPj, = ne L - L :
|4{z_} |?£'} (t+l )"+ 5 (D o)+ g
Energy density E Feld ! 2
{z }
(3.206)

From this equation, we recognize three characteristic quantities: (i) the en-
ergy density in the electric alternating eld %1 oE3 (in a DC eld, this would
be% oE3. However, the temporal averaging in the alternating eld produces
an additional factor of 1/2); (ii) the plasma frequency as a characteristic
oscillation of the electrons; (iii) an e ciency of the energy transfer from the
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electric eld to the electron oscillations. The last two quantities result in
an e ective energy transfer rate . This rate can be approximated for
several limiting cases:

A

m I Cc

At low pressure, the collision frequency is much lower than the exciting
frequency:

12412
(212

If the exciting frequency is much smaller than the cyclotron frequency,
we obtain:

21 2

2 (3.207)

N

!
2 !

<

m (3.208)

onN

From the size of the prefactors, it can be seen that the e ective energy
transfer rate is much smaller than in a direct current plasma. This is
similar to the consideration of high-frequency ignition. In an alternat-
ing eld, the electrons can absorb energy much less e ciently than in
a direct current eld. For the entire plasma, however, high-frequency
heating is still more e cient since the charge carriers in the alternating
eld of the plasma are enclosed and can be continuously heated. In a
DC plasma, each electron is only heated once on its single path through
the plasma, but then leaves it again at the anode.

m I Cc

If the collision frequency becomes larger than the cyclotron frequency,
we obtain:

1

2
2! 3 mm (3.209)
If the collision frequency is also much higher than the exciting fre-

guency, we obtain:

N

(3.210)

3nlo
3

This is identical to the result for the ohmic heating of an unmagnetized
plasma 3.113.
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“1rlocand <!
Finally, we want to consider the case where we heat at the cyclotron
frequency and low collision rate. This corresponds exactly to the case
that should be set for optimal wave heating:

(3.211)

1 212+ 2

2
2 = 2
m

P 412+

If now the collision frequency becomes much smaller than,!the e -
ciency of the resonant heating is obtained as:

129
2 —pé (3.212)
m

This is identical to 3.113 except for a factor of 1=2. The reason lies
again in the alternating eld compared to a DC eld, since we must
temporally average over B2 sin 2(!t), which again gives the factor of
1=2.

The e ciency of the energy transfer rate 3.206 can now be optimized by
several variants. By searching for the maximum, the following optimization
criteria result from the derivative 3.206.

" Optimization of the Applied Magnetic Field

If it is possible to freely choose the magnetic eld, a maximum for hPR i
is obtained at:

4
! ! 1 = (3.213)
~ Optimization of !

If the frequency is freely adjustable, an optimum of the energy transfer
rate is obtained at:

15 (3.214)

N

[N
+
0:;'3
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~ Optimization of Gas Pressure

For the operation of the plasma at di erent pressures, optimal heating
is achieved if the following condition is met:

St 1212 (3.215)
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3.3 Global Models

In the previous sections, we have considered the boundary region as well as
the power coupling into a plasma. Now we have derived all the components
necessary to set up a simple but very powerful global model of a plasma.

Figure 3.27: The energy and particle ow in a plasma can be described

very schematically. Given a reactor geometry and concept, a certain con g-
uration of electrical DC or AC elds is generated; these heat the plasma and
result in a certain electron density and temperature; these in turn determine
ionization, excitation, and dissociation; the particles formed are transported
to the surfaces and disappear there or again dissipate the coupled energy.

In a global model, a zero-dimensional balance of the charge carriers and en-
ergy ow in a plasma is considered. This is schematically shown in Fig. 3.27:
() the con guration of the electrodes, reactor geometry, etc., determines the
electric elds present in the plasma; (ii) the power coupling according to
the heating mechanisms determines to what extent electron densities and
energies are established from these elds; (iii) given electron energies and
densities, the reactive particles of a plasma are formed according to the dis-
sociation or ionization energies; (iv) the reactive particles nally ow o via
the sheaths and reach the surfaces. For this last step, the dynamics of the
sheaths are essential. In the following, we want to discuss a few limiting
cases of these global models.
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3.3.1 Electropositive Plasma
3.3.1.1 Homogeneous Density Pro le

The simplest global model considers a homogeneous density prole, i.e.,
transport to the surface is not dominated by di usion. A balance equation
for the charge carriers requires that the ux of ions through the surface A
of the plasma is identical to the generation rate of the ions in the plasma
volume V:

Angvg =n gnOklonisation \ (3.216)

with no the electron density, iy the neutral gas density, and knisaion the
ionization rate constant, which depends on the ionization threshold,&isation
in a simple relationship:

E |onisation

Kionisation = Ko€ ~ *8Te (3.217)

With the Bohm velocity, we nally obtain a relationship:
r
Ang

ke T, E lonisation
EA € = ngnekee et v (3.218)

or

Kionisation - ié (3.219)
Vg Ng V .

It can be seen from this equation that the electron density cancels out. That
is, the charge carrier balance becomes a determining equation for the temper-
ature of a plasma. This can be solved graphically, as illustrated in Fig. 3.28.
With increasing surface-to-volume ratio, the temperature increases because
the greater loss of charge carriers to the surfaces must be compensated. With
increasing ionization energy, the temperature also increases because the loss
to the surfaces cannot otherwise be balanced.

As a second balance equation, we can set up a power balance. For this
purpose, we consider the coupled power that we can read from the heating
mechanisms, or that is read at the generator in the experiment or directly
measured in the experiment. The absorbed power is converted into reactions
in the plasma. The particles generated ow out of the plasma, with each
ion transporting its ionization energy as well as the energy fgndschicht =
€Wrandschicht » Which it acquires in the acceleration in the sheath, out of the
system. We obtain:

130 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 3. PLASMA EQUILIBRIUM 3.3. GLOBAL MODELS

Figure 3.28: When changing the ionization energy or the volume-to-surface
ratio, a new equilibrium electron temperature is established.

Pabs = P veriust = N oVeA (E ionisation + E Randschicht ) (3.220)

With known electron energy/temperature from the above charge carrier bal-
ance, the charge carrier density can now be determined from this power
balance. In summary, it can be stated that according to the global model,
the charge carrier and power balance each determine the other characteristic
guantity contrary to intuition:

" Charge carrier balance determines the electron temperature

" Power balance determines the electron density

3.3.1.2 Inhomogeneous Density Pro le

In a further case, we now consider the situation where di usion determines
the transport to the surfaces. From the continuity equation in the steady

state, we obtain an equilibrium between the gradient in the ux and the

generation rate of new charge carriers.

di
d_JX = k|0n:ngne (3.221)
This charge carrier current is driven by ambipolar di usion:
. dn
] = D ambipolar d_Xe (3.222)

In a simple parallel plate arrangement, the density pro le for the case of
dominant di usion is a simple cosine, as illustrated in Fig. 3.29:
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Ne(X) =N gCOS X (3.223)

with a coe cient = | corresponding to the chosen geometry. Thus, we ob-
tain the ux of particles to the surface at the location x = I1=2 by integrating
Eq. 3.221 from the center of the discharge to the surface:

Z =2

. I
J(|:2) =k lon: ng ne(x)dx =k lon: r]gnO_ (3-224)
0

This ux is driven by ambipolar di usion if we substitute the density Eq.
3.223:

j(*) =D ambipolar N 0SiN X (3.225)
or at the location x = [=2;

j(1=2) =D ambipolar I—no (3.226)

Thus, we obtain as an equilibrium:

|
I_Dambipolar = —Kjon: Ng (3.227)

With D ambipolar = ,'\‘ABT; = M“;‘ﬁ we obtain the following condition:

Figure 3.29: In the case of a diusion-dominated density distribution,
a cosine pro le is established if the charge carrier generation is spatially
constant.
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1=2
W = — (3.228)
g

The power balance can be set up analogously to the model with a homoge-
neous density pro le, and we obtain:
Z =2

Pverust =2 i(I=2)e (Ee + E i) + 2€E onisation Kion: ngnedx (3.229)
0

In this formulation, the losses due to the ux of electrons and ions out of
the discharge are calculated with the electron energy.E 2kg T, (see below)
as well as the energy lost due to the sheath acceleration E eV. The
losses due to ionization in the volume are the third term. This can be simply
summarized as:

Pveriust = 2 i(|:2)eET (3.230)
with E+ = E ¢+ E i + E onisation -

_ F)absI
2D ambipolar eET

No (3.231)

3.3.1.3 Dissociation
The global model initially only describes the balance of the charge carriers
according to:

AnovB =n gn0k|0n;v (3232)

For a parallel plate arrangement, the ratio of volume to surface is exactly the
plate distance I. That is, in the simplest approximation, we obtain:

Kion: 1
o = = (3.233)
Vg Ngl
In the same sense, the electron density in the plasma is given by:
P
Nop= -2 _ (3.234)

~ 2eErvgA
From this equilibrium, a certain electron temperature and thus ionization
rate is established in the plasma. From the comparison between dissociation
and ionization, the dissociation rate can also be directly read o. For this
purpose, we rst consider both rate constants:
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E Diss:

Kpiss: = Kpiss;0€ eTe (3.235)

E jon:

Kion: = Kionzo€ eTe (3.236)

If we now set the rate coe cient for ionization k. to the power ofEEﬁ’%, we
obtain by substitution: '

(3.237)

If we substitute this into the rate coe cient for dissociation, we obtain:

E Diss:

Kpiss: / (K 1on;) Etom (3.238)
where the proportionality particularly contains the initial values for ioniza-
tion and dissociation (kiss:0; Kion-0). The rate constant kon. is given by the
global model, which results in a weak temperature dependence for dissocia-
tion after the quotient is only EE?? 0:3:::0:5:

E piss:
E on:
Koiss: | —& (3.239)
Ngl

3.3.2 Electronegative Plasma
3.3.2.1 Balance Equations

As a nal example, we want to consider the density pro le in an electroneg-
ative plasma. The negative ions are essentially con ned within the plasma
volume, i.e., a balance of the production of negative ions cannot be simply
described by generation in equilibrium with loss through drift and di usion to
the wall. The dominant loss channels for negative ions are, on the one hand,
recombination with the positive ions and, on the other hand, de-excitation
through collisions with metastables. That is, a model of an electronegative
plasma must include at least the following reactions, as illustrated by the
example of oxygen:

e +O ! O Katt

O +0" I' O 2 krecomb

O +0 I O ,+e Kyt (3.240)
e +O ! O +e Kex

134 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 3. PLASMA EQUILIBRIUM 3.3. GLOBAL MODELS

Figure 3.30: In an electronegative plasma, a complex boundary zone is
formed because the negative ions are retained in the core of the plasma,
while the lighter electrons can reach closer to the surface and form an elec-
tropositive boundary zone before the actual space charge zone begins in
front of the surface.

The spatial distribution of the charge carriers of an electronegative plasma is
signi cantly more complex than that of an electropositive plasma, as di erent
sheaths can form for the electrons and the negative ions. As already discussed
in the section on sheaths, the negative ions are retained in the core of the
plasma due to their large mass, while the lighter electrons can reach closer to
the surface due to their high mobility. That is, an electronegative volume and
an electropositive sheath are initially formed before the actual space charge
zone begins in front of the surface. This is schematically illustrated in Fig.
3.30.

Based on our simple chemical model, we can initially set up the continuity
equations for the positive and negative ions, as well as the electrons and the
metastables:
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rr+ = NgNekion K recompN+ N (3.241)
r = ngnekatt K recombN+ N K getn N (3.242)
r e = (Kion K at)ngne (3.243)
r = KexNeNg K geth N (3.244)

The particle uxes in this simple model are driven by drift and di usion:

+ = D smi+n, LE (3.245)
= D m n E (3.246)
e = D on e n e (E (3.247)
= D n (3.248)

The equations are closed by the condition for ux conservation and quasi-
neutrality.

., = + . (3.249)
n.: n +ne (3.250)

3.3.2.2 Patrticle Densities

In the following, we consider the resulting solutions for the individual particle
species:

" excited species, n

The simplest equations are obtained for the density of metastables.
From the continuity equation, we obtainwith =D rm

r =D r?n =KeNeNg K geeN N (3.251)

In most cases, the equilibrium of the metastables is determined by gen-
eration in the volume and loss in collisions with the reactor walls. That
is, the term with kye; can initially be neglected for this equilibrium. The
metastables reach the surface via di usion, where they are de-excited
with a loss probability . This can be expressed as an equilibrium in
the volume element in front of the surface: the di usive ux into this
volume element from the plasma must be equal to the lost ux to the
surface:
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_1
T4

withv  the mean thermal velocity of the metastables. Since kex ket
applies, the particle balance simpli es to:

D m nv (3.252)

D m A=KkenengV (3.253)
Finally, we obtain:
AKey \
= — 3.254
n = = ngne (3.254)

electrons, ne

Since the electrons are con ned in the plasma potential, we can ap-
proximate . 0 and we obtain:

D enene E=0 (3.255)

or with the Einstein relation and E = r:

kB Te

rm +n.eE=0 (3.256)

This again leads to the Boltzmann relation for the electrons:

Ne=nN e;oekgiTe (3.257)

positive ions, n.

For the description of the positive ions, however, we must consider that
their transport is determined by ambipolar di usion. This in turn de-
pends on the density and the mean mass of the negative charge carriers.
If the density of the negative ions is high, the ambipolar di usion is low.

If the negative charge carriers are predominantly electrons, normal am-
bipolar di usion occurs. The continuity equation for the positive ions

in the drift-di usion approximation is:

I'( D + m + +n + + E) =Nn gnekion k recombn+ n (3.258)

Since the negative charge carriers are con ned in the plasma, we can
set Oand . 0 in each case:
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keTirn +n E = O (3.259)
KeTern ¢+nE = 0 (3.260)
From this, we obtain:
%: L ”r']e (3.261)
ik M
or from quasi-neutrality:
m . =rm +r . (3.262)

We now assume that the transport of the ions can be described by a
net ambipolar di usion constant D, :

+ =D asmn (3.263)

In the following, we want to derive an expression that gives the depen-
dence of Q.. on the electronegativity of the plasma. The ion ux is
initially:

+ D .mm,+n, E
+

ke T

D irmns+(netn )

E (3.264)

Now we substitute the drift-di usion approximation for the negative
charge carriers, and we obtain:

+

+=D sm; + [rn kegTe rn kgTi] (3.265)

B i

At this point, it is now necessary to transform the gradients in g and
n into a gradient in n, to obtain an equation of the form 3.263. From
quasi-neutrality, we obtain with Eq. 3.261.:

138

© A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 3. PLASMA EQUILIBRIUM 3.3. GLOBAL MODELS

n . rn rn
= + ¢ (3.266)
m . m Tin
= + — 3.267
Ne Ne Te N ( )
nally:
Tin 1
m ., =rn 1+ 21— =m 1+ — (3.268)
Ten

That is, we can replace rn with an expression proportional to rn.
according to:

rn = 1+ m . (3.269)

Similarly, we obtain an expression for rne:

1
mn e= 1+ m . (3.270)

We now substitute this into Eq. 3.265 and from a comparison with
3.263 we obtain the expression for the ambipolar di usion:

1+ +2

Da;+:D+ 1+

(3.271)

We recognize that for strongly electronegative plasmas, according to
1, we obtain an ambipolar di usion of

Das = 2D, (3.272)

If, on the other hand, the density of negative ions is low, we obtain
Da+ D 4+, which corresponds to normal ambipolar di usion. This
derivation shows that ambipolar di usion in electronegative plasmas is
strongly suppressed. That is, the ions ow o to the surfaces to a much
lesser extent, and the con nement is much better than in electropositive
plasmas.
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negative ions, n

When determining the density of the positive ions, we had already
derived that the ux 0. That is, the density of the negative
ions is established from the equilibrium of generation and annihilation
processes, less from di usion. The continuity equation of the negative
ions was initially given by:

r =KatNgNe K recombN+ N K gecn N (3.273)

If we now substitute the density of excited metastables from Eq. 3.254,
we obtain:

kdet4kex \Y

|z 4
k

We want to abbreviate the three-body rate constant for de-excitation
through collisions with metastables by k. The dominant loss channels
for negative ions, recombination and de-excitation with metastables,
depend on the pressure. Let us rst consider a strongly electronegative
plasma (1) and assume that recombination is stronger; then the
following must apply:

r = katt ngne k recombn+ n ngnen (3.274)

krecomb n+ n k nen ng (3.275)
This can be rewritten with = ?Te to:
n k n

= > —n 3.276
Ne krecomb n. ¢ ( )

If becomes very large, we have a strongly electronegative plasma and
n n .. Thus, the inequality becomes:

k

krecomb

>

Ng (3.277)

At low pressure, corresponding to a small neutral gas density, nthe
inequality is satis ed, and the recombination of the negative ions with
the positive ions dominates. At very high pressures, however, the in-
equality is no longer satis ed, and apparently the de-excitation through
collisions with the metastables now dominates. This is also intuitively
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understandable. At high pressures, the metastables are not so easily
lost through collisions with the surfaces, and a high density can build
up. Accordingly, de-excitation through collisions with metastables be-
comes more likely.

3.3.2.3 Model of an Electronegative Plasma

After this consideration, we can now set up a simple global model for an
electronegative plasma. Unlike an electropositive plasma, we now need three
equations because we have an additional charge carrier species. The particle
balances for the positive and negative ions are:

KionNeNgV K recompn+ NV +A =0 (3.278)
katt nengv k recombn+n k ngnen V = O (3.279)

The coupled power is consumed for the ionization of the charge carriers and
by the ux to the surfaces. Here, E is the energy of the ions that they take
with them in the sheath, and E is the energy of the electrons when they
hit the surfaces E 2k gTe. This energy loss due to the electrons can be
derived from the energy loss S to the surface in the z-direction:
I R 1

S= nhémv Viiy = 2kBTleV (3.280)
with the averaging over a Maxwell distribution. Since the ux of electrons
to the surface érv) must be equal to the ion ux due to the conservation of
guasi-neutrality, a simple electron contribution to the loss of . 2kg T, results.
The energy balance is therefore:

Pabs =k ion nengEIonisation V+ A (E et E i) (3-281)

For determining the global equilibrium, we consider two limiting cases:

" Volume processes dominate

If the losses in the volume dominate, we can neglect the term. in
3.278. Furthermore, the rate for attachment is much greater than that
for detachment, and we obtain directly from the subtraction of Eq.
3.278 minus Eq. 3.279:

Kion = Katt (3.282)
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N

From this equation, the electron temperature can initially be deter-
mined. From the particle balance 3.278 of the positive ions, we obtain
a relationship between the electron density and the positive ion density
forn, n , according to:

_ krecomb n?—
ne= == e (3.283)

If we substitute this into the power balance 3.281, we obtain the density
of the positive ions:

Pabs = k recombElonisation nf (3-284)

and thus also the density of the electrons via Eq. 3.283.

Surface losses dominate

If, on the other hand, the surface losses dominate, we neglect the re-
combination and 3.278 becomes:

KionNeNgV = +A (3.285)

For a strongly electronegative plasma, the ambipolar diusion is
strongly reduced, and we obtain:

n
,=2D,m , =2D, — (3.286)
de
Here, we have approximated the gradient in the ion density by an
e ective di usion length do . From the power balance 3.281, we can
now directly determine the density of the positive ions:

Pabs = AE 12D, ;‘—* (3.287)

e

with E1 = E onisation + Ee + Ei. The density of the electrons is de-
termined from the balance of the negative charge carriers. |Initially,
quasi-neutrality applies:

ne=(1+)n o (3.288)

That is, we must determine from Eq. 3.279 by dividing by kecn ne,
and we obtain:
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1 3.289
kI’ECrl kI’EC ( )
Withn, n andkya Kk ng we obtain:
Katt Ng
— 3.290
krecn+ ( )

From this, we obtain and can nally determine n.. Finally, we use
Eq. 3.278 to determine the electron temperature:

kionnengv = 2D+ g+

(3.291)

e

It can be seen that when applying the global models to electronegative plas-
mas, the balance equations must be slightly extended. However, for the
common case of strongly electronegative plasmas, very compact equations
are obtained again, with the equilibrium temperatures being very low since
the ambipolar di usion constant is smaller than in electropositive plasmas.
That is, the temperature decreases, while the charge carrier densities must
increase accordingly at constant power.

3.3.2.4 Boundary Region of an Electronegative Plasma

In the boundary region of an electronegative plasma, an electropositive
boundary zone is often formed, as illustrated in Fig. 3.30. This edge is
stable if the particle ux driven by the electropositive edge is equal to the

Bohm ux:

dn.

2 gy . =n+(d=2)vg (3.292)

However, if the current of charge carriers from the electronegative plasma
volume is equal to or greater than the Bohm ux across the electropositive
edge, the electropositive region disappears. From the equality of the uxes,
we can determine the boundary to:

(Ne+N VB =nNeoVp (3.293)

or

neO(l + )V B = NeoVB (3-294)
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1=2

with vg = "ﬁﬂilﬁ*— the Bohm velocity at the edge of the electronega-

tive plasma volume. For typical values of 100, we obtain a limit value
of of approximately 8.5:

1+
(1+) —— 1=2= 1=2 (3.295)

3.3.3 Pulsed Plasmas

Finally, we consider a global equilibrium for the case of a pulsed plasma. This
application occurs relatively frequently since pulsing a plasma represents an
additional control variable. By pulsing, the energy input into the system
and thus the thermal load on the substrates or workpieces can be controlled
while keeping the plasma conditions almost constant. Often, the goal is to
generate a high plasma density so that the sheath thicknesses become small
and the plasma can thus also penetrate into small cavities of the workpieces.
A high continuous plasma density would, however, also be a high thermal
load on the surfaces. This is resolved by pulsing, since the time-averaged
power remains small and only the power in the pulse itself is high. The ratio
of plasma on-time to o -time is referred to as the duty cycle. This case can
also be discussed on the basis of the global models. For the general case of a
time-dependent solution, we obtain the particle balance as:

d
v% =KionNgNeV N Vg A (3.296)
or
1dn
n_e_dte = ion loss (3.297)

That is, the relative density change depends on the di erence between the
generation rate o, and the loss rate |,ss. For the energy balance, we obtain:

d 3
—  —kgneTeV = Paps
dt 2 X

en <ngV kiE;

5
eVsheath + ékB Te neVBA (3298)

P . L
Here, the sum , kE; is the sum over all loss processes such as ionization,
excitation, and elastic collisions. The term 5=2KT, is composed of 1=2KT
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for the acceleration of the ions in the presheath and gK. of the energy lost
per electron at the wall. With the time derivative:

d 3 3 dne 3 dTe
a EaneTeV - ékBTeVE + EaneVH (3299)

The energy balance can be rewritten to:

1 dTe _ Pabs
Tedt W,
2 Er
— +1 )
3kegTe on
2 €Vsheath + 5=2Kg Te
z 1 3.300
3 kBTe loss ( )

P
with W, = %kBTeneV and ionEt = ng ;kEi. We now want to consider
this equation for the switching on and o of the plasma in the pulse, as
illustrated in Fig. 3.31:

~ Switching on the plasma
At the beginning of the plasma, the loss rate is still low, i.e., we obtain:

1 dne

—— 3.301
ne dt on ( )
The power balance becomes:
1dT, P 2 E
dTe  Pabs LI (3.302)

Tedt W, 3keTe

At the beginning, the ionization rate is still low, and we obtain a very
strong increase in the electron temperature according to a slope of:

1dTe _ Pas
Te dt W,

(3.303)

The maximum electron temperature in this phase is obtained from the
power balance with the condition+ e Te; max = 0:

Te dt
I:)abs 2 ET
= = +1 3.304
We 3 kB Te;max on ( )
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Figure 3.31: In a pulsed plasma, the change in electron temperature occurs
much faster than the change in electron densities when switching the plasma
onando.

The electron density thus increases much more slowly than the electron
temperature. The e ect of the very high electron temperature right at
the beginning is used to selectively drive certain chemical reactions in
the plasma. Since many cross sections only come into play above a
certain threshold energy, a very high electron energy speci cally accel-
erates these reactions.

A

Switching o the plasma

When the plasma is switched o, ionization ceases. That is, we obtain
a dynamics according to:

1 dne

s e (3.305)
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and

Te dt - 3 kBTe

1 loss (3-306)

The decay of the density now depends on the loss time constant, which
can be given by di usion, for example. The decay time constant for the
electron temperature is, however, orders of magnitude larger, as can be
seen from the prefactor proportional to e¥eath=Kkg Te.
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Chapter 4

Plasma Chemistry

In the description of chemical processes in plasmas, two areas can be sepa-
rated: equilibrium reactions and kinetic reactions. In a plasma, depending
on the boundary conditions, both areas can occur, or for some reactions,
equilibrium can be achieved, while for others, this is not the case. Especially
at low pressures and nite residence times of the particles in the plasmas,
the reaction rates become important, as the system has no possibility to
reach chemical equilibrium, where the forward and reverse reactions are in
equilibrium. In the following, these two areas will be discussed.

4.1 Reaction Equilibrium

4.1.1 Thermodynamics of Chemical Reactions

Chemical reactions can take the following forms, for example, a dissociation:

AB A+B (4.1)

a conversion of reactants A and B into the products C and D:

A+B C+D (4.2)

as well as the recombination of reactants A and B to form AB.

A+B+X AB+X (4.3)

In this so-called 2-to-1 reaction, a third collision partner X is often neces-
sary to ensure both momentum and energy conservation in this reaction. If
this third collision partner is missing, the product AB is initially an excited
particle AB .
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In chemical equilibrium, the di erent states of the system can be character-
ized by thermodynamic potentials and state variables. According to the rst
law of thermodynamics, the change in internal energy dU is composed of the
change in heat Q and the change in work W. The latter is often, in the
case of an ideal gas, dW = pdV . Thus, we obtain:

du = Q pdV (4.4)

The expression Q instead of dQ indicates that the change in the amount of
heat cannot be independent of the path of the state change (although this is
assumed in all practical cases). The change in the amount of heat is linked
to the entropy:

_Q
ds = T (4.5)
In the case of irreversible changes, the entropy always increases. From the
perspective of an isolated system without external pressure, the rst law
is fully characterized by the change in internal energy. In chemistry and
plasma chemistry, however, most processes occur under constant conditions
of external pressure. In this case, during a state change, the system can also
perform work against this external pressure. Therefore, one speaks here of

the enthalpy of a state change:

H=U+pV (4.6)
or its change.

dH =dU +pdV +Vdp 4.7)
The external pressure should remain constant as plasmas develop slowly, i.e.,
we get:

dH =dU +pdVv duU (4.8)

or approximately dU for very low pressures in the system. The enthalpy H is
often used to distinguish chemical reactions into endothermic and exothermic
reactions:

i Gy (4.9)

Hi(iTNi)  Ha(eTND
H =H , H;>0 endothermic (4.10)
H =H , H;<0 exothermic (4.11)
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’ Compound‘ HFormation (TO) (kJ/mOI) ‘

CH 595.8
CCls 59
SiH 377
SiF -19.3
SiF3 -1025

Table 4.1. Formation enthalpies of some selected molecules and radicals

In reference works, one can nd formation enthalpies that describe the tran-
sition from individual atoms to a molecule. From this comparison, the prob-
ability of the occurrence of a particularly favorable particle in a reaction

mixture can be derived. Some examples are listed in Table 4.1.

The stoichiometry of a reaction can be taken into account with corresponding
prefactors to establish the following energy balance:

A+B C+D (4.12)
NaHA +NgHg N cHc+NpHp (4.13)

Thus, the enthalpy of the reaction is the di erence between the enthalpy of
the reactants and the products:

X X
H= NpHp N/ H; (4.14)

p r
4.1.2 Thermodynamics of an ldeal Gas

For the question of whether a reaction proceeds, however, not only the di er-
ence in enthalpies is decisive, but also the possible change in entropy. This
is taken into account by the so-called Gibbs free energy:

G=H TS (4.15)
or its change

dG=dH TdS SdT (4.16)

A reaction at a given constant temperature will always strive for a state of
lower Gibbs free energy:

dG=dH TdS <0 (4.17)
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For this, it is necessary to also calculate the change in entropy during a
reaction. One can see from this formula, for example, that in irreversible
reactions in which the entropy increases, the factor dS is always positive and
thus the Gibbs free energy decreases. That is, such reaction directions are
favorable. For this, we consider:

_Q _dH _ G
ds = T ST TdT (4.18)
due to dH Q for very low pressures p and dvV 0.
YA T
. — . Cp 0
S(PoiT) =S(po; To) +  —odT (4.19)
To

" Temperature dependence of entropy: The temperature depen-
dence of the entropy is, for constant pressure, @nd for G, = gnRT,
given by:

S(po; T) = S(po; To) + gnRT In Tl (4.20)
0

In the case of a constant volume, we get

S(PoiT)=S(PoiTo) +  —5dT° (4.21)
To
with Cy = 2nRT:
3 T
S(V;T)=S(V;Ty) + énRT In T (4.22)
0

Pressure dependence of entropy: The pressure dependence of the
entropy is obtained by rst determining the temperature dependence of
the entropy at constant pressure and then its dependence at constant
volume.

SPo;To) 'SP o;T)!S(P;T o) (4.23)

This results in (n is the number of molecules):
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S(p;To) = S(po;To) + §nRT In 1 §nRT In l
2 To 2 o
= S(po; To) + NRT In Tl (4.24)
0
with
pV = nRT (4.25)
pV = nRTy (4.26)
Thus, we obtain
S(p:To) = S(Po; To) NRT In % (4.27)

With this description of entropy, we can nally calculate the Gibbs free
energy:

G=H TS (4.28)
dG=dH TdS SdT (4.29)

dH = dU +pdV +Vdp (4.30)
= Q pdV +pdV +Vdp (4.31)
= Q+Vdp=TdS+Vdp (4.32)

Thus, we nally obtain the change in the Gibbs free energy as:

dG=Vdp SdT (4.33)

Now, for our system, the individual dependencies of V (p) from the ideal gas
law and S(T) from Eqg. 4.27 can be inserted, and the change in G can be
calculated.

So far, we have always analyzed the Gibbs free energy for xed particle
numbers. In the following, it should be considered that the particle numbers
can change during chemical reactions. This is achieved by:
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@G, @G, X @G
dG= ——dp+ —dT+ —_dN;
I{%p @
- j

The so-called chemical potential now describes the change in this Gibbs
free energy with the particle number.

_ @c
: @N p;T
The chemical potential corresponds to the energy that is added to a system

when the particle number is changed. In equilibrium, we rst de ne the
initial state at po and T, as:

(4.34)

(4.35)

0 Ggo (4.36)

G= N; i° N; 0 (4.37)
P roducts Reactants

The temperature dependence of the chemical potential at constant pressure
is:

Z
@G T
S = = = SdT 4.38
o . (4.38)
21 5 T
= S(p o0;To) =nRIn—=— dT (4.39)
To 2 TO
= o(Po; To) + (T T o) (S(p 0;To)) + (4.40)
5 5 T
The pressure dependence of the chemical potential is:
Z
@G P
@p Po
= o(po; To) +NRIn % (4.43)

In a chemical equilibrium, however, the pressure changes during the reactions.
In general, one speaks of partial pressures: p
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X
p= B (4.44)

For each component of a gas mixture, a chemical potential can be de ned
that changes with the partial pressure according to:

B

iP= ;(M)+RTIn (4.45)

or with a mole fraction x; = p;=p

()= ;(T)+RTIn xj& (4.46)

In the case of solids and liquids, the pressure ratio is replaced by the activity
a = jXj, with ; the activity coe cient. In the case of pure solids and
liquids, x; =1 and ; = 1. Thus, the chemical potential then has no pressure
dependence.

4.1.3 Reaction Equilibria
4.1.3.1 Energy Balance

Now let's consider the chemical equilibrium in a closed system. As an exam-
ple, we have:

3A+B 2C +4D (4.47)

WitthzA,JzzB,J3=C,J4:D, 1:3, 2:1, 3=2,and
4 =4, we can de ne the stoichiometry of the reactions as:

iJi = 0 (4.48)

where the stoichiometric factors of the reactants are counted negatively and
those of the products positively.
For reactions at constant temperature and pressure, we thus have:

X X
dG = idNi = i idN (4.49)

i i
P
The system will then move to the state for which ,M i i =0 holds. We
now insert the chemical potential with:

i(P)= OT)+RTIn pEj (4.50)
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with p ; the equilibrium pressure of species j. For solids, we simply get
i(p)= OT). Thus, we obtain:

X D X
RT iin == j=1M jO(T; (4.51)
| {Z } Sum of all particles
Sum of gas particles

The logarithm on the left side can be transformed to:

W' p i
<=M (4.52)
1 P
with an equilibrium constant (T) according to
_ GA(T)
(T)=exp RT (4.53)

The index r now refers to the chemical reaction being considered. Thus, we
nally obtain the central equation that describes the chemical equilibrium
as:

\M i GO T
Pi exp Ir?(T ) (4.54)
=1
For the above reaction, we thus obtain:
2R 4
1
M= o2 e (4.55)
Y p g
= MQ(J i (456)
=1
P
with o= ¢ ;.

The pressure dependence of the equilibrium concentrations is obtained as fol-
lows. The equilibrium constant (T) is initially independent of the pressure,
but the equilibrium concentrations change:

Y p [¢]

Mg j= — (T) (4.57)

j=1 Po
The temperature dependence of the equilibrium concentration is obtained
from G, (T)=(RT) as:
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_ @G
G=H+T aT (4.58)

Multiplying by 1=T 2, we get:
H G 1@G @ G
T T2 Ter @t T (4.59)

This is called the Gibbs-Helmholtz equation. With In (T) = %, we get:

@ _ @ GO0 _ HO
e D= @1 ®T " RrT (4.60)
With H 0 ' const:, we nally get:
B HO 1 1
(T)= (T o)exp T T T, (4.61)
4.1.3.2 Direction of the Chemical Reaction
In which direction does the chemical reaction proceed?
G, = G(To) +RT INQ(T) (4.62)
with Q the reaction coe cient:
W p
Q(T) = = (4.63)
= Po

If Q(T) > (T), the reaction shifts in the direction of the reactants; if Q(T) <
(T), the reaction shifts in the direction of the products. In equilibrium,

Q(T) = (T).
4.1.4 The Chemical Equilibrium in a System with
Multiple Phases

In the case of multiple phases (g... gas, l... liquid, s... solid), one speaks of
a heterogeneous equilibrium. That is,

dG= 4N+ |dN (4.64)

In equilibrium, 4= ;= < . Forsmall changes in N, we get:
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dy = S 4dT +Vydp (4.65)
d, = S ,dT +ngp (4.66)

and
TV, (4.67)

For the transition of the system from one phase to another, latent heat
must be supplied, such as the enthalpy of vaporization ddporaion Or the
enthalpy of sublimation Hsypjimation - FOr Sy S 1= S =H evaporaion =T and
Vy V '0, we nally obtain the Clausius-Clapeyron equation:

dp H evaporation
—+ — _evaporation 4.68

aT RT2 P (4.68)
In the case where the enthalpy of vaporization Haporation 6= Fvaporation (T),
we get:

B = Po eXp Hlevaporaton evaFg?“m (4.69)
or

o OO Hsublimation

=pYexp  —ps (4.70)
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4.2 Reaction Kinetics

The investigation of reaction equilibria assumes that the system can undergo
su cient collisions within the residence time of the molecules and atoms in
a plasma so that the forward and reverse reactions are in equilibrium. This
is only very rarely the case, as plasmas are often used to avoid exactly this
equilibrium. An exception would be thermal plasmas as used, for example,
for welding. Within the plasma, however, a quasi-equilibrium can also be
described considering the electronically driven processes [43].

4.2.1 Rate Constants

Often, a so-called kinetic consideration is much more powerful, in which a
gas ow passing through a plasma is considered. Depending on the residence
time and reaction rates, the conversion of particle species can proceed to
di erent extents. First, let's consider a typical reaction again:

A+ B 3C+ 4B (4.71)
or the conservation equation for stoichiometry according to
X
ij =0 (472)
j
The reaction rate is then
1@n
Rreaction (T P; Ni) = —I@t (4.73)
and the change of one of the particle species is thus:
@n
6t = iRreaction (T;P; 1) (4.74)

This reaction rate R is a function of T, p, and pand can be investigated in
a plasma process or directly in particle beam experiments. We distinguish
several types of reactions. First, an elementary reaction is de ned as follows:

A reaction is an elementary reaction when, in a single step, all re-
actants collide simultaneously to produce the products. Example:
2NO + 0O, !2NO ».

From the measurements, it is known that a reaction rate consists of the prod-
uct of two factors: on the one hand, expressions according to the density of
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the participating particles and, on the other hand, a parameter that depends
on the temperature:

@n

VMY R 6

Densmes [m3(x+y 1)s 1]

Here are some examples of di erent reaction orders:

~ Unimolecular - First-order reaction

AB!A+B @gi = [n ag]'ka(T) (4.76)
~ Bimolecular - Second-order reaction
@ @
A+B1C+D @”‘t @Bt I Al'ne]*ka(T) (4.77)
~ Trimolecular - Third-order reaction
@l& 1
A+B+X 1 AB+X @t = [n al'[ne]*[nx *ks(T) (4.78)

From the units of the rate coe cient k, one can often also recognize the order
of the reaction.

Let's compare the reaction kinetics with the chemical equilibrium for the
reaction:

A+B$C+D (4.79)

with the rate coe cient for the forward reaction k; and the reverse reaction
K1

@
B

@B

GR- 88 - anslh(m) (4.80)
G285 — fnaFnsFh(m) (4.81)
e (4.82)
€288 - n cPmoltks (7) (4.83)
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Assume that the particle species A is in equilibrium, i.e.,

% =0=[n al'Mel'ku(T) +[n cJ' Mok (T) (4.84)

From this, an equilibrium constant can be derived:

ki(T) _ [ncl'[no]*

Ky (1)~ [aline (4.85)
It holds that:
ki(T) _ G(T)
or
K(T) = LRV T (4.87)
o P |

Now let's consider the reaction kinetics in a theoretical example of a reaction
chain:

AIB!C (4.88)

with the rate coe cients ko and kg. Initially, only species A is present.
The temporal development of the densities is shown in Fig. 4.1 for the case
ka k g and for kya k g. It can be seen that the slowest reaction is the
rate-limiting step.

From the course of the densities over time, one can also learn something
about the order of the individual reactions. Fig. 4.2 shows an experiment
in which a closed reactor is initially lled with methane, and the course of
the densities is observed after the plasma is ignited. It can be seen that
the density of methane decreases and the densities of the reaction products
increase. Furthermore, it can be seen that the densities ohbKds and CH,
increase linearly, indicating that these are primary products. The formation
of C;H,, on the other hand, increases very slowly, i.e., methane is not directly
involved in the formation channel here - these are secondary reactions.

4.2.2 Cross Sections, Mean Free Path, Collision Fre-
quency
To determine reaction rates, chemical equilibria can be calculated or their

variation under the in uence of changes in external boundary conditions such
as pressure and temperature. From a microscopic point of view, however,
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Figure 4.1: Variation of densities for di erent rate constants k  and kg.

every rate coe cient can be characterized by an elementary collision process
between two particles. First, let's consider the probability of a collisiondyss
along a ight path dx between a particle A with velocity va and a stationary
particle species B with density g (see Fig. 4.3). This probability is linked
to a hit area ag, the so-called cross section.

Pstoss = dxng as (VA) (4-89)

The frequency with which these collisions occur - the so-called collision fre-
guency - is:

AB =Va ag(Va)ng (4.90)

From this, the mean free path can be derived by considering the change in a
particle ux A

d a(X)= a(X)ns as(va)dx (4.91)
and assuming a(X) = a0 exp(x=):
1
= 4.92
Ng aB ( )
From this, the reaction rate can now be derived from:
Ras =NaVa as (Va)Ng =NangVa as (Va) =N angkag (T) (4.93)

In general, the reaction rate is given as:
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Figure 4.2: Variation of partial pressures in a methane plasma after the
plasma is turned on. From Dagel, Mallouris, Doyle, J. Appl. Phys. 79,
(1996).

Z Z
Rag =Nang (Va V B) as(Va V B)f(vA)f(ve)dvadwy, =nangh (V)vi
(4.94)
The rate coe cient is then
kag = h (V)vi (4.95)

The averaging, expressed by the symbols h and i, requires a distribution func-
tion for the frequency with which individual velocities occur in the ensembile.
In the simplest case, this is also a Maxwell-Boltzmann distribution:

3=2V2 ex mv>
2KaT P et
Databases for the individual cross sections can be found at NIST at

f(v) = 4

(4.96)

INIST Chemical Kinetics Database http:/kinetics.nist.gov/kinetics/index.jsp De-

162 © A. von Keudell, V. Schulz-von der Gathen Ruhr University Bochum



CHAPTER 4. PLASMA CHEMISTRY 4.2. REACTION KINETICS

Figure 4.3: Collision processes between particles A and B with di erent
cross sections (a) or as a transport problem where a projectile A ies through
a quantity of particles B (b).

Gaphyor? and for astrochemical data at UMIST

4.2.3 The Collision Process

For the calculation of cross sections, we need the calculation of a trajectory
of the two colliding particles depending on the interaction, expressed by a
potential V (r), a relative velocity v, and an impact parameter describing
the distance of the projectile to the symmetry axis (see Fig. 4.5). The
particles with masses m and m, and velocities ¥ and v, experience force
and counterforce k, and F,; according to:

my = Fo= For=m % (4.97)
The coordinate of the center of mass (cm).s, and its velocity v, is

mqrq{ +mor

fem = ——r 22 (4.98)
m;+mo-
mqVvi + MoV

Von = 1T Mav (4.99)
mi+mo

Going to the center of mass system, we get new coordinates of the distance
of the two bodies r as well as the relative velocity,vand the reduced mass
m, as:

tailed Chemical Kinetic Combustion Model Database http://kinetics.nist.gov/CKMech/
2Gaphyor A Database for Atoms, Molecules, Gases and Plasmas
http://gaphyor.lpgp.u-psud.fr/gaphyor/gaphyor.html
3The UMIST database for astrochemistry http://www.udfa.net/
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r = rqyr, (4.100)

Vi = Vi1 Vo (4.101)

m,y = F(r) (4.102)

m, = _Mamz (4.103)
m,;+mo,

The respective components in the laboratory system and in the center of
mass system are shown in Fig. 4.4. As the scattering angle, we get

sin

tan ; = 4.104
LT {mymmy)(v, =) + cos (4.104)
sin
t = — 4.105
an 2 v;=\Y cos ( )

Figure 4.4: Collision processes in the laboratory system and in the center
of mass system.

In the case of elastic scattering, ,v=v?. The di erential cross section is

(4.106)

Trajectory of Coulomb scattering
Trajectory of Langevin scattering
Simulation of trajectories in Coulomb and Langevin scattering.
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That is, a collision with a certain impact parameter leads to a characteristic
de ection as illustrated in Fig. 4.5. From this, the total cross section for
scattering (sc) can be calculated by integrating over all impact parameters:

z d
o d
The cross section for momentum transfer (m) results directly from this:
z d
m=2 (1 cos) d—sin d (4.108)

0

The additional factor (1 cos ) weights the change in momentum during
scattering. For example, if the de ection angle is very small 1, scattering
does occur, but the momentum changes only slightly, since p' (1 cos ).

In the case of a central potential, the scattering angle can be calculated as:
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= 2 1 h h i dr (4.109)

Figure 4.5: A collision with an impact parameter b leads to a de ection
into a solid angle 2d .

N

Coulomb scattering:

In the scattering between two charge carriers, the Coulomb potential
V()= % initially applies, and we get:

d _ by 2
d ~ 4sirf(=2) (4.110)

with by = 4“1;‘;0 the distance of closest approach, if E corresponds to
the kinetic energy in the center-of-mass system. The collision integral,
however, tends to in nity. Therefore, one could use the Debye length
as the maximum distance in plasmas. However, it turns out that in the

transport of particles in plasmas, the sum of many small-angle collisions

dominates. We get:

0 = - Db (4.111)

N

for a single collision and

9 = §bgln (4.112)
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with = 4=k 1 (often, for the so-called Coulomb logarithm, ap-
proximately In ' 10 in many plasmas)

"~ Polarization scattering

In the scattering between a charged particle and a neutral atom or
molecule, the interaction is the induction of a dipole moment by the
passing particle A in the atom or molecule B, as in Fig. 4.6. There, a
dipole moment p is created

Figure 4.6: Polarization scattering for collisions between charged and un-
charged particles. For impact parameters smaller than b, recombination
occurs.

&
Pa = qod = qr—z (4.113)

The force between a charged particle and such a dipole moment is:

_ 2mg,_ 2¢a’
F= 5= or5ﬁ (4.114)

From this, a central potential of the form is obtained:

fad 1
V(= -—= 4.115
0= g (4.115)
The so-called Langevin cross section then becomes:
> 1=2
1
=pz= 2 =2 4.116
L=bi= —E o (4.116)
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with Eq = %mvg. Fig. 4.7 illustrates that particles with an impact
parameter smaller than p can recombine with the molecule, which is
referred to as particle capture.

N

Centrifugal barrier

For this interaction, however, the centrifugal force can become impor-
tant, which may act as a barrier. A correction of the form is obtained:

m, b?v3

Ve (N =V (1) + 12

(4.117)

The actual interaction potential can now be arbitrarily assumed V (r) =
C=r' (in the case of the Coulomb potential, i = 1, in the case of po-
larization scattering, i = 3). Fig. 4.7 shows that in the case of normal
Coulomb scattering, no barrier occurs. However, for higher exponents
i, this centrifugal barrier is created.

Figure 4.7: Depending on the exponent of the distance dependence of the
potential / 1=r ', an activation barrier is obtained, since the centrifugal force
must be overcome.

" Approximation for small-angle collisions

In the case of Coulomb scattering in plasmas, the Coulomb cross section
can now be calculated as above. However, due to the high charge carrier
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densities, the e ect occurs that the e ciency of the succession of many
collisions at small de ection angles, which occur more frequently, i.e.,
the cross section for the sum of these small-angle collisions, can be
larger than the cross section for a single collision with a de ection of
90 degrees. Assume that the de ection angle 1. Thus, we get:

r= R+v2 (4.118)

Figure 4.8: Approximation for small-angle collisions.

The change in the perpendicular momentum becomes

Z 1
b dv

As well as

r dr

The de ection angle then becomes

_ P~ 2bzl

_ dv dr
B mv2 , dr "rzpe

(4.121)

Now assume that the initial kinetic energy is . Furthermore, the

interaction should be characterized by a potential in the form V (r) =

rg With this approach, an analytical solution can be derived in the

form:
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A
= &5 (4.122)

with the factor A, which is derived from the gamma function as:

P,
_C ((+1)=2)
A= = G+22) (4.123)
Thus, we nally obtain a general expression for the di erential cross
section:
2=
d _ % A 1 (4.124)

d E, 22
Some examples of the scattering of electrons on noble gas atoms or on
hydrogen molecules are shown in Fig. 4.9. It can be seen that the
cross section for large energies here, expressed as the square root of
the acceleration voltage, decreases. However, for the noble gases Ar,
Kr, Xe, a minimum is observed at small energies. This is the so-called
Ramsauer e ect, where the de Broglie wavelength of the scattering
electron is approximately equal to the diameter of the atom. In this
case, the scattering becomes very ine ective, i.e., a minimum is created.
This occurs only in larger noble gas atoms and not in helium.

Figure 4.9: Collision probabilities of electrons.
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" lonization according to the Thomson model

lonization by electron impact can only be correctly described by the

laws of quantum mechanics. As a simple classical approximation, one
can also consider the momentum transfer to a bound electron in the
atomic shell. The energy transfer in such a collision process is:

E=E2 %(1 COS  om) (4.125)

Since small angles dominate, we make the approximation

2

COS m'1 ;m (4.126)

Eqg. applies to the scattering angle in the center of mass system (cm
- center of mass). In the laboratory system (Ib - lab), |, ! cm=2
for collision partners with equal mass m = m,. In the following,
we denote with the scattering angle in the laboratory system. The
energy transfer in the laboratory system becomes

E= 2E (4.127)

Figure 4.10: lonization according to the Thomson model.

Similarly, the di erential cross section in the center of mass system
(cm) for small scattering angles can be written (sin4 .,=2 = 4):
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d € 211
- = = == 4.12
d ., 4, E2 4 (4.128)
convert to the laboratory system via Emn = $Ej, and Mg = My,
- N

We switch from a solid angle element to an energy transfer E with:

d(E)=E2d (4.130)

Thus, we get

€ 21 1

4= 7, E(®°

d(E) (4.131)

We integrate this equation from the minimum energy transfer, given
by the ionization energy, to the electron's total energy E.

€ 1 1
€)= =z

E ionization

thus, we nally obtain the Thomson cross section for ionization (see
Fig. 4.11):

_ e %1 1
— = (4.133)

1
lonization — = =
4 0 EIonization E

Some examples of ionization cross sections are shown in Fig. 4.11.
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Figure 4.11: lonization cross sections. From Stano, Matejcik, Skalny,
MAark, J. Phys. B 36, 261 (2003) and Straub, Renault, Lindsay, Smith,
Stebbings, Phys. Rev A. 52(1995).
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