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SUMMARY 

The industrial applications of RF (radio frequency) excited molecular 

discharges in the field of surface modification techniques, such as plasma etching 

and plasma deposition, gave impetus to the experimental and theoretical 
investigations of these plasmas. The modelling of RF plasmas is the subject of this 

thesis. 

Conventional chemical etching methods lead to isotropic etch profiles. On the 

contrary, etching by means of a low pressure molecular RF plasma leads to 

anisotropic profiles. Another advantage is the increased selectivity concerning the 

material which has to be etched. 

These low pressure plasmas can be characterized as weakly ionized, with an 

average electron energy which exceeds the energies of the heavy particles 

considerably, and with relatively large voltages across the boundary layers. A low 

pressure (typ. 10 Pa) RF discharge consists of a quasi-neutral, luminescent plasma 

(glow) that is bounded by space charge regions (sheaths) adjacent to the electrodes. 

The electrodes are charged negatively with respect to the glow. As a consequence, 

positive ions which are produced in the glow of the discharge are accelerated 

towards the electrodes. The fluxes of energetic positive ions towards the substrate 

and the abundance of chemical active species (radicals) near the substrate 

predominantly govern the etching process. The component of the velocity of the ions 

perpendicular to the substrate (or electrode) exceeds the components parallel to the 

substrate significantly. This is the foundation of anisotropic etching. 

Considering the actual etching process, the glow can be characterized as that 

part of the discharge that takes care of the production of ions and radicals. The 

production of these particles is due to inelastic collisions between electrons and 

molecules (or atoms). For the determination of the rate constants for these inelastic 
processes, the knowledge of the electron energy distribution function ( EED) is 
indispensable. The analysis of the Boltzmann equation for the electrons is 
complicated by the presence of time varying electric fields within the discharge. As 
a consequence, time modulation of the EED occurs when the frequency of the 

applied electric field, w, is significantly smaller than the total electron energy 

dissipation frequency in elastic and inelastic collisions, ve. Especially for those 

values of the electron energy for which inelastic processes have to be considered, this 
temporal evolution of the EED is present. The inelastic processes with relatively 

large cross sections mainly determine this modulation. 
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The models presented in this work are mainly based on a CF 4/ Ar plasma in a 
system with two parallel electrodes. The discharge pressure varies between 5 and 
100 Pa. The validity of the theoretical investigations has been confirmed mainly 

with the experimental data obtained in a 13.56 MHz CF 4/ Ar plasma [BIS-87 A]. 
Characteristic for these gases and the discharge conditions mentioned is the 
inequality Ve < w, so that the time modulation of the EED is of minor importance. 
The isostropic part of the EED will however deviate from a Maxwellian distribution 

function due to the presence of inelastic collisions between electrons and neutrals. 

Considering the aspects of applications, such as plasma etching and plasma 
deposition, the electron Boltzmann equation is analyzed in an inhomogeneous 

discharge including spatial gradients. The method of solution of this equation is 
based on an asymptotic expansion of the EED into a small parameter. With the use 
of the so--called multiple time scale formalism an equation for the isotropic part of 

the EED is derived. Due to the spatial gradients the electrons diffuse towards the 

electrodes. In a steady state situation, the rate of loss of electrons due to 

dissociative attachment (only for CF 4) and diffusion towards the electrodes is 
balanced by the rate of production of electrons due to ionization. It appears that the 

presence of negative ions (F- and CFs-) in the glow enhances the diffusion of the 

electrons. With the electron particle balance the maintenance values of the electric 
field within the glow are calculated. With these results, the various rate constants 

for the relevant inelastic processes, and the fractional energy losses by these inelastic 

processes are determined. The electron density in the glow is calculated from the 
combination of the electron particle balance and the external energy balance. The 
calculated electron density is in good agreement with the experimental data 

obtained by Bisschops [BIS-87 A]. 
As mentioned before, the anisotropic component of the etching process is 

governed by the ion bombardment of the substrate. The description of the potential 

profile in the sheath is of main importance for the characterization of the sheaths. 

The Poisson equation and the current continuity equations in the sheaths are the 
basic equations for the calculation of the potential profiles. Since the space charge in 

the shea.ths is mainly governed by the local ion density, the description of the 
potential profile depends on the relation between the RF frequency and the ion 
plasma frequency, Wj. Therefore, in this thesis three RF frequency regimes are 

distinguished. The electron plasma frequency is always considerably larger than the 

ion plasma frequency and the RF frequency. 
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In the so-called low frequency regime w is much smaller than Wi (w/27r N 

100kHz). In this regime both ions and electrons react instantaneously to the field 

variations in the sheath. As a consequence, the sheath thickness will, at each time, 

correspond to the steady state thickness, which is related to the instantaneous 
voltage drop across the sheath. The sheath thickness oscillates with a frequency 

equal to that of the applied RF field. The current in the sheath is mainly governed 

by the charged particle conduction currents. If the areas of the electrodes are 

unequal, and when the RF generator is coupled to the RF electrode through an 

external capacitor, an additional DC voltage occurs across the electrodes. The 

calculated values of this so-called self-bias voltage is in good agreement with the 

experimental results. 
The high frequency regime corresponds to the situation where the ion plasma 

frequency is considerably smaller than the RF frequency (w/27r N 50 MHz). Due to 

their relatively large mass the ions are only influenced by the time averaged value of 

the electric field. As a consequence, the ion density profile is time independent. The 

electrons however can still follow the field variations. The calculation of the 

resulting time averaged electron density profile agrees reasonably with the 

experimentally determined results of the axial (perpendicular to the electrodes) 
distribution of the electrons in the sheath. 

In the transition frequency regime w is about equal to Wi (wj21r N 5 MHz). In 

this regime, the ions are not only influenced by the time averaged value of the 
sheath potential, but also by a time dependent part of the sheath potential. From 

the analysis of the Poisson equation and the equation for the ion motion in the 

sheath it appears that the energy spectra of the ions impinging on the electrode 
show two characteristic peaks. The experimentally obtained energy spectra of 

various ions (CF3+, CF2+, CF+, ArH+ and Ar2+) confirm the validity of this model. 

When the ions do not collide in the sheath and when there is no time variation of 

the sheath potential, they reach the electrodes mono-energetically. In this situation, 
the energy of the ions reaching the electrodes corresponds to the time averaged 
voltage across the sheath. 
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1 GENERAL INTRODUCTION 

1.1 Etch plasmas 

Interest in the study of radio frequency (RF) discharges has increased 
significantly in the last decade. Especially the application of RF plasmas in the 

semiconductor industry (e.g. for plasma etching and plasma deposition) gave 
impetus to the study of plasmas sustained by rapidly alternating electric fields. The 

results of theoretical investigations on RF excited plasmas are presented in this 

work. 

Studies of plasmas used for plasma etching, in the end, always concentrate on 

the optimization of industrial processing techniques. Therefore, insight in the basic 

demands and mechanisms of plasma etching is necessary to direct the efforts of 
plasma technology. 

In the production process of integrated circuits (IC) several patterns of 
insulators, conductors or dopants have to be reproduced in the surface layers at the 

substrate (e.g. silicon). At the start of IC technology aggressive fluids were used in 
etching processes. If the wafer is exposed to an etchant, the areas not protected by 
the mask will be etched. This etching can be performed by chemical processes 

(acids), but this results in isotropic etch profiles (see figure 1.1). Although the IC 
channels obtained with these so-called wet-etching methods are not exactly a copy 
of the mask, the results are satisfactory. The ever decreasing lateral dimensions of 

isotropic insulator 
(e g Si02l anisotropic 

Fig. 1.1. Outline of etched profiles. The pattern of the mask is reproduced in an insulator. 
Isotropic etching results in undercutting, whereas anisotropic etching results in very sharp 

boundaries of the etched channels. 

integrated circuits however necessitated the introduction of dry-etching techniques. 

When the lateral dimensions of integrated circuits are of the same order as the 

thickness of the layer to be patterned (typ. 1 pm), anisotropic etching is needed. 
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By means of a gas discharge etching can also take place in a gaseous medium. 

Though sputter etching (ion milling) with argon can provide the desired anisotropy 

(see figure 1.1 ), problems concerning mask erosion, selectivity and etch rate are 

encountered. Using plasmas that produce chemically active species, through various 

mechanisms, the latter parameter can be increased. 

The plasmas commonly used for plasma etching are low pressure discharges at 

1-100 Pa in gases of halogen (e.g. fluorine or chlorine) containing molecules. The 

luminous part of the discharge (plasma bulk or glow) contains charged particles 

(electrons, positive ions, negative ions) and neutral molecules. One of the most 
important characteristics of the glow is its quasi-neutrality, i.e. the positive space 

charge is almost completely balanced by the negative space charge. The ionization 

degree in such low pressure discharges is typically I0-6, sq that we can classify the 

plasma as weakly ionized. The ions and neutrals have a relatively low temperature 

(typically 300 K), whereas the electrons have a relatively high temperature 

(typically 40000 K). This induces the electrons to produce ions and reactive species 

(radicals, e.g. F) in the glow. Due to the difference between the thermal velocity of 

the ions and electrons in a glow discharge, the electrodes which are in contact with 

• electron 0 0 

o ion • plasma bulk 0 0 0 • 0 • 
0 radical • 0 0 0 0 • 0 

1 ° 1 0 1 0 sheath 
@ 0 

, 
I 

I b substrate 
RF GND 
electrode electrode 

Fig. 1.2. Outline of an RF etch plasma in the closed geometry of a cavity. In the quasi neutral 

plasma bulk (glow), generated by the applied RF voltage, etching species (radicals) and ions are 

produced. The positive ions will be accelerated across the plasma sheaths towards the substrate 

and walls. The abundance of chemical active species (radicals) near the substrate and the fluxes of 
energetic positive ions towards the substrate predominantly govern the etching process. 
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the plasma will initially collect more electrons than ions and will consequently be 

charged negatively. This implies that the glow region of the discharge is separated 

from each electrode by a positive space charge sheath, see figure 1.2. Positive ions 

produced in the glow are accelerated across the sheaths towards the electrodes. The 

electric field in this space charge region prevents a further loss of electrons. 

The abundance of chemical active species near the substrate (on one of the 

electrodes) and the fluxes of energetic positive ions towards the substrate 

predominantly govern the etching process. The major cause of anisotropic etching is 

the bombardment of the substrate by directed ions, whereas the chemically active 

species (e.g. F) essentially produce isotropic etching. With increasing ion energy the 

etch rate rapidly rises. However, this will lead to sputter dominated etching which 

has a low selectivity and which also causes surface damage. Therefore, the use of 

large fluxes of relatively low energetic ions (50-100 eV) seems favourable. If the 

etching is both of chemical and of ion stimulated nature, anisotropy can be 
increased by changing the chemistry of the process in order to suppress the chemical 

mechanism. The degree of anisotropy is directly related to the directionality of the 

incident ions. When several collisions occur before the ion has passed the plasma 

sheaths, the directionality may be partially lost [ZAR-84]. 

To obtain the desired chemical active species and ion bombardment of the 

substrate, different reactors have been developed. For isotropic etching the barrel 

reactor and plasma effluent reactors with RF or microwave excitation are used. 

In 1982 a research project was started at the Eindhoven University of 

Technology that concentrates on the plasma physical aspects of etch plasmas. The 

plasma reactor that has been built (BIS-87 A] is a parallel plate type reactor (single 

wafer etching). This type has been chosen because of the low RF power levels 

involved (relatively small plasma volume) and because this type of reactor can be 

easily adapted for electron density measurements. Another advantage of such a kind 

of reactor is the presence of a relatively symmetric discharge (see fig. 1.2), which 

facilitates the theoretical investigation of the RF plasmas involved. It should be 

noted that in industry there is a trend towards single wafer etch reactors. Results of 

experimental investigations on RF excited (13.56 MHz) CF4/Ar plasmas in a single 

wafer etch reactor were presented by BISSCHOPS [BIS-87 A]. All the experimental 

results obtained by Bisschops, referred to in the present work, were obtained in the 

closed geometry of a cylindrical microwave cavity. The diameter of the cavity is 

16 cm, the height is 2 cm. The insulated part of the cavity is the RF powered 

electrode, whereas the remainder of the cavity serves as the grounded electrode 
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(see fig. 1.2). The cavity is, as a whole, contained in a vacuum vessel (diameter: 

30 cm, height: 20 cm). The shift in the resonance frequency of the cavity can be 

related to the electron density in the discharge [BIS-87 A]. 

Apart from the experimental investigations on RF plasmas, in 1984 the field 

of research at Eindhoven was extended. The modelling of RF plasmas also became 

an important part of the research project. The results of these theoretical 

investigations on RF excited plasmas are presented in this work. The applicability 

of the models for the description of the experimental features in a parallel plate 

etching reactor, as used by Bisschops, is also a subject of the present work. 

1.2 Modelling of RF plasmas; scope of the thesis 

The subdivision of the planar discharge in a quasi neutral-region (glow) and 

two space charge regions (sheaths) is generally accepted and stands firmly on the 

basis of the Langmuir sheath model. 

It may be clear that due to their high temperature the electrons play a 

dominant role in the glow region of the low pressure RF plasma. The production of 

ions and chemical active radicals by dissociation and ionization of the gas (in this 

work CF 4 and Ar) is predominantly governed by the electrons. Hence, the 

knowledge of the electron energy distribution function is indispensable. Due to the 

significant effect of inelastic collisions between electrons and molecules (or atoms), 

the electron energy distribution function deviates from a Maxwellian; the tail is 

depleted, which reduces the activity of the electrons in inelastic collisions. 

In the last ten years the goal of model calculations of the electron energy 

distribution function has been increasingly moved from atomic gases towards 

molecular gases [CAP-84]. Strong impetus has been received from the modelling of 

molecular gas lasers. But the problems involved in RF plasmas are not only more 

complicated because of the time varying electric fields, but also by the electrode 

effects. This implies that spatial dependence should be taken into account. Another 

important question is whether energetic ions from the glow may cause secondary 

electron emission at the electrodes. Within the glow, these accelerated electrons 

with energies comparable to the RF amplitude may play an important role in the 

electron particle balance (balance between the rate of loss of electrons and the rate 

of production of electrons) in the discharge [GAR-84]. In this work however, the 

influence of secondary electrons has not been included. 
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Recently, numerical models have been developed to study some general 

features of RF discharges [BOE-87]. The first self-consistent numerical model of an 

RF glow discharge is given by GRAVES and JENSEN [GRA-86,87]. The models of 

the RF discharge used in these studies are based on continuum equations of charge, 

sometimes referred to as fluid equations because the electrons and ions are treated 

as continuous fluids. There also exist several Monte-Carlo studies of the electron 

motion in RF discharges by KUSHNER [KUS-83,86]. In the calculations mentioned, 

no subdivision in a glow region and space charge regions have been made. 

In chapter 2 of this thesis the modelling of the quasi-neutral glow region of 

the discharge on basis of the spatially non-homogeneous electron Boltzmann 

equation will be treated. The method of solution of the electron Boltzmann equation 

is based on an asymptotic expansion of the electron velocity distribution function 

into a small parameter. With the use of the so-called multiple time scale formalism, 

the different anisotropic and isotropic parts of the electron velocity distribution 

function have been determined. A comparison between this method and the method 

based on a direct treatment of the electron kinetics, as given by WILHELM and 

WINKLER [WIN-84], is also a part of chapter 2. 

Due to the spatial gradients, the electrons diffuse towards the electrodes. In a 

steady state situation, the rate of loss of electrons due to dissociative attachment 

(only in CF 4) and diffusion towards the electrodes will be balanced by the rate of 
production of electrons due to ionization. With the electron particle balance the 

maintenance values of the electric field within the glow are calculated. The influence 

of the presence of negative ions in the glow region of the discharge on the electron 

diffusion rate will also be discussed in chapter 2. The calculated electron density and 

the averaged frequency for momentum transfer in elastic collisions will be compared 

with the experimental results as given by Bisschops. 

As argued, the positive ions produced in the glow are accelerated across the 

plasma sheaths. The fluxes of energetic positive ions towards the substrate 

predominantly govern the anisotropic etching process. Basically, the ion kinetics in 

the space charge sheaths are determined by the difference between the plasma 

potential near the substrate surface and the potential of the substrate (or electrode). 

Therefore, insight in the physics of the plasma sheaths is essential. TONKS and 

LANGMUIR [TON-38] were the first to derive the important plasma-sheath 

equation for a stationary (DC) discharge, which couples the plasma properties to the 

sheath properties. 
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It is evident that the modelling of the space charge sheaths must focus on the 
calculation of the time dependent voltage drop across the sheath, the potential 

profile in the sheath, and the energy distribution function of the ions striking the 

substrate. The Poisson equation, the current continuity equations, and the equation 

of motion for the ions in the sheaths are of main importance for the description of 

the sheath dynamics. 
A significant effect of the excitation frequency won the ion bombardment of 

grounded surfaces is related to the transit time required for an ion to traverse the 

sheath. The excitation frequency influences the nature of the sheaths and the plasma 

potential. In this thesis three excitation frequency regimes are distinguished, in 

which the sheath dynamics will be treated. 

The modelling of the space charge regions will be discussed in chapter 3. The 

calculated time averaged electron density profiles in the sheath, the sheath 

thicknesses, the values of the so-called self-bias voltage, and the calculated ion 

energy spectra will be compared with the experimental results obtained by 
Bisschops and other authors. 

Finally, in chapter 4 some conclusions will be given concerning the models 

presented in chapters 2 and 3. 
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2 MODELLING OF THE GLOW REGION OF THE DISCHARGE 

2.1 Introduction; the electron energy distribution function 

Gas discharges sustained by rapidly alternating electric fields have been 

studied extensively since the 1940s (for reviews see e.g. [HOL-46], [BR0-56], 

[MAC-78)). There exist numerous ways and experimental configurations which can 

be used to produce a gas discharge plasma by an AC electric field. For example, one 

can produce a capacitive gas discharge by applying an RF (radio frequency) field 

between two electrodes, or sustain a discharge by a microwave field using an 

electromagnetic resonant cavity or a travelling wave structure. Although the 

operation of these discharges is simple, the comparison of measurements made under 
different circumstances is often difficult due to the large number of independent 

parameters involved in each experimental situation. This fact makes it difficult to 

evaluate the most appropriate types of discharges and the best operation conditions 

for given applications, such as plasma etching or plasma deposition. 

In the theoretical treatment of high frequency (HF) gas discharges the 
problem of determining the energy distribution of the electrons as a function of the 

field amplitude, geometry of the discharge region, and the type and pressure of the 
gas, is of fundamental importance. The knowledge of the distribution function 
permits us to determine a number of important properties, such as the mean 

electron energy, the rate of ionization by electron collisions, the rate of electron 
diffusion, the electron mobility, etc. 

Up to 1984 a kinetic description of the steady state HF plasma based upon 
strict electron kinetics had not been developed. In the early classical works of 
MARGENAU, BROWN and coworkers (cf. [MAR-46, MAR-48A,B, BR0-56]), 
concerning the electron kinetics in a spatially uniform and weakly ionized HF 
plasma, for very high frequencies an approximate treatment was performed. In their 

work, the impact of all temporal harmonics on the isotropic part of the electron 
velocity distribution function was neglected. These early treatments of high 
frequency gas discharges based on the Boltzmann transport equation have mostly 

been restricted to gases such as helium and hydrogen. In these gases the collision 
frequency for momentum transfer between the electrons and the neutrals may 

assumed to be independent of the electron energy. As a consequence, the number of 

independent parameters in the theory may be reduced by introducing an effective 

electric field. This means that if an HF field of the form E( t) = Etcoswt is 
considered, the well known form of the stationary Boltzmann equation [HOL-46] for 
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the isotropic distribution function in the stationary plasma is obtained, but with the 

effective electric field strength 

(2.1) 

where w is the angular field frequency, and Vd the energy independent collision 

frequency for momentum transfer in elastic collisions. 

At low and even at intermediate frequencies the classical assumption of the 

time independence of the isotropic part of the electron velocity distribution 

function, as introduced by Margenau, Brown and coworkers, is not valid [WIN-84]. 

An exact, though time consuming, direct treatment of the electron kinetics in the 

broad frequency range of steady state HF plasmas is very desirable; The actual 

energy dependence of the collision frequencies for elastic as well as inelastic 

electron-neutral collisions in the gases considered must be taken into account. Such 

a direct treatment of the electron kinetics in a spatially homogeneous discharge has 

been developed by WILHELM and WINKLER [WIN-84, WIN-85, WIN-86, 

WIN-87 A,B], and will be reviewed in section 2.2. A simpler approach of the 

electron kinetics in a steady state HF plasma based on the so-called effective field 

approximation will be discussed in section 2.3; the assessment of this approximation 

for a 13.56 MHz CF 4/ Ar plasma will be treated in section 2.4. 

From the aspect of applications of RF plasmas mentioned, it is necessary to 

consider the effects caused by the presence of the electrodes. Therefore, the spatial 

dependency of the discharge is included in the present analysis. The evaluation of 

the kinetic equations in a spatially non-uniform RF plasma is the subject of section 

2.5. 

In section 2.6 the analysis will be focussed on a CF 4/ Ar plasma. This section 

includes the specification of the various inelastic processes. Section 2. 7 deals with 

the electron macroscopic equations, whereas section 2.8 concentrates on the electron 
diffusion term. The method of solution of the final equation for the isotropic 

electron energy distribution function is given in section 2.9. Finally, in section 2.10 

the results of the Boltzmann analysis in a 13.56 MHz CF 4/ Ar plasma will be given. 

2.2 A direct treatment of the electron kinetics by Wilhelm and Winkler 

Starting point of the investigations by Wilhelm and Winkler is the 

non-stationary, spatially homogeneous Boltzmann equation for the velocity 

distribution function fe(P.,t) of the electrons, i.e. 

11 



!Ji ::J;.· Vvfe = ~en+ ~n, {2.2) 

where ~en is the collision integral for elastic collisions between electrons and 

neutrals, and ~n describes the total inelastic binary electron-neutral particle 
collisions. 

The electric field in the bulk of the discharge is !f!. E(t)~x (assumed to be 

parallel to the x direction, i.e. perpendicular to the electrodes), V v is the gradient 

operator in velocity space, m is the mass of the electrons, e is the modulus of the 

electron charge, t is the time variable, and .!! denotes the velocity of the electrons. 

The ionization degree, i.e. ne/ Nn, where ne is the electron density and Nn is the gas 

density, varies between lQ-6 and 10-1 in RF gas discharges of practical interest for 

plasma chemistry applications (see for example [FLA--83, BIS--87 A]). This implies 

that the collisions between charged particles can be neglected. 

To find the basic behaviour of the electron kinetics Winkler et al. used the 

well known Lorentz (i.e. two-term) approximation [WIN--84, SHK-66], in the form 

1 m312 Vx 
fe(_!!,t) = ne 211" (2e) [.Ri( u,t) + v k( u,t)] , (2.3) 

where u = m'lfl/2e is the electron energy in electron volts, ji( u,t) is the isotropic 

part of the distribution function, and fa( u,t) is the first contribution to the 

anisotropy of fe. 
This approximation gives already a sufficiently precise description for the 

purposes mentioned earlier. It avoids additional complications which arise when 

higher order approximations with respect to the Legendre polynomial expansion 

beyond the first two terms are considered in the non-stationary Boltzmann 

equation. The terms beyond the first two appeared to be negligible in the work on 

the stationary Boltzmann equation [PIT--82, WIN--83, BRA--84]. Moreover, using an 

expansion of the collision integrals with respect to the ratio of the electron mass to 

the neutral particle mass M and truncating this expansion after the leading terms, 

the Boltzmann equation is transformed into two partial differential equations, viz. 

%{>- ~!e)\fu E(t)~ ufa) fu ~(2u312]1 lld( u)JJ) + (2.4) 

+ Vin( u)JJ- (u+:tn)! llin( u+uth)iJ( u+Uth,t) = 0 , 
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(2.5) 

Here, it is assumed that the parameter conditions in the discharge do not lead to too 

large anisotropy of the electron distribution function in the velocity space, i.e. 

sufficiently low amplitude of the HF field and sufficiently frequent momentum 

scattering in electron-neutral particle collisions are considered. 

In equations (2.4) and (2.5) the impact of elastic and inelastic collisions is 

described by the energy dependent collision frequencies for momentum transfer by 

elastic collisions vd, and by the total collision frequency for momentum transfer in 

inelastic collisions Vin, with the corresponding threshold energy Uth· 

These partial differential equations describe the temporal evolution of the 

isotropic distribution function }J( u, t) and of the anisotropic part .fa( u, t) in the energy 

space of the electrons under the action of the HF field and the dissipation due to 

elastic and exciting collisions. From the mathematical point of view, the problem of 

the electron kinetics in HF gas discharges consists in finding the periodic solution of 

the system of equations (2.4) and (2.5) for the isotropic and the anisotropic 

distribution for a given HF field and for given atomic data of the collision processes. 

Consideration of the power and the momentum dissipation terms show that 

the efficiency of these dissipation effects is mainly governed by the following energy 

and momentum dissipation frequencies: 

Ve( U) = 2y Vd + Vin and Vm( U) Vd + Vin (2.6) 

respectively. These equations describe the lumped dissipation of energy in equation 

(2.4) and momentum in equation (2.5), in different energy intervals due to all 

collision processes. This fact and a qualitative consideration of the dissipation action 

in the partial differential equations itself indicate that the temporal evolution of the 

isotropic distribution 16 due to collisional dissipation is predominantly determined 

by the ratio of the field frequency w to the energy dissipation frequency ve. The 

temporal evolution of the anisotropic distribution fa is determined by the ratio of 
the field frequency to the momentum dissipation frequency Vm. The knowledge of the 

atomic data of the collision processes is indispensable. Calculations which are 

characteristic for inert gases have been done by WINKLER et al. [WIN-84], and 

will be reviewed here for the case of a neon plasma. The energy dependent 

frequencies in neon, vmf p and ve/ p, normalized with respect to the discharge 

pressure, are represented in figure 2.1. 
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u(eV) 

Fig. 2.1. The total momentum (vm) and energy (ve) dissipation frequencies in neon, normalized 

with respect to the discharge pressure, as functions of the electron energy (adapted from Wilhelm 

and Winkler [WIN-84]). The collision frequency for momentum transfer in elastic collisions is 

denoted by vd. 

A considerable reduction of the harmonics of the isotropic distribution can be 

expected if the characteristic frequency for a variation of the electric field in 
equation (2.4) is noticeably larger than the characteristic frequency of the energy 
dissipation processes ve. Then, the dissipation can not follow the rapid change of the 
power input. Therefore, the conditions for a sufficient reduction of the harmonics of 
the isotropic distribution can be written as 

w ~ Ve( u) . (2.7) 

Here, one neglects the further, less important impact of the insca.ttering terms at 
low energies, due to inelastic collisions, on the temporal change of the isotropic 
distribution. 

From figure 2.1 it can be seen that at low energies (up to the threshold of 

excitation) the only dissipation frequency, i.e. that of elastic collisions, normalized 
with respect to the discharge pressure, is in the order of magnitude of 102 to 
103 s-tpa-1. Therefore, according to equation (2. 7) a relatively large reduction of the 
harmonics can be expected in this energy region already at field frequencies 
satisfying wjp ~ 103 s-tpa-1. But at large energies the dominant characteristic 
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dissipation frequency is that of exciting collisions. This frequency approaches values 

of about 106 s-tpa-1 when the electron energy u increases from the excitation 

threshold up to about 30 e V. Therefore, a noticeable reduction of the harmonics in 

the isotropic distribution fo in this region of higher energies can only be expected for 

a field frequency satisfying w/ p ~ 106 s-tpa-t. These limits, obtained qualitatively, 

are in good agreement with the results of the calculations of the temporal evolution 

of }1, obtained when the set of equations {2.4) and {2.5) is solved. Typical results 

obtained by Winkler are shown in figures 2.2 and 2.3. The calculations were done 

under the conventional assumption for the HF field: 

E(t) = Etcoswt. (2.8) 

It should be noted that for a field of this particular form, a periodic behaviour of 

fo( u,t) with a frequency twice that of the field occurs. The fundamental frequency of 

the HF field is absent for this case (this result will also be discussed in section 2.5). 

w/p = 4.7 103 s-1 Pa-1 

para meter wt /2n: 

Ne 

10 20 30 
u(eVI 

Fig. 2.2. The periodic behaviour of the isotropic part of the electron energy distribution function 

in neon as a function of the electron energy. The normalized phase angle wt/2'1r is used as a 
parameter. Conditions: wfp = 4.7 103 s-tpa-1, Et/P = 3.8 I0-4 Vm-lPa-1 (adapted from Wilhelm 
and Winkler [WIN-84]). 
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w/p = 2.4 106 s-1 Pa-1 

p,<Jrameter wt/2n: 

Ne 

-a_:-----10 0 20 
u(eV) 

Fig. 2.3. The periodic behaviour of the isotropic part of the electron energy distribution function 
in neon as a function of the electron energy. The normalized phase angle wt/21r is used as a 

parameter. Conditions: wfp 2.4 106 s·IPa·l, E1/p = 3.8 I0-4 Vm·!pa·l (adapted from Wilhelm 

and Winkler [WIN-84]). 

If there exists a DC part of the electric field and/or spatial inhomogeneities in the 
isotropic distribution, two features which are not considered by Wilhelm and 
Winkler, then also an isotropic part appears which varies with the fundamental 
frequency of the electric field. An electric field which includes higher harmonics will 
also give rise to a term in the isotropic distribution, oscillating at the fundamental 
frequency. 

These results of the calculation of the time modulation of }>, as given by 
Winkler, are characteristic for inert gases. It was found that for w < Ve the isotropic 

function follows the HF field in a quasi-stationary mode and thus with large time 

modulation and without delay (see also section 2.5). In contrast to the behaviour in 
neon, the normalized energy dissipation frequency vel p in a molecular gas, such as 

CO, has very large values (WIN-86]. Furthermore, it has a pronounced energy 
dependence, because the region of intense vibrational excitation in this molecular 
gas is limited to energies around 2 eV, and substantial electronic excitation, 

dissociation and ionization occur only for energies somewhat larger than 7 eV. The 
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normalized energy dependent frequencies vmf p and Ve/ p in CO according to equation 

(2.6) are represented in figure 2.4 [WIN-86]. 

----

-1 

---H2 

--eo 

0 5 25 
u(eVl 

Fig. 2.4. The total momentum (vm) and energy (ve) dissipation frequencies in CO and H2, 

normalized with respect to the discharge pressure, as functions of the electron energy (adapted 

from Wilhelm and Winkler (WIN-86]). 

It can be expected that this particular behaviour of vel p is reflected in the different 

behaviour of the periodic alteration of jiJ in different parts of the significant energy 

region. The periodic behaviour of jiJ was found [WIN-86] by solving equation (2.4) 

and (2.5), using the cross sections from GORSE et al. [GOR-84], and the numerical 

technique reported by Winkler et al. [WIN-84, WIN-85]. Figures 2.5 and 2.6 show 
the periodic behaviour of jiJ for half the field period at Etfp 1.73 lQ-3 Vm·1pa-1 

and for the wfp values 2.4 103 and 2.4 106 s·tpa-1. The extreme modulation without 

delay with respect to the HF field at the lowest wf p value 2.4 1 03 s·tpa-1 is caused 

by a quasi-stationary evolution of fil. The collisional energy dissipation can in each 

instant follow the HF field alteration for w « ve in most part of the significant 
energy range. Even now for wf p = 2.4 106 s-tpa-t (figure 2.6) a remarkable 

modulation with increased delay of jiJ in both regions of intensive inelastic collision 

processes remains. Particularly the large modulation up to very large field 

frequencies of the isotropic distribution jiJ in the region of intense vibrational 
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w/p•2.4103s-1 Pa-1 

parameter w~ /2n 

CO 

u!eVJ 

Fig. 2.5. The periodic behaviour of the isotropic part of the electron energy distribution function 

in CO as a function of the electron energy. The normalized phase angle wtj21r is used as a 
parameter. Conditions: wfp = 2.4 103 s·!Pa-t, Et/p = 1.73 I0-3 Vm-1Pa·l {adapted from Wilhelm 

and Winkler [WIN-86]). 

excitation, implies that the mean collision frequencies (and thus the corresponding 

collision rates for the production of vibrationally excited molecules) are periodic 

functions with pronounced modulation. This suggests a close coupling of the 

vibrational kinetics with the electron kinetics [CAP-86]. The same field frequency 

dependence can qualitatively be expected for all macroscopic quantities which are 

determined by the isotropic function ./6, such as the mean energy and the mean 

power loss by collisions. Furthermore, the momentum dissipation frequency (which 

has a dominant impact on the temporal behaviour of the anisotropic distribution) 

makes it possible to assess, whether the electron current density and thus the power 

input from the HF field, can still follow the HF field oscillations. A general 

characterization of the dependence of the field frequency on the energy and 
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Fig. 2.6. The periodic behaviour of the isotropic part of the electron energy distribution function 

in CO as a function of the electron energy. The normalized phase angle wt/21r is used as a 
parameter. Conditions: wfp 2.4 106 s·lpa·l, Etfp = 1.73 1Q·3 Vm·1Pa·1 (adapted from Wilhelm 

and Winkler [WIN-86]). 

momentum dissipation frequencies has been obtained by Wilhelm and Winkler 

[WIN-85]. 

2.3 The effective field approximation 

The solution of the system of partial differential equations, as described in the 

previous section, is time consuming. Often, the knowledge of the time averaged 

distribution and of the resultant time averaged macroscopic quantities is of 

particular interest. A simpler way to obtain directly the time-average over one 

period of the HF field of the isotropic distribution function, .[o, instead of calculating 
its temporal evolution and the subsequent period average, has been studied 

extensively by Winkler [WIN-87 A,B]. Such a simpler approach can be made by 

19 



Fourier expansion of the partial differential equation system as given in equations 

(2.4) and (2.5), using the Fourier expansion 

}J( u,t) 00 * 
E Fn( u)exp(jnwt), F-n( u) = Fn( u) , (2.9) 

-oo 

where * denotes the complex conjugate. Such a Fourier expansion for }J has been 

discussed by several authors [MAC-66, SHK-66]. Then, in particular for the lowest 

expansion coefficient Fo, i.e. the period average of }J, the following equation 

with the normalization conditions 

(2.11) 

has been obtained by Winkler [WIN-87 A], taking into account only particle 

conservative processes ( .9temeans the real part of). In equation (2.10) Fo is still 

coupled with the second harmonic F2 of }J, and thus with the total system of 

equations for all even harmonics [WIN-84]. However, if I F2 1 becomes noticeably 

smaller than Fo, from equation (2.11) an equation for F0 alone results. It was 

generally observed [WIN-84, WIN-85, WIN-87 A] that the magnitude of the even 
harmonics Fn for n ~ 2 and in particular of F2, is dominantly determined by the 

ratio of w to the electron energy dependent energy dissipation frequency Ve. For low 

field frequencies, i.e. w < Ve, }J shows very large modulations, and the magnitude of 

F2 becomes comparable with Fo in those parts of the relevant range of electron 

energy u where this inequality holds. However, when increasing the field frequency, 

i.e. w ~ Ve, the modulations of }J are drastically diminished in the entire relevant 

electron energy range. Furthermore, the magnitude of the harmonics and especially 

F2 becomes very small, i.e. I F2l < Fo. In this frequency limit the term in equation 
(2.10) containing F2 becomes negligible and a time independent kinetic equation for 

F0, the period average of }J, alone results. Generally, in most atomic and molecular 

gases of practical interest for plasma chemistry applications the energy dissipation 

frequency vel p reaches values of about 107 to 109 s-1pa-1. Considering the most 

commonly used field frequencies of practical interest for the same applications, i.e. 

values of wfp up to about 2.5 106 s·lpa-1, the inequality w < Vm holds. In this case, 
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and considering the frequency limit w ~ ve, equation (2.10) is simplified to 

(2.12) 

with the effective field strength Ee = E1//2. Equation (2.12) for Fo is identical with 

the equation for fo in a stationary state, i.e. for a DC plasma. The only exception is 

that now in equation (2.12) instead of the DC field strength the effective field 

strength Ee occurs. Thus, the period average of fo and of resultant macroscopic 

quantities can be satisfactorily obtained for sufficiently high field frequencies, i.e. for 

ve « w « Vm, by solving equation (2.12). This procedure has been called the effective 

field approximation (HOL-46, FER-83, WIN-87 A]. 

2.4 The effective field approximation in a 13.56 MHZ CF 4/ Ar pla.<~ma 

In this section the possibility is assessed to use the effective field 

approximation, as described above, for the calculation of the isotropic distribution 

function fo in a 13.56 MHz CF 4/ Ar etch plasma. To do this, the momentum and 

energy dissipation frequencies, as defined in equation (2.6), of these two gases have 

to be considered. 

The momentum and energy dissipation frequencies for CF 4, with the cross 

sections as given in appendix A (equations (A.l)-(A.5)), are represented in figure 

2. 7. From this figure it can be seen that at low energies (between 1 eV up to the 

threshold of dissociative attachment) and at moderate energies (between 8.5 eV up 

to the threshold of dissociative excitation) the only energy dissipation frequency, i.e. 

that of elastic collisions, is in the order of magnitude of 102 to lQS s·IPa·l. The 

values of wjp vary between 1.5 106 to 1.5 107 s·lPa·l in the actual discharge at 

pressures between 66.5 Pa and 6.65 Pa. The relation between the energy dissipation 

frequency and the frequency of the applied electric field satisfies the condition w » Ve 

in the energy region mentioned. Therefore, according to equation (2.7) no time 

modulation has to be expected in this energy region. 

In the energy region where dissociative attachment is of importance (3 eV ~ u 
5 8.5 eV) the normalized energy dissipation frequency ve/P reaches values of about 

3 1Q4 to 5 104 s·IPa·t, which is also much smaller than the values of w/ p considered. 

This implies that also in this region there will be no time modulation effect of the 

isotropic distribution. 
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Fig. 2.7. The total momentum (vm) and energy (ve) dissipation frequencies in CF4, normalized 

with respect to the discharge pressure, as functions of the electron energy. The range between the 

dotted lines indicates the possible values of wf p for wj21r 13.56 Mhz, and for discharge pressures 

in the range of 6.65 Pa to 66.5 Pa. Vibrational excitation (V), and dissociative attachment (A) 

(e + CF4 and e + CzF6) are the relevant inelastic processes in the low energy range. 

In the energy region where the vibrational excitation of CF 4 has to be considered 
ve/P reaches values of about 5 105 to 2 106 s-tpa·l, so that according to equation 

(2. 7) a large reduction of the harmonics can be expected in this energy region at 
discharge pressures up to about 66.5 Pa. It should be noted that the reduction of the 

harmonics increases with decreasing discharge pressure. 
At large energies, i.e. at energies above the excitation threshold Ue, the 

dominant characteristic dissipation frequency is that of exciting and ionizing 
collisions. Considering the relation w » Ve a large reduction of the harmonics can be 
expected for energies up to the ionization threshold Ui. In the energy range above 
the ionization threshold a slight modulation of the isotropic distribution can be 

expected for discharge pressures larger than about 25 Pa. No calculations were done 
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in a OF4 plasma on basis of the two partial differential equations (2.4) and (2.5), 

and there are no results available of a direct treatment of the electron kinetics as 

given by Wilhelm and Winkler (see section 2.2) in a OF 4 plasma. Therefore, the 

temporal evolution of the isotropic distribution in the energy region above the 

ionization threshold will be analyzed by considering the results of such a direct 

treatment obtained in an H2 plasma [WIL-85, WIL-87A]. The magnitudes of the 

dominant characteristic dissipation frequencies in the high energy range, i.e. that of 

exciting and ionizing collisions, are of comparable order of magnitude for the 

molecular gases CF 4 and H2. Thus, the time modulation of the isotropic distribution 

will approximately be the same for OF 4 and H2. 

The effect of the time modulation of the isotropic distribution in the high 

energy region is reflected mostly in the ionization frequency <vi>, which is defined 

as 

(2.13) 

where Ui is the threshold energy for ionization, and Qi( u) is the cross section for 

ionization. Therefore, it is necessary to compare the results of the calculation of 

<vi> by the effective field approximation (EFA) with the subsequently 

time-averaged value of the ionization frequency. Calculations by Wilhelm and 

Winkler [WIN-87 A] show that the averages of the lumped mean collision 

frequencies in H2 (including electronic excitation, dissociation and ionization) 

obtained by the effective field approximation, <vt>eff, deviate by less than 30% 

from the corresponding strict averages, <vt>pa., i.e. <vt>pa/<vt>eff = 1.3, at a 
value w/p 2.4 105 s-tpa-t. Considering the actual range of w/p, i.e. 1.5 106 to 

1.5 107 s-tpa-1, the discrepancy between <vt>pa and <vt>eff becomes even less than 

5%. 

From these considerations it may be concluded that the effective field 

approximation in CF 4 represents a good approximation for the strict period average 

of the isotropic distribution in the whole energy range considered. 

The momentum and energy dissipation frequencies for argon, with the cross 

sections given in equations (A.6)-{A.8), are represented in figure 2.8. From 

analogous considerations of the relation between w and Ve it can be verified that also 

in argon the effective field approximation will represent a good approximation of the 

strict time average of the isotropic distribution in the relevant energy region. 
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Fig. 2.8. The total momentum (vm) and energy (ve) dissipation frequencies in argon, normalized 

with respect to the discharge pressure, as functions of the electron energy. The range between the 

dotted lines indicates the possible values of wfp for wf27r 13.56 Mhz, and for discharge pressures 

in the range of 6.65 Pa to 66.5 Pa. 

It should be noted that up till now we discussed the spatially homogeneous 

Boltzmann equation. However, in order to calculate the electron energy distribution 

function in an actual RF plasma, we have to consider the kinetic equations in 

spatially non-uniform plasmas. A quite different phenomenology for deriving the 

kinetic equations, based on an asymptotic expansion of the electron distribution 

function fo into a small parameter, and applying the so-called multiple time scale 

formalism [SAN-63] in such a spatially non-uniform plasma is the subject of the 

next section. Similarities and differences between this method and the effective field 

approximation will also be discussed. 
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2.5 The kinetic equations in a spatially non-uniform RF plasma 

The previous sections treated the non-stationary electron Boltzmann equation 

in a a spatially homogeneous gas discharge, taking into account only particle 

conserving processes. Now it is necessary to consider the non-stationary electron 

Boltzmann equation for the distribution function fe(!:/!!..t) of the electrons in a 
spatialfy non-uniform gas discharge, including both particle conserving and particle 

non-conserving inelastic processes, i.e. 

(2.14) 

Here, G'ek is the collision integral for elastic collisions between electrons and 
particles of species k (electrons, ions, and neutrals), whereas V r is the gradient 
operator in configuration space. We assume that the frequency w of the electric field 

satisfies 

Wi < W <We and WTen:: 1 , (2.15) 

where Wi and We are the electron and ion plasma frequencies, and Ten is the average 
momentum dissipation time for elastic electron-neutral collisions. 

The electric field in the bulk of the discharge has been scaled in such a way 

that the energy gain of an electron in this field between two successive collisions 
with neutrals will on the average be compensated by the energy loss as a result of 

these collisions. In a situation where only elastic collisions between electrons and 

neutrals are considered, the scaling of the electric field mentioned above leads to the 
following relation: 

[eEren] = O(t:), f = (m/M)t. 
mVte el 

(2.16) 

Here, Vte is the thermal velocity of the electrons and c2 equals the electron-neutral 

mass ratio. The subscript el indicates that only elastic collisions have been 

considered. Equation (2.16) is in agreement with results obtained by (GUR-78, 

WAT-76, ODE-83]. In gas discharges of practical interest for plasma chemistry 
applications also inelastic collisions between electrons and neutrals have to be 

considered. This implies that the fraction between energy gain of the electrons due 

to the electric field and energy loss of the electrons due to elastic and inelastic 

collisions will be larger than in the situation where only elastic collisions have to be 
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taken into account. In accordance with GUREVICH [GUR-78] it will be assumed 

that the electric field now can be scaled as 

[eETen] _ tJ( ) _ 't 
mVth in - 'f/ ' 'f/- v ' (2.17) 

where the subscripts in indicates that both elastic and inelastic collisions have been 

included. For a molecular CF 4 plasma we have e = 2.8 I0-3 and 'f/ = 5.3 10·2. The 

scaling law as given in equation (2.17) can be checked afterwards by calculating the 

maintenance value of the electric field E, the average electron-neutral collision time 

Ten, and the thermal velocity of the electrons Vte· A typical value of the scaling 

parameter thus obtained is 4 10·2; this means that the scaling as given in equation 

(2.17) is realistic. 

Considering the inhomogeneities in the plasma, the Knudsen number ll!e 

defined as the ratio of the electron mean free path >-en to some particular 
macroscopic length L (experimental scale length) reads 

.., ·- Aen _ VteTen _ tJ("') ue .- T- -y;-- ., , (2.18) 

which is a good estimate considering the actual values of the parameters involved. 

The elastic electron-electron and electron-ion momentum dissipation 

frequencies, Vee and Vei respectively, are assumed to be of the order rp. with respect 

to the elastic electron-neutral momentum dissipation frequency, Ven· This is in 

accordance with the definition of a weakly ionized gas as given by V AN 

ODENHOVEN [ODE-83], i.e. 

(2.19) 

where Qjk is the elastic cross section for momentum transfer of particles j with 
particles k· The same holds for the elastic electron-ion momentum dissipation 

frequency Vei· 

The ratio of the inelastic and elastic momentum dissipation frequencies is also 

assumed to be of the order rp., which can be checked by considering the actual set of 

cross sections as given in appendix A, i.e. 

tJ( q2) ' (2.20) 

where Qin is the cross section for momentum dissipation in inelastic collisions 
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between electrons and neutrals. 
This implies that the elastic collision integrals <!ee, <!ei and the inelastic 

collision integral ~n satisfy 

O(rf). (2.21) 

All terms in the electron Boltzmann equation now will be labelled with the 

appropriate power of 17, and the distribution function will be expanded into this 

small parameter '1· Consistent with the assumptions above the electron Boltzmann 

equation reads 

(2.22) 

At this point it is helpful to comment on the use of 17 as a labelling parameter. 

When we would transform the Boltzmann equation into its dimensiortless form, 

powers of 17 would appear in front of the appropriate terms. We want to avoid this 

complication. Therefore, we keep the Boltzmann equation with dimensions and 

insert the appropriate power of q in front of the corresponding terms. In the end 17 is 
put equal to unity, so that q merely plays a bookkeeping role. 

The electron Boltzmann equation is solved by means of an asymptotic 
expansion into q. The expansion of the distribution function fe can be written as 

(2.23) 

It is known that such an expansion may often lead to secular behaviour, i.e. it 
contains terms Je<n+Il and Je<nl such that the ratio Je<n+ll ffe<nl goes to infinity 

with increasing time, so that the expansion fails. One possibility to avoid these 
secularities is to make use of the multiple time scale formalism [SAN-63]. In this 

formalism a transformation to a set of new time variables 71: "'" qkt is applied, so 
that the time derivative transforms as 

(2.24) 

Thus, the formalism consists of a transformation from one time variable to a certain 
number of time variables, which are treated as independent. In this way extra 
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freedom, necessary to eliminate the secular terms, is created. Expansion (2.24) then 

transforms equation (2.23) into 

(2.25) 

The collision terms are also expanded in powers of fJ [ODE-83] and the expansions 

are substituted into the Boltzmann equation. Thus, we obtain the following order 

equation: 

+ rfl~n(.feOl + ... ) ' (2.26) 

where fm is the Maxwellian distribution of the neutrals, and fi is the distribution 

function of the ions. The collision integrals ~ei and ~en in equation (2.26) are 

expanded in powers of 'f/2 [ODE-83], which is the order of magnitude of vti/vte in an 

isothermal plasma, where vti denotes the thermal velocity of the ions. In zeroth 

order the following equation is obtained: 

(2.27) 

Equation (2.27) implies that on the fastest time scale only elastic electron-neutral 

collisions have to be considered. From equation (2.27) an H-theorem can be derived 

[ODE-83]. The zeroth order distribution function therefore relaxes towards an 

isotropic function in the limit ro-t oo , i.e. after many elastic collisions (notation 

subscript as), since only a function g( v,J:,t) which is isotropic in velocity space 

satisfies the following equation: 

(2.28) 

As a consequence, we can write 
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[~ol] = lim [~o>J = 0. 
o as ro-:>(X) o 

(2.29) 

This implies that the zeroth order distribution function le~~ does not vary with ro. 
The first order part of equation (2.26) reads 

where the electric field is assumed to be of the form 

(2.31) 

The DC space-charge field §.o(iJ varies with position, but §.1 is assumed to be 

constant. From here complex notation will be used, and in the end the real part has 

to be considered. Considering equation (2.30) in the limit r 0 ..,., (X) we have 

a J!O> [ a.rp>J J(0) 7fi1Jeas + oto"- as+ .!:!' Vr;eas 

(2.32) 

To find a solution of this equation it is convenient to expand !eH in harmonic 

tensors and Fourier modes: 

!eH(.!:!)= t; nfeH (v)·<vn>/'tf.l, n n -
(2.33a) 

L; ~!eH ( v)exp(jmwro) . 
m 

(2.33b) 

In the r.h.s. of equation (2.33a) a summation of n-fold inner products between 

tensors of the n-th rank has been written. Expansion (2.33a) is completely 

equivalent to an expansion in spherical harmonics, as has been demonstrated by 

JOHNSTON [JOH-66]. With the orthogonality property of the harmonic tensors, 

the isotropic part of equation (2.32) reads 

a J( o> [a 'flt>] 
7fitJeas + 7fioJe as 0, (2.34) 

- -
where fe 1 > is the isotropic part of le 1l • From now on the notation fe ( n > is used for 
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ofe( nl, and ~< nl for 1fe< nl. Equation (2.29) implies that the first part of the 

left-hand side of equation (2.34) is not a function of To, so that it would follow that 

the first order isotropic distribution function grows linearly with To. Removing this 
secularity, we conclude that 

-= A~h = -= fetl = o . a [a - ] 
uJt uTo as 

(2.35) 

It thus appears that in first order, as well as in zeroth order, the isotropic part of 

the distribution function does not vary with To. 

From here on the subscript as will be replaced by the subscript a, indicating 

independence of both To and Tt. The right-hand side of equation (2.32), after 

insertion of equation (2.33a), can be written as [ODE-83] 

where T< nJ ( v) is a transport relaxation time, defined as 

(2.37) 

where u( v,x) is the differential cross section, Pn( cosx) is the Legendre polynomial of 

order n. It should be noted that T(l) ( v) equals the time for momentum dissipation 

in elastic electron-neutral collisions, so that it is convenient to write Tct( v) instead of 

T(1)(v), where Tct(v) = 1/vct(v). 
From the non-isotropic part of equation (2.32) it appears that only 

contributions proportional with E are present. So, only the first two terms with 

n = 0, 1 in the expansions (2.33) need to be considered. The first order equation for 

the non-isotropic part of the distribution function then becomes 

With equation (2.33b), the solution of equation (2.38) can be written as 

(2.39) 

where .A and ..2 are differential operators, defined as 
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(2.40) 

It should be noted that the expressions for 0 fell and 1 fell equal those obtained by 

SHKAROFSKY et al. (equations (3-85b) and (3-80) in [SHK-66], respectively). 

The first order distribution function can now be written as 

(2.41) 

The isotropic contribution JHl is yet undetermined. Equation (2.41) is the general 

solution of the homogeneous part of equation (2.32). 

In second order, and in the limit ro _, oo , equation (2.26) yields 

g~~gl + [g~2l]a+ !!:Vrfei>- ~[.§o(!J+Etexp(jwro)]·Vvfell 

= 6'ee(fe~;feR>) + 6~&>(fe~l) + ~n(fe2>) · (2.42) 

The isotropic part of equation (2.42) can be separated from the rest, see appendix C. 

This leads to 

Zt~R> + [g~2)t-:fv2"'·(V2fell)- ex~uwro) ~·<v2fell) = 

6'ee(fe2~fe2>) + ~n(fe2l) · 

To solve this equation, we Fourier expand fe~l: 

- 00 -

fe~> ( v) = E n fe~> exp(jnwro) . 
n=O 

(2.43) 

(2.44) 

Insertion of equations (2.33) and (2.44) into equation (2.43) shows that there are 

two terms present in this expansion; n 1, 2: 

tf(2l _ 1 [ "· V2 Td V a> a>,.D () ;]1(0) 
Jea - 'JjWiJl .::!!!.. l+JWTd V ::!!. +::!!. u-Td V.::!!!. Jea , (2.45a) 

2-1( 2 l _ 1 [ ~ v2r v ~J~<O> 
;ea - 12]WV2 -·1+JWTd V - ;ea · (2.45b) 
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Equations (2.45) imply that there is an isotropic part of the distribution function 

which varies in time with a frequency twice that of the applied electric field. This 

periodic behaviour has also been found by Wilhelm and Winkler (see section 2.2.). If 

there exists a DC part of the electric field and/or spatial inhomogeneities, there also 

exists an isotropic part which varies with the fundamental frequency w. 

Considering equation (2.43) in the limit r2 ... oo, the DC (time averaged) part 

of the resulting equation yields the equation for the zeroth order distribution 

function (see appendix B): 

~ ~ ~( Vlrd[~~~ + §.o· (~§.~ -vVr)].feRl)- vg~e Vr· (§.o}/eRJ) + 

+ ¥vMR) + eee(!eRU~R)) + vtn(.fe2l) = o, 

where the effective electric field Ee is defined as 

(2.46) 

(2.47) 

To solve equation (2.46) we make the Ansatz that .feRl can be separated into spatial 

and velocity parts, i.e. 

(2.48) 

where n~Rl is the zeroth order electron density. This means, in effect, that the zeroth 

order isotropic velocity distribution function must have the same form everywhere 

in the bulk of the discharge. 

If we consider a spatially homogeneous situation, i.e. Vr = 0 and Eo= 0, it is 

easy to show that the total isotropic distribution function can be written as 

(2.49) 

- -
fo( v) + ft( v, ro) , 

if one neglects the less important impact of the inscattering terms at low energies, 

due to inelastic collisions, on the temporal change of the isotropic distribution. In 

equation (2.49) l!in( v) is the total frequency for momentum transfer by inelastic 

collisions, ]o( v) is the time independent part, whereas lt( v, ro) is the time dependent 

part of the isotropic distribution function. Equation (2.49) clearly shows that a time 

modulation of the isotropic distribution function occurs in those energy regions 
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where inelastic collisions have to be considered. This feature has also been obtained 

by Wilhelm and Winkler. In their analysis, however, is was not possible to give an 

explicit expression for the total isotropic distribution function. It is obvious that the 

following condition has to be satisfied 

- -
I it( v,ro) I < fo( v). (2.50) 

Condition (2.50) can also be written as 

Vi~( V) < (l+uflra)t , (2.51) 

which is very similar to the condition for a sufficient reduction of the harmonics of 

the isotropic distribution as given by Wilhelm and Winkler, see equation (2.7). 

Within the framework of the model presented in this section it is clear that 

condition (2.51) is always correct, which can easily be verified by considering the 

scaling laws as given in equations (2.17) and (2.21). 

Generally, each isotropic contribution n fe~l gives rise to a corresponding part 

of the electron density 

00 -

nn~~l = ~~J n fe~l exp(jnwro)47rv2dv , (2.52) 

where ~e means "real part of". Considering the first harmonic of the time 

modulation of the isotropic distribution function, the corresponding part of the 

electron density reads 

(2.53) 

It should be noted that 2n~il = 0, which can easily be checked by inserting equation 

(2.45b) into equation (2.52). This implies that the second harmonic of the time 

modulation of the isotropic distribution function does not affect the total electron 

density in the discharge. This is in agreement with the normalization condition for 

the second harmonic F2 as given by Wilhelm and Winkler (see equation (2.11) in 

section 2.3). These results imply that in a homogeneous system, i.e. a system 

without spatial gradients in the isotropic distribution function, there will be no 

additional electron density in second order. 

It can be shown that in a homogeneous system the electron temperature 

(average electron energy) oscillates around its mean value with a frequency twice 

that of the applied electric field. Measurements of time resolved excitation of Cl in a 
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13.2 MHz Ch discharge [KRA-85, FLA-86], CH in a 100 kHz CH4 discharge 

[KOK-87], and Ar in 50 kHz/13.56 MHz Ar discharges [SEE-87] indeed confirm the 

presence of electron energy modulation. 

It will now be assumed that the averaged electron density ne in the bulk of the 

discharge is given with sufficient accuracy by 

Equations (2.48) and (2.54) imply that we have the normalization condition 

00 

f JJ( v)47r'lfldv = 1 . 
0 

(2.54) 

(2.55) 

The average of any scalar quantity ,Pis denoted by <,P> and is calculated from the 

relation 

(2.56) 

Although in a rigorous treatment all time dependent components of the total 

isotropic distribution function should be used in equation (2.56), it is assumed that 

for averaging purposes, the total isotropic distribution function is approximated 

with sufficient accuracy by the zeroth order isotropic distribution function. 

The AC and DC electron drift velocities, 1!_1~al and 0_!!~al respectively, now 

read 

l_!!~d) = _lj~l) fene = ne1exp(jwro)o(tfellj!v3dv' 

o.!!~al =- oj~tl I ene = n.eto(ofell ~7rv3dv' 

(2.57) 

(2.58) 

where 1j~tl and 0j~tl are the AC and DC electron current density vectors 

respectively. Inserting equation (2.38) into these equations for the AC and DC 

electron drift velocities finally we have 

4 2 
00 1 0 

tjpl =- 3 1f ~ §exp(jwro)0J lld+Jw v3F"Jegl dv, (2.59) 

0Nl = -j! ~2!}.o0( Td(v)va}jegl dv. (2.60) 

The real part of the AC electron current density can be written as 
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(2.61) 

Equation (2.61) implies that the amplitude of the AC electron current density 

decreases with increasing field frequency w, and that the phase delay between the 

AC part of the electric field !!]_1 and the AC electron current density depends on the 

magnitude of the ratio between the frequency w of the applied RF field and the 

momentum dissipation frequency lld. It can be seen that this phase delay approaches 

the asymptotic value 1rj2 if wfvd » 1, which implies that the energy input due to the 

applied electric field is very ineffective in this high frequency regime. These features 

are in agreement with the results obtained by Wilhelm and Winkler [WIN-84]. 

Following the work of ROSE [ROS-55], we assume the space-charge field .!!}_0 

to be of the form 

(2.62) 

where u6 is a measure of the space-charge in the bulk (in volts). 

There arises a slight problem in the evaluation of equation (2.46) because of 

the presence of certain crossed space and velocity terms, which indicates that the 

separation into ne(r).M v) is not completely correct. In appendix B, however, it will 

be shown that the separation is a good approximation, and that equation (2.46) can 

be written as 

_l (-~/ d ['lflr Et. dfo] + VTd Vine[eus dfo + vfb] + 
31ft m av d e Tv 3 ne m av (2.63) 

+ ~ee(Jb,Jb) + .4n(Jb) = 0 · 

Equation (2.63) is identical with the equation for the isotropic distribution function 

in a stationary state, i.e. for a DC plasma, with the only exception that now in 

equation (2.63) instead of the DC field strength the effective field strength Ee 
occurs. 

Some remarks about the ordering scheme 

In principle, equation (2.15) governs the scaling of the frequency w of the 

electric field with respect to the average momentum dissipation time for elastic 

electron-neutral collisions Ten· It should be noted that the time modulation of the 
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electron distribution function is predominantly governed by this scaling. The scaling 

law as given in equation (2.15) considers field frequencies of about 1 to 10 MHz. At 

lower frequencies, i.e. between 50 kHz and 500 kHz, we should introduce the scaling 

WTen 0( 'fl) , (2.64) 

so that equation (2.22) transforms into 

(2.65) 

The influence of the extra 'f/ term in the time derivative of .fe has only a small effect 

on the final equation for the isotropic part of the electron distribution function. It 

can be verified that the first order anisotropic and time dependent part of the 

distribution function then reads 

(2.66) 

whereas Ofell, i.e. the time independent first order anisotropic contribution, is the 

same as given in equation (2.39). From equation (2.66) it can be seen that the term 

jwrd which occurs in the denominator of the original expression disappears. This 

implies that there is no longer phase delay between the AC electron current density 

and the time varying electric field. Wilhelm and Winkler also observed a decreasing 

phase delay with decreasing field frequency. It can be verified that the term jwrct 

also disappears in the expressions for the second order time varying isotropic parts 

of the distribution function as given in equation (2.45). The final equation for the 

isotropic part of the distribution function }J only differs from the original expression 

by the definition of the effective electric field, which is now Ee E1/.J2. Since 

wren= O('fl), the influences mentioned will be negligible. 

At even lower frequencies than those which satisfy equation (2.64), a close 

coupling between the different harmonics of the isotropic part of the electron 

distribution will occur, see sections 2.2- 2.4, which implies that the effective field 

approximation as discussed in section 2.3 can not be applied anymore. At such low 

frequencies, i.e. frequencies below 100 kHz, an intense time modulation of the 

isotropic part of the distribution function can be expected, especially in those energy 

ranges where inelastic collision processes have to be considered. This implies that 

the ordering scheme of the different elastic and inelastic processes as given in 

equations (2.15)-(2.21) cannot be applied anymore. Another ordering scheme in 

which the different elastic and inelastic collision frequencies satisfy different scaling 
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laws in different energy regions should then be developed. At such low frequencies, 

however, a direct treatment of the electron kinetics, such as given by Wilhelm and 

Winkler, would probably be preferable above a method which incorporates the 

Fourier expansion of the distribution function. 

2.6 Basic equations in an RF CF 4/ Ar plasma; specification of the inelastic terms 

In this section we will focus on the electron distribution function in an RF 

CF 4/ Ar plasma, and we will specify the inelastic terms. The final equation for the 

isotropic part of the electron distribution function, denoted by Jb( v), reads (see also 
equation (2.63)) 

V~ne[eus d.fo + vJJ] + ._;n(JJ) = 0 . 
ne m Tv (2.67) 

Here, we neglected the electron-electron collisions (see also section 2.2). The 
electron-ion collision term has already been neglected in equation (2.42). The first 

term in equation (2.67) represents the energy gain of the electrons due to the 
electric field, the second term describes the diffusion of the electrons due to spatial 

gradients in the electron distribution function, i.e. spatial gradients in the electron 
density, and the third term represents the impact of several inelastic collision 
processes. 

When the term which describes the diffusion of the electrons due to spatial 
gradients in .iJ in equation (2.67) is omitted, this equation coincides with the result 
obtained by the effective field approximation. It should be noted, however, that in 

equation (2.67) there is no term proportional to m/ M. The magnitude of this term is 

equal to rf. Since the second order equation (see equation (2.42)) governs the final 

equation for the isotropic distribution function, it is clear that higher order terms 
are not included in equation (2.67). 

The total inelastic collision term in equation (2.67) includes the following 

processes: electronic excitation, ionization, vibrational excitation, collisions between 

vibrationally excited molecules and electrons (superelastic collisions) and 

dissociative attachment. The last three processes have to be considered only in CF 4• 

Hence, we can write 

(2.68) 

As mentioned, both particle conservative and particle non-conservative inelastic 
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collisions have to be considered, so that the inelastic terms have to be specified in 

more detail. 

To describe the ionization processes, a formulation proposed by WILHELM et 

al. [WIL-79] will be used, for which the knowledge of the total ionization cross 

section is sufficient. To describe the distribution of the available energy after 

ionization, a parameter fJe is introduced. The case fJe = t describes the situation in 

which the primary and secondary electrons have the same energy, i.e. the available 

energy is equally distributed amongst the two electrons. The case fJe 0 or fJe = 1 

describes the situation in which after the ionization one of the two electrons will 

have zero energy, i.e. one of the two electrons will get the total energy which is 

available. The ionization term can now be specified as 

~Aon(.Ai) = ~~Qi(vt).Ai(Vt) + l~Pe~Qi('1>2).Ai('1>2)- NnVQi(v)Jb(v), 

.2 1ft 2 e .2 v2 2 e 
Ul = lTe + m'Ui' V2 =Re+ mUi' (2.69a,b) 

where Qi( v) is the cross section for total ionization. Because the primary and 

secondary electrons are indistinguishable, the range for the parameter fJe reduces to 

t $ fJe $ 1. The collision terms for electronic and vibrational excitation (in the case 

of CF 4) can be written as 

(2.70a) 

(2.70b) 

where Qk denotes the cross section for the excitation process k, and Uk is the 

corresponding threshold energy. Due to superelastic collisions between electrons and 

vibrationally excited molecules (only for CF4), the electrons gain energy 

corresponding to the energy of the vibrational quantum. This superelastic collision 

term can be described by 

{2.71a) 

(2.71b) 

where Nt. is the density of the vibrationally excited molecules, which will be treated 

as an independent parameter [CAP-86], and Qs( v) is the cross section for 
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superelastic collisions. Implying the principle of detailed balance [MIT-73], the 

relation between Qv and Q6 can be written as 

(2. 72) 

where u is the electron energy in electronvolts, !Jo and 9t are the statistical weights 

of the ground level and the excited state respectively. 

The term which describes the dissociative attachment (only for CF 4) is an 

electron loss term, which can be written as 

(2.73) 

where Qa is the cross section for dissociative attachment (two different attachment 

channels have been considered; e + CF 4 and e + C2F6), and No is the density of 

C2F6 molecules (see appendix A). 
In terms of the energy variable u, the complete equation for Fo reads 

l(Ee)2 d ( u dFo) u V~ ne ("' dFo) 1 Q ( ) "' ( ) 
"3" ~ Tu~ Tu + 3Qd( u)Nfi ne ro+usau + Tle Ut i Ut ro Ut + 

+ ~[(u-uv)Qs(u-uv)Fo(u-uv)- uQ6(u)Fo(u)] + 

with the normalization condition 

00 .l 
J u2 Fo(u)du 1. 

0 

It should be noted that we have made the transformation 

Fo(u) = 21f(2e/m)312JJ(v). 

(2.74) 

(2.75) 

(2. 76) 

In equation (2.74) Ut= uff3e + Ui, 'U2 = uj(l-/3e) + Ui, Qj(u) is the cross section for 

momentum transfer in inelastic collisions (i.e. Qe, Qi, Qv, and Qa are the cross 
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sections for excitation, ionization, vibrational excitation, and dissociative 

attachment), and Qd(u) is the cross section for momentum transfer in elastic 

collisions. 

In appendix D analytic solutions of the electron Boltzmann equation have 

been obtained on basis of the following approximations: the frequency for 

momentum transfer in elastic collisions Vd, the inelastic cross sections Qj, and the 

vibrational excitation frequency Vv have been taken constant, whereas the 

superelastic collisions have been neglected [VAL-85A,B]. 

In principle, equations (2.74) and (2.75) determine the isotropic part of the 

electron distribution function in the entire energy range. From equation (2. 74) it 

can be seen that Fo depends on the parameters Ee/ Nn, Nn2/(Vr2ne/ne), Us and on the 

atomic data concerning the different elastic and inelastic cross sections. To complete 

the solution, it is necessary to determine the relation between these three 

parameters. This is a rather difficult and laborious iterative procedure, which 

requires knowledge of the space charge density and the evaluation of the electron 

macroscopic equations. 

2. 7 The electron macroscopic equations 

2.7.1 The electron particle balance equation 

To obtain the electron particle balance, equation (2.74) has to be integrated 

over the entire energy range. This leads to 

(2.77) 

where ~ represents an effective diffusion coefficient. The free electron diffusion 

coefficient, De, the mobility coefficient, Jle, the averaged ionization frequency, <vi>, 

and attachment frequency, <va>, are defined as 

(2.78) 

/-le (2e) JooFi(u)d(u3J2rd)du 
3m o o du ' (2.79) 

(2.80) 
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Here, <va> is the averaged total frequency for attachment. The ionization and 

attachment rate constants, Ki and Ka, are <vi>/ Nn and <va> / Nn respectively. 

Equation (2. 77) represents the balance between the rate of loss of electrons due to 

dissociative attachment and diffusion to the wall, and the rate of production of 

electrons due to ionization. 

Since the effective diffusion coefficient, the ionization and attachment 

frequencies are independent of spatial variation, see equations (2.48) and (2.76), we 

can write 

V2 ne 
rUe = - I'"]% ' (2.81) 

where 1 is a separation constant. The solution of equation (2.81) will depend on the 

form of the Laplacian. If we consider ionization and attachment taking place in a 

container in the form of a straight circular cylinder, the Laplacian is that 

appropriate to cylindrical coordinates, and the solutions of the diffusion equation are 

of the following type (subject to the condition that the electron density 

concentration must be zero on the boundaries): 

ne = ne0sin( 1rx/ L )Jo( 2.405 -Jl) , (2.82) 

where L is the height, and R is the radius of the cylinder. The eigenvalues are 

defined by 

(2.83) 

Because 1/ 9t has units of reciprocal of distance squared, it is convenient to write 

(2.84) 

which defines A as the characteristic cavity diffusion length. Considering the actual 

dimensions of the cylindrical cavity, i.e. R = 4 cm and L = 2 cm (see chapter 1), 

the value of A is 0.63 cm. 

With equation (2.84) the electron particle balance equation can be written as 

De - Usjl:e _ <v·> _ <v > = 9t A2 - l a -AJ.· (2.85) 

For later use we introduce the characteristic energy Uc of the electrons as the ratio 

of the electron free diffusion coefficient De to the electron mobility /-Le, i.e. 
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(2.86) 

To simplify the calculations, we consider solutions of equation (2.74) for rather large 

values of pA (p ~ 13 Pa). In this case the diffusion term in equation (2.74), which is 

proportional to l/(pA)2, is small in comparison with the remaining terms. In 

accordance with ROSE [ROS-55] we then approximate dFo/ du by the term 

-J.teFo/ De ( = -Fo/ uc)· Hence, we can write 

Fo + Us~° FoJ5! . (2.87) 

The diffusion term in equation (2.74) is now written as 

uFo (2.88) 

where Ae is an effective diffusion length, defined as 

(2.89) 

Equation (2.89) defines an effective diffusion length Ae, which in the steady state 

situation will be larger than the cavity diffusion length A. From the mathematical 

point of view the diffusion term as given in equation (2.88) transforms (2.74) to an 

· equation which determines the isotropic distribution function of the electrons under 

breakdown conditions (i.e. no space charge, and as a consequence free diffusion of 

the electrons) but with an effective diffusion length Ae instead of the cavity 

diffusion length A. Without introduction of a space dependent space-charge field !io 

this would not be possible, i.e. the Boltzmann equation would only determine the 

isotropic distribution function under real breakdown conditions. In absence of the 

space charge in the bulk, i.e. Us 0, there is no space-charge field !}sJ and as a 

consequence the effective diffusion coefficient fit equals the free diffusion coefficient 

De. In this case, corresponding to the breakdown condition, the effective diffusion 

length Ae equals the cavity diffusion length A. A more general treatment of the 

diffusion term will be presented in section 2.8. 
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2. 7.2 The electron current density equation 

The definition of the electron current density je( t) reads 

(2.90) 

It is obvious that only the anisotropic part of the electron distribution function 

contributes to the electron current density. In lowest order of the expansion 

parameter q the anisotropic part is linear in the vector E and can be written as 

}a( v) • !/ v, so that 

(2.91) 

It has been shown that the time varying part of }a can be written as 

(2.92) 

Insertion of this expression into equation (2.91), finally leads to 

where uc is the AC electronic conductivity. Under the assumption that the 

momentum dissipation frequency is energy independent, the expression for uc equals 

the Lorentz conductivity 0), i.e. 

_ ne e2 Vd2 j tfl 
Uc 0) - m Vd + . 

The real part of the AC electron current density can generally be written as 

(2.94) 

{2.95) 

which gives the phase delay between the applied AC electric field and the AC 

electron current density, as mentioned in section 2.2. 
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2.7.3 The electron energy balance equation 

The macroscopic electron energy balance equation can be obtained by 

multiplying equation (2.74) with uNne./(2e/m), inserting the effective diffusion term 

as defined in equation (2.88), and integrating it over all energies. Hence, we can 

write 

(2.96) 

which implies that the power input from the electric field into the electron 

component of the plasma U't, i.e. the Ohmic heating, is compensated by the energy 

losses by inelastic collisions, which can be specified as excitation energy U'e, 

ionization energy U'i, attachment energy U'a, vibrational energy U'v, the energy gain 

by superelastic collisions U'8, and by energy losses due to diffusion U'd. The different 

energy contributions read: 

(2.100) 

00 

(~)~ e J uQF(( )) du' 
m ~ dU 

0 

(2.101) 

where ur denotes the real part of the electron conductivity. The second equality in 

equation (2.97) can be verified from equation (2.93) and the relation 

vd(u) = NnQd(u)./(2eu/m). It should be noted that the power input term U'f equals 

the time averaged value of .9le[je( t)]· !!};coswt/ ne. 
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2.8 The electron diffusion term 
The form of the electron diffusion term as given in equation (2.85) and (2.89) 

is appropriate for the case of free electron diffusion and high gas densities, i.e. if 

Ad/ A » 1 and A+/ A« 1, so that 

91, ... De , Ae ... A . (2.102) 

Here, A+ is an effective ion mean free path and Ad is the electron Debije length, 

which is defined by the relation 

ki', 2 00 

Aa = tokTe/nee2 with _e = -3 J u312F0(u)du. e o (2.103) 

Here, Te is the electron temperature (mean electron energy). 

Equations (2.85) and (2.89) are also appropriate in the limit of ambipolar 

diffusion and high gas densities [ALL-54, ING-72], i.e. if Ad/ A« 1 and A+/ A« 1. In 

this limit 

(2.104) 

where D. and f..t+ are the positive ion diffusion coefficient and the positive ion 

mobility coefficient, respectively, and Dais the ambipolar diffusion coefficient. The 

definition of A. is based on that of IN GOLD [ING-72], i.e . 

.l. 
A+= J.t+(3Mucfe)• (2.105) 

denotes an effective ion mean free path which depends on the electron characteristic 

energy. The transition between the limits described by equations (2.102) and (2.104) 

has been investigated by a number of authors [HOL-49, ALL-54, ROS-55, SEirli3, 

WIL-67, ING-72]. Theoretical results can be approximated by the empirical 

relations [MUL-80] 

(2.106) 

and 

(2.107) 

where G is a geometric factor, which is unity for parallel plane geometry and 1.3 for 

cylindrical geometry. Here, fJ = J.te/ f..t+ is the ratio of the mobility coefficients of the 
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electrons and positive ions respectively. Figure 2.9 shows D5/ De as a function of 

A/ Ad, whereas figure 2.10 shows D5/ De as a function of A/ A+ (for CF 4). In figure 

2.11 the effective diffusion length Ae in CF 4 is represented as a function of the 

discharge pressure p. 

It should be noted that equations (2.106) and (2.107) define the effective 

diffusion coefficient Ds without consideration of the presence of negative ions, so 

that we can write ..0o = D5• It has been verified theoretically and experimentally 

[ALL-54, BEL-74, AKI-87], that the diffusion of the electrons can be enhanced by 

the presence of negative ions. The authors mentioned investigated the influence of 

the density of the negative ions on the ambipolar diffusion coefficient Da. In their 

analysis an effective diffusion coefficient Ds- was defined, in the limiting situation 

A/ Ad» 1 and A/ A+» 1, as 

Ds- _ 1 1 + 2~ + 1 / f 
1Je- 1+u 1 + 2/ ( l+u ' (2.108) 

where (3 = n-/ne is the ratio of the negative ion density and the electron density, 

ifJ = uc/ Ti is the ratio of the electron characteristic energy and the ion temperature. 

Fig. 2.9. The effective electron diffusion coefficient Ds in CF 4 normalized with respect to the free 

diffusion coefficient De as a function of the ratio of the cavity diffusion length A and the Debije 

length Ad. The ratio of A and the effective ion mean free path At is used as a parameter. The 

presence of negative ions has been excluded. 
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Fig. 2.10. The effective electron diffusion coefficient Ds in CF 4 normalized with respect to the free 

diffusion coefficient De as a function of the ratio of the cavity diffusion length A and the effective 

ion mean free path A •. The ratio of A and the Debije length Ad is used as a parameter. The 

presence of negative ions has been excluded. 
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Fig. 2.ll. The effective diffusion length Ae in CF 4 as a function of the discharge pressure. The 

ratio of the cavity diffusion length A and the Debije length Ad is used as a parameter. The 

presence of negative ions has been excluded. 
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Fig. 2.12. The effective electron diffusion coefficient Ds- (in CF 4) in the presence of negative ions, 

normalized with respect to the free diffusion coefficient De, as a function of the ratio of the 

negative ion density and the electron density. 

Figure 2.12 shows the effective diffusion coefficient as a function of {J. From 

this figure it can be seen that at high negative ion densities, i.e. fJ > 1, Vs

approaches the free diffusion coefficient De, whereas at low negative ion densities, 

i.e. fJ < 1, Ds- approaches the ambipolar diffusion coefficient Da. 
In these investigations a systematic influence of the parameters A/ Ad and 

A/ A+ on the. effective diffusion coefficient, as given by equation (2.108) for a 

particular limit, has not been included. A theory which includes the influences of all 

three the parameters A/ Ad, A/ A+ and n-/ ne on the electron diffusion has not been 

developed yet. It will now be assumed that this scheme of influences of the different 

parameters can be approximated by using the product of the effective diffusion 

coefficient, which considers the influence of the parameters A/ Ad and A/ A+ as given 

in equation (2.106), and the effective diffusion coefficient which only considers the 

influence of the negative ions, as given in equation (2.108). This implies that the 

expression 

(2.109) 
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is assumed to be representative for the effective electron diffusion coefficient in 

dependence of the parameters A/ Ad, A/ A+ and n-fne. Here, we assume that the 

pressure dependence, i.e. the dependence on A/ A+, of the effective diffusion 

coefficient in presence of negative ions can still be described by equations (2.106) 

and (2.107). 

Equations (2.106), (2.107) and {2.108) show that the effective diffusion 

coefficient ~ depends on the variables A/ Ad, A/>..., /le/ !J+ and n-/ ne. The electron 
Debije length depends on the electron temperature Te and the electron density ne. 
Consideration of the values of Te in the actual discharge [BIS-87 A] indicates that 

Te can be treated as a constant, so that the variation of the variable A/ Ad on the 

electron temperature can be neglected. The variables A/>... and p,e/ /lt. both depend 
on the mobility coefficient /l+ of the positive ions. The mobility coefficient for Ar• 

ions in argon has been measured by BIONDI et al. [BI0-54] as a function of the 
ratio of the electric field E and the discharge pressure p. These results can be 
approximated by 

(2.110) 

where p has to be given in Pa and Ee/P in Vm-tPa-t, and where the stationary 

electric field E has been transformed into the effective electric field Ee. 

For the mobility coefficient of the CFs• ions there are no measurements 

available. Considering the definition !J+ ef(M<Vim> ), where <Vim> is the average 
frequency for collisions between ions and molecules (CFs• and CF4), /l• will be 
approximated by 

(2.111) 

where p has to be given in Pa. 

2.9 Method of solution of the electron Boltzmann equation 

The final equation for the isotropic distribution function F0, after insertion of 
equation (2.88) into equation (2.74), now reads 

lt .§.)2 !L u dFo) uFo 1 Q ( ) v ( ) 
3'Nn du'tJd[ii)au -3Qd(u)(NnAe)2+7JeUt iUt.t·oUt + 
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+ ~[(u-Uv)Qs(u-Uv)Fo(u-uv)- uQs(u)Fo(u)] + 

-~ [u(jj(u)Fo(u)h=e,i,v = 0. 
J 

(2.112) 

Evaluation of equation (2.112) shows that Fo depends on the parameters Ee/ Nn and 

NnAe, whereas the effective diffusion length Ae depends on the parameters A/ Act, 

A/>.+, JJe/ tt+, and n-/ ne. It should be noted that the parameters which determine Ae, 
except n-/ ne, are integral properties of Fo, whereas the electron density ne is related 

to the applied power density !f' by the external electron energy balance equation 

(2.113) 

Here, it is assumed that the applied power is completely dissipated in the bulk 

region (glow) of the discharge. This implies that we neglect the power dissipation in 

the sheath regions of the discharge. Considering the low electron density in the 

sheaths (see chapter 3), this approximation is reasonably justified for discharge 

pressures above 15 Pa. Within the framework of this model, we treat the negative 

ion density n- as a free parameter. 

The isotropic electron distribution function Fo now is completely determined 

by the choice of the negative ion density and the following set of equations: 

1) Equation (2.112), i.e. the kinetic equation. 
2) Equation (2.75), i.e. the normalization condition. 

3) Equation (2.85), i.e. the electron particle balance equation. 

4) equation (2.93), i.e. the electron current density equation. 

5) Equation (2.113), i.e. the external electron energy balance equation. 

The electron particle balance equation governs the relation between the 

parameters Eel Nn and NnAe, whereas equations (2.89), (2.106)-(2.111) describe the 

effective electron diffusion length Ae completely. It is evident that the set of 

equations mentioned earlier should be solved self consistently. Therefore, an 

iterative procedure has been used. 
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2.10. Results of the Boltzmann analysis in a 13.56 MHz CF 4/ Ar plasma 

It should be noted that all the results mentioned in this section have been 

obtained with f3e = t. 
Figure 2.13 shows the isotropic distribution function in Ar and CF 4 at a discharge 

pressure of 40 Pa (0.3 Torr). This figure also shows the Maxwellian distribution 

lOsoL-------~5--------~,o~------~--------~ 
u !eV) 

Fig. 2.13. The isotropic part of the electron energy distribution function in CF4 and argon as a 

function of the electron energy. The Maxwellian distribution function with a temperature 

corresponding to the average electron energy in CF 4 is denoted by F m· The discharge pressure is 40 

Pa. The presence of negative ions has been excluded. 

function corresponding to the electron temperature (mean energy) as obtained from 

the actual distribution in CF 4· It should be noted that in these particular results the 

negative ion density has been taken zero, i.e. n_ = 0. From figure 2.13 it can be seen 

that both the distribution functions in Ar and CF 4 are underpopulated, with respect 

to the Maxwellian distribution function, in the high energy range, i.e. above the 

corresponding ionization threshold energies. The pressure dependencies of the 

distribution functions in Ar and CF 4 are shown in figures 2.14 and 2.15 respectively. 

These figures clearly indicate the increasing role of inelastic collisions at increasing 

pressure. Furthermore, it can be seen that due to the influence of negative ions, the 

pressure dependence of the high energy range of the distribution function is not so 

pronounced in CF 4 as in Ar. It should be noted that the distribution function in 
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Fig. 2.14. The isotropic part of the electron energy distribution function in argon as a function of 

the electron energy. The discharge pressure is used as a parameter. 
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Fig. 2.15. The isotropic part of the electron energy distrib.ution function in CF4 (including the 

presence of negative ions) as a function of the electron energy. The discharge pressure is used as a 

parameter. 
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CF 4 as given in figure 2.15 is calculated with the negative ion density [ F-h as given 

in figure 2.16 (dash-dotted curve). When the negative ion density [F-]1 is used, the 

resulting electron density is given by the dash-dotted curve in figure 2.17. Other 

'"\" 
e 

';!2 
0 

' u.. 
c: 

0 
pressure p IPal 

Fig. 2.16. Various curves of the negative ion density nr- (density of fluorine ions) as functions of 

the discharge pressure. These curves have been used for the calculation of the electron density. 

The dash-dotted curve (denoted by [F·h) is used for the calculation of the electron energy 

distribution function. 

choices of the negative ion density as given in figure 2.16 will result in the 

corresponding electron density curves as given in figure 2.17. 

It should be noted that there are no experimental results available concerning 

the negative ion density in the CF 4 discharge. On the basis of balance equations 

BISSCHOPS [BIS-87A] has estimated the negative ion density [F-] to be 3 1016 m-3, 

at a discharge pressure of 13 Pa (0.1 Torr), and 20 W input power. The pressure 

dependence of [F-] has not been evaluated. Since there exist reliable measurements 

of the pressure dependence of the electron density [BIS--87A], we were able to 

determine a negative ion density, such that the corresponding electron density will 

reflect the measured pressure dependence of ne almost completely. The [F-]t curve 

yields a ne curve which resembles the measured electron density reasonably. 

Especially the pronounced maximum in ne shows a good agreement between the 
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Fig. 2.17. Various curves of the electron density versus the discharge pressure. The different curve 

types correspond to those of the negative ion densities. The solid curve represents experimental 

results for a 13.56 MHz, AC-coupled CF 4 plasma (input power 20 W) obtained by Bisschops 

(BIS-87Aj. 

measurements and the calculations. In fact, a negative ion density which increases 

linearly with the discharge pressure is in agreement with qualitative considerations 

[BIS..S7 A]. It should be noted that the solid curve in figure 2.16 yields an electron 
density, which equals the experimental results up to 30 Pa. At higher pressures, 
however, the increase in the negative ion density which is needed to reproduce the 

measured ne completely is not very realistic. It has been observed that there is a 
weak pressure dependence of the volume of the bulk plasma on the discharge 

pressure [BER-86, BIS-87A]. This also implies a weak pressure dependence of the 
sheath thicknesses. With increasing pressure the volume of the plasma bulk will 

increase and, as a consequence, the sheath thicknesses will decrease. This implies 

that the power density in the plasma will decrease with increasing pressure, so that 

the incorporation of this pressure dependence will yield lower electron densities, 

approximating the measured ne dependence better. 
Figure 2.18 shows the distribution functions in Ar and CF 4, normalized with 

respect to the corresponding Maxwellian distribution functions, as a function of the 

electron energy. From this figure it can be seen that the presence of negative ions 
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leads to a distribution function which is more like the Maxwellian. The effect of 

negative ions can also clearly be seen in figure 2.19. This figure shows the relation 

--·-[n, 
----n_•O 
---Ar 

163 0~__ ___ __L ____ _.J,o'------L.,5----._j2o 

u (eVJ 

Fig. 2.18. The isotropic ~art of the electron energy distribution function in CF4 and argon, 

normalized with respect to the corresponding Maxwelliao distribution functions, as a function of 

the electron energy. The dashed curve has been obtained by neglecting the negative ion density 
( n... = 0), whereas the dash-dotted curve has been obtained with the use of the corresponding 

negative ion density curve [F-h. The discharge pressure is 40 Pa. 

between the parameters Eel Nn and pA, i.e. the relation between the maintenance 

value of the effective electric field Ee, normalized with respect to the gas density Nn, 
and the product of the discharge pressure p and the cavity diffusion length A. This 

curve can be interpreted as the Paschen curve in a corresponding DC discharge. As 

can be seen from figure 2.19, the presence of negative ions will change the electric 

field in the discharge significantly. This is an agreement with the fact that the 

negative ions will enhance the diffusion of electrons, so that the maintenance value 

of the effective electric field will be shifted from the value obtained when the 

presence of negative ions is neglected, approximated by the curve n- = 0, towards 

the electric field under breakdown conditions, as indicated by the curve Ae ~ A. The 

local minima in the dash-dotted curve and the dotted curve in figure 2.19 coincide 

with the maxima in the electron density curves, as given in figure 2.17. The pressure 

dependence of the effective electron diffusion length Ae in Ar and CF 4 has been 
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Fig. 2.19. Maintenance values of the effective electric field in CF4, normalized with respect to the 
gas density, versus the product of the discharge pressure and the cavity diffusion length. The 
curve indicated by Ae ::~ A corresponds to the values of the effective electric field under breakdown 

conditions, whereas the curve indicated by n.. = 0 corresponds to the values of the electric field 

without the incorporation of negative ions. The other curves coincide with the corresponding ne 
and m- curves. 

depicted in figure 2.20. This figure shows once more the influence of the presence of 
negative ions on the diffusion mechanism of the electrons in the discharge. 

Figure 2.21 shows Ee/Nn as a function of pA for CF4 and Ar. From this figure 

it can be seen that the maintenance values of the electric field in the argon plasma 

are considerably smaller than in the CF 4 plasma. This is mainly due to the presence 

of negative ions and the fact that dissociative attachment in CF 4 is the dominant 

electron loss process in the the pressure range above 40 Pa. This can be seen in 

figure 2.22, which shows the various rate constants for the inelastic processes in CF 4 

as a function of Eel Nn. From this figure it can be seen that the attachment and 

vibrational rate constants are nearly independent on Eel Nn, i.e. also independent on 

the discharge pressure p. Figure 2.22 clearly indicates the balance between the rate 

of loss of electrons due to dissociative attachment and diffusion to the electrodes, 

and the rate of production of electrons due to ionization, i.e. Ka + Kd Ki, where 

Kd = 9Jsi(NnA2). At discharge pressures up to 40 Pa (0.3 Torr) the diffusion of the 
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Fig. 2.20. The effective electron diffusion length in CF 4 and argon versus the discharge pressure. 

The curve indicated by n. = 0 is obtained without consideration of the negative ions, whereas the 

curve indicated by [F·]t is obtained with the use of the corresponding negative ion density curve . 
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Fig. 2.21. Maintenance values of the effective electric field in CF 4 and argon, normalized with 

respect to the gas density, versus the product of the discharge pressure and the cavity diffusion 

length. The dash-dotted curve has been obtained with the use of the corresponding negative ion 

density curve, whereas the curve indicated by n.. = 0 excludes the presence of negative ions. 

57 



10~·~--~170----~----~2~0-----L-----3~0----~ 

Eel Nn 110-20 Vm2 l 

Fig. 2.22. Various rate constants in CF4 versus the ratio of the effective electric field and the gas 

density. Shown are the rate constants for electronic excitation (E), ionization (I), vibrational 
excitation (V), diffusion (D), and total dissociative attachment (A). 

electrons is the dominant loss mechanism, whereas at pressures above 40 Pa the 

dominant loss mechanism is that by dissociative attachment. 

For comparison, figure 2.23 shows the ionization rate constant Ki together 
with the results as obtained by MASEK et al. [MAS-87), and results obtained when 
a Maxwellian distribution function is taken. The discrepancy with the results as 
given by Masek can be explained by the consideration of the set of cross sections 
used in their work. In their paper, the method recently developed by PHELPS and 

coworkers [FR0-62, PHE-85] has been applied to estimate the relevant cross 
sections and to calculate the electron energy distribution function. This method is 
based on the fact that the electron drift velocity is particularly sensitive to the 
momentum transfer cross section, whereas the characteristic energy of the electrons 
is coupled to inelastic impact processes which convert the electron energy into the 
excitation of the molecules. The procedure of matching the calculated and 

experimental values of the transport properties would then result in an estimate for 
the cross sections for the relevant processes. In their work it has been found that the 
momentum transfer cross section has a deep Rarnsauer minimum within the electron 

energy range in which, unfortunately, the cross section for vibrational excitation 
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attains a large magnitude (typically 10-19 m2). As shown by various authors 

[KLE-78, LIN-79], the representation of the distribution function by the two-term 
expansion, see section 2.2, is very poor in that case. Considering these features, and 
the fact that in their work the cross section for momentum transfer in elastic 
collisions was incorrectly claimed to be unknown in literature, it is clear that their 
approach is not very accurate. 
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Fig. 2.23. The rate constant for ionization in CF 4 versus the ratio of the effective electric field and 

the gas density. The solid curve indicated by n. 0 has been obtained without taking into 

account the negative ions, whereas the solid curve indicated by [F-h has been obtained with the 

use of the corresponding negative ion density curve. The dash-dotted curve is based on results by 

Masek et al. [MA8-87]. The dashed curve is based on a Maxwellian distribution function. 

The fractional electron energy losses by excitation, ionization, diffusion and 
dissociative attachment are shown in figure 2.24 as a function of Ee/ Nn for CF 4 and 
Ar. This figure shows that most of the energy is transferred into excitation and 
ionization, especially at high discharge pressures, i.e. low values of Ee/ Nn. At 
increasing Ee/ Nn, the energy transfer into ionization and diffusion will increase, 
whereas the energy input into excitation will decrease. The energy transfer into 
vibrational and superelastic collisions is very small ( < 2%), and has not been 
depicted in this figure. 
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Fig. 2.24. Fractional power transfer in CF 4 and argon as a function of the normalized effective 

electric field. Shown is the energy transfer into excitation (E), ionization (I), diffusion (D), and 
dissociative attachment (A). The solid curves in the range of 2 10·19 Vm2 to 3 10·19 Vm2 have 

been obtained with consideration of the presence of negative ions (curve [F·]t). The curves in the 

remaining range have been obtained without taking into account the negative ions. 

The electron temperature Te (average electron energy) and the characteristic 

energy Uc of the electrons are shown in figure 2.25. If the distribution function is 

Maxwellian we would have Te = Uc, so that the actual relation between these two 

properties is an indication for the deviation from a Maxwellian distribution 

function. As can be seen from figure 2.25, Te is somewhat larger in Ar than in CF 4, 

at equal values of Eel Nn. This has also been observed by experimental verification 

[BIS-87 A]. Figure 2.25 also shows that the distribution function in CF 4 is more like 
a Maxwellian than the distribution function in argon. The results for argon are in 

good agreement with the results obtained by FERREIRA et al. [FER-84]. 

Figure 2.26 shows the averaged elastic electron neutral collision-frequency Ven 

in Ar and CF 4 as a function of the discharge pressure p. It can be observed that V en 

in an argon plasma is somewhat lower than in CF 4, but generally shows the same 

behaviour as in a CF 4 plasma. Figure 2.26 also shows the measurements of this 

collision frequency as given by Bisschops. The method described by Bisschops 

[BIS-87 A] for the determination of the averaged electron-neutral collision frequency 
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Fig. 2.25. The electron temperature ( Te) (average electron energy) and the characteristic electron 

energy ( ttc) in CF 4 and argon as functions of the normalized effective electric field. The solid 
curves in the range of 2 10-19 Vm2 to 3 10-19 Vm2 have been obtained with consideration of the 

presence of negative ions (curve [F-]t). The curves in the remaining range have been obtained 

without taking into account the negative ions. 

from measurements of the lowering of the quality factor of the loaded microwave 

cavity (see also chapter 1) depends on the assumption for the plasma conductivity 

(i.e. the cross section for momentum transfer), and is only valid if the electronic 

conductivity uc equals the Lorentz conductivity as given in equation (2.90). Since 

the actual electronic conductivity differs from the Lorentzian one, the absolute value 

for the measured collisions frequencies, as given in figure 2.26, is therefore limited to 

an accuracy of about a factor 3. Measurements in a pure argon plasma show a good 

agreement with the calculated collision frequency. The figure indicates a linear 

increase of the measured collision frequency in Ar with increasing pressure, and an 

extrapolation of the straight line passes through the origin as can be expected. The 

discrepancy between the measured and calculated collision frequencies in CF 4 is not 

clear yet. Apparently, the assumption of a Lorentzian conductivity is more justified 

in argon than in a CF4 plasma. The deviations are, however, within the factor 3 

mentioned earlier. 
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Fig. 2.26. The average momentum dissipation frequency Ven for elastic electron-neutral collisions 

in CF 4 and argon versus the discharge pressure. Taking into account the presence of negative ions 

yields the solid curve indicated by [F-]t, whereas the curve indicated by n- = 0 has been obtained 

without consideration of the negative ions. Experimental data obtained by Bisschops [BIS-87 A] 

are shown for argon (o) and CF4 (o). 

To indicate the influences of vibrational excitation and superelastic collisions 

on the distribution function, the distribution function, normalized with respect to 
the Ma.xwellian distribution function, is given in figure 2.27 for three different 
situations. Curve 1 describes the distribution function without vibrational excitation 

and without superelastic collisions, whereas curve 2 includes these two processes. 
The magnitude of the vibrational cross section has been chosen 10-19 mz, which is an 

overestimation, to yield a more pronounced change in the distribution function. It 

should be noted that also the energy range in which the vibrational excitation has to 
be considered is changed from 0.1-1 eV to 0.1--4 eV. Figure 2.27 shows that the 

distribution function is increased in the low energy range ( u < 3 e V) due to 

vibrational excitation. Curve 3 shows the distribution function when the 

superelastic collisions are neglected, whereas the vibrational excitation is included. 
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Fig. 2.27. The isotropic part of the electron energy distribution function in CF4, normalized with 

respect to the corresponding Ma.xwellian distribution function, as a function of the electron 

energy. The cross sections for vibrational excitation (given in m2) and superelastic collisions are 

used as parameters. The ratio of the density of vibrationally excited molecules and the density of 

molecules in the ground state has been taken equal to 0.3. The results were obtained without 

consideration of the negative ions. The discharge pressure is 40 Pa. 
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Fig. 2.28. The electron temperature ( Te) and the characteristic electron energy ( uc) in CF 4 versus 

the cross section for vibrational excitation. Curves 1 and 3 have been obtained without the 

incorporation of superelastic collisions, whereas in curves 2 and 4 superelastic collisions have been 
included. 
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Finally, figure 2.28 shows the electron temperature and the characteristic energy of 

the electrons as a function of the vibrational cross section (energy range 0.1 eV-

4 eV). At increasing vibrational cross section, Te and Uc will decrease due to the 
increasing energy transfer into vibrational excitation. About 70% of the total energy 

is transferred into vibrational excitation, whereas the energy gain of the electrons 

due to the superela.stic collisions is about 20%, when the vibrational cross section is 

10-19 m2. However, the changes in Te are not very pronounced, so that we can 

conclude that these processes are of minor importance. It should be noted that in 

these specific calculations the influence of negative ions has been neglected. 
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3 MODELLING OF THE SPACE CHARGE REGIONS OF THE DISCHARGE 

3.1 Introduction 
Due to the difference between the thermal velocity of the ions and electrons in 

a glow discharge, a floating wall or electrode which is in contact with the plasma 

will initially collect more electrons than ions and will consequently be charged 

negatively. This implies that the glow region of the plasma, as described in the 

previous chapter, is separated from each electrode by a positive space charge sheath 

(SCS). Positive ions produced in the plasma volume are accelerated across these 

sheaths towards the negatively charged electrodes. In plasma etching and deposition 

the kinetic energies of incident ions have important effects on etch (or deposition) 

rates [CHA-81, WIN-83], etching anisotropy [ZAR-83], etching selectivities 

[WIN-83, FLA-83], deposited film properties [POT-81], and/or contamination and 

damage to surfaces [EPH-81]. The ion kinetics in the SCS are predominantly 

determined by the potential difference between the plasma potential near the 

substrate surface and the potential of the substrate (or electrode). This is the case 
when collisions of ions with neutral particles in the SCS can be neglected and when 

the frequency of the electric RF field is much smaller than the characteristic 

frequency of the ion motion in the SCS. It has been concluded that the accelerating 

mechanism of the ions, and following from it the bombarding energy of the ions 
striking the electrode, is very important for the actual etching properties of the RF 
plasma. This mechanism depends strongly on the time dependent voltage drop 
across the sheath and the potential profile in the sheath. 

A general description of the ion kinetics in the SCS over the entire range of 
applied field frequencies, w, is very difficult to give, because it depends on the 

relative magnitude of w and the ion plasma frequency, Wi, or the electron plasma 
frequency, we. A significant effect of the excitation frequency w on the ion 
bombardment of grounded surfaces is related to the transit time required for an ion 

to traverse the sheath region between the bulk plasma and a grounded surface. The 
excitation frequency will influence the nature of the sheaths and the plasma 

potential. For example, at high frequencies ( w > Wi) the sheaths are primarily 
capacitive, whereas at low frequencies ( w < Wi) the sheaths are mostly resistive. 

Although the capacitive nature of sheaths in RF discharges has been 

recognized for a long time [GOU-64], KOENIG and MAISSEL [KOE-70] were the 

first to use the capacitive model of the sheaths for the explanation of the electrical 

behaviour of typical RF glow discharge systems, used in RF sputtering technology. 
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Especially at high frequencies ( w > Wi), where displacement currents become 

dominant, this model can be successful for the interpretation of etching results. The 

equivalent circuit of an RF planar discharge with two electrodes is shown in figure 

3.1. 

sheath 1 

plasma bulk 

electrode 2 

Fig. 3.1. Equivalent circuit of an RF planar discharge with two electrodes. The impedance of the 

bulk plasma (glow) is represented by a resistor Rg, the sheaths by the capacities CSt and C52 

parallel to the leak resistors Rs1 and Rsz. The diodes are present because the bulk plasma will have 

positive potentials with respect to the electrodes. The capacitive coupling of the RF generator to 
the electrodes has been indicated by the external blocking capacitor Cb. The amplitude of the RF 

voltage is Vo, whereas Vdc represents the self-bias voltage. 

The impedance of the glow is represented by Rg, the sheaths by the capacities Cs1 

and Cs2 parallel to the leak resistors Rst and Rs2. The space charge in front of the 

electrodes is represented by the electric charge on the capacities; the leak current of 

ions from the discharge seeps through Rst and Rs2· The diodes are present because 

no plasma will be maintained when an electrode would be at higher potential than 

the plasma potential, i.e. the glow will have positive potentials with respect to the 

two electrodes. In a stationary situation, because of the continuous leak of positive 

charge from the capacities, the diode parallel to the smallest capacity will, during a 

part of one RF-cycle, charge the larger capacity to maintain the average values of 

the sheath potentials. The leak rate determines how long the diode switch has to be 

open. The capacitive sheath approximation assumes that the resistive components of 

this circuit are negligible, i.e. Rst and Rs2 .... oo , Rg--; 0. 
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Within the scope of this work we will distinguish three excitation frequency regimes 

in which the sheath dynamics will be discussed. In section 3.2 some general 

considerations about the space charge regions will he discussed. 

In the frequency regime w < Wi < We both electrons and ions react 
instantaneously to the field variations in the sheath. This frequency regime will be 

discussed in section 3.3. In the frequency regime Wi < w < We the ions are too inert to 
follow the fast potential variations. This regime will be the subject of section 3.4. 
The actual frequency relation in the present reactor satisfies Wi $ w < We, where the 
excitation frequency is 13.56 MHz. This regime will be discussed in section 3.5. 

3.2 A general description of the space charge regions 

Only positive ions and electrons are considered to contribute to the space 
charge, i.e. the presence of negative ions is excluded in the present discussion. As 

the negative ion density inside the SCS is small compared to that of the positive ion 

density, this model is a good approximation. An accurate incorporation of these ions 
complicates the model of the plasma sheath. Recently, TOUPS et al. [TOU-87] 
discussed the properties of plasma sheaths in the presence of negative ions. 

One of the most important characteristics of a plasma is its quasi-neutrality, 

i.e. the positive space charge density Pi is almost completely balanced by the 

negative space charge density Pe· In these plasmas a significant charge separation 
can only occur in the boundary layers near electrodes or probes. In these so-ealled 
space charge sheaths, the properties of the quasi-neutral plasma region are coupled 

with the properties at the electrodes. The sheath thickness S( t) of an RF plasma, 

whiCh varies in time due to the variation in time of the applied voltage, exceeds Ad 

by a factor of about 70, with Ad the Debije length. In the experimental situation 

referred to in chapter 1, the total sheath thickness is even larger than that of the 
quasi-neutral glow region. The ions which are produced in the glow are accelerated 

in the space charge sheaths towards the electrodes. This acceleration meChanism, 
and following from it the bombarding energy of the ions striking the electrode, is 
very important for the etching properties of the RF plasma. 

Ion energy measurements in a 13.56 MHz CF 4 plasma [BIS-87 A] indicate that 

the processes in the sheath are nearly collisionless, i.e. the ion mean free path Ai is 

about equal to the time averaged sheath thickness So. As a consequence, the 

collision integrals in the ion Boltzmann equation can be neglected. The 

measurements of the ion energy show that the CFa+ ions (in CF4 plasmas) and the 
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Ar+ ions (in Ar plasmas) dominate the· sheath processes. Only singly charged ions 
have to be taken into account. The presence of more than one type of positive ions 

will only slightly modify the model presented [MET-87]. Since the etching process is 
for an important part dominated by the ion dynamics, we are mainly interested in 
the ion velocity distribution function fi., which satisfies 

M+ JJ:Vrfi. + iJ:§:Vvfi. = 0. (3.1) 

The ion Boltzmann equation together with the Maxwell equations determine the ion 

dynamics in the sheath. It is impossible to solve these equations in general, so we 

will simplify them by using specific reactor conditions [BIS-87 A]. Since in the 

reactor types most commonly used the diameter d of the electrodes is much larger 

than the maximum sheath thickness ~ax, i.e. 

d» Smax, (3.2) 

we will only take into account the x components of the vectors in equation (3.1). 
This also implies that we consider planar sheaths (the x axis has been chosen 

perpendicular to the electrode surfaces). The ion Boltzmann equation thus reads 

fJt + ~i + ME(x,t)U; 0 . (3.3) 

According to this equation the ions, which all enter the sheath with low kinetic 
energy (typically 2 eV) due to the Bohm-criterion [BOH-49], are only accelerated 
in the x-direction, i.e. they all hit the sample, which is mounted on the electrode, 
perpendicularly. This explains the very sharp boundaries of the etched channels, see 
figure 3.2. For the present reactor conditions the explanation mentioned above is in 

accordance with the results obtained by ZAROWIN [ZAR-83]: the ratio between 
the directed ion velocity Vx and the "random" ion velocity Vy (in the direction 

parallel to the electrodes) near the electrodes is large, Vx/ Vy :::! 20 (whereas Vx = Vy 

corresponds to isotropic etching). 
For later use we mention that integration of equation (3.3) yields the ion 

charge conservation law 

(3.4) 

where Pi and ji are the ion charge density and the ion current density respectively, 

i.e. 
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A 

small ~~xtvy large Vx/Vy 

Fig. 3.2. Outline of the etched profiles in relation to the ratio of the directed ion velocity Vx and 

the random ion velocity Vy (the :v-direction has been chosen perpendicular to the mask). Isotropic 

etching corresponds to small values of Vx/Vy (A), whereas anisotropic etching corresponds to large 

values of vx/Vy (B). 

where Wi represents the ion tranBport velocity (in the x-direction). 

(3.5) 

(3.6) 

It is convenient to use an expression for the external current I( t) [MEI-87 A, 

GOD-76]: 

(3.7) 

where ji( t) and ie( t) denote the ion and electron conduction current densities at the 

plasma-sheath boundary. The positive current direction is indicated in figure 3.2. 

Furthermore, Q8 denotes the total charge in the sheath, and A represents the 

electrode area. Equation (3. 7) shows that the external current is a superposition of 

the charged particle conduction currents and a current due to the oscillation in time 
of the position of the plasma. Although the symmetry of the problem requires that 

the two space charge sheaths are identical if their electrode areas are equal, it is not 

allowed to treat them independently. 

At this point, it is helpful to consider the implications of the capacitive 

coupling (AC-coupling) of the RF generator, supplying the AC voltage Vosinwt, to 

the electrodes. On a time scale typical for RF frequencies (w/21f 100 kHz 

20 MHz), the charge neutrality of the plasma can be satisfied [SUZ-86]. Charge 
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neutrality of a plasma can be violated on a time scale shorter than Te = 211"/We. 

Thus, the requirement of the current continuity 

(3.8) 

couples the properti.es of the two sheaths SCSl and SCS2, and is always correct. The 

external blocking capacitor Cb (see figure 2.1) insulates the electrodes electrically. 

This implies that the net charge flow Qc to both electrodes for one RF cycle must be 

zero. The external capacitor thus implies the additional condition 

271" 2;rr 
of I1dwt = of hdwt = o . (3.9) 

It is easy to show that for Ad Az ~ 1, corresponding to different areas of the two 

electrodes, the relations (3.8) and (3.9) cannot be satisfied simultaneously if 

Vt(t)- V2(t) = Vosinwt. (3.10) 

Here, Vt and V2 are the potential differences between the two electrodes and the 
plasma bulk. Equations (3.8), (3.9), and (3.10) are inconsistent, which is due to the 

fact that equations (3.8) and (3.10) would lead to a non-zero value of the time 

averaged current corresponding to an excess of ion current. As in the case of a single 

probe subjected to an alternating potential [GAR--62], we would expect the 

electrodes to set up a self-bias voltage counteracting this effect, which would 

amount to superimpose a DC voltage Vdc on the RF voltage. We can write this as 

Vt(t)- Vz(t) = VQSinwt + Vdc. (3.11) 

Inserting equation (3.7) into equation (3.9), and using the periodicity of the 

solution, we obtain the following relation: 

2'11' 
of [ii(t)- ie(t)]dwt = 0' (3.12) 

which implies that the total conduction current must be zero over one RF period. 

The periodical sheath properties can be determined from the following set of 

equations: 
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rM + ~i + ME(x,t)U;l1,2 = 0 , (3.13) 

ni(x,t) = JJJfi.(t,x,vx)d3)!, (3.14) 

E(x,t) lt,2 =- ov~~,t) I t.2 , (3.15) 

DEl = e( ni-ne) I 
Ox 1,2 fO t,2 ' 

(3.16) 

Dnil +~I -o l'1ft 1,2 X 1,2 - ' 
(3.17) 

~ 1,2 
[~S + ji( t)- .ie( t)]t,

2 
, (3.18) 

lt(t) -h(t), (3.19) 

211" 
of (ji( t)- je( t)] dwt = 0 , 

1,2 
(3.20) 

where the subscripts 1, 2 are related to the corresponding electrodes. Here, V(x,t), 
E(x,t), ni(x,t), and ne(x,t) denote the potential, the electric field, the ion density, 

and the electron density at a position x in the sheath. Of course, these equations are 

not all independent. The basic equations are (3.13} and (3.16), whereas equations 

(3.18)-(3.20) constitute boundary conditions. 

The method of solution of these coupled equatibns depends on the relation 

between the field frequency w, the ion plasma frequency Wi 

and the electron plasma frequency We 

Considering these frequencies we distinguish three regimes: 

1) The low frequency regime: 

(3.21) 

(3.22) 

(3.23) 

where both ions and electrons react instantaneously to the potential variations in 
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the sheath [V AL-86]. As a consequence, the sheath thickness will, at each time, 

correspond to the steady state thickness, which is related to the instantaneous 

voltage drop Vs( t) across the sheath. This frequency regime will be discussed in 

section 3.3. 

2) The high frequency regime: 

(3.24) 

where the ions are too inert to follow the fast potential variations. As a 

consequence, the ions are accelerated in the SGS towards the electrodes by the time 

averaged component, < V(x,t)>t, of the sheath potential, which is defined as 

27r 
< V(x,t)>t =of V(x,t)dwtj21r. (3.25) 

Simultaneously, the electrons oscillate with w from the maximum sheath thickness, 

S'max, to the minimum sheath thickness, Smin [VAL-87A,B, MEI-87B]. So, the time 

averaged electron density together with the stationary ion density determine the 

time averaged potential in the SGS, described by the Poisson equation. Then, from 

the Poisson equation, the equations of ion motion, RF current continuity and charge 

conservation for the two SGSs, a system of coupled integral-differential equations 

has been obtained. The solutions of these equations will be discussed in section 3.4. 

3) The transition frequency regime: 

Wi~W<We 1 (3.26) 

which describes the actual frequency relation in the present reactor (see chapter 1) if 

the angular frequency of the applied electric field is 13.56 MHz. In this regime, the 

ions are not only influenced by the time averaged value of the sheath potential, but 

also to a lesser degree by the instantaneous sheath potential [V AL-87 A,B, 

BIS-87B]. The effect of this however is small, and will be discussed in section 3.5. 

3.3 The low frequency regime 

In this section we consider the frequency regime w $ Wi < We and we will 

calculate the time dependencies of the potential profile in the SGS, the electron and 

ion densities in the SGS, the sheath thicknesses, and the self bias voltage. In a 

recent paper by POINTU [POI-86] this frequency regime is also discussed. Pointu, 

however, neglected the displacement current, and did not calculate the potential 
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profiles in the sheath, the electron and ion density profiles in the sheath and the 

time dependent behaviour of the sheath. 

Several assumptions will be made in order to simplify the present discussion. 
The assumptions used are the following: 

1) Due to the frequency relation (3.23), both electrons and ions react 

instantaneously to the field variation in the sheath. This implies that the transit 

timer of the ions through the sheath is not longer than 21rjw. As a consequence, the 

sheath thickness S( t) will, at each time, correspond to the steady state thickness 

related to the time dependent voltage V6( t) across the sheath. This also implies that 

the ion energies will reflect the temporal dependence of Vs( t), i.e. the time 

dependent potential drop across the sheath, and the maximum ion energy will be 

related to the maximum sheath voltage [KOH-85B] {the dependence on the field 

frequency w of the maximum ion energy incident on a grounded electrode in 40 Pa 

argon/krypton discharges has been measured by BRUCE [BRU-81], in the 

frequency range of 10 kHz to 10 MHz). In practice, this implies that we consider 

field frequencies up to about 3 MHz, corresponding to the ion plasma frequency at a 
plasma density of 1016 m-3. 

2) Plasma ions enter the SCS with the ion sound velocity Vs= (kTe/ M) f. Consistent 

with this assumption, the initial energy of the ions 1>k (in volts) entering the SCS is 

defined as <Pk = MVs2/2e. This so-called Bohm criterion [BOH-49] implies that the 

plasma ions, initially with thermal energy, are accelerated across a small pre--sheath 

[CAR-62], such that they enter the SCS with a directed velocity with a magnitude 

equal to or greater than Vs· 

3) The plasma ions move without collisions from the boundary between sheath and 

pre-sheath (further denoted as SPSB) to the electrode, i.e. we consider a free fall 

model. This corresponds with the condition that the ion current density )i is a 

constant Joi = eVsns = eVsnoexp(-<Pk/<Pe) [MET-86,87], where <Pe kTe/ e is the 
electron temperature in potential units, no is the plasma density in the bulk of the 

discharge, and ns is the plasma density at the SPSB. 

4) The electrons in the SCS will follow the Boltzmann relation closely [CHA-80]. 

The fraction of electrons able to reach the electrodes, for the sheath voltages in this 

model, is very small. So, the influence of this electron loss on the Boltzmann density 

distribution of the electrons in the SCS is very small [CAR-62, CAR-66]. 

5) The electron temperature Te (mean electron energy) is constant in time. This 

assumption implies that there is a minimum field frequency below which the model 
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fails. The time modulation of the energy distribution function ( EED) of the bulk 

electrons, and as a consequence the modulation of integral properties of the EED, 

has been discussed in the previous chapter. For the conditions considered in this 

work, the time modulation of the mean energy of the bulk electrons is small for 

frequencies larger than approximately 100 kHz and gas pressures smaller than about 

65 Pa (0.5 Torr). 

As mentioned before, the sheath thickness S( t) will, at each time, correspond 

to the steady state thickness related to the instantaneous voltage V8( t) across the 

sheath. Caused by the applied RF voltage between the electrodes, the position Xs( t) 
of the SPSB varies from x = Xso= 0 to x = Xst , see figure 3.3. Here, x denotes the 

axial coordinate in the sheath. The assumption of a collisionless sheath implies that 

the form of the potential profile does not change in time, but only shifts from x 0 

to x Xst· 

Sltl 

Smax 

-

I 
I 
I V5ltl 
I 

x5 (t) 

position x in the sheath 

Xso=O 

Fig. 3.3. A schematic representation of the oscillation in time of the potential profiles in the 
sheath. The position of the electrode (or wall) is denoted by Xw, whereas the position of the 

boundary between sheath and pre-sheath (SPSB) at the maximum sheath thickness (Smax) is 
denoted by Xso 0. The time dependent position Xs(t) of the SPSB (with corresponding sheath 

thickness S( t)) varies between x = Xso = 0 (corresponding to Smax) and x = Xs1 (corresponding to 
Smin)· V5(x,Xs) is the potential at the position x in the sheath, at a position Xs of the SPSB. The 

potential difference between the SPSB (with position Xs(t)) and the electrode is denoted by V8(t). 
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So, starting point is the Poisson equation for the potential in a 

quasi-stationary sheath which has a SPSB at a position Xs· We define Vs(X,Xs) as the 

potential at the position x in the sheath, at a position Xs of the SPSB. So, Vs(Xs,Xs) 

is the potential of the SPSB, and Vs(Xs,Xs) + <fok = Vp is the plasma potential. 

V8(x,Xso) = V6(x,O) = Vo(x) corresponds to the potential profile in the sheath at the 

position Xs Xso = 0 of the SPSB, i.e. at the maximum sheath thickness Smax which 

can be written as Smax :r:w - Xso = :r:w. Here, Xw coincides with the position of the 

electrode. It is obvious that the sheath thickness S( t) satisfies S( t) = :r:w- Xs( t). It is 

easy to show (figure 3.3) that we can write 

(3.27) 

In a first approximation we take dVs(X,Xs)/ dx = Es as a constant at the position 

x = Xs, i.e. we assume that the electric field at the SPSB is constant. We also 

assume the plasma potential Vp to be constant in the axial direction, which implies 

that we can write Vs(x,Xs) Vs(Xs,Xs) = Vp </>k for x ~ Xs, i.e. the sheath potentials 

are related to the plasma potential. 

The ion density at the position x in the sheath, which has a position Xs of the 

SPSB, can be written as (ion energy conservation) 

(3.28) 

whereas the electron density reads (Boltzmann distribution) 

(3.29) 

With these equations, the Poisson equation now reads 

where fls( x,Xs) V6(Xs,Xs)- V5(x,Xs)+4>k represents the kinetic energy of the ions in 

the sheath. Note that fls(x,Xs) = <fok if x ~ Xs· It is easy to see that we can write 

g6(x,x6) = fls(ll-Xs,O) = g6o(x-Xs). To solve equation (3.30), we use the following 

boundary conditions: 
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(3.31) 

Here, g5'(x,x5) denotes dg5(x,x5)/dx for x Xs· Multiplication of equation (3.30) by 
9s' ( x,Xs) and integration of the resulting equation leads to 

Integration of equation (3.32) from Xs to x yields a relation between x and g5(x,Xs) 

for x ~ Xs: 

Equation (3.33) represents the position x as a function of the kinetic energy of the 
ions in the SCS, and gives an implicit relation between the potential and the 
position in the SCS. In general, the integral in equation (3.33) can be calculated 
only numerically. The time dependent behaviour of g5(x,Xs) is determined by the 

time dependence of the position Xs( t) of the SPSB. To calculate Xs( t) (or S( t)) and 
V5 ( t), we use the requirement of RF current continuity in the two SCSs. It can be 

shown that it is not necessary to know the solution of equation (3.33) when we want 
to calculate V5(t) only. For the calculation of S(t) however, we need the solution of 
equation (3.33). 

The total current in the sheath can be described as a superposition of 
conduction and displacement currents. The assumptions made imply that the 

conduction current density ic through the sheath is given by the static plasma probe 
current-voltage characteristic (Langmuir probe curve), i.e. 

where :ioi is given under assumption 3), and where V( t) is the potential difference 

between the electrode and the plasma, i.e. V( t) = Vs( t) + </>k, where Vs( t) is the 

potential difference between the electrode and the pre-sheath. The saturated 

electron current density is [MET-87] 
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(3.35) 

where <ve> is the average electron speed inside the plasma. Here, the assumption is 

made that the electrons have a Maxwellian velocity distribution with temperature 

Te inside the plasma. 

The displacement current density }i, due to the oscillation in time of the 

position of plasma (and the SPSBs), can be calculated by considering the variation 

in time of the total charge in the SCS. The total charge in the sheath, which has a 

SPSB at a position Xs, equals the integrated net charge density, multiplied by the 

area A of the electrode. So, we have 

Xw 

Q( Xs( t)) = eA J ( ni( x,.xs)-ne( x,.xs))dx, (3.36) 

Xs( tl 

which can also be written as 

Xw-Xs ( tl 

I 
S( t) 

Q(.xs(t)) =eA (ni(x,O)-ne(x,O))dx= eA J(nio(x)-neo(x))dx. 
0 0 

(3.37) 

Here, we define niO(x) and neo(x) as the ion and electron densities at the position x 
in the sheath, at a position Xso = 0 of the SPSB, see figure 3.4. It is easy to show 

that the following relation holds: 

(3.38) 

The displacement current density now reads 

jd dQ(Ad~t)) = e[mo(S(t))-neo(S(t))] 1J. (3.39) 

With equations (3.28), (3.29) and (3.39), and with the definition of the potential 

drop across the sheath, V6(t) = V6(x~;,Xs)-Vs(Xw,Xs), the total current densities in the 

two SCSs can be written as 
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position x in the sheath 

Fig. 3.4. A schematic representation of the electron and ion density profiles in the sheath. The 
density of electrons and ions at a position x in the sheath (at a position .:rs(t) of the SPSB) is 
denoted by ne(x,.:rs) and n;(x,x,;), respectively. The plasma density at the SPSB is represented by 

ns. The density profiles at the position x Xso 0 of the SPSB (i.e. at the maximum sheath 
thickness) are denoted by neo(x) and n;o(x). 

where Vt( t) and V2( t) are the potential differences between the two electrodes and 

the plasma, Le Vst(t) + </>k and Vs2(t) + </>k· The requirement for RF current 
continuity leads to the condition 

(3.42) 

The relation between Vst(t) and V52(t) is given by equation (3.11). At a given ratio 
of the two electrode areas, the bias voltage Vdc can be calculated from the 
requirement that no net DC current component can flow in the circuit, i.e. (see 
equation (3.12)) 

21f 

0J j.,2dwtj21r = o . (3.43) 

The system of equations (3.11), (3.40)-(3.43) will be reduced to a differential 

equation for V52( t). Combination of the equations (3.39)-(3.42) leads to 
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-'I( V2( t)+ vft~ Vosinwt)] - (l + R)ioi :::; 0 · (3.44) 

Here, R is the area ratio of the two electrodes; R = A2/ At. 

It is convenient to write the terms dSt/ dt and d~/ dt as functions of V82( t). 
We therefore introduce the inverse function ( of 9so(S(t)), which describes the 

sheath thickness S( t) as a function of the voltage V8( t) across the sheath. Note, that 

we can write 9so( S( t)) = Vs( t) + t/Jk :::; V( t). Hence, the function (is defined as 

S( t) = (( V6( t)+t/Jk) . {3.45) 

It is evident that we can write 

9so(St(i)) = Vst(t) + t/Jk Vt(t), (3.46) 

and 
(3.47) 

Using equations (3.45)- (3.47) we can write 

(3.48) 

Combination of the equations (3.48) and (3.11) yields an expression for the sheath 

thickness 51( t) as a function of V2( t): 

(3.49) 

It is clear that the term d51/ dt now reads 

dSiJ~t) = ('(V2(t)+ Vctc+ Vosinwt)( Vowcoswt + dV~~t)). (3.50) 

The term d~/ dt can be written as 
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(3.51) 

Here, (' denotes the derivative of the function (with respect to its argument. 

Substitution of x = Xw into equation (3.33) leads to the following relation 

between the sheath thickness S( t) and the voltage across the sheath Vs( t): 

The right hand side of equation (3.52) is identical with the function (. The function 

(' now can be found by differentiation of equation (3.52). This results in 

(3.53) 

where V= V6(t) + tPk· 
With these results, we are also able to write the displacement current density in the 

sheath as 

(3.54) 

where Cs is the nonlinear sheath capacitance, which, because of equations (3.39), 

(3.28), (3.29), and (3.52), can be written as 

Cs en..[~ exp{-V~~t)}] ('(V(t)). (3.55) 

Substitution of equations (3.50), (3.51) and (3.53) into equation (3.44) finally leads 

to a differential equation for V82( t), i.e. 
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where 

Vt = Vs2( t)+ Vosinwt+ Vdc+ </Jk , 

V2 = Vs2(t)+ </Jk , 

L(t) = exp[(-Vdc-Vosinwt)/<Pe] . 

Analytic solutions for w/27r ~ 100 kHz 

(3.56) 

(3.57) 

For low frequencies, wj21r ~ 100 kHz, we may neglect the displacement current 

in the calculation of the sheath voltages. This implies that we may neglect the coswt 
term in the numerator of the r.h.s. of equation (3.56). Thus, we obtain the following 

approximation for the sheath voltage V2( t), which is in accordance with calculations 

done by GODYAK et al. [GOD-75], 

(3.58) 

where 1 = joi/ joe. 

The approximated sheath voltages V1( t) and V2( t) are shown in figure 3.5 for R = 2; 

they equal the numerically calculated sheath voltages, i.e. the solution of equation 

(3.56), within an accuracy of 1%. This figure clearly shows that the waveforms of 

the voltage differences across the plasma sheaths are highly nonsinusoidal as can be 

expected from the nonlinear properties of the plasma sheaths. During a considerable 

part of of the RF -eycle the sheath voltage at the largest electrode will be nearly 

constant, whereas the sheath voltage at the smallest electrode will vary with wt 
during this part of the RF-eycle. 

The time averaged sheath voltages can approximately be written as 

v; = _,;. 1n[l+RJ +V. 2~7r + A.ln~a+1r +!.[tll-(V. +"" lnR)2]t 2 o/et 'Y d~ o/e 2 7r 7r vo de o/e , (3.59) 

Vt = V2 + Vdc, 
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Fig. 3.5. The time dependent potential differences between the plasma and the electrodes versus 

the phase angle. The areas of the electrodes are unequal: R A2/ At = 2. The values of the 

remaining relevant parameters are: w/21f 100 kHz, Vo = 100 V, Vdc = 47.1 V, ns = 1016 m·3, 

1/>e = 4 V, Es = 750 Vm·l. 

where a = arcsin[( 4>elnR+ Vdc)/ VoJ. This approximation can be used for area ratio 

values up to .j(27rVo/4>e)· For larger values of R, i.e. R » 1, we can approximately 

write 

V1 = 4>eln 1 + 4>eln/o( Vo/ 4>e) , (3.60) 

where V2 = <Pelnl corresponds to the floating Langmuir potential. Equation (3.60) 

implies that the impedance of the SOS at the small electrode is much larger than 

the impedance at the large electrode; so that the applied RF voltage almost 

completely occurs across the SOS at the small electrode. The time averaged sheath 

potentials are shown in figure 3.6 as a function of the area ratio R, whereas figure 

3.7 represents the averaged sheath potentials as a function of the amplitude of the 

applied RF voltage for R 2. 

The bias voltage Vdc is a function of the area ratio R of the two electrodes, 

and can be calculated from the substitution of equation {3.58) and {3.34) into 
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10 15 
area ratio R 

3.6. The time averaged sheath voltages and the bias voltage ( Vdc) as functions of the area 

ratio of the electrodes. The parameters are the same as given in the caption of figure 3.5. 

400 

;: 300 

0 50 100 150 

Fig. 3.7. The time averaged sheath voltages versus the ratio of the RF voltage amplitude and the 
electron temperature (in potential units). The relevant parameters are: wf2~r "" lOO kHz, R = 2, 
Vdc = 47.1 V, ns 1016 m-3. 
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equation (3.43). The equation for Vdc then reads 

211' 

0J( R+exp[-( Vosint'J+ Vdc)/<Pe])-1d0 = 21rj(R+1) . 

The solution of equation (3.61) can be approximated by 

(3.61) 

(3.62) 

which is an improvement of the approximation used by Godyak [GOD-75]. Here, 

ao = 0.158, a1 = 0.733 , a2 = 0.109 if Vo/1Je = 25, and Io is the modified Bessel 

function of zeroth order. Figure 3.8 shows the solution of equation (3.61), obtained 

numerically, and also the approximated solution as given in equation (3.62). It is 
not difficult to see that in the case R < 1, Vdc changes polarity. Investigation of 

equation (3.62) shows that for Vo > ,Pe the quantity ,PJnlo( Vo/<Pe) is nearly 

independent of ,Pe, as can be easily seen by replacing lnlo( Vo/ ,Pe) by its asymptotic 

expansion for large Vo/ ,Pe, so that Vdc becomes a function ofonly Vo and R. 
In order to verify the validity of equation (3.61) we have to compare the values of 

20 

-- calculated tnum.l 
----approximation 

area ratio R 

V0 = 100V 

(/)e = 4V 

Fig. 3.8. The bias voltage versus the area ratio of the electrodes (wj21r 100 kHz). The solid 
curve represents the numerically obtained solution of equation (3.61 ), whereas the dashed curve 

represents the approximation as given in equation (3.62). 
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the calculated self-bias voltage with those determined by the experiments. Figure 

3.9 shows the numerically obtained solution of equation (3.61) for R = 3 and the 

experimentally determined values of the self bias voltage as functions of the 

RF-power, for a 13 Pa (0.1 Torr) 13.56 MHz Ar plasma. This figure also shows the 

corresponding RF volt ages as measured by Bisschops [BIS-87 A]. It should be noted 

-- .,,.,, • .,, I 
--- theory J 

0 40 50 

Fig. 3.9. The amplitude of the RF voltage ( Vo) and the bias voltage ( Vdc) in a 13.56 MHz argon 

plasma {discharge pressure is 13 Pa) versus the input power. The solid curves are experimentally 

determined by Bisschops [BI5-87A], whereas the dashed curve represents the calculated values of 

the bias voltage (i.e. the solution of equation (3.61) for R = 3, </le= 4V). 

that R 3 is a good estimate of the electrode area ratio in the actual closed 

geometry of the microwave cavity (see also chapter 1). From figure 3.9 it can be 

seen that there is a good agreement between the calculated and experimentally 

determined values of Vdc· It should be noted, however, that the calculations were 

carried out in the low frequency approximation, whereas the measurements were 
done in a 13.56 MHz discharge. This indicates that the increasing importance of a 

capacitive component in the sheath properties at higher frequencies does not affect 
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the self-bias voltage significantly. This feature will be discussed in more detail in 

the next subsection. 

Substitution of equation (3.58) into equation (3.54) yields the displacement 

current density in the sheath at electrode 2, i.e. 

· _ _ [____j_<P_IL _ {-Vs~( (I}] f ( V2f t)) Vowco s wt 
)d2- ens \TV2Tij exp e 1 + exp( VOs 1 nwt+ Vdc)fiPe) · (3.63) 

It is easy to show that jd1 can be written as 

. [./_A_ {-V5~(t)}] R('(Vtft))Vowcoswt 
Jdl = ens \TV1Tl)- exp e R + exp (- Vos i nwt+ Vdc)fiPe) · (3.64) 

Figure 3.10 shows -jdl and jd2 as a function of wt, whereas figure 3.11 shows the 

electron conduction current densities -jet and ie2 as functions of wt. From these 

figures it can been seen that the displacement current is almost negligible in 

comparison with the conduction current in the SCS. Figure 3.10 also shows how long 

the equivalent diode switches in the two sheaths, see figure 3.1, are open in order to 

yield the corresponding electron currents. 
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Fig. 3.10. The time dependent displacement current densities in the sheaths, normalized with 

respect to the ion conduction current density, as functions of the phase angle. Same parameters as 

given in the caption of figure 3.5. 
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3.11. The time dependent electron conduction current densities in the sheaths, normalized 

with respect to the ion conduction current density, as functions of the phase angle. Same 

parameters as given in the caption of figure 3.5. 

2.-------~,--------,--------~--------~ 

·- -j, ltl/joi 
·-·-·-·-·-·-·-·-. "'\ 

r-----~~-------' jzltl/ joi 

·\_.,-·--·---·-

i 
/ 

-3'-------------'L-----------'----------'---------__j 
0 n 2n 

wt lradl 

Fig. 3.12. The total time dependent current densities in the sheaths, normalized with respect to 
the ion conduction current density, as functions of the phase angle. Same parameters as given in 

the caption of figure 3.5. 
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The total current densities in the two sheaths are presented in figure 3.12. It should 

be noted that this figure clearly shows the current continuity in the two sheaths, i.e . 

.itA1 = -iJA2. 
The time varying sheath thickness S2( t) can be calculated by substitution of 

equation (3.58) into equation (3.52), and is represented in figure 3.13. This figure 

shows that the time dependence of the sheath voltages is also reflected in the time 

dependence of the sheath thickness. It can be seen that the minimum sheath 

thickness ~in is about 2 mm, and that the maximum sheath thickness is about 

4mm. 
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\ 

lt 

wtlradl 

Fig. 3.13. The time dependent sheath thicknesses versus the phase angle. Same parameters as 
given in the caption of figure 3.5. 

Figures 3.14 and 3.15 show the time averaged density and potential profiles in 

the sheath. As can be seen from figure 3.14 the averaged densities at a given 

position x in the sheath are somewhat larger at the large electrode than at the 

smaller electrode, whereas figure 3.15 shows that the largest voltage drop across the 

sheath occurs at the smallest electrode. 
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Fig. 3.14. The time averaged density profiles in the sheaths, normalized with respect to the 
plasma density at the boundary between sheath and pre-sheath (SPSB), versus the distances from 

the electrodes. Same parameters as given in the caption of figure 3.5. 
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Fig. 3.15. The time averaged potential profiles in the sheaths versus the distances from the 
electrodes. Same parameters as given in the caption of figure 3.5. 
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Solutions for w/21r > 100 kHz 
In the frequency range wj21r > 100 kHz, the displacement current cannot be 

neglected, and as a consequence we must solve equation (3.56). Figure 3.16 shows 

the time dependent sheath potentials for w/27r = 5 MHz, and R 2. In this figure 
also the results for w/21r 100kHz are shown. From this figure it can be seen that 

the capacitive component in the sheath behaviour is of increasing importance. 

> 

200,--------,---------,--------.--------. 

150 

~0 

0 Tt 

wt Cradl 

-·- V1ltl 
v2 rtJ 

.......... wl2rr. =100kHz 

2rr. 

3.16. The time dependent sheath voltages as functions of the phase angle. The parameters 

used are: w/21f 5 MHz, Vo = 100 V, Vdc = 56.5 V, R 2, ns = 1016 m-3, <Pe = 4 V. The dotted 
curves show the sheath voltages for w/21f = 100 kHz. 

The displacement and conduction current densities for w/21f = 5 MHz are 
shown in figures 3.17 and 3.18 respectively (R = 2). From these figures it can be 

seen that the displacement current in the sheath cannot be neglected anymore. 
Especially in those parts of the RF-cycle where the electron and ion conduction 
currents are relatively small, the dominant part of the current is the displacement 
current. 

Figure 3.19 shows the total current density in the two sheaths for 
w/21f = 5 MHz, which indicates once more the increasing role of the capacitive part 

of the sheath impedances. The capacitive sheath model, which neglects the electron 
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3.17. The time dependent displacement cnrrent densities in the sheaths, normalized with 
respect to the ion conduction current density, as functions of the phase angle. Same parameters as 

given in the caption of figure 3.16. 
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Fig. 3.18. The time dependent electron conduction current densities in the sheaths, normalized 

with respect to the ion conduction current density, versus the phase angle. Same parameters as 

given in the caption of figure 3.16. 
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and ion conduction currents, would predict sinusoidally varying sheath potentials 

and sheath currents. This implies that the use of such a capacitive model is not 
completely appropriate for the description of the sheath properties at excitation 

frequencies of about 5 MHz. 
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Fig. 3.19. The total time dependent current densities in the sheaths, normalized with respect to 
the ion conduction current density, versus the phase angle. Same parameters as given in the 
caption of figure 3.16. 

Figure 3.20 shows the influence of the excitation frequency w on the time 

averaged sheath potentials, for R = l. Due to the increasing influence at higher field 
frequencies of the displacement current, the time averaged sheath voltages will 

increase with increasing w, especially at large RF voltages. To elucidate this feature 

a typical result will be given: at a ratio 150 of V0/ rpe, the time averaged sheath 
potential will exceed the value obtained from the usual expression [GOD-75, 

KOH-85A,Bj 

(3.65) 

by about 15 V. 
To analyze the influence of the increasing importance of the capacitive 

component in the sheath properties on the self bias voltage, Vdc was calculated for 
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wf27r = 100kHz, 1 MHz, and 5 MHz (R 2, Vo/<Pe == 25). The values of Vdc are 

47.1, 50.1 and 56.5 V, respectively, so that we can conclude that Vdc increases with 

increasing field frequency. 

0 100 150 

Fig. 3.20. The time averaged sheath voltages versus the ratio of the RF voltage amplitude and the 

electron temperature (in potential units) for wf2r. = 100 kHz, 5 MHz, and R 1 (Vdc = 0 V, 
11s = 1016 m·3, Es = 750 Vm-1). 

3.4 The high frequency regime 

In the high frequency regime Wi « w « We some important changes of the 

sheath properties are to be expected. A first change, generally known, is the 

increasing importance of the existence of a capacitive eomponent in the sheath 

properties. Another change occurs in the sheath dynamics where the ions are too 

inert to follow the fast potential variations. This implies that only electrons are able 

to make the sheath fluctuating. Such a fluctuation can be described by involving a 

displacement of the electronic decrease front [HIL-68, GOD-86, VAL-87A,B]. A 

quite different approaeh where, on the contrary, the sheath thickness is treated as a 

constant, has been discussed by Pointu [POI-87]. 

It can be shown that the ion energy distribution function is time independent 

in this regime [MEI-87 A]. We will simplify the calculations by assuming that the 
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ions enter the sheath mono-energetically with the Bohm energy erpk. At a certain 

position x in the sheath, the kinetic energy of the ions W( x) must satisfy 

W(x) = erpk + e<V(x,t)>t- e<V(Smax,t)>t, (3.66) 

which is in accordance with the ion energy conservation law in the collisionless 

sheath. It should be noted that in this section Smax coincides with the position of the 

SPSB, whereas x = 0 coincides with the position of the electrode. 

Before the sheath equations will be solved, the following assumptions will be 

made: 

1) The electron density profile behaves step-like [GOD-80], see figure 3.21, Le. 

ne(x,t) = ni(x) 

ne(x,t) = o 

I 
I 

for x > S(t), 

for x 5 S(t). 

I 
jnelx,t) 

I 
_____ j 

Sit! 

position x in the sheath 

(3.67) 

max 

Fig. 3.21. The various densities as functions of the position in the sheath. The electron density 

profile behaves step-like: ne(x,t) = n;(x) for x > S(t), and n,(x,t) = 0 for z ~ S(t), where n;(x) is 
the stationary ion density profile, and S( t) is the time dependent sheath thickness. The electron 

density profile oscillates from x = Smax to x = Smin· The time averaged electron density profile is 

denoted by <ne(x,t)>t· The time independent position of the SPSB corresponds to x Smax, 
whereas the position of the electrode is at z = 0. 
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2) The sheath thickness S( t), which oscillates between Smin and Smax, is even with 

respect to wt r = 7r/2, i.e. S(w/2-!:J.r) = S(7r/2+!1r), see figure 3.22. Without 

restrictions for the validity of the model, here it is assumed that the sheath reaches 

its maximum position at wt = w/2, i.e. S( 7r/2) = Smax, and as a consequence of the 

symmetry, its minimum position at wt = 37r/2, i.e. S(7r/2) Smin· 

Consistent with these assumptions, the relevant sheath equations read 

d<E~~,t)>t ~o[ni(x)- <ne(x,t)>t]' 

j(t) = ii + eni(S)!/J, 

(3.68) 

(3.69) 

where j(t) denotes the electrode current density, i.e. j(t) = I(t)/A, ni(X) is the 

stationary ion density, <E(x,t)>t is the time averaged electric field, and <ne(x,t)>t 
is the time averaged electron density at a position x in the sheath. The current 

density equation (3.69) implies that the electron conduction current in the sheath is 
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Fig. 3.22. A schematic representation of the time dependent sheath thickness S( t) as a function of 

the phase angle. The sheath thickness oscillates between S..a:x and Smin· The dotted line 

corresponds to the phase interval (time interval) in which the inequality x ~ S(t) holds. The 

function to(x) satisfies: to(x) = 37r/2 for x E [0, SminJ, and S(to) = x for x E [Smin, Smax]· 
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zero, which is in accordance with the assumed electron density profile. In order to 

fulfil the condition that the conduction current integrated over one time period 

must be zero, see equation (3.20), we assume that the small ion conduction current 

is compensated by the electron conduction current due to small deviations of the 

electron density profile. Since these deviations are small, the electron density profile 

may still be assumed to be step-like. 

As has been shown in the previous section, the displacement current will 

considerably exceed the ion conduction current, i.e. 

(S) dS . 
eni (fl > Ji. (3.70) 

So we can, in first approximation, neglect the contribution of the ion conduction 

.current to the total current. Hence, we can write 

(3.71) 

It is evident that the current in the plasma /pi ( = Ajpl, where jpl is the plasma 

current density) must equal the electrode current, i.e. 

(3.72) 

A similar model, but with a constant ion density in the sheath, has been discussed 

by Godyak et al. [GOD--80]. 

To solve the set of equations (3.68), (3.71) and (3.72), it is convenient to write 

the time averaged electron density as 

<ne(x,t)>t = ni(x)[3/2 to~x)l , 

where the function to(x) satisfies 

to(x) = 3n/2 for x E [0, Smin] , 

S(to) x for x E [Smin, Smax] , 

(3. 73) 

(3.74) 

(3.75) 

and, in order to get an unambiguous solution, to(x) E [1f/2, 31f/2], see figure 3.22. 
From this point on two models will be discussed. 

1) The model of mobility limited ion motion, which describes a collisional sheath, 

e.g. an argon plasma in which resonant charge-transfer collisions are dominant. This 

model will be discussed in section 3.4.1. 
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2) The free fall model, which describes a collisionless sheath, e.g. a CF 4 plasma 

where ion-neutral collisions are of less importance, and are ignored. This model will 

be discussed in section 3.4.2. 

3.4.1 The mobility limited model 

Bisschops [BIS-87 A] has measured the energy of positive ions bombarding the 

grounded electrode in a 13.56 MHz Ar/CF4 plasma, for discharge pressures in the 

range of 7 Pa to 70 Pa. A typical energy spectrum for Ar+ ions is shown in figure 

3.23. 

u.. 

0 100 
ion energy W 

Fig. 3.23. A typical energy spectrum of Ar+ ions incident on the grounded electrode in a.n argon 
plasma (adapted from Bisschops et al. (BIS-87]). The plasma. is AC-coupled, the discharge 
pressure is 13 Pa, and the input power is 20 W. 

The width of this spectrum indicates that the collisions between the Ar+ ions and 

neutrals dominate the sheath properties of the argon RF discharge. The dominant 

ion collisions are the resonant charge-exchange collisions, 

Ar+ + Ar .., Ar + Ar+ . 

Because of the relatively large cross section for this process (typically 3 10-19 m2), 
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the dynamics of the sheath must be described by a collisional model. In this model 

the approximation for mobility limited ion motion [GOD-80] is used, i.e . 

.l. 
wi(x) = J.ti<E(x,t)>t = [2eAi<E(x,t)>t/7rM] 2 

, (3. 76) 

where P,i denotes the ion mobility, Wi(X) is the ion transport velocity, and Ai is the 

ion mean free path. Substitution of equation (3.76) into the stationary form of the 

continuity equation (3.17) together with the Bohm criterion leads to a relation 

between the ion density ni(X) and the magnitude of the time averaged electric field 

I <E(x,t)>tl, viz. 

1 <E(x,t)>t! = 7rr~(ns/m(x))2. (3.77) 

We can now solve the Poisson equation using equation (3.80) together with the 

boundary conditions 

lim ni(X) 
x! S m in 

lim ni(x) , 
xtSmin 

dnil _ 0 Tx x=Smax- ' 

and carrying out the integration over x. This yields for the ion density 

X E [0, Smin] : 

X E [Smin, Smax] : 

m(x) = [1- (x + (<S(t)>t]-113' ns 
fl·'~ to ~ = [1- (x(~0 - !) + ( f S(x)dxj-113, 

-f;rr 

(3. 78) 

(3.79) 

(3.80) 

(3.81) 

(3.82) 

(3.83) 

where ( = 3e.>.ins/(27r<'o4>k), and <S(t)>t = So denotes the time averaged sheath 

thickness. Insertion of x = 0 into equation (3.82) yields the time averaged sheath 

thickness So directly, i.e. 

(3.84) 
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where a = ns/ n:iw is the ratio of the ion density at the SPSB ( ns) and the ion 

density at the electrode (niw)· In writing equation (3.84) we used the Bohm 

criterion, i.e. </>k !1>e· Considering the actual dependencies of the parameters </>e, 
Ai, and ns on the discharge pressure, 1>e decreases, whereas ns and a decrease with 

increasing pressure (see chapter 2 and [BI8-87A]). The pressure dependence of So 
shows a good agreement with the experimental results given by V AN DEN 

BERGHE [BER-86], i.e. a decreasing averaged sheath thickness with increasing 

discharge pressure in the pressure range from 15 Pa up to 65 Pa. 

Note that we still have not used any specific information about the sheath 

movement in time S( t), except that it is symmetrical around Smax· In order to solve 
the coupled equations (3.72), (3.82) and (3.83), more information about the plasma 

current density is required. Since the applied voltage varies harmonically, we 

assume that the plasma current density can be approximated by 

jpl( t) = )Jcoswt, (3.85) 

where jo is an amplitude factor. 
The set of equations (3. 72), (3.82), (3.83) and (3.85) has been solved 

numerically for several parameter sets of ns, tf>e, Ai, ns/ n:iw· Figure 3.24 shows the 
minimum sheath thickness Smin and the total time averaged potential drop across 

the sheath < V(Smax,t)>t- < V(O,t)>t = V as a function of the maximum sheath 
thickness Smax, for the following parameter set: ns= 1016 m·3, 1>e= 2.75 V, 

Ai= 0.7 mm, and ns/niw = 5. The corresponding time averaged sheath thickness So 
is 6.4 mm. As can been seen in this figure, there is a linear relationship between Smin 

and Smax· It appears that, in this model, it is not necessary for Smin to be zero, i.e. 
the electron density profile does not reach the electrode. This indicates that 

Godyak's assertion Smin = 0 [GOD-80] needs not to be valid within the validity 

range of this model. In fact, a non-zero value of Smin has also been calculated in the 

previous section. 

The values of the parameters ns, </>e, Smax and ns/ niw which have to be used in 
the calculations, should be taken from the experiments [BIS-87 A]. For a 13.56 MHz 

argon plasma these values are: ns = 1016 m-3, Smax = 8.2 mm (discharge conditions: 

20 W input power and 20 Pa pressure). The value of the electron temperature 1>e 
has been taken from the calculations mentioned in the previous chapter, because a 

direct measurement of the electron temperature was not possible. The method 

described by Bisschops [BIS-87 A] for the determination of the averaged 

electron-neutral collision frequency Ven from the measured change in the quality 
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Fig. 3.24. The time averaged potential drop across the sheath and the minimum sheath thickness 

as functions of the maximum sheath thickness. For the parameters used see text. 

factor of the microwave cavity (see also chapter 1), and the calculation of a 

corresponding electron temperature (mean electron energy), is only valid if the 

electronic conductivity <Jc equals the Lorentz conductivity given in equation (2.49). 

Since the actual electronic conductivity differs from the Lorentzian, we will make 

use of the results presented in figure 2.25. As an average electron temperature we 

use <Pe = 4 V, whereas <Pe = 2.75 V is given by Bisschops. The parameter ns/niw can 
be determined from the ion energy measurements mentioned earlier. These 

measurements show an average ion energy of 50 eV for a 20 Pa (0.15 Torr) argon 

plasma with 20 W input power. Since the present model predicts an average ion 

energy Wwa at the electrodes satisfying Wwa = a2 Wb, the parameter ns/ niw will be 

chosen such that Wwa is in accordance with the measured average energy of the 

ions. Considering the parameters mentioned earlier, this implies that we have a= 5. 

Figure 3.25 shows the calculated stationary ion density and the time averaged 

electron density as functions of the position in the sheath. This figure also shows the 

electron density which was determined from a measurement of the axial optical 

emission intensity of the shortly living transition 6s(3/2) ..., 4p(5/2) of argon 
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Fig. 3.25. The various densities in the sheath, normalized with respect to the plasma density at 

the SPSB, versus the position in the sheath. The position of the electrode corresponds to x = 0, 

whereas the position of the SPSB corresponds to x = BA mm. The stationary ion density profile is 

denoted by n1(x), and the time averaged electron density profile is denoted by <ne(x,t)>1. The 

dotted curve corresponds to the electron density, which was determined from the measurement of 

the axial optical emission intensity of argon neutrals (adapted from Bisschops {BI8-87A]). For the 

parameters used in the calculations see text. 

neutrals. We notice that the model is in reasonable agreement with the 

experimental results if 5;oin = 3.6 mm and Smax 8.2 mm. 

With the axial scans of the optical emission measurements [Bls-87 AJ we want to 

assess the calculated electron density in the sheath. The measured decrease of the 
intensity in the sheath, i.e. the dotted line in figure 3.26, is of main interest. Here, it 

is assumed that if excitation of the ground state is the dominant population 

mechanism of the radiative state and radiative decay is the main depopulation 

process, the spatial distribution of the emission is a good measure for the time 

averaged distribution of the electrons, i.e. 

I(x) "'~x(x)<ne(.x,t)>trtg. (3.86) 

Here, I is the emission intensity of the line, ng is the density of the argon neutrals in 
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the ground state, and kex is the excitation rate for the corresponding energy level. 

Since the excited state of the emission line (argon 703.0 run) has a short lifetime 

(3.6 lQ-7 s) we can neglect the diffusion loss of the argon neutrals. Several other 

excitation and deexcitation mechanisms have been analyzed by Bisschops 

[BIS-87 A], and it was found that these contributions are negligible for the emission 

line used in these investigations. 
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Fig. 3.26. A typical axial emission profile of a 13.56 MHz, AC--eoupled argon plasma (adapted 

from Bisschops [BIS-87 A]). The dotted line denotes the sheath region of the grounded electrode. 

It should be noted, however, that the excitation rate is sensitive to changes in 

the electron temperature. Calculations by KUSHNER [KUS-83] (Monte Carlo 

simulations) indicate that the average electron energy remains nearly constant as a 

function of the axial position. Therefore, we will assume the excitation rate kex to be 

constant in axial direction, so that equation (3.86) yields a linear relation between 

the measured intensity and the time averaged electron density. 

3.4.2 The free fall model 

Measurements of the energy spectra of CF3+, CF2+, and CF+ ions incident on 

the grounded electrode in a 13.56 MHz CF 4 plasma [BIS-87 A] indicate that these 
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ions move nearly without collisions through the sheath. Therefore, the sheath 

properties can be described by a free fall model. A typical energy spectrum of these 

CF n" ions, which differs from the Ar" spectrum, is shown in figure 3.27 (compare 

figures 3.23 and 3.27). 

0 200 
ion energy W (eVJ 

Fig. 3.27. A typical energy spectrum of CF3+ ions incident on the grounded electrode of a CF4 

plasma (adapted from Bisschops [BIS-87 A]). The plasma is DC-coupled, the discharge pressure is 

66.5 Pa, and the input power is 20 W. 

In order to solve the time averaged Poisson equation 

ifl< V(x,t)>t 
d# (3.87) 

the relation between the ion density and the time averaged sheath potential is 

required. This equation can be derived from equation (3.66) and the stationary form 

of equation (3.17). Thus, we obtain 

.1 

.!!l(_fl _ [ r/Jk ] • 
ns - 4>k - < V(x,t)>t ' (3.88) 

Here, we used < V(Smax,t)>t 0, i.e. the values of the potentials are chosen relative 

to the potential at the SPSB. Substituting this into the time averaged Poisson 
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equation, using equation (3.73), and transforming the sheath potential according to 

r(x) r/>k- < V(x,t)>t, (3.89) 

we obtain 

~~x) = #-Cl-g(x)) , (3.90) 

where g(x) = [3/2-to/1f], to has been defined in equation (3.76), and x ens..Jr/>k/to 
is a constant. Multiplying equation (3.90) by drj dx, integrating once, and using the 

boundary condition 

drJ 0 
Txlx=Smax ' 

(3.91) 

we derive an equation for the derivative of the sheath potential, i.e. 

X .1 1 

.l .l [ f 'Y' [ dgj dx] dx ]' d'Y = -2[x(l-g)]' 1'1 1 + Smf.tx .l , 

Tx 'Y'(l-g) 
(3.92) 

which can be checked by substituting equation (3.92) into equation (3.90). In order 

to obtain analytical expressions for the solution of equation (3.92), the right hand 

side will be simplified by considering the inequalities 

X 

8 r ,A[dg/dx]dx [~]! -1 < max <- k < 0 . 
- pi(l-g) - X -

(3.93) 

This implies that the steepest potential profile is obtained if the contribution of the 

integral is neglected. This profile, which is the solution of 

fx' = -2[x(1-g(x))]!rA', (3.94) 

can be determined by substituting g(x) into equation (3.94), carrying out the 

integration, and using the continuity conditions (3.78)-(3.81) for r instead of ni. 

This yields for the sheath potential r(x) [MEI-87A]: 

x E [O,Smin]: [r~:)r'
4

= 1-1x+ 1Js(11t2+1f/2)dt, (3.95) 

X E [Bmin, Bmax]: [
r(xk) ]3/4= 1 t i t1 ~ . 1X(l-t) + 'YOJ S(11t2+1f/2)dt, (3.96) 
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where 

(3.97) 

(3.98) 

The coupled set of equations (3.72), (3.85), (3.95) and (3.96) has been solved for 

several parameter sets of <fok, ns/niw and ns. Figure 3.28 shows the total time 

averaged potential drop V across the sheath and the average sheath thickness So as 

a function of tPe· This figure indicates that there is a linear relationship between the 

total potential drop and the electron temperature. Figure 3.29 shows the influence of 

the ion density ns on So. It should be noted that the corresponding average sheath 

voltage V is about 280 V. Figure 3.30 shows So and the average sheath voltage as a 

function of the ratio niw/ns. 

E 
E 

0 
Vl 

Te (eVl 

Fig. 3.28. The average sheath thickness and the time averaged potential drop across the sheath as 

functions of the electron temperature ( ns = 1016 m·3, ns/ n;w = 10). 
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3.29. The average sheath thickness as a function of the plasma density at the SPSB 

(Te 3 eV, ns/niw = 10). The corresponding average sheath voltage is about 280 V. The 
minimum and maximum sheath thicknesses are also shown for two values of rtr;. 

--,---
0 0.2 

Fig. 3.30. The average sheath thickness and the time averaged potential drop across the sheath 
versus the ratio of the ion density at the electrode and the ion density at the SPSB 

(rts 5 1015 m·3, Te = 3 eV). 
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The actual reactor parameters can be obtained from the experimental data. For a 

13.56 MHz CF4 discharge at a pressure of 20 Pa (0.15 Torr), with 20 W input 

power, these parameters are [BIS-87 A]: no = 1.9 1015 m-3, rh. 2. 75 V, and 

ns/ niw = 8. With these parameters, the time averaged potential profile in the 

sheath, the sheath movement in time, the ion density profile and the time averaged 

electron density profile have been calculated. Just as in the previous section, the 

time averaged electron density profile has been compared with the axial optical 

intensity measurements. As the model predicts a maximum sheath thickness 

(Smax = 5.6 mm) which is too small compared to the experimental results (Smax 

8.4 mm), the model will be refined by approximating the integral in equation (3.92) 

X 

sm!x ~ ( dgf dx] dx 

~(1-g) 
(3.99) 

by the value -( <h/ ~ x))!. 

Treating this improved model in the same way as the model mentioned 

earlier, an implicit relation for the sheath potential can be obtained: 

X E [O,Smin]: YJ + 3y<f>k! = ~xi[-x+/S(?rt2+1r/2)dt], (3.100) 

X E [Smin, Smax]: 
.!. 3 .!. t .l. tt 

YJ + 3Yl/>k 2 = 2x•[-x(l- -!) 2 +
0
J S(?rt2+1r/2)dt], (3.101) 

.l. .!. .l. 
where y(x) = [~x) 2 l/>k 2P . 

Although the values of the sheath properties predicted by this model differ 

from the values predicted by the model mentioned earlier, the dependence of the 

sheath potential on the various sheath properties is identical for both models. The 

ion density, the time averaged electron density, and the experimentally determined 

electron density profiles are shown in figure 3.31. The corresponding average sheath 

voltage Vis 173 V, whereas the current density amplitude :Jo is 26 Am-2. This figure 

shows that the model explains the optical measurements reasonably if a non-zero 

value of Smin is used (Smiu 3.2 mm). It should be noted that this is in accordance 

with the results of the model for mobility limited ion motion. 
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Fig. 3.31. The various densities in the sheath, normalized with respect to the plasma, density at 

the SPSB, versus the position in the sheath. The position of the electrode corresponds to x 0, 

whereas the position of the SPSB corresponds to x = 8.4 mm. The stationary ion density profile is 

denoted by n;(x), and the time averaged electron density profile is denoted by <ne(x,t)>t- The 

dotted curve corresponds to the electron density which was determined from the measurement of 

the axial optical emission intensity of argon neutrals (adapted from Bisschops [BIS-87 A]). For the 
parameters used in the calculations see text. 

3.5 The transition frequency regime 

In the previous sections the sheath properties have been described in the low 

frequency regime, section 3.3, and in the high frequency regime, section 3.4. 

Although the models in the high frequency regime describe the measured axial 

intensity profiles reasonably, they cannot explain the observed broadening of the ion 

energy spectra. This broadening is particularly observed in AC coupled RF 

discharges, i.e. with blocking capacitor Cb. Due to the occurrence of a bias voltage, 

the observed ion energy spectra differ from those measured in the DC coupled 

situation (compare figures 3.27 and 3.32). 

In order to explain these broadened ion energy spectra, the actual frequency 

relation, Wi ~ w < We, will be taken into account. In accordance with this frequency 

relation, we assume that the ions are mainly accelerated by the time averaged 
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Fig. 3.32. A typical ion energy spectrum of CF+ ions in a 13.56 MHz CF 4 plasma (adapted from 

Bisschops [BIS-87 A]). The plasma is AC--coupled, the discharge pressure is 13 Pa, and the input 

power is 50 W. The broadening of the energy spectrum is indicated by ll. W, whereas the central 

ion energy is denoted by eVe. 

sheath potential < V(x,t)>t and, to a lesser degree, by its instantaneous value. 

Furthermore, we assume the ion sheath thickness d to be time independent in this 

frequency region. 

In order to calculate the ion distribution function Fi( W) and the energy 

dispersion ~ W, as indicated in figure 3.32, it is necessary to consider the following 

set of equations: 

Poisson equation 82 Jj'~[,t) 1 (3.102) -- p(x t) 
fO ' ' 

ionic charge conservation ~jib~,t) -~ t ' 
(3.103) 

ion current density ji(x,t) Pi(x,t)wi(x,t) , (3.104) 

equation of ion motion d~!~t) = e av~x,t) I 
-NJ X x=y(tl' 

(3.105) 
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consistency relation == Wi(y(t),t). (3.106) 

Here, V(x,t) represents the potential relative to the plasma potential at a position x 
in the sheath, y( t) denotes the time dependent position of an ion in the sheath, 

_jj.(x,t) is the ion current density, p(x,t) denotes the total space charge density, Pi(x,t) 
is the ion space charge density, and Wi(x,t) represents the transport velocity of the 

ions. Together with the boundary conditions 

to: y( to) = d, V( d,t) 0 , 

t= tt: y(tt) 0' 

these equations should be solved self-consistently. 

(3.107a) 

(3.107b) 

Here, x d coincides with the position of the plasma sheath boundary, x = 0 

coincides with the position of the electrode, to is the time of injection of an ion into 

the sheath, and it is the time of arrival of an ion at the electrode. Note that the 

boundary conditions imply that the ions enter the sheath at different phase angles 

wto. 
We have assumed free fall conditions; these are expressed by equations (3.105) 

and (3.106). In this way a general solution of the ion Boltzmann equation is not 

required. It should be noted that this assumption is accordance with the observed 

ion energy spectra (see figure 3.32). These spectra indicate that the ions move 

nearly collisionless through the sheath. Furthermore, it will be assumed that the 

contribution of the electrons to the total space charge in the sheath can be 

neglected, so that in equation (3.102) p can be replaced by Pi 
A solution of this system of equations has been treated by several authors 

[BEN-68], [BER-86], [MET-87]. Although the assumptions and approximations 

made in the calculations are not always consistent with the initial equations 

(3.102)-(3.107), they obtained a qualitative agreement with the measurements. In 

this section the solution of the ion energy modulation will be derived, consistent 

with the set of equations mentioned. 

Substituting equation (3.102) into equation (3.103) and integrating the 

resulting equation, we obtain an expression for the ion current density, viz. 

( ) .( ) . 02V(x,t) Q2V(x,t)l 
Ji x,t )i d,t + eo axat - eo 8x8t x=d· (3.108} 
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It is reasonable to assume that the number of ions entering the plasma sheath is 

constant in time [MET-86], i.e. 

il.( d,i) (3.109) 

Substituting equation (3.108) into (3.104), arid using equations (3.109) and (3.102), 

we derive a differential equation for the derivative [8V(x,t)j8x]x=y< tl, i.e. 

d 8V~x,t) I 
at X x=y( tl 

ilti + (}!V( x,t) 1 
t'O iJx8t 1 x=d' 

(3.110) 

where 

(3.110a) 

The solution of equation (3.110) reads 

Vx(Y( t),t) :<Ho) + Vx( d,t) , (3.111) 

where Vx denotes 8Vj8x. Substitution of equation (3.111) into equation (3.105) 

finally yields an equation for the ion motion, i.e. 

(3.112) 

By integration of this equation once and twice, expressions for the velocity and the 

position of the ion as a function of time are obtained, respectively: 

~ = -J?[~t-to)2 + / Vx(d,t)dt] , 
0 to 

(3.113) 

y(t) 
. t t' 

d J?[~t-to)3 + f dt' J Vx(d,t)dt] . 
0 to to 

(3.114) 

In equation (3.113) the initial velocity Vs of the ions has been omitted, because its 

influence is small according to numerical calculations when Vs is taken to be equal to 

its Bohm value ,.f(kTe/ M). 
One should determine the transit time t1-to of the ions in the sheath using 

equation (3.114) and the boundary condition y(t1) = 0. Since this equation is rather 
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difficult to solve, it will be assumed in a first approximation that the transit time of 

the ions is a constant "ttr [BEN-68], i.e. independent of the initial phase wto of the 

ions. Numerical calculations indicate the validity of this assumption. Furthermore, 

it is convenient to rewrite the sheath potential V(x,t) as a superposition of a time 

averaged part< V(x,t)>t and a time dependent part 1(x,t), viz. 

V(x,t) < V(x,t)>t + 1(x,t) . (3.115) 

With the assumptions mentioned earlier, and the knowledge that the ions strike the 

electrode with the free fall energy W( t1) = eVe in absence of a time varying part of 

the sheath potential, i.e. if Y = 0, the following expression for the ion energy at the 

electrode can be obtained: 

(3.116) 

It should be noted that Ve equals the total time averaged potential drop across the 

sheath, i.e. Ve = < V(O,t)>t. Its value can be obtained from W(tt) = eVe, equations 

(3.113) and (3.114) taken at t t~, and when r is taken to be zero. Since the 

deviations of the bombarding energy of the ions W( it) from the free fall energy eVe 
are relatively small (see figure 3.31), we can approximate equation (3.116) by 

2 J. tt 
W(ti) ~ e(Ve (F) 2 J Yx(d,t)dt]. 

to 
(3.117) 

In order to evaluate the integral in equation (3.117) an approximation for the sheath 

potential V( x,t) is used: 

(3.118) 

where,\ denotes a constant modulation factor, satisfying 

(3.119) 

Insertion of equation (3.118) into equation (3.117) finally yields a relation for the 

ion energy at the electrodes: 

(3.120) 
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It is evident that the broadening ~ W of the ion energy spectrum is given by 

~w >.~eV r~ Wmax- Wmin = 4aw(2M , (3.121) 

where a maxI sinwt1- sinwto I· Similar results have been obtained by other 

authors [MET-87], [BEN--68]. The expression for a can be simplified when the 

transit time ttr is taken to be constant. We then obtain 

a S 21 sin( twttr) I . (3.122) 

Equation (3.121) implies that the energy broadening ~ W increases when the field 
frequency and/or the mass of the ions decreases. Experimental verification of these 

features have been obtained by several authors [ER0-58, TSU--67, COB-72, 

BRl-87]. 

Numerical calculations have been done in order to check the validity of these 

analytically obtained results, i.e. the equation of ion motion (3.105) together with 

the boundary conditions, cf. equations (3.107), and equation (3.118) have been 

solved numerically for different initial phase angles wto [MEI-87 A]. The numerical 

calculations show a good quantitative agreement with expression (3.121). The 

influence of including a non-zero value of the initial velocity of the ions entering the 

SOS, i.e. ( dy/ dt)t~to :/: 0, has also been verified. However, no significant changes in 

the value of the energy dispersion ~ W have been observed. This implies that the 

analytical treatment, with ( dyf dt)t=to 0, is appropriate to describe the ion energy 

modulation. 

In order to obtain experimental assessment of equation (3.121) it is necessary 

to determine the experimental values of Ve, A, and d. At this point it is helpful to 

consider the capacitive sheath model [KOH-85A,B] (see also section 3.1). Here, we 

consider the experimental configuration in which the largest electrode is grounded, 

whereas the smaller electrode, i.e. the excitation electrode, is supplied through a 

blocking capacitor Cb ("capacitive coupling") by the RF generator, see figure 3.2. 

The equivalent circuit of this RF system, in accordance with the capacitive sheath 

approximation, is shown in figure 3.33. 

When the voltage on the excitation electrode has the form 

V( t) = Vdc + V0sinwt, and when the sheaths are purely capacitive, then the plasma 

potential Vp( t) will have the form 
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Vp( t) = Vp + ~ Vpsinwt , (3.123) 

where ~ Vp is determined by capacitive voltage division of the sinusoidal component 

of the excitation voltage, i.e. 

~u _ <Cs t> V, 
vp- <Cst >+<Cs2> 0 ' 

(3.124) 

where < C51> and < Cs2> are the time averaged sheath capacities. The magnitude of 

Fig. 3.33. The equivalent circuit of an RF discharge in accordance with the capacitive sheath 

model. The plasma potential is denoted by Vp, and the potential of the RF electrode is denoted by 

V( t). The time averaged sheath capacities are denoted by < C61> and < C62>. 

these capacities will be determined primarily by the relative area of the excitation 

electrode and the grounded electrode, i.e. the part of the area of the grounded 

surfaces that is in contact with the discharge. It is also influenced significantly by 

the magnitude of the voltages across the respective sheaths (see section 3.3). The 

DC component of the plasma potential Vp is controlled by the fact that the 

instantaneous plasma potential cannot be less than the instantaneous potential of 
any surface in contact with the plasma. It can be shown [KOH-85B] that the 

plasma potential can be written as 

Vp( t) = H Vo-1 Vdc I )(l+sinwt) , (3.125) 

where I Vdcl is the modulus of the bias voltage. Combination of equations (3.115) 

and (3.123) yields A= 1 and Ve = !(Vo-1 Vdcl). 
The sheath thickness d has been determined from the measurements of the 

axial optical emission intensities as given by Bisschops et al. [BER-86, BIS-87A]. It 

should be noted that eVe coincides with the value W of the ion energy, which 

satisfies (see figure 3.32) 

(3.126) 
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It will be proved later on that this assumption is in accordance with the theoretical 

results. 

In figure 3.34 the central energy Ve of the measured ion peaks for CF3• ions in 

a 13.56 MHz AC-coupled CF 4 discharge, at a discharge pressure of 13 Pa, is plotted 

against H Vo-1 Vctc I) for various values of the power input. Figure 3.35 shows the 

experimentally obtained width of the ion energy spectra plotted against 11 Wth· Both 

figures 3.34 and 3.35 illustrate that in the AC-coupled case the capacitive sheath 

model predicts the experimentally obtained values of Ve and 11 W. It appears that 

the shape of the potential drop across the sheath is best characterized by n = 1. 

The ion energy distribution can be calculated from equation (3.120). Without 

proof we mention that this distribution satisfies 

-.l. 

Fi( W) = wAw~h [ 1 - (Kfrib-)2( W-e Ve?] 2' (3.127) 

for WE [eVe- !11 W, eVe+ !11 WJ, and Fi( W) = 0 elsewhere. Here, no denotes the 

100 

Fig. 3.34. Central energy Ve of the measured ion peaks for CF3• ions versus the averaged sheath 

potential (according to the capacitive sheath model), at various values of the input power (5, 10, 
20, 30 W). (Adapted from Bisschops (BIS-87A].) 
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Fig. 3.35. The experimentally obtained energy peak widths [BIS-87 A] versus the model peak 

widths for various ions. 

number of ions entering the sheath per unit time. Note that the free fall energy 

W eVe is obtained if .6. Wth = 0. 

Since the observed distribution functions are measured by using an energy 

analyzer [BIS-87 A], one should take into account the apparatus profile of tllis 

analyzer. The observed distribution functions are convolution products of the 

theoretical distribution function and the apparatus profile. Hence, the experimental 

energy spectra should be compared with 

J1h( W) J Fi( w)g( W-w) dw, (3.128) 

where g( JiJI) represents the apparatus profile. If the apparatus profile is assumed to 

be Gaussian, there appears to be a very good agreement between the calculated 

distribution function, which is made symmetric around the value W = eVe, and the 

experimentally determined distribution function, see figure 3.36. In order to explain 

the deviations between the actual experimental curve and the theoretical curve, see 

figure 3.37, the small influence of collisions of ions in the sheath should be taken 

into account. A first attempt to include the effect of collisions in the sheath has 

been reported recently [EMM-80, RIE-81], though these theories consider DC 

discharges. 
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Fig. 3.36. The experimental ion energy spectrum (symmetrized around W = eVe) of CF• ions 
[BIS-87 A] and the calculated ion energy spectrum. 
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Fig. 3.37. The measured energy spectrum of CF+ ions [BIS-87 A] and the calculated energy 

spectrum (dotted line). 
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It has been observed [COB-72] that the experimental determined ion energy 

spectra at low frequencies (typically 100 kHz) are asymmetric and skewed toward 
lower impact energies. Since at t4Js frequency the transit time required for the ions 
to traverse the sheath is less than the RF period, the ions injected into the sheath 

are accelerated across the SCS by the instantaneous field. As a consequence, we 

have to consider the actual sheath voltage' waveforms at 100 kHz, as given in section 
3.3. The ions are accelerated for a large fraction of each RF cycle by small sheath 
potentials, and only for a small fraction of each RF cycle by large sheath potentials, 

see figure 3.5. Thus, a larger number of ions strike the grounded electrode with low 
energy than with high energy. Hence, at low frequencies the calculation of the 
broadening of the ion energy spectrum ~ W, and the corresponding ion energy 
spectrum itself, should incorporate the sheath voltage waveforms as calculated in 

the low frequency limit. Preliminary results of these calculations indeed show such 
asymmetric ion energy spectra [TUR-87]. 

118 



4 CONCLUSIONS 

A: General 

- The subdivision of the low pressure {1-100 Pa) RF planar CF4/ Ar discharge in a 

quasi neutral region (glow) and two space charge regions (sheaths) is sufficiently 

accurate for the description of the relevant discharge properties, such as the 

average electron energy, the rate constants for the inelastic processes, the sheath 

voltages and sheath thicknesses, and the energy of the ions impinging on the 

electrodes. This can be concluded from the comparison of the calculated discharge 

properties with experimentally obtained data. 

- Changing the excitation frequency w, transitions in the basic behaviour of the 

applied electric field have profound effects on the electron energy distribution 

function, the spatial distribution of the electrons and the ions as a function of 

time, the characteristic energy of ions impinging on the electrodes, and the 

electric fields within the discharge. 

- Transitions in the basic behaviour of the quantities mentioned above can occur 

when w crosses the characteristic frequency of a fundamental process. In 

particular, a transition across the electron energy dissipation frequency (ve) has a 

distinct effect on the time modulation of the electron energy distribution function. 

A transition across the ion plasma frequency (wi) will affect the transit time for 

the ions to traverse the plasma sheaths considerably. 

B: Glow region (Boltzma.nn analysis) 

- The effective field approximation is an appropriate method for the calculation of 

the time averaged isotropic electron energy distribution function in 13.56 MHz 

CF 4/ Ar plasmas. 

- The multiple time scale formalism is an appropriate method for determining the 
time dependence of the. isotropic electron distribution function explicitly. Time 

modulation of the isotropic distribution function occurs in those energy regions 

where inelastic collisions have to be considered. 
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At low frequencies ( w < ve) a direct treatment of the electron kinetics, such as 

given by Wilhelm and Winkler, is preferable above a method which incorporates 

the Fourier expansion of the electron energy distribution function. 

For the description of RF CF 4/ Ar discharges used for plasma chemistry 
applications it is inevitable to include the spatial gradients in the electron 

Boltzmann equation. 

- The presence of negative ions in the glow region of the discharge has a distinct 

effect on the diffusion coefficient of the electrons. The diffusion of the electrons 

towards the electrodes will be enhanced due to the presence of negative ions. With 

increasing density of the negative ions, the maintenance value of the effective 

electric field within the glow will be shifted to the electric field under breakdown 

conditions. 

- The calculated electron density is in good agreement with the experimental data 
obtained by Bisschops [BIS-87A]. Especially, the pronounced maximum at 10 Pa 

in the measured electron density (ne(p)) as a function of the discharge pressure 

should be mentioned. 

At discharge pressures up to 40 Pa the diffusion of the electrons towards the 

electrodes is the dominant loss mechanism in the electron particle balance, 

whereas at pressures above 40 Pa the dominant loss mechanism is that by 
dissociative attachment (CF4 plasma). The attachment and vibrational rate 
constants in CF 4 are nearly pressure independent. 

- Most of the energy which is dissipated in the glow (local Ohmic energy input) is 
transferred into excitation and ionization, especially at high discharge pressures 
(> 40 Pa). With decreasing pressure the energy transfer into ionization and 
diffusion will increase, whereas the energy input into excitation will decrease. 

- In CF 4, vibrational excitation and superelastic collisions do not affect the electron 
energy distribution ( EED) function significantly. As a consequence, the same 

holds for the integral properties of the EED, such as the average electron energy, 
the rate constants for the inelastic processes (electronic excitation, ionization and 

attachment), and the rate of electron loss due to diffusion. 
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C: Space charge regions (plasma sheaths) 

- The waveforms of the voltage differences across the plasma sheaths are highly 

nonsinusoidal in the low frequency regime ( w « Wi « We) as can be expected from 

the nonlinear properties of the plasma sheaths. The resulting current waveforms 

in the circuit are also highly nonsinusoidal. 

- The low frequency model also shows that the relative amplitudes of the voltage 

waveforms across the two electrodes depend on the area ratio of the electrodes, 

with the largest voltage drop across the sheath adjacent to the smallest electrode. 

The bias voltage as calculated in the low frequency regime is in good agreement 

with the experimental data for a 13.56 MHz AC-coupled argon plasma, at a 

discharge pressure of 13 Pa [BI8-87A]. This indicates that the increasing 

importance of a capacitive component in the sheath properties at higher field 

frequencies does not affect the bias voltage significantly. 

The time averaged voltages across the sheaths, obtained in the low frequency 

regime, increase linearly with the ratio of the RF voltage amplitude and the 

electron temperature (average electron energy). 

- The high frequency models ( Wi « w « we) describe the measured axial emission 

intensity profiles reasonably. Especially the calculations of the sheath thicknesses 

are in good agreement with the experimental data [Bis-87 A]. 

- The calculated ion energy spectra in the transition frequency regime ( Wi « w « we) 
are in good agreement with the experimental data obtained in 13.56 MHz, 

AC-coupled CF 4/ Ar plasmas. The experimentally observed broadening of the 

spectra can be adequately described by the capacitive sheath model and the 

equation of ion motion in the sheath. 
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APPENDIX A: THE CROSS SECTIONS FOR CF 4 AND ARGON 

A.l The cross sections for CF4 

The cross section Qd for momentum scattering by elastic collisions between 

electrons and CF 4 molecules is given by JONES [JON-86], and will be 

approximated by the following analytic expression: 

Qd = (l+u/8) 10-19 m2 

Qd = 2 10-19 m2 

for 0 < u ~ 8 eV, 

for u ~ 8 eV. 

(A.l) 

The cross section for total ionization of CF 4 molecules, leading to the presence of 

the dominant positive ion CFa+ [BIS-87A] via the reaction 

(1) 

has been measured by STEPHAN et al. [STE-85], and will be approximated by the 

following expression 

(A.2) 

where Ui = 15 eV is the threshold energy for ionization. 

The cross section for electronic excitation, considering the dissociation of the 

unstable electronically excited molecule CF 4 leading to the production of CFa 

radicals via the reaction 

(2) CF 4 + e-; CFa + F + e 

has been measured by WINTERS et al. [WIN-82]. In this work the following 

approximation will be used: 

Qe = ( U-Ue) 1Q·2l m2 for u ~ Ue , (A.3) 

where Ue = 12 eV is corresponding threshold energy. 

The cross sections for dissociative attachment in CF 4, leading to the formation 

of the negative ions CF3- and F· via the reaction channels 

(3) 

(4) 
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have been measured by CHRISTOPHOROU et al. [CHR-83] and by HARLAND et 

al. [HAR-74], and will be approximated by a constant total cross section for 

dissociative attachment: 

Qa(CF 4) = 7 10-23 m2 for 5.5 eV S uS 8.5 eV . (A.4a) 

It has been shown [BIS-87 A] that F- is the dominant negative ion and that the 

density of CF3- is approximately 5-10% of the F- density. The presence of C2F6 
molecules in the actual CF 4 etching plasma has been verified by BISSCHOPS 

[BIS-87 A], and will lead to an additional electron loss channel due to dissociative 

attachment of these molecules, leading to the formation of the negative ion F- via 

the reaction 

(5) 

where X stands for pentafluoro-ethane in an excited state or its fragments. The 

cross section for this reaction has also been measured by Christophorou et al. 

[CHR-83] and will be approximated by 

(A.4b) 

In all processes leading to the formation of C2F6 considered of interest in this work, 

two CF3 molecules are involved (reactions involving e.g. C2F 4 have been neglected). 

The density of the C2F6 molecules has been approximated to be 7 1019 m-3 at a 

discharge pressure of 66.5 Pa [BIS-87 A]. 

The cross section for vibrational excitation of CF 4 has not been measured 

systematically and therefore will be approximated by the following hypothetic value 

Qv= 10-20 m2 for 0.1 eV S uS 1 eV . (A.5) 

It should be noted that the cross sections for CF 4 as calculated by HAY ASHI 

[HAY -85] have not been used in the present work. The electron-neutral cross 

sections as given by Hayashi have been determined from available data from 

electron beam and electron swarm experiments via the Boltzmann equation and the 

Monte Carlo simulation method. As discussed in section 2.10 the procedure of 

123 



matching the calculated and experimental values of transport properties (e.g. the 

electron drift velocity and the characteristic electron energy) is not very accurate. 

A.2 The cross sections for argon 

For argon we used the cross section for momentum transfer in elastic collisions 

from MILLOY et al. (in the energy region 0-1 eV) [MIL-77], BELL et al. (in the 

energy region 1-20 eV) [BEL-84] and NICKEL et al. (in the energy region 

2D-100eV) [NIC-83], which will be approximated by 

Qct(u) 1.81 + 3.25u-O.llu2 

Qct( u) = 26.92 0.45u + 2.58 1Q-3u2 

with Qd in units of 10-20 m2, ao 
a4 2.675 lQ-3. 

for 1 eV ~ u $ 20 eV , 

for 20 eV $ u ~ 100 eV, 

(A.6a) 

(A.6b) 

(A.6c) 

19. 75, ~ = 0.3, a3 = 1.625, 

The cross section for total ionization has been taken from RAPP et al. 

[RAP-65] and FLETCHER et al. [FLE-73], and will be approximated by 

Qi(u) = (u-15.7) 1.6610-22 m2 for 0 < u ~ 25.1 eV, 

Qi(u) = (u-3.77) 7.2510-22 m2 for 25.1 eV ~ u ~ 75 eV. 

(A.7a) 

(A.7b) 

The cross section for lumped excitation for the lowest argon levels (with a threshold 

of 11.5 eV) has been taken from PFAU et al. [PFA-69] and will be approximated by 

Qe( u) ( u-11.5) 10-21 m2. (A.8) 
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APPENDIX B: SEPARATION INTO SPATIAL AND ENERGY PARTS 

In this appendix we will show that the separation of .feRl into spatial and 

energy parts is a reasonable approximation. Starting point is the DC equivalent of 

equation (2.43). In this equation the electric field is multiplied by components of a 

vectorial distribution function. Multiplying the sinusoidally varying electric field, 

represented by exponentials, by these components of the distribution function we 

must take care to write down the real part of the exponential before taking the 

products. The DC part of equation (2.43) can be written as 

3~.A'· ( Vl fe~l )de+ 3~[coswro~· ( Vl fe~l )]de+ 

+ Gee( .feR; .feRl) + vtn(.feRl) = 0 . 

The real part of fe~l reads: 

Insertion of equation (B.2) into equation (B.l) leads to 

~(!~o}v- vVr) · (0.fell v2) + 3~[coswro!~~ · (l.fe~l Vl.coswro)]de + 

-Jvr· 0.fe~l + Gee(.feR;.feRl)+ vtn(.fe2l) = 0 · 

(B.l) 

(B.2) 

(B.3) 

The DC part of the second term of equation (B.3) yields a factor t. Equation (B.3) 

can now be written as 

;fv2(!)}v('v2[~o(r)·O.fell) + t~1 .1Jell]) -*Vr·O.fell + 

+ Gee(.feR~ .feRl) + vtn(.feRl) = 0 . 

We now compare the magnitudes of the terms t~o· 1.fe2l and ~0 • 0fe~l. 

(B.4) 

The first term represents the energy gain of an electron due to the applied 

alternating electric field E~, and the second denotes the energy loss in flowing 

against the space charge field Eo. The ratio R of these terms can be written as 
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(B.5) 

With equation (2.62), i.e. 

be approximated by 

ttsVrne/ne, the magnitude of the second term can 

~(l+w2ra)Vrne·VrA~' /ne 
I R21~--------------

EfA~l 
(B.6) 

Here, we have assumed l.!fol to be of the order of the magnitude of the ambipolar 

electric field, i.e. Us ~ kTe/ e. Hence, we can write 

I E I ~ kTe I' V r ne I ~ kTe 
- 0 e ne ell:' (B.7) 

where A is the cavity diffusion length. Finally, I Rtl and I R2l can be approximated 

by 

(B.8) 

In an actual etching plasma the electron temperature (mean electron energy) is 

about 4 eV, see figure 2.25. At large values of pA, hence also of EtA, we have 

I Rd ~ I R2l ~ 1, which implies that we can write 

(B.9) 

In this case we can neglect this crossed space-velocity term in equation (B.4). At 

intermediate pressures, i.e. p ~ 65 Pa, IR1I and IR2I are approximately 0.1, which 

implies that we can make a reasonable approximation by neglecting the 

space-charge term within an error of about 10%. We must note, however, that in 

writing I Vrne I ~ ne/ A we slightly overestimate the electron density gradient in the 

center of the discharge. In this central part IVrnel will probably be smaller than 

ne/ A, which implies that the error in neglecting the space-charge term will be 

smaller than 10%. Neglecting the crossed space-velocity term, we can write 

equation (B.4) as 
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1 (e)2a_[ Et'2 gA&1] V ev (l':>afl,gl) Td'!f.!v21(0J 
3'1j2 m W'!f.!Tdl+W ra V -3"Tdm r' ~ + 3 rJel), + (B.IO) 

+ ~ee(legu~gl) + ._;n(fegl) = o . 

Combining equations (2.62), (2.47) and (2.48) with equation (B.IO), we can write 

(B.ll) 

+ ~ee(.fo,.fo) + ._;n(.fo) = 0 , 

which equals equation (2.63). 
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APPENDIX C: THE ISOTROPIC PARTS OF THE GRADIENT TERMS 

In this appendix the isotropic part of equation (2.42) will be examined. 

Therefore, it is necessary to calculate the isotropic parts of the terms which contain 

gradients in the velocity and configuration space. 

The isotropic part of Vr/ell 

In equation (2.42) the term v· Vr.fHl is present. This can be written as: 

1 
!!:Vrf= !!:Vr(!!:f!v) = v!!.·Vr(!!:iJ. (C.1) 

Here, we omitted the subscript ea, and the superscript <
1l. With the use of the 

summation convention equation (C.1) can also be written as 

1f2 
v· _ a vi vifi _ a [ <!!> ij + 3 °ij ·] _ a [ <!!> ijfi J 
_ Vrf- 03) v ) - 0x; v fi - ax· v 

(C.2) J 
1 

J 

Here, Oij is the Kronecker delta, and <!!-> is the harmonic tensor of rank 2. It is 

easy to show that the isotropic part (denoted by the subscript iso) of equation (C.2) 

reads 

(C.3) 

Thus, the isotropic part of!!_· V dell can now be written as: 

(C.4) 

The isotropic part of Vv.fell 

In equation (2.42) the term !I_· Vvfell is present, where fi = !i_o + !i_1exp(jwro). The 

gradient term can be written as: 

(C.5) 
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It has been shown that the following relation holds [ODE-83]: 

(C.6) 

Replacement of j,_v) by Jv)fvin equation (C.6) leads to 

(C.7) 

The isotropic part of !fl.:Vvfell can now be written as: 

(C.8) 

With the use of equations (C.4) and (C.8) it is easy to show that equation (2.43) is 

the isotropic part of equation (2.42). 
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APPENDIX D: ANALYTIC SOLUTIONS OF THE BOLTZMANN EQUATION 

To obtain analytic solutions of the electron Boltzmann equation, some 

approximations will be made [V AL-S5A,B]: the frequency for momentum transfer 

by elastic collisions Vct, the inelastic cross sections Qj, and the vibrational excitation 

frequency Vv are taken constant. Furthermore, the superelastic collisions will be 

neglected, and the term which describes the vibrational excitation will be 

approximated by a differential expression [EVS-81], which reads 

(D.1) 

where Qv( v) is the cross section for vibrational excitation. The energy of the 

vibrational quantum 'hflv is assumed to be much smaller than the thermal energy of 

the electrons. It is convenient to rewrite the Boltzmann equation as 

where the functional 'd( u,F0) is defined as 

[1 1 'd( u,Fo) =- 'Y :Be Ut Qi( ut)Fo( Ut) + I=i'Je U2Qi( u2)Fo( u2)] + 

- 1[ UeQe( Ue)Fo( Ue) - ~ [ UQj( u)Fo( u)h=e,i,a. = 
J 

The constants in equations (D.2) and (D.2a) read: 

V 

(D.2) 

(D.2a) 

(D.2b) 

The various cross sections give rise to seven different energy intervals in which 

analytic solutions can be obtained, see fig. D.l. 

At the boundaries of these intervals the function Fo( u) and its derivative should be 

continuous. Furthermore, we have the normalization condition 

00 

0
J Fo( u).judu 1 . (D.3) 
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D.l. The various inelastic cross sections and the different electron energy intervals for CF 4• 

The inelastic processes with the corresponding cross section are: vibrational excitation (Qv), 
dissociative attachment ( Qa), electronic excitation ( Qe), and ionization ( Qi). The threshold 

energies for electronic excitation and ionization are ue and Ui, respectively. 

We now consider the solution of the homogeneous part of equation (D.2), i.e. 

substitution of ~o( u,Fo) == 0 into equation (D.2), in the different energy intervals. It 

should be noted that the homogeneom part only describes terms which are local in 

the energy space. 

Intervals 1,2,3,5. 

In these intervals equation (D.2) can be written as 

(D.4) 

where Fh denotes the the solution of the homogeneous counterpart of equation 

(D.2). Note that the vibrational constant V is zero in the intervals 1, 3 and 5. 

Equation (D.4) is now expressed in the normal form, so that 
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Fh( u) =ug( u)exp[tautts-{3/4+ V/2)lnu] , 

0' 

where the constants a, b, and care defined as 

a= (4 Vo-V0-3)/4, b = tVoau5 , c =a+ ta2u~, Vo = V+ 3/2. 

(D.5) 

(D.6) 

(D.6a) 

The transformation ( 2u./c transforms equation (D.6) into the standard 

Whittaker form, which has the general solution 

(D.7) 

where 

k ~ Vo'lls:Jc, m= .J(l-Vo+ l'0/4), (D.7a) 

and c1 and C2 are arbitrary constants. In equation (D.7) Mk,m( () represents the 

Whittaker function as given by ABRAMOWITZ [ABR-72]: 

(D.8) 

where 1F1(t+m-k,2m+l;() is the confluent hypergeometric function [ABR-72]. The 

solution of equation (D.4) can now be written as 

where ( = 2u./c. 

Intervals 4,6,7. 

In these intervals the following equation has to be solved 

(D.lO) 

where 1j 1Qj, and Qj is the appropriate inelastic cross section in the interval j. It 

is convenient to introduce the transformation w = .Ju. The equation thus obtained is 

expressed in the normal form, so that 
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Fh( w) = 9£ w)exp( tausuf.l) , 

1fuJ- [4w( cw+f'j)-3aUs]g = 0 . 

Introducing the following transformation [KAM-59] 

g( w) = 11Wexp( uf.l./c + f{!) , 

.l 11 where ~ = 2c4
( w + 2c), we can write 

~ + ~~ + tP1J = 0 ' 

where 7/J = t + (3au8 + f)/4./c. The solution of equation (D.l4) reads 

(D.ll) 

(D.l2) 

(D.l3) 

(D.l4) 

(D.l5) 

where k = t~ , and c3 and C4 are arbitrary constants. The solution of equation 

(D.lO) now can be written as 

(D.l6) 

To obtain the general solution of equation (D.2) also the terms which are non-local 

in the energy space have to be taken into account. These non-local terms represent 

the entrance of electrons, due to excitation or ionization with incident electron 

energies above the threshold energies Ue and Ui respectively, into the energy range 

below Ue. The general solution of equation (D.2), in the interval i, can be 

represented by 

F3(u) = FMu) + F~(u), (D.l7) 

where the particular solution F~( u) can be calculated from (see [PEA-74]) 

(D.18) 
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Here, W(F~1( (),F~2( ()) is the Wronskian of the two homogeneous basic solutions 

F~1 ( () and F~2( () in the interval i. The argument F of \$0 is supposed to be known 

from the solution in the high energy range, i.e. the solution of equation (D.IO). 

Numerical analysis 

We now return to the equations (D.9), (D.16) and concentrate on the 

calculation of the confluent hypergeometric function, as given in equation (D.8). 

The argument ( of this function equals 2u./c. When we assume I ~0 I to be of the 

order of the magnitude of the ambipolar electric field, Le. Us ~ kTe/ e, ( does not 

reach values above 15. So, in the calculation of 1F1 it is sufficient to use about 25 

terms in the series expansion of this function, which yields a relative error of about 

I0-4. In this case there is a fast convergence of the expansion. 

In equation (D.l6) the argument tez of the confluent hypergeometric function 

equals 4./c(./u+t'Yj/ c)2 . In the energy range where the dissociative attachment takes 

place (interva14), tez does not reach values above 15, because of the relatively small 

cross section Qa (typically 10-22 m2) for this process. As a consequence, there is no 

problem with the convergence of the expansion. In the energy intervals 6 and 7, 

where excitation and/or ionization takes place, the convergence of the expansion is 

very poor. Considering the magnitudes of the cross sections for these two inelastic 

processes mentioned (typically 10-21 m2), a typical value of the argument t~2 is 

about 300. Such large values of the argument of 1F1 will lead to poor convergence of 

the expansion. Considering this problem it is convenient to find approximated 

solutions in the energy intervals 6 and 7, Le. in the high energy range. 

Approximated solution, above the excitation threshold energy ue 

Starting point is equation (D.lO), which will be expressed in the normal form, i.e. 

where 

Fh( u) g( u)exp( tauns)u-3/4 , 

fJ = <P(u)g' 

f/l( u) 3 3au5 + 11 + c . 
16u2 4u .ju 

(D.l9) 

(D.20) 

(D.20a) 

Inspection of the function f/J( u) shows that for energies above Ue the first term of the 
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r.h.s. of equation (D.20a) is negligible. 

~ u 
We now introduce the transformation 17(~) = g(u)</>4 with ~ = f..J<P(x)dx. Equation 

(D.20) then transforms into 

~= [I-tZ(u(mJq, (D.21) 

where the Schwarzian Z( u,~) is defined as 

(D.21a) 

This so called WKB approximation [PEA-74] implies that under the condition 

Z( u,e) < 2 an approximate solution of equation (D.21) can be found. The solution of 

equation (D.21) can then be written as 

g( u) 
~ u ~ u 

C.</>- 4 (u)exp[f..J<P(x)dx] + C-</>- 4 (u)exp[-f..J</J(x)dx], (D.22) 

u 
where c. and c_ are arbitrary constants. The evaluation of J..J</J(x)dx [KAM-59] 

finally leads to an expression for .fh( u), i.e. 

where D.( u) = 2c../u+7j· It is obvious that in the interval 7 ( u ~ ui) only the term 

with c_, satisfies the condition l im Fh( u) 0. 
u...;oo 
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SAMENVATTING 

De industrieie toepassingen van moleculaire, met radiofrequenties (RF) electrisch 

geexciteerde plasma's op het gebied van oppervlaktemodificatietechnieken zoals 

plasma-etsen en plasmadepositie hebben geleid tot een toenemende belangstelling 

voor deze plasma's. Dit proefschrift beschrijft de modelvorming van RF4>lasma's. 

In tegenstelling tot de conventionele chemische etstechnieken die resulteren in 

isotrope etsprofielen, biedt het etsen met een moleculair RF-plasma bij lage druk 

het voordeel dat anisotrope profielen verwezenlijkt kunnen worden. Een ander voor

deel is de grotere selectiviteit met betrekking tot het te etsen materiaal. 

Karakteristiek voor deze plasma's bij lage druk zijn: een lage ionisatiegraad, 

een gemiddelde electronenenergie die veel hoger is dan die van de zware deeltjes, en 

het optreden van relatief hoge grenslaagpotentialen. Een RF-plasma bij lage druk 

(ea. 10 Pa) bestaat uit een centraal, lichtend gedeelte dat gekarakteriseerd wordt 

door quasi-neutraliteit, de zogenaamde glim. De gebieden tussen de glim en de elec

troden word en aangeduid als electrische grenslagen ( donkere lagen). In tegenstelling 

tot het quasi-neutrale gedeelte kan men deze grenslagen karakteriseren als gebieden 

die bestaan uit een overschot aan positieve ruimtelading. De electroden zijn negatief 

geladen ten opzichte van de glim, zodat de in het centrale gedeelte van de ontlading 

geproduceerde positieve ionen versneld worden naar de electroden. Het ionenbom

bardement op het substraat en de aanwezigheid van chemisch actieve deeltjes (radi

calen) aan het oppervlak domineren het etsproces. De gerichte snelheid van de ionen 

loodrecht op het substraat is vele malen groter dan de snelheid in de andere rich

tingen. Dit vormt de grondslag voor het anisotroop etsen. 

In verband met het feitelijke etsproces kan de glim worden opgevat als dat 

gedeelte van de ontlading dat zorg draagt voor de produktie van ionen en radicalen. 

De productie van deze deeltjes geschiedt door inelastische botsingen van electronen 

met moleculen (of atomen). Voor de bepaling van de reactiesnelheden van deze in

elastische processen is de kennis van de electronenenergieverdelingsfunctie (EED) 

essentieel. De complicatie die bij de analyse van de Boltzmann-vergelijking voor 

electronen in RF-plasma's optreedt is het feit dat de electrische velden in het plas

ma tijdafhankelijk zijn. Hierdoor zal de EED een tijdmodulatie vertonen indien de 

frequentie w van het aangelegde wisselveld vele malen kleiner is dan de totale fre

quentie voor energiedissipatie van de electronen in elastische en inelastische botsin

gen, Ve· Deze tijdmodulatie zal met name optreden voor die waarden van de elec

tronenenergie voor welke inelastische processen van belang zijn. Hierbij zullen 
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vooral de inelastische processen met relatief grote botsingsdoorsneden aanleiding 

geven tot modulatie van de EED. 

De modellen die in dit proefschrift worden beschreven zijn voornamelijk geba

seerd op een CF 4/ Ar plasma in een configuratie met twee evenwijdige electroden, 

waarbij de druk in de ontlading varieert tussen 5 en 100 Pa. Toetsing van de model

len vindt veelal plaats door vergelijking met de experimentele gegevens in een 13,56 

MHz CF 4/ Ar plasma [BI8-87 A]. Karakteristiek voor deze gassen en condities is de 

ongelijkheid Ve < w, zodat de tijdmodulatie van de EED gering zal zijn. Ten gevolge 

van de inelastische botsingen tussen electronen en neutrale deeltjes zal het isotrope 

deel van de EED echter afwijken van een Maxwell-verdeling. 

In verband met de toepassingen als plasma-etsen en plasmadepositie is de 

Boltzmann-vergelijking voor de electronen geanalyseerd in een inhomogeen plasma 

met gradienten in de configuratieruimte. De methodiek die bij het oplossen van deze 

vergelijking is toegepast is gebaseerd op een asymptotische ontwikkeling van de 

EED in een kleine parameter. Door toepassing van het zogenaamde veeltijdschalen

formalisme is een vergelijking voor het isotrope deel van de EED afgeleid. Ten ge

volge van de gradienten zal er een diffusie van de electronen in de richting van de 

electroden optreden. In de evenwichtssituatie is er een balans tussen de productie 

van electronen ten gevolge van ioniserende botsingen en het verlies van electronen 

door electroneninvangst (attachment) enerzijds, en door de genoemde diffusie naar 

de wanden anderzijds. Het blijkt dat de verliezen door diffusie worden vergroot door 

de aanwezigheid van negatieve ionen (F-en CFa-) in de glim. Door balancering van 

de productie van electronen en het verlies van electronen is het electrische veld bere

kend dat in de glim onstaat en dat nodig is om het plasma in stand te houden. Op 

grond hiervan zijn de reactiesnelheden voor de relevante inelastische processen bere

kend, alsmede de verdeling van gedissipeerde energie over de verschillende inelasti

sche processen. De electronendichtheid in de glim is berekend middels de koppeling 

tussen de electronendeeltjesbalans en de externe energiebalans. De resulaten hiervan 

zijn in goede overeenstemming met de experimentele gegevens van Bisschops 

[BIS-87A]. 

Zoals eerder genoemd treedt de anisotropie van het etsproces op doordat de in 

de grenslaag versnelde ionen het substraat bombarderen. Voor de karakterisering 

van de grenslagen is een beschrijving van de potentiaalopbouw daarom van groot 

belang. De Poisson-vergelijking en de vergelijking voor de continuiteit van de 

stroom in de grenslaag vormen de basisvergelijkingen voor de berekening van de 

potentiaalprofielen. Daar de ruimtelading in de grenslagen voornamelijk wordt 
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bepaald door de ionendichtheid ter plaatse, hangt de beschrijving van de potentiaal

opbouw af van de relatie tussen de RF-frequentie en de plasmafrequentie van de 

ionen, Wi. In verband hiermee is in dit proefschrift een onderverdeling gemaakt in 

drie verschillende gebieden voor de RF-frequentie. De plasmafrequentie voor de el

ectronen is in deze drie frequentiegebieden altijd vele rnalen groter dan de plasrna

frequentie van de ionen en de frequentie van het RF-veld. 

In het gebied van lage frequenties is w veel kleiner dan Wi (wf27r"' 100 kHz), 

zodat rowel de electronen als de ionen beinvloed worden door de tijdafhankelijke 

electrische velden. De tijdafhankelijke spanning over de grenslaag is dan op elk tijd

stip gerelateerd aan de instantane grenslaagdikte. De grenslaagdikte oscilleert met 

een frequentie gelijk aan die van het aangelegde electrische veld. De stroom in de 

grenslaag bestaat in deze situatie hoofdzakelijk uit de geleidingsstromen van de gela

den deeltjes. Indien de oppervlakten van de beide electroden ongelijk zijn, zal, in de 

situatie waarbij de RF-generator rniddels een externe condensator is verbonden met 

de RF--€lectrode, een additionele gelijkspanning tussen de beide electroden ontstaan. 

De berekende waarde van deze wgenaarnde 11self-bias11 is in goede overeenstemming 

met de experimentele gegevens. 

In het gebied van hoge frequenties is de plasmafrequentie van de ionen veel 

kleiner dan de frequentie van het RF-veld (wj21r "' 30 MHz), wdat de ionen ten 

gevolge van bun relatief grote massa slechts beinvloed worden door de gerniddelde 

waarde van het electrische veld. Het ionendichtheidsprofiel is dan ook stationair. De 

electronen daarentegen kunnen deze veldveranderingen nog volgen; De berekening 

van het resulterende, in de tijd gemiddelde electronendichtheidsprofiel komt redelijk 

overeen met bekende experimentele gegevens omtrent de axiale (loodrecht op de 

electroden) verdeling van de electronen in de grenslaag. 

In het overgangsgebied is w ongeveer gelijk aan Wi ( wj21r "' 5 MHz ). Dientenge

volge zullen de ionen zowel een gerniddelde als een in de tijd varierende invloed van 

de grenslaagpotentialen ondervinden. Analyse van de Poisson-vergelijking en de 

bewegingsvergelijking van de ionen in de grenslaag duiden erop, dat ten gevolge van 

deze dualiteit de verdelingsfunctie van de energie van de ionen cje de electrode tref

fen, twee karakteristieke pieken vertoont. Experimentele gegevens omtrent de ener

giespectra van verschillende soorten ionen (CFs+, CF2+, CF+, ArH+ en Ar2+) staven 

de geldigheid van dit modeL Indien de ionen niet in de grenslaag botsen zullen zij, 

bij een tijdonafhankelijke grenslaagpotentiaal, mono-energetisch de electroden berei

ken. In deze situatie wordt hun energie bepaald door de in de tijd gerniddelde waar

de van de spanning over de grenslaag. 
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I 

ln een 13,56 1Hiz CF 4/ Ar plasma is de zogenaamcle effectieve veldbenaclering voor 

de berekening van de in de tijd gemicldelde waarde van het isotrope deel van de 

snelheiclsverdeling van de electroncn toepasbaa.r indien de druk in de ontlacling 

is clan ea. 100 Pa. 

Dit pToefschrift. 

li 

Voor de beschrijving van plasma's in eclelgassen en moleculaire gassen zoa.ls CF4 op 

grond van de analyse van de Boltzmann-vergelijking voor electronen is het niet 

gerechtvaardigd om de ruimtelijke gra.dienten zonder meer te verwaarlozen aange

zien de diffusie van de electronen naar de electroden in het geval van eclelgassen de 

belangrijkste, en in het geval van CF 4 een van de belangrijkste transporttermen is in 

de continulteitsvergelijking voor de clcctronen. 

Dit JJroe j5chrifl. 

III 

Bij de modellering van supersoon expanderende plasma's kan men de invloed va11 

viscositeit, ladingsscheicling en convectieve stromen niet zonder meer verwaarlozen. 

G.NI. W. Kr·oesen, proefschrift Tcchnische Universiteit Eindhoven, 

Faculteit der Technische Nat uurkunde, 1.987. 

IV 

De bepaling van de electronentemperatuur in een casea.deboog bij hoge vermogens

dichtheid (1012 Wm-3) op grond van de meting van het electrische geleidin,gs

vermogen is zeer onnauwkeurig. 

P.1VI. Vallinga, njstudeerve1·slag Teclmisdte Universi/.eif. Eindhovcn, 

Faculteii der Technische Natuurkunde, VDF/ NT 84-02, 1.984. 

V 

Het plasma van een cascadeboog bij hoge druk en grote stroumsterkte wegens de 

hoge electronendichtheicl (ea. 1024 m-3), de relatief elec:tronentemperatuur 

(18000 K) en de hoge ionisatiegraad (ea. 70%), een zeer geschikt medium voor de 

bcstudering van effecten die karakteristiek zijn voor zwa.k nict-icleaJe plasma's. 

C.J. Timmermans, P.A1. Vallinga, L. Bol en D.C. Schmrn, proceedings 

ICPIG-XVII, Budapest, Hongm'ije, 1985, p .. 'J6fi. 



VI 

Het gebruik van de Saha-vergelijking voor andere situaties dan thermodynamisch 

evenwicht geschiedt vaak met onvoldoende omzichtigheid. Het is met name aan 

onderhevig of in de evenwichtsuitdrukking alleen maar de thermodynamische 

temperatuur vervangen client te worden door de electronentemperatuur, voor het 

dat deze afwijkt van de temperatuur van de zware deeltjes. 

A. V Potapov, High Temp. :J., 48( 1966). 

VII 

De moeilijkheden die R.F. Fox heeft met de Stokes-Boussinesq vergelijking voor de 

ur:vv'""""' van een bolletje in een visceuse vloeistof zijn het gevolg van een foutieve 

van de Fourier getransformeerde stromingssnelheid. 

R.F. Fox, Phys. Rev. A 27, 3216(1983). 

VIII 

Ondanks het feit clat het zogcnaamde Bohm-criterium reeds meer clan vier decennia 

geleclen theoretisch werd afgeleid laat experimentele verificatie van dit criterium 

voor plasma's van dichtheid en !age ionisatiegraad nog steeds op zich wachten. 

D. Bohm, in" The Chamcte1"istics of Electrical Discharges in .Magnetic Fields", 

uitg. A. Guthrie en R.K Wakerling, h. 3, 111cGraw-Hill, New York,1949. 

IX 

Bij de renaissance van de frans-romantische orgelbouw wordt de voortrekkersrol 

niet vervulcl door een Franse orgelbouwer maar door een ln Dordrecht gevestigde 

firma. Dit blijkt uit opclrachten voor het plaatsen van grote orgels te Parijs en 

Gem)ve. 

X 

Indien slagwerkinstrumenten met een vaste toonhoogte, zoals klokkenspel of 

xylofoon, een belangrijke rol vervullen in enkele van de tijdens een concert uit te 

voeren muziekwerken, verdient het aanbeveling het orkest vooraf niet, zoals 

gebruikelijk, op de hobo af te stemmen maar op een van deze slagwerkinstrumenten. 


