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SUMMARY 

The industrial application of radio frequency (RF) gas discharges 

has induced a theoretica! and experimental analysis of etching plasmas. 

The rnadelling concentrates on the quasi-neutral part of the plasma, the 

glow, and the space charge regions (sheaths), where the actual etching 

processes occur. 

The present report gives a description of this glow. After a 

treatment of the electron Boltzmann equation with several mathematica! 

techniques (multiple time scales formalism, expansion in harmonie 

tensors and Fourier modes), an equation results for the time averaged 

isotropie distribution function (idf) in velocity space. Special 

attention will be given to the characteristics of the electron diffusion 

term in this equation, which depends on the discharge pressure, the 

electron density, and the density of negative ions. It appears that the 

negative ions play a dominant role, and cause an effective chance from 

ambipolar to free diffusion. Wi th the specification of the callision 

terms in case of a CF 4/Ar plasma, the idf can be calculated. Two 

numerical methods of salution are discussed. 

Finally, macroscopie parameters, such as the electron temperature 

and density, the ionization frequency and elastic electron-neutral 

collis ion frequency, are obtained wi th the idf, and are compared wi th 

results from experiments and literature. The agreement with the 

experiments is good, while a comparison wi th 1 i terature shows a good 

resemblance. Small quant i tative differences can be ascribed to 

discrepancies in the cross section data for the relevant callision 

processes. 
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1 INTRODUCflON 

To understand the properties of a gas discharge, the knowledge of 

the behaviour of the charged particles, the electrous and i ons, is 

indispensable. Therefore, hydrodynamica! and microscopical theories have 

been developed for the calculation of the distribution function of the 

electrous and ions in configuration and velocity space. These functions 

give information about fundamental parameters, such as the diffusion and 

ionization ra te, and the temperature, density, and mobi 1 i ty of the 

electrons. 

Recently, plasma etching techniques have been developed to produce 

Integrated Circuits. By mounting a sample on one of the electrades, 

between which a gas discharge is sustained, structures can be etched 

with smaller dimensions than is possible with other techniques, such as 

wet-etching. In order to optimize and control this radio frequency (RF) 

plasma etching process, the Atomie- and Plasma Physics group 

investigates the physics of RF discharges both theoretically and 

experimentally. 

Experiments have been performed with a cylindrical cavity in which 

a CF4/Ar plasma is sustairred by applying an alternating electric field 

wi th a frequency of 13.56 MHz between two parallel electrades. This 

frequency is used for industrial applications. Figure 1 gives an outline 

of the configuration. The plasma is characterized by a low discharge 

pressure (6 to 66 Pa), a low ionization degree, and an electron 

temperature (mean electron energy) of about 3.5 eV. The plasma is 

rron-isothermal, i.e. the electron temperature is considerably larger 

than the ion temperature. Quantities such as the density and temperature 

of the electrons, and the averaged electron-neutral collision frequency 

have been measured by Bisschops [BIS-87]. 

Gas discharges generally can be divided into two sections: the 

space charge boundary layers (or sheaths) adjacent to the electrodes, 

and the quasi-neutral plasma region (or glow) in the middle of the 

discharge. These sections have a completely different physical nature: 

the sheaths consists of an excess of posi tive ions at about the same 

temperature as the electrous in the glow, whereas the glow is a 
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non-isothermal quasi-neutral region. Therefore, it is very difficult to 

describe both regions simultaneously. A theoretica! description of the 

sheaths has been obtained by Meijer [MEI-87]. Generally, the ionization 

rate and electron temperature in the glow are among the parameters which 

can be used in rnadelling the sheaths, in which the ion bombardment of 

the negatively charged electrades dominates the etching process. 
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Fig.l An outLine of the RF pLasma (d = 15 cm, Selec = 2 cm, 

St = Sz = 0.5 cm). 

This report will discuss these properties in the glow, and 

concentrates on the calculation of the electron veloei ty dis tribution 

function. (The ions approximately have a Maxwellian velocity 

distribution function, and need no further discussion.) In chapter 2, an 

analysis of the electron Boltzmann equation, as given by Vallinga 

[VAL-88], wil! be reviewed. This analysis is based on the multiple time 

scale forma! ism, the expansion in harmonica! tensors, and a Fourier 

expansion which describes the time dependent behaviour of the electron 

distribution function This results in an equation for the time averaged 
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isotropie part of the distribution function, and a small time dependent 

anisotropic contribution. These equations will give information on the 

macroscopie balance equations, discussed in chapter 3. The distribution 

in configuration space, which determines the electron diffusion term, is 

closely examined in chapter 4. It will appear that besides the electrons 

and positive ions, the negative ions predominantly govern the diffusion 

of the electrons to the electrodes. Chapter 5 will discuss two numerical 

methods, used to solve the equation for the velocity distribution 

function, and their results. Two methods have been used, because the 

inclusion of superelastic collisions {i.e. collisions where the 

electrons gain energy from vibrationally excited molecules) demands a 

different approach than without taking into account these collisions 

Finally, conclusions and suggestions will be given in chapter 6. 
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2 TIIE KINEriC EQUATION FOR TIIE ELECfRONS 

2.1 The Boltzmann equation for the electrans 

Starting point is the non-stationary electron Bol tzmann equation 

for the distribution function fe(C·~·t) of the electrans in a spatially 

non-uniform gas discharge, including both partiele conservative and 

partiele non-conservative inelastic processes, i.e. 

BF e + F er F "' <? t1. Bt ~·Vr e - ~·Vv e = f ~>ek + Jen . (2. 1) 

Here, Gek is the callision integral for elastic collisions between 

electrans and particles of species k ( electrans, i ons, and neutrals), 

whereas the total inelastic binary electron-neutral (species n) partiele 

callision processes are expressed by :l'en· Furthermore, Vv and Vr are the 

gradient operators in velocity and configuration space respectively, m 

is the mass of the electrons, e is the modulus of the electron charge, t 

is the time variable, and Q denotes the velocity of the electrons. 

Finally, g is the electric field in the glow of the discharge. We assume 

that the frequency w of the electric field satisfies 

(2.2) 

where We and w1 are the electron and ion plasma frequencies, and Ten is 

the average momenturn dissipation time for elastic electron-neutral 

collisions. The plasma frequencies We and w1 are given by 

(2.3) 

where M denotes the ion mass and ne, n 1 are the electron and ion 

densities respectively. 

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 resul t of these collis i ons. These collis i ons 

will also cause an effective momenturn scattering, so that just a small 
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anisotropy of the distribution function will be present. In accordance 

wi th Gurevich [GUR-78] i t will be assumed that the electric field now 

can be scaled as 

[eETen] = O{T7) • 
mUte in 

{2.4) 

where the subscripts in indicates that both elastic and inelastic 

collisions have been included, and Ute is the thermal velocity of the 

electrons. In a situation where only elastic collisions between 

electrans and neutrals are considered, the sealing of the electric 

field, mentioned above, leads to an ordering with 172
, insteadof 17. as 

shown in appendix B. Consiclering a molecular CF4 plasma we have 

17 = 5.3 10- 2
, while this parameter for argon yields the value 

17 = 6.1 10- 2
. The sealing law as given in equation (2.4) can be checked 

afterwards by calculating the maintenance value of the electric field E, 

the average electron-neutral callision time Ten• and the thermal 

velocity of the electrans Ute· A typical value of the sealing parameter 

thus obtained is 4 10- 2
; this means that the scal ing as given in 

equation (2.4) is realistic. 

Consiclering the inhomogeneities in the plasma, the Knudsen number 

ae defined as the ratio of the electron mean free path Àe n to some 

particular macroscopie length L (experimental scale length) reads 

Àen UteTen O( ) .- L = L = 11 • {2.5) 

which is a good estimate consiclering the actual values of the parameters 

involved. This implies that a callision dominated plasma is considered. 

The elastic electron-electron and electron-ion momenturn dissipation 

frequencies, Vee and Vei respectively, are assumed to be of the order 172 

with respect to the elastic electron-neutral momenturn dissipation 

frequency, Ven· This is in accordance with the definition of a weakly 

ionized gas as given by van Odenhoven [ODE-83], i.e. 

(2.6) 

where Qjk is the elastic cross section for momenturn tranfer of particles 
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j with particles R. The same holds for theelastic electron-ion momenturn 

dissipation frequency Vei· 

The ratio between the inelastic and elastic momenturn dissipation 

frequencies is also assumed to be of the order ~2 • which can be checked 

by consiclering the actual set of cross sections as given in appendix A, 

i.e. 

(2.7) 

where Q in is the cross section for momenturn dissipation in inelastic 

collisions between electrans and neutrals. This implies that the elastic 

callision integrals Gee• Gei and the inelastic callision integral :l'en 

satisfy 

(2.8) 

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

the appropriate power of ~. and the distribution function wi 11 be 

expanded into this small parameter ~· Consistent with the assumptions 

above the electron Boltzmann equation reads 

BBfte + n.!::""rfe - ~me_."vfe -- n2(~ +~ +~ ) + ~ ., v 'L'--' v ., bee bei Jen ben . (2.9) 

At this point it is helpful to comment on the use of ~as a labelling 

parameter. When we would transfarm the Bol tzmann equation into i ts 

dimensionless form, powers of ~ 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~ 

in front of the corresponding terms. In the end~ is put equal to unity, 

so that ~ merely plays a bookkeeping role. 

The electron Boltzmann equation is solved by means of an asymptotic 

expansion into the small parameter ~· The expansion of the distribution 

function Fe can be written as 

(2.10) 
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It is known that such an expansion may aften lead to secular behaviour, 

i.e. it contains terms f~n+ll and f~nl such that the ratio f~n+ll/f~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 Tk = T)kt is applied, so that the time 

derivative transfarms as 

(2.11) 

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 freedom, necessary to eliminate the secular terms, is 

created. Expansion (2.11) then transfarms equation (2.10) into 

The callision terms are also expanded in powers of 77 [ODE-83] and the 

expansions are substi tuted into the Bol tzmann equation. Up to second 

order we thus obtain: 

(2. 13) 

The callision integrals Ge; and Gen in equation (2.13) are expanded in 

powersof 772 [ODE-83], which is the order of magnitude of Vt 1/Vte in an 

isothermal plasma, where Vt 1 denotes the thermal velocity of the ions. 

In zeroth order the following equation is obtained: 

(2.14) 
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Equation (2.14} implies that on the fastest time scale only elastic 

electron-neutral collisions have to be considered. From equation (2.14) 

an H-theorem can be derived [ODE-83]. The zeroth order dis tribution 

function therefore relaxes towards an isotropie function in the limit 

T 0 ~ oo, i.e. after many elastic COllisions (notation subscript as), 

since only a function g(v.!:_.t) which is isotropie in velocity space 

satisfies the following equation: 

(2.15} 

As a consequence, we can write 

[aF~ o 
1

] 

aTo as 
. [aF ( o 

1
] = L"tm __ e = aT 0 

To-300 

0 . (2. 16} 

This implies that the zeroth order distribution function F~~!s does not 

vary wi th To. 

The first order part of equation (2.13) reads 

where the electric field is assumed to be of the form 

(2.18} 

The DC space-charge field fo(!:.} varies with position, but ft is assumed 

to be constant. From here complex notation will be used, and in the end 

the real part bas to be considered. To find a salution of equation 

(2.17} in the limit To-300, it is convenient to expand F~~!s in orthogonal 

harmonie tensors and Fourier modes: 

(2. 19a) 
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(2. 19b) 

Qf(i) c) if(i) c) c· ) = n e. as V + n e . as U exp JWT o + . . . . 

In the r.h.s. of equation (2.19a) a summation of n-fold inner products 

between tensors of the n-th rank has been wri tten. (Here and in the 

following equations the .c-dependence will nat be depicted for ease of 

survey.) Expansion (2.19a) is completely equivalent to an expansion in 

spherical harmonies, as has been demonstrated by Johnston [JOH-66]. An 

analysis of these harmonie tensors has also been discussed by van 
'V 

Odenhoven [ODE-83]. From now on the notation f~nl is used for of~nl, and 

f~nl for if~nl_ Higher ordertermsof expansion (2.19a) will nat be 

needed to describe the anisotropy of the distribution function. From the 

isotropie part of (2.17) it appears that f~~!s does nat vary with Ti, 

'V ( i ) 
whereas fe. as does nat depend on Ta. It thus appears that in first 

order, as well as in zeroth order, the isotropie part of the 

distribution function does nat vary with T 0 • 

From here on the subscript as will be replaced by the subscript A. 

indicating independenee of bath T 0 and Ti. The right-hand side of 

equation (2.17), after insertion of equation (2.19a), can be written as 

[MAC-66] 

(2.20) 

where vd = 1/Td is the frequency for momenturn dissipation in elastic 

electron-neutral collisions. Notice that 8~~ 1 (f~Ä 1 ) will nat give an 

isotropie contribution. 

The non-isotropie part of equation (2.17) then yields 

ofcil ( )~fcol ifCll _ Td(u) ~fcol 
_eA = Td U _ eA , _eA - 1+jWTd(u)- eA (2.21) 
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where 54 and q>, are differentia1 operators, defined as 

54 er ( )a rrf. = er
1

{!__ = ;n:::. 0 !::.. av - vv r • ::!) ;n:::. av (2.22) 

It shou1d be noted that the expressions for 0[~1 1 and 1 [~1 1 equal those 

obtained by Shkarofsky et al. [SHK-66] ( equations (3-85b) and (3-80) 

respeetively). The same equations arealso given by Rose [ROS-55]. The 

first order distribution funetion ean now be written as 

f 
( 1) 
eA (2.23) 

The isotropie eontribution f~Ä 1 is yet undetermined, but ean be 

ealeulated from higher order equations. Equation (2.23) is the general 

salution of equation (2.17). 

In seeond order, and in the limit Ta~ ro. equation (2.13) yields 

ar~~) [ ar~ 2 )] ( 1l e . ( 1 ) -a--- + -a--- + u•vrreA - =rEo(r)+E1exp(JWTa)]•vvreA = T2 To A - m- - -

~ cr(Q) (Q)) (Q)cr( 21 ) ffi cr(Q)) = bee eA.reA + Gen eA +Jen eA · (2.24) 

The term ar~l 1 /aT1 does not eontribute to (2.24). beeause elimination of 

the seeular behaviour after integrating this equation over T 1 , ineluding 

the ar~l 1 /aT1 term, leads to ar~l 1 /aT1 = 0. The isotropie part of 

"" equation (2.24) ean be solved by using a Fourier expansion for r~% 1 • It 

appears, as has been shown by Vallinga [VAL-88], that there is an 

isotropie part of the distribution funetion whieh varies in time with a 

frequeney twiee that of the applied eleetrie field. A DC part of the 

eleetrie field and/or spatial inhomogeneities also induee an isotropie 

part whieh varies with the fundamental frequeney w. the DC (time 

averaged) equivalent of the isotropie part of equation (2.24). In the 

limit T2~ the DC (time averaged) equivalent of the isotropie part of 

equation (2.24), yields the equation for the zeroth order distribution 
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function [VAL-88]: 

1 e a 2 e 2a (e a )] COl VTde a (01 

3v2- î:-<a v Td[.:=:.fe-a + Eo• .:=:.fo-a -vvr feA ) - -
3
-- Vr·(Eoa-feA ) + m v m v - m- v m - v 

2 
+ TdV V2f(OJ 

3 r e A (2.25) 

where the effective electric field Ee is defined as 

(2.26) 

To solve equation (2.25) we make the Ansatz that f~~ 1 can be separated 

into spatial and velocity parts, i.e. 

(2.27) 

where n~~ 1 is the zeroth order electron density. This means, in effect, 

that the zerothorder isotropie velocity distribution function must have 

the same form everywhere in the bulk of the discharge. Note, that this 

needs not tobevalid for 0 f~Ä 1 , 1 f~Ä 1 , etc. 

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

bulk of the discharge is given with sufficient accuracy by 

(0) (00f(0)4 2d ne = neA = ) eA ~V V • 
0 

(2.28) 

Equations (2.27) and (2.28) imply that we have the normalization 

condition 

(2.29) 

The average of any scalar quantity ~ is denoted by <~> and is calculated 

from the relation 

-1 ro co 1 2d <~> = ne ) ~feA 4rrv V • 
0 

(2.30) 

Although in a rigarous treatment all time dependent components of the 

total isotropie distribution function should be used in equation (2.30), 
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i t is assumed that for averaging purposes, the total isotropie 

distribution function is approximated wi th sufficient accuracy by the 

zeroth order isotropie distribution function. 

Following the work of Rose [ROS-55], we assume the space-charge 

field ~o to be of the farm 

(2.31) 

where U 5 is a measure of the space-charge in the bulk (in volts). There 

arises a slight problem in the evaluation of equation (2.25) because of 

the presence of certain crossed space and velocity terms, which 

indicates that the separation into ne(C)fo(v) is not completely correct. 

It has been shown by Vallinga [VAL-88], however, that the separation is 

a good approximation, and that equation (2.25) can be written as 

1 e 2 
d:T.-1 2 2 d J 2 

df ( ) E ~ VTd Vrne[eUs o f J 
3v2 m dv V T d e dU1 0 + 3 ne ---;;t dv + V 0 + (2.32) 

Equation (2.32) is identical with the equation for the isotropie 

ditribution function in a stationary state, i.e. for a DC plasma, with 

the only exception that now in equation (2.32) instead of the DC field 

strength the effective field strength Ee occurs. This situation is 

called the effective field approximation. 

This final equation for the isotropie part of the electron 

distribution function, denoted by Fo(v), will now be further specified 

to be applied in the case of a CF4/Ar RF plasma. The first term in 

equation (2.32) represents the energy gain of the electrans due to the 

electric field, the second term describes the diffusion of the electrans 

due to spatial gradients in the electron distribution function, i.e. 

spatial gradients in the electron density, and the fourth term 

represents the impact of several inelastic collis ion processes. The 

third term, descrihing the elastic electron-electron collisions, can be 

neglected, because the ionization degree, i.e. ne/Nn where Nn is the 

density of neutral species n' in the gas discharges of practical 

interest for plasma etching applications, varies between 10- 6 and 10- 7 
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[BIS-87]. For the same reason Bei has been neglected already in equation 

(2.24). 

The total inelastic collision term in equation (2.32) includes the 

following processes: electronic excitation, ionization, vibrational 

excitation, collisions between vibrationally excited molecules ann 

electrons (superelastic collisions) and dissociative attachment. The 

last three processes have to be considered only in CF4 . Hence, we can 

write 

As mentioned earlier both partiele conservative and partiele 

non-conservative inelastic collisions have to be considered, so that the 

inel:J.stic terms have to be spec.i.?ied 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 ~e is 

introduced. The case ~e = ~ describes the situation in which the primary 

and secondary electrous have the same energy, i.e. the available energy 

is equally distributed amongst the two electrous. The ionization term 

can now be specified as 

v 2 2e 
U 21 + u 

= ~e m i (2.34a,b) 

Qi(u) is the cross section fortotal ionization. Because the primary and 

secondary electrons are indistinguishable, the range for the parameter 

~e reduces to ~ ~ ~e ~ 1. The collision terms for electronic and 

vibrational excitation (in the case of CF4) can be written as 

(2.35a) 

(2.35b) 

where Qk denotes the cross section for the excitation process k. and Uk 
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is the corresponding threshold energy. Due to superelastic collis i ons 

between electrans and vibrationally exci ted molecules ( only for CF 4 ), 

the electrans gain energy corresponding to the energy of the vibrational 

quantum. This superelastic callision term can be described by 

(2.36a) 

2 2 2e 
V 5 = V - m Uv (2.36b) 

where N~ is the densi ty of the vibrationally exci ted molecules, which 

will be treated as an independent parameter [CAP-86], and Qs(v) is the 

cross section for superelastic collisions. Implying the principle of 

detailed balance [CHE-79], the relation between Qv and Q5 can be written 

as 

(2.37) 

where u= Y~v2/e is the electron energy in electronvolts, g
0 

and g 1 are 

the statistica! weights of the ground level and the exci ted state 

respectively. 

The term which describes the dissociative attachment (only for CF4 ) 

is an electron loss term, which can be written as 

(2.38) 

where Qa is the cross section for dissociative attachment, and No the 

densi ty of C2F6 molecules. Two attachment processes are considered, 

(notably e+CF 4 and e+C2F6,) denoted by the corresponding indices in 

equation (2.38). Numerical data on the cross sections of the different 

callision processes are given in appendix A. 
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In terms of the energy variabie u, the complete equation for F 0 

reads 

+ N~ 
Nn [(u-uv)Qs(u-uv)Fa(u-uv) - uQ 5 (u)Fa(u)J + 

- NNo uFa(u)[Qa(u)] - uFa(u)[Qa(u)J + 
n C2F6 CF4 

(2.39) 

with the normalization condition 

,oo!h ,00 2 
) u Fa(u)du = ) 4~v fo(u)du = 1 . 

0 0 
(2.40) 

It should be noted that we have made the. transformation 

(2.41) 

In equation (2.39) Ut = u/f3e + Ui, u2 = u/(1-f3e) + Ui, Qj(u) is the 

cross section for momenturn transfer in inelastic collis i ons (i.e. Qe, 

Qi, Qv, and Qa are the cross sections for exci tation, ionization, 

vibrational excitation, and dissociative attachment), and Qd(u) is the 

cross section for momenturn transfer in elastic collisions. 

In principle, equations (2.39) and (2.40) determine the isotropie 

part of the electron distribution function in the entire energy range. 

From equation {2.39) it can be seen that Fa depends on the parameters 

Ee/Nn. Nn 2
/(Vr

2 ne/ne). U 5 and on the atomie data concerning the 

different elastic and inelastic cross sections. To complete the 

solution, it is necessary todetermine the relation between these three 

parameters. This is a rather difficult and laborious iterative 

procedure, which requires the knowledge of the space charge density and 
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the evaluation of the electron macroscopie equations. The macroscopie 

balance equations will be discussed in chapter 3, whereas the parameter 

U 5 , a measure for space charge density wich determines the space charge 

field, will be considered in chapter 4, where the diffusion process is 

closely examined. Firstly, however, the basic equation for Fo. i.e. 

equation (2.39), will be compared with results obtained by Wilhelmand 

Winkier 

2.2 A discussion about the validity of the effective field approximation 

The literature concerning the electron distribution function in RF 

gas discharges, has just a short history, starting several years ago. 

Important work has been done by Wilhelm and Winkier (W&W), who have 

developed a direct treatment of the electron kinetics, which calculates 

the time evolution of the distribution function. They also use a methad 

which calculates the time average of the isotropie distribution 

function, using a Fourier expansion. A discussion of these methods by 

Vallinga [VAL-88], will now be summerized. 

W&W solved the Boltzmann equation (2.1) in the case that electrans 

are devided homogeneously in configuration space, i.e. ~o = Q and the Vr 

term will be zero. So, there will he no electron diffusion, and only 

partiele conservative inelastic processes are included. In the direct 

treatment they use a Legendre polynomial expansion, where only the first 

two terms are considered [WIN-84]: an isotropie (fo). and anisatrapie 

(fA) contribution, equivalent to the first two terms of equation 

(2.19a). By inserting this expansion into the Bol tzmann equation, two 

partial differential equations for f o (u, t) and fA (u, t) are obtained. 

These equations show that the time dependenee of fo and fA are governed 

by Ve and Vm respectively. Here, Ve and Vm are the energy and momenturn 

dissipation frequencies: 

Ve(u) (2.42) 

where the impact of elastic and inelastic collisions is describred by 

the energy dependent callision frequencies for momenturn transfer Vd and 

V;n respectively. In V;n all different inelastic processes are included. 

The time modulation of fo will be proportional to ve/w, and the 
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modulation of fA will be proportional to Vm/w. Camparing w/p with ve/p, 

W&W state that fa will only show time dependent behaviour in those 

energy regions where the inequality w/p ~ ve/p holds. This agrees with 

their calculations of the temporal evolution of fa in neon and CO gas 

discharges [WIN-84]. 

The direct treatment is time consuming, because calculating a 

periadie state from a certain ini tial dis tribution function is rather 

laborious. Often however, the time averaged macroscopie quantities are 

of particular interest. Therefore, W&W used as a second methad a Fourier 

expansion for fa. 

()() 

fa(u,t) = L Fn(u)exp(jnwt), * F-n(u) = Fn(u) , (2.43) 
-CO 

where * denotes the complex conjugate. Fa corresponds to the time 

average of fa over one period of the RF field (E(t) = E1coswt). By 

substituting this expansion into the equations for fa and fA. an 

equation for Fa is obtained, including a term containing F2. So, Fa is 

still coupled with the second harmonie F2 of fa. and this equation can 

only be solved directly for Fa if IF2I becomes noticeably smaller than 

Fa. As in the direct treatment, it was observed by W&W [WIN-84, WIN-85, 

WIN-87] that there is just a very small time modulation, i.e. IF2I~F a, 

if the inequality w/p ~ ve/p holds in the energy region of interest. In 

this frequency limit a time independent equation for Fa alone results, 

where the electric field term appears to be constant, just like in a DC 

gas discharge. This effective electric field equals the f:eld wich is 

given in equation (2.26), where E1/Y2 is the time average of the modulus 

of the applied AC field. This approach is called the effective field 

approximation. If furthermore w/p < Vm/p holds, their equation for Fa 

equals the basic equation (2.39), except that the diffusion term is 

omi tted because W&W have assumed a spatially homogeneaus distribution 

function. Thus, an equation for Fa alone is obtained for sufficiently 

high field frequencies, i.e. for 

(2.44) 
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The validity of the inequality {2.44) in case of a CF4 plasma with 

w/27T = 13.56 MHz, can be checked by consiclering the cross sections as 

given in appendix A. In figure 2, VelP and VmiP have been depicted in 

I 
ru a.. 
I 
VI 

--------,--------
________ 1 

V 

Fig.2 A comparison of wip with VelPand Vmlp. Depicted are the cross 

sections for attachment by CF4 and C2F6 (A), vibrationaL 

excitation (V). The curve wich begins at 12 eV represents the 

totaL cross section for excitation and ionization. 

the energy range 0-25 eV. The dashed lines indicate the variation of wip 

in the pressure range of 6.65 to 66.5 Pa (0.05-0.5 Torr). It appears 

that indeed the inequality (2.44) is satisfied for energies below the 

threshold energies of ionization and exci tation, ui ( 15 eV) and ue 

{12 eV) respectively. The inequality is nat valid for higher energies, 

but there Fo will decrease rapidly and its small time modulation will 
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have a negligible effect on the time averaged macroscopie quantities. 

The condition that the inequality w/p L ve/p must hold for the validity 

of IF2 I~F 0 , has also been verified by Vallinga [VAL-88], consiclering Fo 

and F2 as derived in chapter 2.1. 
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3 11IE ELECfRON MACRooa>PIC EQUATIONS 

The macroscopie equations for the electrans can be obtained from 

equation (2.1) through multiplication with the appropriate functions of 

the velocity, and subsequent integration over the entire velocity space. 

These equations are also known as the moment equations. The zeroth, 

first, and second, velocity moments of the Boltzmann equation correspond 

to the equations of conservation of mass, momentum, and energy. 

3.1 The partiele balance equation 

By integrating equation (2.1) over the entire velocity space, the 

zeroth moment equation results. The integration Jffd3 v can be simplified 

to J 4Trv2 dv, because we consider only the isotropie part of equation 

(2.1). Transforming to the energy variabie u the integration becomes 

../(2e/m)fv'u du. In the transformation from equation (2.1) to equation 

(2. 39), a mul tiplication wi th .Ju has al ready occurred, so the zeroth 

moment equation is otained by integrating equation (2.39) over the 

entire energy range. This leads to 

(3.1) 

where ~s represents an effective diffusion coefficient. The free 

electron diffusion coefficient, De, the mobili ty coefficient, 1-le, the 

averaged ionization frequency, <vï>. and the total frequency of attach

ment, <va>. are defined as 

(3.2) 

(3.3) 

(3.4) 
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where K; and Ka are the ionization and total attachment rate constants 

respectively. In this equation Va is defined by Va = (Nn[Qa(u)]cF4 + 

No[Qa(u)]czF6)u. Equation (3.1) represents the balance between the rate 

of loss of electrans due to dissociative attachment and diffusion to the 

wall, and the rate of production of electrans due to ionization. 

Since the effective diffusion coefficient, the ionization and 

attachment frequencies are independent of spatial variation, see 

equations (2.27) and (2.41), we can write 

(3.5) 

where A is the free diffusion length, determined by the geometry of the 

cavi ty. Wi th the introduetion of the effective diffusion coefficient, 

~s. the diffusion term in equation (2.39) can be rewritten. Therefore, 

we approximate dFo/du by cFo. The resulting balance equation then yields 

(3.6) 

This approximation is correct on the average if c equals -1/uc, where 

the characteristic energy is defined by 

(3.7) 

When equations (3.5) and (3.7) are inserted into equation (2.39), then 

the diffusion term can be written as 

uFo qns 
3QdN~ DeA2 = 

where Ae is an effective diffusion length, defined by 

(3.8) 

(3.9) 

Note that the approximation of dF 0 /du by -F 0 /Uc is exact if Fo equals a 

Maxwellian distribution function. In that case dFa/du =Fa/Te, where Te 

is the electron temperature in electron volts, and the Einstein relation 

Te= Uc, hold. In the actual discharge however, the distribution 
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function will deviate from a Maxwell distribution, and the approximation 

is only exact on the average. But this will have no important 

consequences. It can be shown that the diffusion term is proportional to 

1/(pA) 2 compared to the remaining terms in equation (2.39). For 

discharge pressures above 13 Pa, it will just have a small influence on 

the shape of the distribution function. (This has been checked by 

solving the Boltzmann equation without the diffusion term, see chapter 

5.) The calculation of A and the ratio of the free and effective 

diffusion coefficient will be discussed in more detail in chapter 4. 

3.2 The current density equation 

The first moment equation is obtained by multiplying equation (2.1) 

whith Q and integration of the resulting equation over the entire 

velocity space. Because only the anisatrapie part of the electron 

distribution function will contribute to this integration, it is 

sufficient to apply this integration to the anisatrapie part of equation 

(2.17). This equation is equivalent to the expression for the 

anisatrapie part of f~ÄJ, as given in equation (2.23). Multiplication of 

this equation with Q and integration yields 

le(t) = -efff~~ÄJ(c.~.t)d3~ 

= -efff~0[~ÄJ+ 1f~Älexpjwt]·Q~ d3~ 

= -e ~~J [ 0f~ÄJ+ 1 f~Älexpjwt]u3du 
(3. 10) 

Substitution of 0f~ÄJ and 1 f~ÄJ as given in equation (2.21), leads to 

the free electron diffusion coefficient De as defined in eqution (3.2) 

and the DC and AC electron conductivity, which are expressedas 

(3. 11) 

(3. 12) 

Note that the DC current density depends on c. whereas the AC current is 
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~ independent. Under the assumption that the momenturn dissipation 

frequency is energy independent, the expression for a a c equals the 

Lorentz conductivity, i.e. 

Oae 

2 = OL = nee __ 1_ 
m vd+jw 

(3. 13) 

As mentioned before in chapter 2.2, the inequality Vd } w holds in the 

significant energy region for CF4 as well as for argon, when the actual 

frequency of 13.56 MHz is considered. Therefore, the DC and AC 

conductivity will approximately be equal. Comparison of ade with ~e. as 

given in equation (3.3), shows that Ode = nee~e. as is expected from the 

definitions ~d =-~ego and i= -nee~d = 0dego, when only the DC part of 

the current is considered. Here, ~d is the drift velocity of the 

electrons. 

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

written as 

(3.14) 

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

the AC electron current densi ty. For ·high frequencies, i.e. Vd <: w, 

there will be a phase delay of ~/2 and no power will be dissipated in 

the glow. 

3.3 The electron energy balance equation 

The macroscopie electron energy balance equation can be obtained by 

mul tiplying equation (2.39) wi th uNneJ(2e/m), inserting the effective 

diffusion term as defined in equation (3.8), and integrating it over all 

energies. Hence, we can write 

~F = ~E + ~I + ~A + ~V + ~5 + ~0 , (3.15) 

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

the electron component of the plasma ~F. i.e. the Ohmic heating, is 

compensated by the energy losses by inelastic collisions, which can be 

specified as exci tation energy ~E, ionization energy ~I, attachment 
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energy ~A. vibrational energy ~v. the energy gain by superelastic 

collisions ~s. and by energy losses due to diffusion ~o. The definition 

of the different energy contributions reads: 

(3.16) 

(3.17) 

2e ~ ,m 2 
~A = (--) e ) u (Nn[Qa(u)J + No[Qa(u)J )Fo(u)du, 

m 0 CF4 C2Fó 
(3.18) 

(3.19) 

(3.20) 

where aR denotes the real part of the AC electron conductivi ty. The 

second equality in equation (3.16) can be verified from equation (3.12) 

and the relation vd(u) = NnQd(u)J(2eu/m). It should be noted that the 

power input term ~F equals the time averaged value of 

~e[Le(t)]·~iCOswt/ne. 
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4 TIIE SPATlAL DISTRIBUfiON FUNCfiON 

4.1 The electron diffusion term 

The diffusion of the charged particles in a gas discharge towards 

the electrades is controlled by the spatial distribution of these 

particles. The electrans and ions, created by inelastic electron-neutral 

collisions, tend to diffuse out of the plasma. The electrons, which have 

the smallest mass and as a consequence the largest mobi l i ty, wi ll be 

faster. Consequently, an excess of positive charges occurs. Thus, a 

space charge field is built up, which assists the ions and retards the 

electrons. Before escaping, each electron must suffer, on the average, 

one i anizing collis ion in the plasma, in order to maintain a steady 

state. This steady state, where electron loss and production are 

balanced, can be described with the macroscopie equations for the 

partiele and momenturn balance, while the Paissans equation determines 

the electric field caused by charge separation. 

This set of equations has been stuclied in a large number of 

articles, consiclering a DC gas discharge. These studies present 

analytically and/or numerically obtained solutions for different 

discharge parameters, such as the electron density at the centre of the 

discharge, and the gas pressure. It has been shown in chapter 2, that in 

zeroth order the distribution function f~~ 1 is constant in time. The 

spatial distribution function ne(L) will have just a small time 

modulation of the order ~2 • which disappears when only the time averaged 

electron density is considered. The determination of ne in a DC 

discharge thus wi ll give a good description of the spatial electron 

density distribution in the actual AC discharge. The general approach in 

the articles, consiclering DC discharges, will now be discussed. 

The first two moments of the Boltzmann € Jation for a steady state 

may be written, for either electrous or ions, as [SEL-66] 

Vr•(nQd} = neVi, 

eT 
(Qd•Vr}Qd = q(~/m) - ~rlog n- VQd· 

m 

( 4. 1) 

(4.2) 

Here. the stress tensor has been approximated by a scalar pressure. 
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assuming the temperature T (in eV) to be spatially homogeneous, and the 

callision term wi th neutrals is desribed by a friction term propor

tional to the drift velocity Qd. In equation (4.1) the average callision 

frequency per electron for ionizing electron-neutral callision is 

denoted by V;, and equals <v;> as given in chapter 2. In equation (4.2), 

v is defined by v = v 1 + Vm, where Vm is the averaged callision 

frequency for momenturn transfer. Here, Vm corresponds with Ven given in 

equation (2.6), in case of electron neutral collisions (i.e. v::,). In a 

steady state the electron and ion flux will be equal, i.e. 

[e = neQed = n;Q;d = [; = [, and equations (4.1) and (4.2) can be 

transformed into 

V·[ = nevl, (4.3) 

[ -DeVne - l.le!;;.ne-
1 

( 4.4) = i)e ([•V)([/ne), 

[ -D;Vnl + l.l;f;.n;- 1 
(4.5) = i)i ([•V) ([/n1), 

V•];;_ = e(nt - ne )/co' (4.6) 

where ve' 
1 = v 1 + v::,' 1

• The diffusion and mobility coefficients of the 

electrans and ions are denoted by De = eT e/mve, D; = eT1/Mv 1, 

l.le = e/mve, and l.li = e/mv 1 • Henceforth, the subscript of the gradient 

operator will be omitted, just like in the equations above. The Poisson 

equation (4.6) completes the set of equations. The nonlinear inertia 

term appears in the left hand side of equation ( 4. 2), leading to the 

last term in the right hand side of equations ( 4. 4) and ( 4. 5). A 

comparison of this term wi th the contribut ion descrihing the spatial 

inhomogeneities, yields 

(4.7) 

The electrons, rnaving against the space charge field, will have just a 

small directed velocity compared to the random velocity, while for the 

i ons these two veloei ties wi 11 approximately be equal. Therefore, the 

inertia term can be neglected in case of the electrons, and equation 

(4.4) will be equivalent to equation (3.10), if only the time averaged 
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flux (OC current) is considered. The ion inertia term depends on the 

pressure and thus makes the set of equations ( 4. 3) - ( 4. 6) pressure 

dependent. 

Firstly, the high pressure limit is considered, where the ion 

inertial term can be neglected toa [HIR-78]. In this limit one speaks of 

mobility limited or callision dominated diffusion. This pressure limit 

yields the equations 

f = -DeVne - ~egne. 

f = -D;Vn; + ~;gn;, 

(4.8) 

(4.9) 

which, tagether wi th equations ( 4. 3) and ( 4. 6). have been sol ved by 

Allis and Rose (A&R) [ALL-54]. The salution will depend on the electron 

density at the centre of the discharge neo. being the free parameter, 

and must satisfy the boundary conditions new = n;w = 0, i.e. the 

densities of the electrans and ions are zero at the walls of the cavity, 

whereas at the symmetry axis of the cavity [ = Q and E = Q must hold. 

The first two conditions are only valid in the high pressure limit, as 

will be discussed later on, and the last two conditions must always be 

satisfied. At very low electron densi ties. for example at breakdown, 

free diffusion will occur, and the space charge field may be neglected. 

Equations (4.3) and (4.8) then yield 

( 4. 10) 

Since De and V; do nat depend on~. justas in equation (3.5). equation 

(4.10) can be solved by introducing 

(4.11) 

The free diffusion length A, can be calculated by solving equation 

(4.10), with new = 0. This yields [MAC-66] 

ne = neosin(~x/L)Jo(2.405r/R). ( 4. 12) 

and 1 [2.405]
2 

jp = R + [+r· ( 4. 13) 
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in case of a cylindrical cavity with height L, and radius R. Often the 

two limi ting cases are considered: the parallel plate geometry (slab 

geometry) where R ~ 00 and A= L/~. and the infinite cylindrical geometry 

where L ~ ro, i.e. A= R/2.405. In these limits, analytic solutions can 

be obtained in situations others than breakdown. 

Generally, the solution of equations (4.3)-(4.6) can be expressed 

in terms of the ratio 

( 4. 14) 

In the free diffusion limit, r equals De/Di, and the ratio of the 

electron and ion density is independent of the position ~- This ratio is 

much larger than unity, and an excessof ion density has developed. 

According to the Poisson equation a space charge field then originates, 

changing the diffusion and inducing a new balance with a new ionization 

rate. A transition from free to ambipolar diffusion occurs. The form of 

equation (4.11) can be preserved by defining an effective diffusion 

coefficient, justas in equation (3.1), 

( 4. 15) 

With the assumption that r is independent of the pos i tion, i.e. 'the 

constant ratio approximation (c.r.a.)', as introduced by A&R, holds, the 

set of equations (4.3),(4.6),(4.8), and (4.9) can be solved. This yields 

(4.16) 

(4.17) 

By substituting the electric field in the Poisson equation, and applying 

the boundary condition Vne =Qat the symmetry axis, the space charge at 

this axis, denoted by the subscript 0 , is given by 

( 4. 18) 
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At this point it can be illustrated that Ds depends on the ratio of the 

electron Debije length, ~o. defined by 

(4.19) 

and the free diffusion length A. In equation (4.19), the electron 

temperature Te is in electronvolts, as defined in equation (4.38), and 

the Einstein relation has been used, which has been discussed in chapter 

3. In terms of the ratio ~o/A, the charge separation at the symmetry 

axis is given by 

( 4. 18) 

The two cases of free and ambipolar diffusion can now be discussed, by 

varying the order of magnitude of the ratio (~o/A) 2 . 

(1) If the Debije length is much smaller than the free diffusion 

length, deviations with respect to the electrical neutral state will be 

small, and the diffusion coefficient reaches its smallest value, Da. the 

coefficient for ambipolar diffusion. In this case ne equals n;, i.e. 

r- ~ 1, and 

Da = J.L;De+ J.LeDi 
J.L; + J.Le (4.21) 

If (~o/A) < 1 holds, one generally speaks of the 'plasma approximation'. 

(2) If, on the contrary, the Debije length is large compared to the 

diffusion length, i.e. for low electron densities, the electrans cannot 

screen the ions and there will be free diffusion, Dr =De. which agrees 

with the limit r ~ 1 in equation (4.16). The c.r.a. is an approach which 

gives good results in these two limits, but A&R have shown that in the 

intermediate range, between ambipolar and free diffusion, the ratio is 

not indepenent of position, and the value for Dr. (an analytic 

expression for Dr is given by Delcroix [DEL-60],) is too small (Dr<Ds). 

They obtained numerical solutions for Ds in the intermediate range for 

an 'active' plasma, where T;< Te. In that case a relation between neo 

and n; 0 can be derived, and neo can be chosen as a single independent 

parameter. Their resul ts for Ds/De are depicted in figure 3 as a 
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function of this parameter. The parameter a in the caption of this 

figure will become clear when the work of Ingold [ING-72] is discussed. 

Then, it will also become clear how DsiDe can be calculated. Firstly, 

however, i t should be noted that the formulation of Rose [ROS-55], as 

used in equation {2.31), is equivalent with the c.r.a., where ~is given 

by equation {4.17), when u 5 is taken to be 

(4.22) 

According to the definition of Ds from equation (3.1), it appears that 

~0.2 

De 
0.1 

Fig.3 Machine (soLid Line) and anaLytic (dashed Line) soLutions of the 

effective diffusion coefficient normaLized with the free 

diffusion coefficient as functions of the centraL eLectron 

density, with a= 32 (Hydrogen gas discharge). Note that 

neoA
2
MeiDe equaLs ca(A1Ào) 2 /e. 

the approximation ~s = De-UsMe = Dr has been used, which is exact in the 

limits of free and ambipolar diffusion. From the results presented in 

chapter 5, i t will appear that for the actual CF4 and argon gas 
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discharge, the limit (~o/A) < 1 holds, so that the c.r.a. may indeed be 

applied. 

Ingold [ING-72] has stuclied the diffusion problem for the whole 

pressure range. He uses a hydrodynamica! formulation, consiclering the 

ions and electrans as two inviscid fluids, each with their own 

temperature. He obtains the same equations as presented on page 25, 

except that the inertia term has been transformed according to 

(4.23) 

A parallel plate configuration is considered, where the partiele flux is 

one dimensional, i.e. r~ fx = r. and the x-direction is perpendicular to 

the plates. The prime in equation ( 4.23) denotes differentiation wi th 

respect to x. The set of equations {4.3)-{4.6), with the hydrodynamica! 

inertia terms, is expressed in dimensionless form, making the following 

substitutions: 

x* = xv'(vt/De), 

r* = fa/.J( V tDe). 

ö = m/M, 

E* = E~t/.J(vtDe). 

T = Vt~~M = Vt/V~, 
a = e~t/E:.oV 1, 

Dt.e/~i•e = k.Tt.e/e, 

(4.24) 

The diffusion process will be determined by the parameters p, T, and a. 

Here, in the definition of the mobility and diffusion coefficients, v~ 

has been used where Self [SEL-66] has used v 1
, see equation {4.5). The 

resulting equations, when * is omitted for the ease of survey, are 

aEne+ f(1+2ÖTa) 
1 - ÖTa{f/ne) 2

' 

= aEnl-af{1+2Tne/ni) 
p- Ta{f/n1) 2 

r· = ne. and 

where the primes now denote differentiation wi th respect to 

(4.25) 

(4.26) 

(4.27) 

* x . The 
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pressure dependenee in these equations, caused by the inertia terms, is 

expressed in the parameter T. At low pressures v~ ~ vi. and T ~ oo. The 

ion mean free path is large compared to the width of the discharge, and 

the ions move towards the walls under the influence of the space charge 

field, and their densi ty gradient, without suffering collis i ons. In 

this case, the net flow of ions is controlled by their inertia, because 

there are no collisions with gas atoms to impede their motion. At high 

pressures the ionization frequency is very small compared wi th the 

ion-atom momenturn transfer callision frequency, i.e. T ~ 0. Elastic 

collisions then will cause the ions to scatter backwards, and effectuate 

a decrease of the ion flux towards the wall. At this high pressure the 

ion mean free path is very small compared wi th the free diffusion 

length, and the flow of ions is controlled by their mobility. No~e that 

under all discharge condi tions ve:> v i, and the parameter {JTa = v Jve, 

occurring in equation (4.25) will approximately be zero. 

Ta obtain a unique salution of this set of four first-order 

equations, four boundary conditions are required. The conditions f = 0 

and E = 0 at the symmetry axis remain valid, but the boundary condition 

new= niw= 0, imposed by A&R must be adjusted to be valid for all 

pressures, following the work of Ingold [ING-72]. Th is resul ts in a 

boundary condition, which implies that at a point 
)( 

Xe ' where the 

denominator in equation (4.26) goes to zero, the numerator must be zero 

toa. This means that ni (x*) must be a proper function. This gives a 

re lation between ne (xe *) and ni (xe *). The fourth boundary condition 

couples the electron density with the electron flux at the wall of the 

discharge. The set of equations (4.25)-{4-27) and these boundary 

conditions equal those obtained by A&R in the high pressure limit T ~ 0. 

The problem has been solved numerically by Ingold in the case of an 

active discharge where p ~ 0. Then, the central electron densi ty is 

again the only free parameter, because boundary condition 3 relates the 

central ion and electron density, since in this limit xe* becomes zero. 

The general approach, also used by A&R and other authors is: when neo is 

given, ni o is calculated wi th boundary condition 3 and the set of 

coupled equations is integrated from the centre of the discharge to the 

pos i tion x 1 *= xJ(v JDe), where boundary condition 4 is satisfied. By 
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substituting at this point the actual wall coordinate, vi can be 

calculated and substituted into equation (4.15). This yields 

Ds [xx1 .~A]
2 

De = _ (4.28) 

In case of a planar discharge Xw = L/2, whereas for a long cylinder 

Xw = R is val id. When a non-active, e.g. isothermal, discharge is 

considered, the procedure becomes much more laborious. At a given 

central electron density successive estimates must be made for nio until 

boundary conditions 3 and 4 are bath satisfied when the equations are 

integrated from the centre of the discharge to the electrodes. 

In the low pressure 1 imi t the resul ts of Ingold agree wi th the 

caculations of Self [SEL-63], and for the whole pressure range, but in 

the high electron density limit, i.e.(A~Äo) > 1, his calculated 

effective diffusion coefficient agrees wi th the analytica! resul ts of 

Self and Ewald (S&E) [SEL-66]. S&E solved the set of equations 

(4.3)-(4.5) where the electron inertial term has been neglected but the 

ion inertia retained. In the limit (A~Äo) > 1, the equality ne = ni 

holcis and the Poisson equation need nat be considered. Analytica! 

results for a parallel plate configuration have been obtained. Besides 

the general boundary condi ti ons at the cent re of the discharge, the 

plasma-sheath transition has been taken as the discharge boundary. At 

this point the density gradients and electric field become infinite as a 

consequence of the assumptions of neutral i ty and a homogeneaus ion 

temperature, which na langer hold in the sheath region. For the 

determination of the density profile, however, it is just a slight 

approximation nat to consider the sheath region. The sheath in a OC 

discharge will have a thickness of just a few Debije lengths. It is 

noted here, that in an AC discharge this thickness will be increased to 

about one hundred Debije lengths [MEI-87], but it is assumed that the 

difference between the time averaged electron density profile and the 

profile in a OC discharge will have just a small influence on the 

effective diffusion coefficient D5 • For the ratio of the density at the 

plasma-sheath boundary and the density at the centre of the discharge, 



S&E obtained: 

at high pressures 

at low pressures 

-34-

new ~ 1/2. 
ne 0 

(4.29) 

(4.30) 

These resul ts are consistent wi th those obtained by Ingold. Indeed, 

new = 0 is only valid in the high pressure limit. An estimate of this 

ratio in the plasma approximation yields [GOL-80] 

where À.; = .J( <v
2 > )/v~ is the ion mean free path. This re lation also 

confirms that the electron densi ty at the wall wi 11 be zero at high 

pressures. The low pressure limit of S&E has been investigated earlier 

by Tanks and Langmuir [TON-38], whereas the high pressure limit has been 

stuclied befare by Schottky [SCH-24]. The articles mentioned above have 

been schematically ordered in figure 4. 

Because the parameter T, indicating the pressure, is nat such a 

manageable physical quantity, it is useful to relate this parameter to 

the ion mean free path, occurring in equation ( 4. 31). In the high 

pressure 1 i mi t, À.; can be expressed in terms of the ion rnabil i ty and 

temperature (in electronvolts) by 

~ 
À. 1 = M~ 1 [ 3~ i e] ( 4 . 32) 

For a parallel plate configuration, where A = Lhr, the dimensionless 

quantity (;\ 1/A) can be expressed in terms of the parameters of equation 

( 4 . 24) , i. e . 

~ (À.;/A) = (~T/2x1*)(3p/aT) , 

~ (Tp) . 

(4.33) 

Thus, T is related to (À. 1/A).J(Te/T 1 ). To avoid the specification of the 
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ratio of the electron and ion temperature, ~i is nat used a parameter, 

but an effective ion mean free path has been introduced, which reads 

(4.34) 

Note that this quantity also arises in the right hand side of equation 

(4.31). A relation between (~+/A) and the pressure parameter 

A = T/(1+T), (which has been used by Self [SEL-66],) analogous to 

equation (4.33), has been obtained by Ferreira et al. [FER-83, FER-84]. 

In our case of a non-Maxwellian distribution function, Te is replaced by 

Uc, which finally yields 

(4.35) 

This quantity will appear to be a useful parameter to describe the 

electron diffusion term for the whole pressure region. The resul ts of 

many articles consiclering the diffusion in an active OC plasma, have 

been approximated by the empirica! relations developed by Muller and 

Phelps [MUL-80]: 

(4.36) 

and 

= G(3rr)~ l (!)~ ~ 1 + 2.34(a+1)(A~o)(m/M)~ 
~tan~ 2 a m ~+ 1 + 3.3(A~o) (4.37) 

where G is a geometrie factor, which is uni ty for a parallel plate 

geometry and 1.3 for cylindrical geometry. Note that in the high 

pressure limit where (A~+) > 1, equation (4.36) leads to D5 /De = 1 for 

low electron densities, i.e. {~o) < 1, and Ds = De/(1+a) = Da for 

(A~o) > 1. In the last identi ty, the ambipolar diffusion coefficient, 

Da. of equation (4.21) has been simplified using the inequality 

l.liDe > l.leDi, i.e. Te> Ti. In order to calculate the ratio of the 
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[ALL-54] [SCH-24] 

Ds= De mobility limited, Ds= Da= De/(1 +a) 
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10-2 ~ (A/1\o) 102 

Fig.4 A schematic refLection of the Literature discussed in the text. 

The position of the references and the arrows indicate the 

discharge parameter region where the eLectron diffusion has been 

investigated in the articLes mentioned. The vaLues of Ds are for 

a sLab geometry, and are the Limiting cases of equation (4.36). 

effective electron diffusion coefficient and the free diffusion 

coefficient at the intermediate electron densi ties and for different 

pressures, the value of ~e. ~;. Uc, Te. ne. A and G must be calculated. 

For the actual cavi ty, wi th R = 8 cm and L = 2 cm, equation ( 4.13) 

yields A = 0.625 cm. These dimensions allow the cavi ty to be treated 

like a parallel plate configuration, and G = 1 can be taken. At a given 

pressure ~e· uc. and Te can be calculated with the isotropie 
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distribution function, using equations (3.2) and (3.3) and the 

definition of Te(eV) = 2<Yzmu 2 )/3e, i.e. 

2 ,00 3/2 Te = 3 
0

) u Fo(u)du. (4.38) 

The electron density ne is related to the applied power density ~ by the 

external electron energy balance equation 

(4.39) 

Here, it is assumed that the applied power is completely dissipated into 

the bulk region (glow) of the discharge. This implies that we neglect 

the power dissipation into the sheath regions of the discharge. 

Consiclering the low electron density in the sheaths this approximation 

is reasonably justified for pressures above 15 Pa. Finally the mobility 

coefficient of the positive ions is obtained from the literature. The 

mobility coefficient for Ar+ ions in argon gas 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 

IJ.; (Ar) = (4.40) 

where p has to be gi ven in Pa and Ee/p in Vm- 1 Pa- 1 
, and where the 

stationary electric field E has been transformed into the effective 

electric field Ee. 

For the mobility coefficient of the CF3+ ions there are no 

measurements avai lable. Consiclering the defini ti on IJ.+ = e/(M<v; m>), 

where <v; m> is the average frequency for collis i ons between i ons and 

molecules (CF3+ and CF4) IJ.+ will be approximated by 

44.4 
p 

where p has to be given in Pa. 

(4.41) 

The behaviour of Ds/De as a function of (A/Äo) and (A/Ä.) in case 

of a CF4 gas, has been illustrated in figures 5 and 6. The several 
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curves are obtaind f or constant ( A/f.-o) and ( A/f.-+) , respect i ve ly. In 

figure 7 the effective diffusion length Ae is shown, which has been 

calculated by substi tuting the parameters given above into equation 

(3.9). Because a is nearly pressure independent, as will be shown in 

chapter 5, in these figures a = 51 has been used, and a linear relation 

between (A/f.-+) and the pressure p is assumed, in accordance wi th the 

results in chapter 5. 

ClJ 
0 -111 
0 

Fig.5 The normaLized effective eLectron diffusion coefficient as a 

function of the ratio of the free diffusion Length and the ion 

mean free path, with (A/f.-o) as parameter. 
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Fig.6 The normaLized effective eLectron diffusion coefficient as a 

function of the ratio of the free diffusion Length and the Debije 

Length, with (AIÀ+) as parameter. 

E 

Cll 

< 

p !Pal 

Fig.7 The effective diffusion Length as a function of the discharge 

pressure, with (AIÀo) as parameter. 
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4.2 The effect of negative ions on the diffusion 

In the actual discharge dissociative attachment processes will 

occur, which cause an electrans loss and produce negative F- ions 

[BIS-87], 

and 

CF4 + e ~ F- + CF3, 

C2F6 + e ~ F- + R, (4.42) 

where R denotes several fragments of C2F6. It has been verified theore

tically and experimentally [BEL-74, AKI-87], that the diffusion of the 

electrans can be enhanced by the presence of negative ions. The 

attachment process must be taken into account as being an extra electron 

loss process besides the enhanced diffusion, leading to an effective 

ionization frequency which equals v 1-va. where Va is the total frequency 

of attachment. When this frequence is introduced in equation (4.3), this 

equation agrees with equation (3.1) in the high pressure limit. Besides 

the momenturn balance equations for the electrans and positive ions, we 

have to consider this balance for the negative i ons too. In the high 

pressure limit (AIÀ+>1) these equations then read, 

[e = -DeVne - ~egne. 

[ï = -D1Vnl + ~~gn1. 

[ï-= -D~_vnl-- ~~-gni-· 

(4.43) 

(4.44) 

(4.45) 

and the partiele balance equations yield, 

These equations can 

i.e. the limit of 

(4.46) 

be solved in the 1 i mi t of high electron densi ty, 

ambipolar diffusion (A!Ào > 1), i.e. the plasma 

approximation, where the charge neutral i ty n 1 = n 1 _+ ne is val id, and 

the Poisson equation need nat be considered. By substituting equations 

(4.43)-(4.45) into the current balance equation 

(4.47) 
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the space charge field can be calculated. Substitution of this electric 

field into equation (4.43), yields [BEL-74] 

with Ds- 1+~+2~~ 
~ = 1+{1+~)Mi1Me+~(Mi1Me)' (4.48) 

where the approximations Di = Di-, and M1 = Mi- have been made. Here, 

~ = ni _/ne is the ratio of the negative ion densi ty and the electron 

densi ty, ~ = uc/T i is the ratio of the electron characteristic energy 

and the ion temperature {in eV). Rewriting this relation, an expression 

for Ds-IDe is obtained, which reacis 

1 + 2~ + 1/~ 
1 + 2~/(1+a) (4.49) 

From this expression it can be seen that at high negative ion densities, 

i.e. ~ > 1, Ds- approaches the free diffusion coefficient De. whereas at 

low negative ion densities, i.e. ~ < 1, Ds- approaches the ambipolar 

diffusion coefficient Da. 

In these investigations a systematic influence of the parameters 

AIÀ.o and AIÀ.+ on the effective diffusion coefficient, as given by 

equation (4.49) for a particular limit, has nat been included. A theory 

which includes the influences of all three the parameters AIÀ.o, AIÀ.+ and 

n_/ne on the electron diffusion has nat 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 

which considers the influence of the parameters AIÀ.o, AIÀ.+, as given in 

equation (4.36), and the effective diffusion coefficient which only 

considers the inf luence of the negative i ons, as given in equation 

(4.49). This implies that the expression 

(4.50) 

is assumed to be representative for the effective electron diffusion 

coefficient in dependenee of the parameters AIÀ.o, AIÀ.+ and n_/ne. Here, 

we assume that the pressure dependence, i.e. the dependenee on Al~+• of 
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the effective diffusion coefficient in presence of negative ions can 

still be described by equations (4.36) and (4.37). Two arguments will 

support these assumptions. Firstly, equation (4.36) shows that for large 

values of ÄIÀo. the influence of the prameters ÄIÀo and ÄIÀ+ is approxi

mately separated, i.e. no crossed terms are present in the expression 

for DsiDe. Secondly, it will appear from the results in chapter 5, that 

the value of ÄIÀo remains much larger than unity when the influence of 

the negative ions is accounted for. Consequently. the plasma 

approximation still holds and equation (4.49) may indeed be applied. The 

behaviour of the effective diffusion coefficient as described by this 

formula, is shown in figure 8. An outline of the seperate influences of 

AIÀo and {3 on the effective diffusion coefficient, has been given in 

figure 9. 

Fig.8. The normaLized effective diffusion coefficient as a function of 

the ratio of the negative ion density and the eLectron density, 

in the high eLectron density Limit. 
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Fig.9. An outLine of the normaLized effective diffusion coefficient as a 

function of AIÀo and ~. in the high pressure Limit. 
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5 NUMERICAL MEiliOIE FOR CALa.JLATING THE VELOCI1Y DISTRIBUfiON F1JNCfiON 

AND TIIEIR RESULTS 

5.1 The calculations with the negative ion density as afreeparameter 

The final equation for the isotropie distribution function Fa is 

obtained by substituting equation (3.8) into equation (2.39), and reads 

N 
+ No uFo (u)[Qa (u)] + uFo (u)[Qa (u)] + 

n C2F6 CF4 

(5. 1) 

The effect of the inelastic collision terms has been outlined in figure 

10. Consiclering an energy interval du, several contributions will change 

!1-fJXu-ul rnu-ul u-u u u:~ u, ~ I I . k t I I I I I 

I I I I 
I I I I L _____ 

.J L. 
_____ _. 

du s 

Fig.lO An outLine of the effect of ionization (I), excitation (E) 

vibrationaL excitation (V), and supereLastic coLLisions (S) on 

the 'transport' of particLes in energy space. 

the number of electrons in this intervaL i.e. neF av'(u)du. There will be 

an inscattering of particles from the higher energy u+uk. where Uk is 
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the threshold energy for excitation or vibration, and a contribution of 

ionizing collisions from energies u 1+ u/(1-~e) and u 1+ ul~e· As aresult 

of the same collisions, scattering will also take place from the energy 

interval du to the energies u-uk, (u-ui )~e and (u-ui) ( 1-~e) 

respectively. The attachment process only causes an electron loss from 

this energy interval. Superelastic collisions with vibrationally excited 

CF4 molecules will effectuate the reversed process, and cause an 

electron flux in energy space from lower to higher energies. The 

influence of these collisions of the second kind will be discussed in 

section 5.2, and will be neglected in this section. 

Equation (5.1) can be separated into two coupled first order 

equations, which read 

dFo 3Qd(u) (Nn)2 ( ) 
du = u Ee g u ' (5.2) 

dg(u) = 
du r.h.s. of equation (5.1). (5.3) 

Two boundary condi tions are required to solve this coupled set of 

equations. Firstly, in order to be able to integrate and normalize Fo. 

this function must become zero in the high energy 1 imi t. Then, i t is 

assumed that at an energy Uïnf the value of Fo has become that small, 

that it wil not contribute significantly to the normalization, and can 

be neglected for higher energies. This leads to the boundary condition 

(5.4) 

The value 10-
8 is about five decades smaller than the value of F 

0 
at 

energies below the excitation and ionization threshold. Smaller values 

of F0 (u 1 nf) will yield practically the same results. As value of u 1 nf. 

has been taken 29 eV. A second boundary condition must be valid for the 

function g(u). Equation (5.3) implies, that the integral of dgldu from 

u 1 nf to an infinite energy represents the total in- and outscattering by 

inelastic collis i ons and diEfusion from this energy region. The first 
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boundary condition then allows us to approximate g(uK) by zero, i.e. 

~ 2 eV m . (5.5) 

A less physical argument for this boundary condition might be the 

condition, that the derivative of Fa with repeet to u must be zero at 

the energy Uinf· With these two boundary conditions, equations (5.2) and 

(5.3) can be integrated numerically from the energy uinf down to zero 

energy. This has been done with a NAG library standard routine called 

RKN, which can solve a set of N coupled first order differential 

equations or a differential equation of the Nth order. This routine uses 

an explicit Runge-Kutta method. As computer, the Burroughs 7700 has been 

used. The calculation of Fa, however, is nat straightforward, because 

equation (5.1) shows that Fa depends on the parameters Ee/Nn and NnAe. 

which must be determined too. The neutral density Nn depends on the gas 

pressure p, which is a free parameter, and the gas temperature. With a 

gas temperature of 303 K, which corresponds to approximately 1/40 eV, 

the relation between Nn and p reads 

Nn = 2.39 1020 p(Pa) -3 
m (5.6) 

The effective diffusion coefficient Ae. discussed in chapter 4, depends 

on the parameters Me• Uc, Te, ne, ni-· which are integral properties of 

Fa (see equations (3,3), (3.7) and (3.2), (4.38), and (4.39) respecti

vely), except ni _, which just like the pressure is used as a free 

parameter. Finally, the effective electric field Ee can be determined 

from the partiele balance equation (3.1) when NnAe is known. The 

ionization and attachment rates, determined by Ee. must compensate the 

diffusion rate which is proportional to l/(NnAe) 2
. It is evident that 

the set of equations mentioned above should be solved self-consistently, 

which implies that an iterative procedure has to be used. The iteration 

scheme is shown in figure 11. The value of the normalized electric field 

which resul ts from the partiele balance equation, determines the ion 

mobility Mi• tagether with the pressure as given at the start of the 

iteration scheme. This scheme is quite laborious; the determination of 
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start--------~p. initia! value for Ae 
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r kinetic equation: Fo 
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na partiele same as old yes 
balance ? values ? stop 

yes 

external power 
li-Le • Tej Uc' balance: ne 

A A 
(3, ~ a, 5::o ' 5:: •• -

-

Fig.ll An outLine of the iteration scheme as used for the caLcuLation 

of F 0 • In case of an argon discharge, na negative ions are 

present and the parameters (3, ~. and n 1 _ wiLL nat be needed in 

this scheme. 

EeiNn wi 11 take about four i terations on the average, each consuming 

approximately 15 central processing units. Ta obtain a consistent value 

of Ae. only about three iterations are needed. This is a consequence of 

the small influence of the diffusion term on the shape of the 

distribution function. 

The integrated properties of Fo have been calculated by regarding 

the intergrand as the derivative of a function f 1 (u), and add this 

equation for f 1 , which is coupled to F 0 , to the set (5.2)-(5.3). Solving 

the extended set with the RKN procedure then also yields fdfï. i.e. the 

integrated properties of F 0 • The resulting Fo is normalized by deviding 
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it by the integrated value of F 0~, see equation (2.40). In the 

determination of Fo, the inscattering terms proportional to F 0 (u+uk) 

have been calculated by linear interpolation. For energies in the region 

Uinf-Uk ~u~ Uinf. there will be no inscattering. In this region Fo is 

calculated and i ts value is reearcled in an array at energy values 

separated by an energy ~u. For energies 0 ~u~ Uinf-uk then Fo(u+uk) 

has been calculated by interpolation between F 0 (ui) and F o (ui+ 1) if 

In case of a CF4 discharge, information must be given about N0 1Nn. 

the ratio of the density of C2F6 and the CF4 density. According to 

Bisschops [BIS-87], this ratio equals (7 1019/3 1021
) at a pressure of 

13.3 Pa (0.1 Torr). It has been assumed that this ratio remains valid in 

the pressure range considered (6.65-66.5 Pa). Finally, it should be 

noted that all the calculations are performed with ~e = ~. i.e. after 

ionization the resulting energy will be equally devided between the two 

electrons, and that for the power input the values 20 W and 2.5 W have 

been used for CF4 and argon, respectively. 

Now that all the data are known and the numerical methad has been 

discussed, the results will be presented in the diagrams that follow. 

The first eight figures (figures 12-19) show the pressure dependenee of 

the parameters determining the effective diffusion length, as shown in 

figure 20. Tagether with the calculated electric field Ee. as presented 

in figures 21 and 22, this results in the distribution functions, shown 

in figures 23-26. The integrated properties determining the effective 

diffusion coefficient, are consistent with these distribution functions. 

These isotropie distribution functions will lead to rate constants of, 

and the fractional power transfer into the several callision processes, 

as presented in the subsequent figures. 

For the calculation of the effective diffusion length in a CF 4 

discharge, the negative ion density is an important parameter. No 

experimental data are available concerning this density. Consiclering the 

balance between several reaction mechanisms and the experimentally 

determined densities of some reaction products, Bisschops [BIS-87] gives 

an estimated F- density of 3 1016 m- 3 at a pressure of 13.3 Pa and an 

input power of 20 W. No reliable estimates of the dcnsity can be given 

for other discharge pressures. The electron densi ty however has been 

determined experimentally in the pressure range of 6.65 to 66.5 Pa. 
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Therefore, on the basis of the given densi ty at 13.3 Pa a certain 

pressure dependent F- density can be determined which gives good 

agreement wi th this electron densi ty. Thus, a third i terative proces, 

that of obtaining the measured electron density, must be added to figure 

11. Th is extra proces makes the i teration scheme of figure 11 rather 

time consuming, because variations in the F- density will cause 

differences of the same order of magnitude in the resul ting electron 

density. Because of the poor convergence, about 6 iterations will be 

needed to obtain an electron densi ty consistent wi th the experimental 

results. Assuming the F- density curves as presented in figure 12 and an 

input power of 20 W, we obtain the electron density curves which are 

shown in figure 13, where the corresponding line formats have been used. 

The dash-dotted F- density function, denoted by [F-] 1 , shows the best 

agreement with the experimental electron density, compared to the other 

curves. Especially at low pressures, where the electron density shows a 

pronounced maximum, good agreement is obtained. Remarkable is the very 

good agreement at 13.3 Pa, where the F- density is fixed. This 

correspondence can be ascribed to the influence of the negative ions on 

the electron diffusion. Without taking into account this influence, an 

electron density function is obtained which exceeds the measured curve 

by a factor five, and shows no maximum at low pressures. At higher 

pressures, all the F- densi ty curves yield an electron densi ty which 

exceeds the measured electron density. To obtain the measured curve, the 

F- densi ty characterized by the sol id 1 ine should be followed. This 

curve, however, gives extremely high negative ion densities at pressures 

above 30 Pa. In fact, calculations simulating free diffusion, 

corresponding with ~ > 1, yield electron densities which are still 

higher than the measured densi ties for pressures above 35 Pa. The 

measured curve can only be obtained by an extension of the theoretica! 

model. Taking into account the pressure dependenee of the dimensions of 

the glow is such an extension. In the calculations leading to figure 13, 

the dimensions of the glow are assumed constant, having a lengthof 1 cm 

and a radius of 8 cm. But in practice, an increasing pressure will lead 

to an increment of the glow, and as a consequence the sheaths become 

smaller. Therefore, the power densi ty in the glow wi 11 decrease wi th 

increasing pressure, and lead to a smaller electron densi ty. 

Calculations based on a larger glow volume indeed yield an electron 

density wich shows good agreement with the measured ne. 
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Fig .12 The density of the negative F- i ons as a function of the 

discharge pressure. The different curves are used to approximate 

the experimentaL eLectron density as shown in figure 13. The 

soLid Line represents the F- density which exactLy yieLds the 

measured eLectron density. 
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Fig.13 The eLectron density as a function of the discharge pressure for 

CF4 . The various curves are obtained when the corresponding F

densities of figure 12 are used. The experimentaL curve is 

adapted from Bisschops [BIS-87]. 
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Although the electron density in case of an argon discharge is not 

used to determine a negative ion density which is needed to calculate 

the effective diffusion length, its pressure dependenee is depicted in 

figure 14. In contrast wi th the resul ts for CF4, there is a large 

discrepancy between theory and experiment. The theory shows an 

increasing electron density, whereas the experiments yield a decreasing 

density. No arguments have been found yet to explain this difference. 

The reasoning, that the electron densi ty must increase wi th pressure 

because the increase of the diffusion must be compensated by an 

increment of the ionization ra te, is wrong. The electron densi ty is 

determined by the power input into the discharge. In order to be able to 

explain the shown electron densi ty prof i les and their differences, i t 

should be examined in more detail how this power is transferred into the 

discharge. In favour of the calculations is the agreement wi th the 

results obtained by Ferreira [FER-84]. This is shown in figure 15, where 

Ql 
c: 

Ar 
--- experiment 

__ 
........... _______ __ 

--------

pressure p (Pal 

-----

Fig.14 The eLectron density as a function of the discharge pressure for 

argon. The expertmentaL curve is adapted from Bisschops [BIS-87]. 

the average power per electron in electronvolts, i.e. e =~/ene. 
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normalized with the neutral partiele density is given as a function of 

the normalized effective electric field. This quant i ty determines the 

electron density at a given power density. The curve for argon resembles 

the results of Ferreira, although the two curves seem to be shifted to 

different Ee/Nn values. From this figure it appears that 8/Nn is 

approximately the same for argon and CF4. In case of CF4 , the low Ee/Nn 

part of the curve is obtained without consiclering negative ions, whereas 

the solid 1 ine at higher field values gives 8/Nn when these i ons are 

taken into account. It is clear that these curves are in each others 

continuation, and the inclusion of negative ions can be considered as an 

effective change of the discharge pressure, and thus of the effective 

electric field. This same behaviour will be found in the subsequent 

figures too, concerning integrated properties in a CF4 discharge as a 

function of the pressure or the effective electric field. 
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Fig.15 The averaged absorbed power per eLectron normaLized by the gas 

density as a function of the ratio of the effective eLectric 

fieLd and the gas density, for argon and CF4 . 

Other parameters which determine the effective diffusion 

coefficient are the electron temperature Te and the characteristic 

electron energy Uc, which are presented in figure 16. The results for 
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argon are again in agreement whith those of Ferreira [FER-84], showing 

the same shift in Ee/Nn as in figure 15. From figure 16 it appears that 

Te and Uc show small variations with the effective electric field. The 

averaged electron energy apparently is just sl ightly influenced by a 

change of the neutral partiele density. The difference between Te and 

Uc, which is most pronounced in case of argon, is a measure for the 

deviation of the distribution function from a Maxwellian distribution. 

As mentioned earlier in chapter 3, Te equals Uc in case of a Maxwellian 

distribution function. This assertion is consistent with a comparison of 

the actual distribution function with FM. as displayed in figure 25. 

---Ar 
--CF4 

uc 

I ""\_------
> 
OI ----------Te 

--~ 

Fig.16 The eLectron temperature (Te) and characteristic energy (uc) as 

functions of the ratio of the effective eLectric fieLd and the 

gas density, for argon and CF4. 

Characteristic parameters also are the electron mobility 

coefficient ~e. and the ratio of the electron and ion mobility 

coefficients, a= ~e/~i· which are shown in figure 17 as functions of 

the product of the pressure and the free diffusion length. The parameter 

a is practically pressure independent, and ~e shows the expected 1/p 
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behaviour. The average value of a is 180 for the argon gas. and is 

considerably smaller than the value 235, obtained by Ferreira [FER-83]. 

Ferreira, however, has not determined this value self-consistently. 

According to equation (4.37), a larger value of a will give a smaller 

effective diffusion coefficient. To compensate this smaller diffusion 

rate by ionization, a smaller effective field will be needed, consistent 

with the shift to lower field values in figure 15. The value of a in 

case of CF 4 is 51 on the average, without negative i ons, and 43 when 

negative ions are included. 
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Fig.17 The eLectron mobiLity (~e) and the ratio of the eLectron and ion 

mobiLities (~e/~i) as functions of the product of the discharge 

pressure and the free diffusion Length, for argon and CF4. 

With the parameters presented in the proceeding diagrams, the 

parameter A/À+ and AIÀo have been calculated, resulting in figures 18 

and 19, respectively. Because the characteristic energy is nearly 

pressure independent, the effective ion mean free path decreases almost 

linearly with the pressure. The value of AIÀ+ varies between 10- 1 and 

10, which impplies that the diffusion in the actual discharge is 
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characterized by the trans i ti on area between free fall and mobi l i ty 

limited diffusion. The Debije length is clearly determined by the 

electron density as presented in figures 13 and 14. The ratio AIÀo in 

all cases is considerably larger than unity, and it is therefore 

justified to apply the plasma approximation in the treatment of the 

influence of negative ions on the electron diffusion. 
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Fig.18 The ratio of the free diffusion Lengthand the effective ion mean 

free path as a function of the discharge pressure for argon and 

CF 4 . In the Latter case, the resuLts obtained without negative 

ions (n-= 0) are compared to the resuLts when the negative ion 

density, denoted by [F-] 1 in figure 12, is appLied. 
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Fig.19 The ratio of the free diffusion Lengthand the eLectron Debije 

Length as a function of the discharge pressure for argon and CF4 . 

For the definition of [F-] 1 and n_= 0 see figure 18. 
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Fig.20 The effective diffusion Length as a function of the discharge 

pressure for argon and CF4. For the definition of [F-] 1 and n_= 0 

see figure 18. 
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Using all the data given above, we obtain an effective diffusion 

length as presented in figure 20. This figure clearly shows the 

enhancement of the diffusion, i.e. decrease of Ae. induced by the 

negative ions. Substitution of this effective diffusion length into the 

partiele balance equation yields the · normalized effective electric 

field, which is shown as a function of the discharge pressure in figure 

21. These curves are analogous to the Paschen curves in a DC discharge, 

giving the electric field which is required to maintain a steady state 

discharge at a given pressure. The enhanced diffusion resul ts in a 

larger value of the maintainance field. The minimum in the [F-] 1 curve 

is a consequence of the maximum in the corresponding electron densi ty 

function in figure 13. A comparison of the curves for argon and CF 4 

without negative ions (n_= 0), shows that in the last case Ee/Nn becomes 

constant, whereas for the argon discharge the effective electric field 

still decreases with increasing pressure. This can be ascribed to the 

inf luence of attachment processes in the CF 4 discharge. At pressures 

above 13 Pa, the attachment and ionization rates will exceed the 

diffusion ra te, and the pressure dependenee wi 11 disapppear from the 

partiele balance equation, yielding a pressure independent Ee/Nn. With 

negative ions, however, the diffusion term cannot be neglected, and a 

pressure dependenee of Ee/Nn similar, although less pronounced, to that 

of argon is obtained. Figure 22 gives the different Ee/Nn curves in a 

CF 4 discharge for the corresponding negative ion densi ty prof i les of 

figure 12. The curve denoted by Ae~ A represents the case of free 

diffusion. According to figure 9, this 1 imi ting case is obtained by 

consiclering ~ ~ 1 or A/Ào{ 1, i.e. high negative ion or electron 

densi ties. Calculations wi th ~ ~ 1, however, yield a decrease in the 

value of A/Ào, so that the plasma approximation no longer holds, and the 

formulation as used to describe the influence of the negative ions is 

incorrect. The iteration scheme of figure 11 then also does not give a 

converging solution. Therefore, the case of free diffusion is simulated 

by consiclering A!Ào{ 1, and not taking into account the influence of the 

negative i ons. Figure 22 then clear ly i llustrates the transition from 

the plasma approximation, which is valid for n-= 0, to the free 

diffusion limit induced by the presence of negative ions. 
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Fig.21 The normaLized effective eLectric fieLd as a function of the 

product of the discharge pressure and the free diffusion Length 

for argon and CF 4 • For the definition of [F-] 1 and n_= 0 see 

figure 18. 
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Fig.22 The normaLized effective eLectric fieLd as a function of the 

product of the discharge pressure and the free diffusion Length. 

The resuLts obtained without negative ions are given by the n_= 0 

curve, and the case of free diffusion is represented by the curve 

Ae~ A. The intermediate curves are obtained by using the 

corresponding F- densities of figure 12. 
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Now that the parameters NAe and Ee/Nn are known, we can calculate 

the electron energy distribution function Fa, using the kinetic equation 

(5.1). This function, which is normalized according to equation (2.40), 

is given for CF4 and argon, with the pressure as a parameter, in figures 

23 and 24 respectively. The tail of the distribution function indeed 
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Fig.23 The isotropie distribution function of the eLectrans as a 

function of the eLectron energy for CF4 , with the pressure as a 

parameter. 

rises wi th decreasing pressure, compensating the increasing diffusion 

rate by an increment of the ionization rate. The pressure dependenee for 

CF4 is less pronounced, consistent with figure 21. The deviations from a 

Maxwellian distribution function, discussed with reference to figure 16, 

is illustrated in figure 25, where F 0 , normalized with a Maxwell 

distribution, is depicted as a function of the electron energy. These 

deviations are caused by the ionizing and exciting inelastic collisions, 

and appear for energies above the threshold energy of these processes. 

Here, FM has been calculated by using the temperature as given by 

equation (4.38), of the corresponding electron energy distribution 
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function. This figure also shows that the inclusion of negative ions 

almast yields a Maxwellian distribution function. This is a consequence 

of the increase of Ee/Nn to compensate the enhanced diffusion. which 

results in a higher tail of the actual distribution function, whereas FM 

will just slightly change, because the electron temperature shows a weak 

Ee/Nn dependence. The influence of negative ions on the distribution 

function is also depicted in figure 26. In this figure the electron 

temperature corresponding to the distribution function denoted by [F-] 1 

has been used for the calculation of the Maxwellian distribution. 

p (Pal 
1=7 
2=13 
3-40 
4=67 

Ar 

1ö6 o...__ ___ ---J.s-----,.L....o ----.... ,s----~20 

u(eVl 

Fig.24 The isotropie distribution function of the eLectrans as a 

function of the eLectron energy for argon, with the pressure 

as a parameter. 

The ionization rates, obtained wi th the distribution functions 

given above, are shown in figures 27 and 28 for CF 4 and argon 

respectively. Figure 27 shows a comparison with the results obtained by 

Masek et al. [MAS-87], and the ionization rate which results when the 

distribution function is Maxwellian. The latter is indeed better 

approximated when negative ions are included ([F-] 1 curve), than without 
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Fig.25 The isotropie distribution function normaLized by the MaxweLLian 

distribution for argon and CF4 • For the definition of [F-] 1 and 

n_= 0 see figure 18. The discharge pressure is 40 Pa. 
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Fig.26 The isotropie distribution function for the eLectrans as a 

function of the eLectron energy for CF4 . For the definition of 

[F-] 1 and n_= 0 see figure 18. The discharge pressure is 40 Pa. 
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negative ions (n_= 0), although FM yields a considerably larger 

ionization rate in the whole pressure range. The discrepancy between the 

calculated ionization rate and the rate given by Masek, can be ascribed 

to the use of different cross sections. Masek has estimated the relevant 

cross sections, such that the electron drift velocity and characteristic 

energy as calculated wi th the resul ting distribut ion function, agrees 

with experimental values. In this way, however, Masek obtained a 

momenturn transfer cross section which has a deep Ramsauer minimum in the 

energy region 0.06 eV ~ u ~ 4 eV where his cross section of vibrational 

/ 
/ 

I 

/ 
/ 

/ 

CF4 

---Maxwell 
-·-· [MAS-87) 

10 20 

Ee/Nn 110-20 vm2l 

Fig.27 The ionization rate as a function of the normaLized effective 

eLectric fieLd for CF4 • For the definition of [F-] 1 and n_= 0 see 

figure 18. The dashed curve resuLts in case of a MaxweLLian 

distribution function. 

excitation has a value of 10- 19m2
• Both cross sections show diEferences 

wi th the actual cross sections we have used. The agreement wi th the 

literature of the calculated ionization rate in case of argon is more 

satisfactory, although in figure 28 again the results of Ferreira yield 

lower Ee/Nn values. 

A comparison of the ionization rate and the rate constants for the 

other processes is given in figure 29 bath for CF4 and argon. In this 
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Fig.28 The ionization rate as a function of the normaLized effective 

eLectric fieLd for argon. 
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Fig.29 The rate constants for excitation (E), ionization (I), diffusion 

(D), vibrationaL excitation (V) and attachment (A) as functions of 

the normaLized effective eLectric fieLd, for argon and CF4 . 
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figure, the results for CF4 withand without negative ions are connected 

by a smooth curve. In case of argon the ionization and diffusion rate 

curves coincide, as must be, because of the partiele balance. For CF
4

, 

this balance is attained between ionization, diffusion and at tachment. 

The last process, tagether wi th the ra te of vibrational exci tation, 

shows a weak dependenee of the normalized electric field, because in the 

energy regions where the cross sections of these processes are non-zero, 

the distribution function shows small variations with the pressure, see 

figure 23. The fractional power transfer into the different callision 

processes has been given in figure 30 as a function of the normalized 

effective electric field. Wi th increasing electric field, relatively 

more energy will be transferred into ionization and 
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Fig.30 The fractionaL power transfer into excitation (E), ionization 

(I), diffusion (D), vibrationaL excitation (V) and attachment (A) 
as functions of the normaLized effective eLectric fieLd, for 

argon and CF4 . 

diffusion at the cast of the energy transfer into exci tations. The 

energy absorbed by vibrational excitation is less than one percent, and 
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has not been depicted, just like the fractional power transfer into 

attachment praeesse at higher values of Ee/Nn. The energy balance 

equation is satisfied, as shown by the fact that the total fractional 

power transfer amounts to 100% within an accuracy of one percent, which 

is also the accuracy of the partiele balance. With the validity of the 

energy balance equation, one can check whether the appl ied numerical 

methad and boundary conditions are correct. At pressures below 6.65 Pa 

for example, the value of Ee/Nn which satisfies the partiele balance 

will yield a dis tribution function wi th such a high tail, that the 

boundary condition of equation (5.4) is no langer realistic. This 

appears by an incorrect energy balance, and the boundary condition must 

be adjusted by taking a higher value for u; n f. Figure 31 shows the 

averaged electron-neutral callision frequency as a function of the 

discharge pressure for argon and CF4. The depicted functions 
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Fig.31 The averaged eLectron-neutraL caLLision frequency as a function 

of the discharge pressure for argon and CF 4 . The measurements for 

argon (o) and CF4 (c) are from Bisschops [BIS-87]. 

increase al most 1 inear ly wi th the pressure, al though the inclusion of 

negative ions ([F-] 1 curve) causes small deviations for pressures below 
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25 Pa. The frequencies obtained for argon are lower than for CF 4 , 

consistent with the larger electron-neutral callision cross section for 

CF4 . For comparison, measurements of this frequency by Bisschops 

[BIS-87] are also shown in this figure. These are obtained by measuring 

the change of the quality factor of a resonance mode in an empty cavity 

and in the situation that a discharge is sustained in the cavity. Here, 

the discharge cavity also serves as a microwave cavity. The lowering of 

the quality factor and the shift of the resonance frequency can be 

related to the electron density and averaged electron-neutral callision 

frequency, assuming that the electron conductivi ty equals the Lorentz 

conductivity as given in equation (3.13). This assumption however 

introduces deviations, and the callision frequency determined with this 

methad wi ll be accurate up to a factor 3. Wi thin this accuracy the 

measurements agree with the calculated frequencies. Apparently, the 

Lorentz conductivi ty is a better approximation in case of an argon 

discharge, yielding resul ts which agree very well wi th the calculated 

curve. With the methad discussed above, the electron density can be 

determined by the shift of the resonance frequency, yielding the 

experimental resul ts as shown in figures 13 and 14. Note that an 

extrapolation of the straight lines yields an averaged electron-neutral 

callision frequency which equals zero at a pressure of 0 Pa, as can be 

expected. 

Finally i t is remarked here, that the influence of the diEfusion 

term in equation (5.1) on the shape of the distribution function is 

small, and will only show differences of a few percent with the 

dis tribution function calculated without consiclering the diffusion. In 

the latter case a consistent salution is obtained when the attachment 

processes are neglected too and the ionization process is treated 

analogously to the excitation process. Then, the partiele balance needs 

not to be considered and the electric field can be chosen as a free 

parameter. This approach has been used by many authors, e.g. Wilhelm et 

al. [WIL-87] and Ferreira et al. [FER-84]. In the theory presented here 

however, the diffusion is essential, determining the electric field by 

the partiele balance equation. 
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5.2 The numerical approach when superelastic collislons are included 

When superelastic collisions are included, the methad described in 

section 5.1 is not appropriate. Because, when equations (5.2) and (5.3) 

are integrated from u; n f down to an energy Ui, no information is 

available for u< ui. and the inscattering term proportional to 

F0 (ui-uv) cannot be determined. To overcome this problem, an iterative 

methad can be used, approximating Fo(ut-uv) in first instance. It has 

been tried to approximate F 0 (ui-Uv) by F 0 (ut), because the threshold 

energy Uv= 0.1 eV is relatively small. This iteration procedure, 

however, failed to converge, even when F0 (ui-uv) is estimated by a 

linear extrapolation, using F0 (ut) and Fo(ut+áu). Another attempt that 

just partly succeeded was the use of F 0 , calculated without superelastic 

collisions, as first approximation for Fo(ut-Uv). An iterative salution 

then can only be found for cross sections smaller than about 10-20 m2
, 

but we are interested in the influence of larger cross sections. To 

solve this problem, we return to the second order differential equation 

(5.1). Discretization of this equation will yield a band matrix, which 

can be solved to give at once the salution of Fo in the entire energy 

region considered. The inscattering terros will appear as sub- and super 

diagonal matrix elements and will give no complications. To understand, 

in which energy region the inscattering will be important, it is useful 

to analyse the callision cross sections Qv and Qs more specifically. As 

mentioned earlier in equation (2.37), the relation between these cross 

sections reads 

Qs(u) u+uv 
u . (5.7) 

Here, g 0 /gi has been taken unity, following the workof Saelee [SAE-79]. 

The cross section Qv is described as general as possible by introducing 

the parameters w, QV, and e., which become clear in figure 32. The 

trapezium form of Qv will cause no singularities in Qs. A right angled 

cross section would have the effect that Qs increases to infini ty at 

zero electron energy. The equations descrihing the cross sections are 

{ 
QV(u-uv)/e. Uv ~ u ~ Uv+E., 

Qv = QV Uv+E. ~ u ~ Uv+w-e., (5.8) 

QV(uv+w-u)/e. Uv+ID-E. ~ u ~ Uv+ID, 
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Fig.32 The caLLision cross sections Os and Ov as functions of the 

energy u. 

Th ree energy reg i ons can now be distinguished, where the mentioned 

callision terms are of importance: 

I 0 ~ u ~ Uv: (Qs+Ov)Fo(u) Ov{u+uv)Fo(u+uv). 

II Uv ~ u ~ w Os{u-uv)Fo{u-uv) (Os+Ov)Fo{u) Ov{u+uv)Fo(u+uv). 

III w ~ u < w+uv: Os(u-uv)Fo(u-uv) {Os+Ov)Fo{u). 

In regions I and III one of the inscattering terms will be zero. 

The superelastic collisions will only change the unnormalized Fo in 

the energy region u~ w+uv. For higher energies, the methad of salution 
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discussed in section 5.1 still can be used, and therefore Fo can be 

considered as a known function in the energy region Uv+w ~ u ~ U; n 1. 

Because in the actual CF4 plasma uv+w is much smaller than the threshold 

energy for excitation and ionization, in the energy region u~ w+uv. the 

collis ion term corresponding to these processes can be treated as a 

known inscattering function c(u). In this energy region u~ w+uv. where 

attachment processes do nat contribute, equation (5.1) then reads (when 

F0 is denoted by F) 

1 (Ee 2 d ( u dF ) uF ( ) ( ) ) - --) -- du - 2 + u+uv Qv u+uv F(u+uv + 3 Nn du Qd(u) 3Qd(u)(NnAe) 

- uQv(u)F{u) + 

where 

N~ -- [(u-uv)Qs{u-uv)F(u-uv) - uQs(u)F(u)] = -c, Nn 
(5. 10) 

1 1 
c(u) = ~eu1Q;(u1)F(u1) + 1 _~eu2Q;(u2)F(u2) + (u+ue)Qe(u+ue)F(u+ue). 

(5. 11) 

Discretization of this equation with the energy interval ~u. yields 

{5. 12) 

with lk+112 
1 Ee 2 Uk (- Fk+1-Fk ) . = ~N) Qd(uk) ~u 

(5. 13a) 

h-1 /2 :kEe )2 Uk-1 (- Fk-Fk-1 
) 0 = Qd (uk- i) 3 Nn ~u 

(5.13b) 

Here, uk = ~u. mv = uv/~u. and the value of a function at energy Uk is 

denoted by the subscript k· The subscripts of the different cross 

sections have become superscripts for the ease of survey. Rearranging 

the several terms in equation (5.10), the final equation reads 

(5.14) 
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where lik 

dk = 3Qd(uk)(NnAe) 2
' 

No te that for k = 0 all the quant i ties containing the factor uk wi 11 

become zero. If the energy UN+1 corresponds with uv+w, the first 

boundary condition reads 

(5. 15) 

where F(uv+w) has been calculated with the method, presented in section 

5.1. The second boundary condition is found by the following reasoning. 

Equation (5.14) describes the variation in time of Fk in a 

non-stationary si tuation, where a term proportional to dFk/dt would 

appear in this equation. The time variations in Fk are then proportional 

to ak-1Fk-1. bk+1Fk+1 etc., and Uk is interpreted as the rate at which 

electrans at energy Uk are promoted to energy Uk+1• and bk+1 is the rate 

for dernotion from Uk+1 to Uk. These two effects are represented in 

Jk+112 and lk-112. denoting a total flux at uk+112 and Uk-112 

respectively. The normalizat ion in equation (2.40) must hold at all 

times, and may not change as a result of a flux in the energy space at 

the boundaries of the normalization integral, i.e. at u= 0 and 

u = ui n f. This leads to the boundary condi tions 1112 = 0 and 

1inf-1/2 = 0. From the definition of h+112 it appears the the first 

condition is already satisfied, i.e. a 0 = b1 = 0. The boundary condition 

1 in f -112 = 0 should have been used instead of equation (5.15), if the 

discretization methad had been applied in the entire energy region 

0 ~u~ Uinf· A set of equations analogous to the equations given above, 

is obtained when not F but n = neF~ had been taken as a variable, see 

appendix C. Then the requirement that fndu does not change in time, is 

equivalent to the condition of conservat ion of the total number of 

e 1 ec t rons , and wi 11 al so 1 ead to the boundary condit i on b 1 = 0, as 

discussed by Rockwood [ROC-73] and Thomson [TH0-76]. Solutions have been 

calculated with both variables, in the case that no superelastic 

collisions were taken into account. Agreement is obtained within three 
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decimals, except for energies near zero, where the last methad gives a 

sharp decline of F, whereas the use of F as variabie yields a 

practically constant F at low energies. Because the latter agreed best 

with the results of the methad used insection 5.1, henceforth Fis used 

as variable. This has also been clone by Saelee [SAE-79]. 

With the ascertainment, that in the energy region I Sk-mv = 0 and 

Rk = 0 hold, and that in region III Rk+mv = 0 and Sk = 0 are satisfied, 

equation (5.13), with 1 ~ k ~ N, yields a matrix equation 

g_ f_ = -_ç • (5. 16) 

where f_ = [F1.F2 .... ,FN]. ~ = [c1,C2, ... ,CN-l,CN + bN+lFN+l]. and the 

matrix C is given by 

-al 
b2 0 R4 -s1-d1 

a1 
-a2-b2 

b3 0 R5 -S2-d2 

0 -a3-b3 
b4 0 Ró a2 

-s3-d3 

s1 0 a3 
-a4-b4 

b5 0 R7 -s4-R4-d4 

Sk-3 0 ak-1 
-ak-bk 

bk+l 0 Rk+3 -sk-Rk-dk 

-aN-3-bN-3 
SN-ó 0 aN-4 -RN-3-dN-3 bN-2 0 RN 

-SN-3 

SN-5 0 -aN-2-bN-2 
bN-1 0 aN-3 

-RN-2-dN-2 

SN-4 0 -aN-1-bN-1 
bN aN-2 

-RN-1-dN-1 

SN-3 0 aN-1 
-aN-bN 
-RN-dN 
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Here, MV = 3 has been taken as an example. This matrix equation has been 

solved wi th the NAG library routines F01BMA and F04AVA, which are 

appropriate to solve a band matrix equation with an arbitrary number of 

sub- and super diagonals. In the energy region 0 S u S Uv+W, the 

integral properties of Fo have been calculated with the trapezoidal rule 

and (~u) 2-extrapolation. The calculations illustrating the influence of 

the superelastic collisions are performed whithout taking into account 

the negative ions and the attachment by C2 F6 . The parameter N~/Nn has 

been taken equal to 0.3, following the work of Capitelli [CAP-86], and 

for the threshold energy of vibrational excitation the hypothetic value 

of 0.1 eV has been chosen. To the parameter c the value 10- 4 eV has been 

assigned. In all the figures presented below, a discharge pressure of 

40 Pa has been used. 

In figures 33 and 35 the influence of variations in QV (denoted by 

Qv in the subsequent figures) is shown when no superelastic collisions 

1 O.v•O -20 
2 C.v =10 
3 C.v =10-19 

1Öso~------~s--------~1~o--------7.15~------~2o· 
u leV) 

Fig.33 The isotropie distributton function of the eLectrans as a 

function of the eLectron energy for CF4, with QV as a parameter. 

The inset shows an enLargement for energies up to 1.5 eV. Here 

w = 0.9 eV. 
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are included. Both figures are for different values of w, the energy 

interval where Qv is non-zero. From these figures i t appears that if 

w = 0. 9 eV, the vibrational exci tation has a negl igible effect on the 

shape of the distribution function, whereas w = 3.9 eV yields an 

effective change of the distribution function for QV = 10- 19 m2
. The 

influence of superelastic collisions (Qs~ 0) at a fixed value of QV is 

illustrated in figures 34 and 36, where w also equals 0.9 eV and 3.9 eV. 

respectively. In this case too, the vibrational processes only become 

important for QV ~ 10- 19 m2
• The superelastic collisions will compensate 

th~ vibrational excitation by a factor proportional to N~/Nn. 

::J 

C> u... 

Fig.34 The isotropie distributton function of the eLectrans as a 

function of the eLectron energy for CF4, in the cases with 

(Qs~ 0) and without (Qs= 0) supereLastic coLLisions. The inset 

shows an enLargement for energies up to 1.5 eV. Here w = 0.9 eV. 

The vibrational processes thus will have a negligible effect for 

w = 0.9 eV and QV = 10-20m2
, the actual values used insection 5.1. Only 

overestimated values of the parameters will yield significant 

differences compared to the case that no vibrational processes are taken 

into account (QV = 0). 
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1 a.v = 0 

2 0.v=1Ö20m2 
3 Qv =10·19 m2 

1ö 5L---------~--------~--------~------~ 
0 5 10 15 20 

u(eV) 

Fig.35 The isotropie distribution function of the eLectrans as a 

function of the eLectron energy for CF4, with QV as a parameter. 

Here w = 3.9 eV. 

:::J 

u..o 

lÖ~~------~5--------~1~0--------~15~------~20. 
u (eV) 

Fig.36 The isotropie distribution function of the eLectrans as a 

function of the eLectron energy for CF4, in the cases with 

(Qs~ 0) and without (Qs= 0) supereLastic coLLisions. 

Here w = 3.9 eV. 
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Figure 37 shows the effect of superelastic collisions on Te and uc 

as a function of QV. When the superelastic collis i ons are included 

(curves 2 and 4), the electrans wi ll gain extra energy and a higher 

temperature and characteristic energy result. An increment of QV yields 

a smaller Te and Uc. Remarkable is the effect that for QV ~ 6 10- 20 m2 

the temperature exceeds the characteristic energy, although an increase 

of QV does nat result in a distribution function which approximates a 

Maxwellian distribution function much better. The value of QV where Te 

s 4 --3-~ 
> 
Cll 

1--CII 4 
2 

=:J .... 

3 

::::--------..._ ___ ------.... ----

1,3 Q5=0 
2.4 Q5;i 0 
----uc. 
--Te 

Fig.37 The eLectron temperature (Te) and characteristic energy (uc) as 

functions of QV, for CF4, in the cases with (Qs# 0) and without 

(Qs= 0) supereLastic coLLisions. Here w = 3.9 eV. 

equals Uc is also indicated in figure 38 as the value where the 

fractional power transfer into vibrational excitation equals the 

relative amount of energy absorbed by exci tation. The extra energy, 

gained by the electrans in superelastic collisions, is transferred into 

extra ionization and excitation. Without these collisions the fractional 

power transfer into ionization and excitation will become smaller, and 

the curves denoted by E and V will have an intersection at a lower value 

of QV. This corresponds with figure 37, where Te and Uc are equal for a 
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lower value of QV if Qs = 0. The power transferred into diffusion is 

less than 5 % and has not been depicted in figure 38. 

100 

~ 0 

L.. 
Qj -VI 
c: 
ttl 
L.. 
+-
L.. 
Qj 

~ 
0 
Cl. 

ïii 
c: 
0 
:;: .... 
ttl 
'--

Fig.38 The fractionaL power transfer into excitation (E), vibration (V), 

ionization (I), and attachment (A), and the fractionaL power gain 

by supereLastic coLLisions (ISI). as functions of QV. Here 

w = 3.9 eV. 

Same remarks now are given, consiclering the numerical methods 

applied in sections 5.1 and 5.2. Without superelastic collisions the 

discretization methad yields the same results as obtained with the RKN 

routine within an accuracy of less than one percent. For QV ~ 10- 19 m2 

the discretization methad is more appropriate because the RKN routine 

then only gives good results, yielding a correct energy balance, when a 

very small stepsize is used, which increases the process time 

considerably. Furthermore, the discretization methad is preferable 

because na interpolation is needed to calculate the inscattering term 

proportional to Fo(u+uk). The use of a large matrix, although it is a 

sparse matrix, will occupy a lot of memory capacity and makes the 

discretization methad less attractive. A large matrix will be needed 

when a braad energy region is considered in which Fo has to be 

calculated. 
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6 <X>NCLUSIONS AND SUGGFSfiONS 

- The applied mathematica! techniques yield a basic equation for the 

isotropie distribution function which agrees with the kinetic equation 

as given in the literature. The distribution function will have just a 

small time modulation, and the effective field approximation can be 

used in the CF4/Ar discharge for the actual frequency 

w/2~ = 13.56 MHz. 

The presented theory gives a self-consistent description of the glow, 

leaving no parameters undetermined. The electron partiele and external 

power balance yield the value of the effective electric field and the 

electron density respectively. The effective diffusion length is 

governed by the spatial distribution function, influenced by the 

presence of negative ions. The density of these ions is obtained by 

fitting the calculated electron density with the experimental data. 

Good agreement is obtained between the experimental and calculated 

electron density for pressures below 25 Pa. For higher values of the 

pressure, volume corrections should be included to obtain good 

agreement. 

- The presence of negative ions induces an enhancement of the electron 

diffusion, causing a shift from ambipolar to free diffusion. This 

results in a distinct change of the effective electric field towards 

the breakdown values. 

- In the determination of the effective diffusion length the electron 

Debije length (Ào) and the effective ion mean free path (À+) are two 

important parameters besides the negative ion density. The influence 

of the electron density is represented by Ào, and the effect of the 

discharge pressure is described with À+. The ratio of the free 

diffusion length (A) and the Debije length is much larger than unity, 

indicating that the so-called plasma approximation holds. For the 

ratio of the free diffusion length and the effective ion mean free 

path we obtain 10- 1
( A/À+( 10, implying that in the actual discharge 

the electron diffusion is described by the theory discussing the 

transition region between free fall and mobility limited diffusion. 
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For pressures below 15 Pa the electron partiele balance in a CF 4 

discharge wi11 be dominated by diffusion and ionization. For larger 

values of the pressure the diffusion of the electrans towards the wall 

wi 11 be of minor importance, and the production of electrans by 

ionization is completely balanced by the loss of electrans by 

at tachmen t . 

- The rate constants for excitation and ionization, and the fractional 

power transfer into these processes are almast equal for an argon and 

CF4 discharge. The main part {about 80 %) of the power input is 

transferred into excitation, and about 15% is absorbed by ionization. 

In case of CF4, a negligible amount of the input power is transferred 

into the attachment process and vibrational exci tation. The ra te 

constants of these processes show practically no pressure dependence. 

- The inclusion of vibrational exci tation and superelastic collis i ons 

between electrans and vibrationa11y exci ted CF 4 molecules wi 11 only 

cause an effective change of the distribution function when 

overestimated values are taken for the. corresponding cross sections. 

- The discretization methad and the application of the RKN procedure are 

both appropriate numerical methods for solving the kinetic equation. 

Without including superelastic collisions, the resul t of these two 

methods agree within the given accuracy. 

- In this work, the electron diffusion has been stuclied consiclering one 

kind of positive ions, the CF3 +/Ar+ ions. The actual CF4 discharge 

however also contains CF2 + ions. It might be interesting to discuss 

the inf luence of several kinds of pos i tive i ons on the electron 

diffusion. Some remarks on this subject are given by Ferreira 

[FER-83]. Then it wil! also be possible toperfarm calculations in the 

case of a discharge consisting of a mixture of argon and CF 4 • The 

computer programs have been general ized al ready for such mixtures, 

except that the diffusion term should be adjusted. 



-79-

In the actual discharge energetic ions from the glow may cause 

secondary electron emission at the electrodes. Within the glow these 

accelerated electrans with energies camparabie to the RF amplitude may 

play an important role in the electron partiele balance. Only a slight 

adjustment of the approach used by Godyak [GOD-86] will be needed to 

include the effect of these secondary electrans on the partiele 

balance equation. 
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APPENDIX A 

The callision cross sections for the different processes in an argon and 

CF4 plasma 

The cross section Qd for momenturn scattering by elastic collisions 

between electrans and CF4 molecules is given by Jones [JON-86], and will 

be approximated by the following analytic expression: 

for 0 < u ~ 8 eV, (A. 1) 

for u ~ 8 eV . 

The cross-section for total ionization of CF4 molecules, leading to the 

presence of the dominant positive ion CF3+ [BIS-87] via the reaction 

( 1) 

has been measured by Stephan et al.[STE-85], and will be approximated by 

the following expression 

Q ( ) -21 2 
i = u-ui 10 m for u ~ ui , (A.2) 

where ui = 15 eV is the threshold energy for ionization. 

The cross section for electronic excitation, consiclering the 

dissociation of the unstable electronically excited molecule CF4 leading 

to the production of CF3 radicals via the reaction 

(2) 

has been measured by Winters et al.[WIN-82]. In this work the following 

approximation will be used: 

( ) 
-21 2 

Qe = u-ue 10 m for u ~ Ue , (A.3) 

where Ue = 12 eV is corresponding threshold energy. 

The cross sections for dissociative attachment in CF4, 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 

for 5.5 ~ u ~ 8.5 eV . (A.4a) 

It has been shown [BIS-87] 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 CF4 etching plasma has been 

verified by Bisschops [BIS-87], 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 

for for 3 ~ u ~ 6 eV . (A.4b) 

In all processes leading to the formation of C2F6 considered of interest 

in this work, two CF3 molecules are involved (reactions invalving e.g. 

C2F4 have been neglected). The density of the C2F6 molecules has been 

approximated to be 7 1019 m- 3 at a discharge pressure of 13.3 Pa. 

[BIS-87]. 

The cross section for vibrational excitation of CF4 has not been 

measured systematically and therefore will be approximated by the 

following hypothetic value 

for 0.1 ~u~ 1 eV (A.5) 

For argon we used the cross section for momenturn 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 20-100) [NIC-83], which will be 

approximated by 

Qd (u) aoexp(-alu) - a2 + a3u - 3 for 0 < u ~ 1 eV , {A.6a) = a4u 

Qd (u) = 1.81 + 3.25u- 0.11u2 for 1 ~ u ~ 20 eV . (A.6b) 

Qd(u) = 26.92 - 0.45u + 2.58 10- 3 u 2 for 20 ~ u ~ 100 eV (A.6c) 
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with Qd in units of 10-
20 

m
2 

, ao = 5, a1 = 19.73, a2 = 0.3, a3 = 1.625, 

a4 = 2.658 10-
3

. These various approximations are shown in figure Al. 

-- this work 

---- [MIL-771 
-·-· [BEL- 841 
·· · ·· · · [NIC- 831 

Fig.Al The various cross sections for momentum transfer for an argon 

discharge. 

The cross section for total ionization for argon has been taken 

from Rapp et al. [RAP-65] and Fletcher et al. [FLE-73], and wi 11 be 

approximated by 

Q;(u) = (u-15.7) 1.66 10- 21 m2 0 <u~ 25.0 eV, 

Q;(u) = (u-3.77) 7.25 10-22 m2 25.0 ~u~ 75 eV . 

(A.7a) 

(A.7b) 

This approximation, and the ionization cross sections as presented by 

various authors are depicted in figure A2. 
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10-19 r--r--------.-------,-----~ 

N 
E 

er 
-- this work 
---- l FLE-73] 
....... [RAP-65] 

-·-- lPFA- 69] 

1~22~~~---~~---~~-----~. 
20 30 u(eVJ 40 50 

Fig.A2 The different approximations for the ionization cross sections 

for an argon discharge. 

The cross section for lumped exci tation 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 2 m . (A.8) 
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APPENDIX B 

Sealing of the applied electric field when only elastic collisions are 

considered 

Accelerating in the electric field, the electron acquires an 

additional velocity within the intercollisional time Ten which equals 

(B. 1) 

The corresponding energy increment is equal to 

or, after averaging (at <Q> = Q ), 

(B.2) 

At the same time the relative energy loss of the electrans in elastic 

collis i ons wi th neutral particles equals (when the temperature of the 

neutral particles is much lower than the electron temperature): 

(B.3) 

where Vt e is the thermal veloei ty of the electrans. In the stationary 

state the average energy acquired in the field must be equal to that 

lost in collisions, and the electric field is scaled by, 

eETen _ (~)~ _ 2 
- M - Ti . 

mVte 
(B.4) 

In the actual discharge inelastic collisions will cause an extra energy 

loss and in a stationary state the electric field will be larger. In 

that case, the right hand side of equation (B.4) must equal T], as in 

equation (2.4). 
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APPENDIX C 

The discretization scheme when neFo~ is used as variable, instead of Fo 

With n = neFo~ as variable, equation (5.10) can be written as 

[ ~ ~ 
1 Ee 2 d u dn n ] u n ~ 
-(--) -- (--- --) - 2 + (u+uv) Qv(u+uv)n(u+uv) + 3 Nn du Qd(u) du 2u 3Qd(u)(NnAe) 

~ N~ ~ ~ - u Qv(u)n(u) + Nn [(u-uv) Qs(u-uv)n(u-uv) - u Q5 (u)n(u)J = -c, 

(C. 1) 

where 

c(u) 1 ~ 1 ~ ~ = ~eu1Qi(u1)n(u1) + 1 _~eu2Qi(u2)n(u2) + (u+ue) Qe(u+ue)n(u+ue). 

(C.2) 

Discretization of this equation with the energy interval ~u. yields 

(C.3) 

wi th (C,4a) 

lk-1 /2 (C.4b) 

Here, Uk = ~u. mv = Uv/~u. and the value of a function at energy uk is 

denoted by the subscript k· Rearranging the several terms in equation 

(C.3), the final equation reads 

(C.5) 

1 E -112 
where ak = 3(N~) 2 (~u)~Qd(uk)[uk+~u/4]· Ck = c(uk). 

1 E -112 ~ Uk bk+1 = ~N~)2(~u)~Qd(uk)[uk-~u/4], dk = 3Qd (Uk){ N nAe) 2 ' 
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sk 
1h s 

N~/Nn, Rk 
lhQv = UkQk = lik k· 

lk+112 
aknk - bk+1nk+1, 

lk-1/2 - bknk. = ak -1nk -1 .!lu LlU 

No te that for k = 0 all the quant i ties containing the factor u~ wi 11 

become zero. If the energy liN+1 corresponds with uv+w, the first 

boundary condition reads 

(C.6) 

where F(uv+w) has been calculated with the method, presented in section 

5.1. Following the reasoning insection 5.2, in a non-stationary state 

the time variations in nk will be proportional to ak-1nk-1, bk+1nk+1 

etc., and ak is interpreted as the rate at which electrans at energy Uk 

are promoted to energy Uk+l• and bk is the rate for dernotion from lik+l 

to uk. In a stationary state, the total number of particles must be 

constant, implying that fndu does not change in time as a result of a 

flux in the energy space at the boundaries of the normalization 

integral, i.e. at u= 0 and u= Uinf· This leads to the boundary 

conditions l112 = 0 and linf+112 = 0, just as in section 5.2. From the 

definition of lk+l/2 it appears the the first condition is satisfied if 

b1 = 0, using the fact that a 0 n 0 = 0 must hold [ROC-73]. In this case 

this boundary condition is not satisfied by defini ti on, and must be 

taken into account when the discretization scheme presented above is 

used. The resul ting matrix equation is completely analogous to that 

presented in section 5.2 and has been solved in the same way. 
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