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SUMMARY 

Radio-frequent gas discharges play an important role in the 

etching processes of integrated circuits. 

In order to optimize the etching processes, the physics of 

this gas discharge and especially the physics of the space charge 

sheaths (boundary layers) existing near the electrodes, should be 

investigated accurately. 

In the present report a free fall ion motion- and a mobility 

limited ion motion model have been developed for the description 

of the processes in the sheath. 

The calculated sheath properties, such as the electron- and 

ion density, and the total potential drop across the sheath, have 

been compared with the axial intensity measurements and with the 

measurements of the ion bombardment energy. 

Since the deviations between the calculations and the 

experiments are smaller than 1% and 10% for the ion energy- and 

the intensity measurements respectively, the models explain the 

measurements reasonably. 
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1 INTRODUCfiON 

Etching processes play an important role in the production 

of integrated circuits {ie). In fact, its quality is mainly 

determined by them. At the start of the ie technology, agressive 

fluids were used in etching processes. Although the ie channels, 

obtained wi th these so-called wet etching methods, were not 

exactly a copy of the mask, the results were satisfactory. These 

results however, are not acceptable in current ie technology. The 

high integration level requires ie channels which are an exact 

copy of the mask channels. In order to fulfil this demand, more 

sophisticated techniques have been developed. Radio-frequent {rf) 

plasma etching, which is based on physical sputtering and 

chemica! surface processes, is one of them. This technique uses 

an rf plasma which produces ions wi th a high kinetic energy 

(typical a few 100 eV). These ions will sputter material from a 

sample which is mounted on one of the electrodes. The ie channels 

which are obtained with this technique, show great resemblance 

with the mask channels {Fig. 1). 

Fig.l. The difference between wet-etching {A) and pLasma 

etching (B). 

In order to optimize and control the rf sputtering technique 

the Atomie and Plasma Physics group (supervised by prof .dr. ir. 

D.C. Schram and prof. dr. F .J. de Hoog, Facul ty of Physics. 

Eindhoven University of Technology) investigates the physics of 

this rf discharge both theoretically {Vallinga et al.) and 

experimentally {Bisschops et al.). 
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The rnadelling of this plasma is rather difficult since the 

plasma dynamics are dominated by the time-dependent behaviour of 

the applied rf voltage. To simplify the description of this gas 

discharge it is usually divided into 2 sections: the space charge 

boundary layers (or sheaths) near the electrades and the quasi 

neutral plasma region (the glow) in the middle of the discharge. 

The quasi neutral plasma region produces ions which are 

accelerated in the space charge sheaths towards the electrodes. 

Since both the ion energy at the electrades (typical 100 eV) and 

the ion flux are important for the etching process, one needs to 

know the physics of the space charge sheaths, the physics of the 

glow and the conneetion between them. 

In this work we wil! mainly concentrate on the physics of 

the space charge sheath and on the conneetion of the sheath with 

the plasma region. 
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2 A GENERAL DESCRIPTION OF AN RF PLASMA 

One of the most important characteristics of a plasma is its 

quasi neutrality, i.e. the ion density P1 is almost completely 

balanced by the electron density Pe for volumes larger than the 

volume of the Debije sphere [HOO 86] 

(1) 

Here, Ào is the Debije length 

(2) 

Te is the bulk electron temperature, k is Boltzmann's constant, 

ne is the electron densi ty, e is the elementary charge and e 0 

represents the dielectric constant. This quasi-neutral i ty 

condition is stringent when the number of particles in Debije's 

sphere (NoebiJe) satisfies 

(3) 

In these plasmas a significant charge separation can only occur 

in the boundary layers near the electrodes/probes. In these 

so-called space charge sheaths (SCS), the properties of the quasi 

neutral plasma region are coupled wi th the properties on the 

electrodes according to Maxwell's laws: 

V•D = p 

V•B = 0 

aB 
VxE = - at 

VxH = J + an at 

(4a,b) 

(4c,d) 

In order to obtain expressions for these properties, these 

Maxwell equations and the Boltzmann equation 
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aFs +v•afs +a•afs = .f J 1 at ar au s ' (5) 

where p(r,t) = L Zseffs(t,r,u)d3 v (6) 
s 

and ](r,t) = L Zseffs(t,r,u)ud3 u (7) 
s 

need to be solved for every partiele species s. Here, fs denotes 

the velocity distribution function of species s, u is the 

velocity, r is the spatial co-ordinate, a is the acceleration of 

the particles due to external forces, .f denotes the summation 

over all the species, Is! represents the collision integral of 

the species s and l, and Zs is the charge number of species s, 

which is -1 for the electrons. Since these general equations are 

difficult to solve, one usually simplifies equation (5) by taking 

into account the dominating collision integrals only. These can 

be evaluated if the ionization degree a of the plasma 

a= (8) 

is known. Here, na denotes the neutral partiele density. Highly 

ionized plasmas (a~ 0.1) are dominated by the collisions between 

the charged particles, while the neutral-neutral and 

neutral-charged partiele collisions are important in very low 

ionized plasmas (a~ 0). 

An rf plasma (a ~ 10- 6
) is an example of the latter case. 

Characteristic for this plasma is the harmonica! variation with 

time of the applied voltage, see figure 2, 

V(t) = V0 sin(wt) , (9) 

where the angular field frequency w satisfies: 

(10) 
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Fig.2. A schematic view of an rf discharge. 

Here, Td denotes the plasma decay time. This condition implies 

that the plasma phase is maintained during the zero passage of 

the applied voltage. Since the typical values of this field 

frequency are in the radio frequency range, the plasma is called 

an rf plasma. The sheath thiclmess S( t) of this plasma, which 

varies in time due to the time dependenee of the applied voltage, 

is about 70 times larger than the Debije length (in the actual rf 

plasma, the total sheath thiclmess, 2Smax. is even larger than 

the quasi neutral region [table 1]!). The ions which are produced 

in the glow are accelerated in the space charge sheaths towards 

the electrodes. This acceleration mechanism, i.e. the bombarding 

energy of the ions striking the electrode, is very important for 

the etching properties of the rf plasma. For this reason we will 

restriet the present analysis to the SCS. 

1016 -3 
Smax 7 mm 20 Mrad/sec ne = m = Wp i = 

1022 -3 
Sg I OW 6 6 Grad/sec na = m = mm Wpe = 

d = 66 mm Se lee = 20 mm w = 85 Mrad/sec 
Àd = 0.1 mm power = 20 watt I(t) = 200 mA 
p = 0.1 torr Noeb!Je = 8 104 Te = 3 eV * 

TabLe 1. The typicaL vaLues of the present rf reactor [BER 86]. 

*: Te = <meu~/2)v 
Ion energy measurements in a CF4 plasma [BIS 87] show that 

the processes in the sheath are nearly collisionless (the ion 
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mean free path À.t is about the sheath thiclmess S). i.e. the 

callision integrals of the Boltzmann equation can be neglected. 

Since the etching process is for an important part dominated by 

the ion dynamics, we are mainly interested in the ion velocity 

distribution function rf , which satisfies 

ars ars e ars 
__ i +v•--1 +Z - (E+vxB) ·--1 = 0 at ar SMf av . (11) 

where s denotes the various ion species, and Mi is the ion mass. 

This ion Boltzmann equation tagether with equations (6),(7) and 

Maxwell's equations determine the ion dynamics in the sheath. It 

is still impossible to solve these equations, so we will simplify 

them by using the specHic reactor condi tions. Since in the 

reactor types most commonly used the diameter d of the electrode 

is much larger than the maximum sheath thiclmess S , i.e. 
max 

d ) s (12) 
max 

we will only take into account the x components of the veetors of 

eqs.(4) and the x dependenee of these components (the x axis has 

been chosen perpendicular to the electrode surfaces). Note that 

this approximation is only justified if the influence of the 

Lorentz force on the partiele trajectories is negligible. In 

appendix A we will show that its influence is indeed negligible. 

According to this assumption, the Maxwell equations and the 

Boltzmann equation now read 

Boltzmann's eq. 

Maxwell' s eqs. 

ari ari e ( )arf 0 -a +vx-a +Zs-MsE x, t -a = , t X 1 Vx 

E(x,t) = _ aV(x, t) 
a x 

(13) 

(14) 

(15) 
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(16) 

B=O, (17) 

where we have used the assumptions: t = t 0 , M = Mo· Here E and J 
denote the x component of E and] respectively, and V(x,t) is the 

sheath potential relative to the plasma potential. 

According to these equations the ions, which all enter the sheath 

wi th a low kinet ie energy (typ i cal 2 eV [BOH 49]), are only 

accelerated in the x-direction, i.e. they all hit a sample, which 

is mounted on the electrode, perpendicularly. This explains the 

very sharp boundaries of the ie channels, see figure 3. 

The explanation mentioned above is, for the present reactor 

conditions, in accordance with the results of Zarowin [ZAR 83]: 

the ratio between the directed ion veloei ty Vx and the "random" 

ion veloei ty Vy (in the direction parallel to the electrades) 

near the electrades is large Vx/Vy ~ 20, where Vx = Vy 

corresponds with isotropie etching. 

A 

Fig.3. The ie boundaries as a consequence of the ratio 

vx/Vy between the directed ion veLocity Vx and 

the random veLocity Vy; 

(A) smalt Vx/Vy, (B) large Vx/Vy. 

B 

For later use, we mention that multiplication with Zse and 

integration of the Bol tzmann equation ( 13) over the veloei ty 

space yields the ion charge conservation law 
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ap 5 a]~ __ I+ 0 
at ax = . (18) 

where ]~ is the ion current density of the ion species s, 

(19) 

where w~ represents the ion drift velocity. 

It is convenient to use an expression for the external 

current I(t). This expression can be derived from equation (4d) 

by multiplying it internally with the normal vector of the volume 

as indicated in figure 4 and applying the resulting equation on 

this volume. This yields (appendix B) 

IA(t) _J.
1
(t) _J.e(t) __ 1 dQ dE(S,t) _ dE(O,t) - A dt = +éo dt éo dt 

. 1 
J i 

r----
I 

'----------4.""' J---------
V(t) 

h 

Fig.4. A schematic view of the integration voLumes 

{dotted Lines), the co-ordinate systems, and 

the positive directions of the currents. 

{20) 
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or in a more appropriate notation: 

l.C.!l [ ( ) ( ) ]dS fs(ap 1 ape) , A = Pï S,t +pe S,t dt +
0 

at+ at dx + j1(t) +je(t). (21) 

Here, i1(t) and ie(t) denote the ion and electron conduction 

current densi ties at the plasma-sheath boundary respectively, 

i.e. iv(t) = lv(S,t), where y = i,e. The positive current 

direction is indicated in figure 4. Furthermore, Q denotes the 

total charge in the sheath, and A represents the electrode area. 

Equation (20) shows that the external current is a superposition 

of the charged partiele conduction currents and a current due to 

the displacement of the plasma sheath boundary S(t). Although the 

symmetry of the problem requires that the two SCS are identical, 

i.e. the properties of both SCSs must satisfy the same equations, 

it is not allowed to treat them independently. The requirement of 

the current continuity 

(22) 

couples the properties of SCSl and SCS2. Integrating this 

equation over one time period, using equation (20) and the 

periodicity of the solution, yields a relation between the 

conduction currents: 

2lr 
J [ji(t)+je(t)]t d(wt) = (23) 

0 

The symmetry of the problem requires that the two integrals are 

identical, i.e. 

(24) 

In order to fulfill condition (23) i t is necessary that the 

integrals are zero, i.e. 
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21T 
J [ji(t)+je(t)] d{wt) = 0 . {25) 

0 

This implies that the total conduction current must be zero over 

one time period. Note that this condition only holds for the 

periodical solution. Since the non-periodical solutions vanish 

shortly af ter the plasma igni tion, we wi 11 only discuss the 

periodical solutions of the problem. The periodical salution must 

be determined from equations ( 13)-{25). We wi 11 discuss this 

salution for an actual CF4/Ar etching plasma. Experimental data 

of these plasmas are available [BIS 87]. The measurements of the 

ion energy show that the CF3 ions (CF4 plasma) and the Ar+ ions 

{Ar plasma) dominate the sheath processes. Hence, we can simplify 

the equations by taking into account the singly charged ions of 

one ion species only. Thus, we obtain 

aF i aF i e ( )aF 1] [-+u-+ ïi"E x,t -a = 0. at X a x l'l i U X 1 I 2 

E(x,t)1.2 av(x, t)1.2 
a x 

aE1.2 = e(ni-ne)t.2 
ax E.o 

(26) 

(27) 

(28) 

(29) 

{30) 

11
_A
2(t) =~[n 1 {S,t)-ne(S,t)]~ +~/ (~ 1 - ~e)dx'+ji(t)+je(t~ (31) 

'1,t 

(32) 

21T 
J [ji(t)+je(t)] d(wt) = 0 . {33) 

0 1,2 

We also have the boundary condition 
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{34) 

where 01, 02 denote the origines of sheath 1 and sheath 2 

respectively, see figure 4. 

The method of solution of these coupled equations depends on 

the relation between the field frequency w, the ion plasma 

frequency Wp 1 

and the electron plasma frequency Wpe 

where M1. me denote the ion and electron mass respectively. 

We will distinguish two regimes: 

1: The low frequency regime, 

{35) 

{36) 

{37) 

where both the ion and the electron densi ty profile react 

instanteneously to the potential changes in the sheath. The 

solution in this regime has been discussed in [VAL 86]. 

2: The high frequency regime, 

2~/Td < Wpi < W < Wpe , {38) 

where the ions are too inert to follow the fast potential 

variations. The ions are only influenced by the time 

averaged value of the sheath potential <V(x,t)>t. 

21T 
<V(x,t)>t = f V(x,t)d(wt)/2~ {39) 

0 

The frequency relation in the present reactor satisfies {see 

table 1) 
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Wp 1 ~ W (: Wpe • (40) 

In this regime, the ions are not only influenced by the time 

averaged value of the sheath potential, but also to a lesser 

degree by the instanteneous sheath potential. The effect of this 

however is smal!, and wil! be discussed in chapter 4. So, the 

sheath properties can in a good approximation be described by 

consiclering the high frequency regime. 
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3 11IE HIGH FREQUENCY REGIME 

According to the Bol tzmann equation (26), the ion 

distribution function, which is time independent in this regime, 

must satisfy (appendix C) 

ft(X,Ux) = ft(e<V(x,t)>t+W(ux)) , (41) 

where W = !hM 1 u~ denotes the kinetic energy of the ion, and 

<V(x,t)>t is the time averaged potential at a position x in the 

sheath. Equation (41) implies that the ion velocity distribution 

function ft is dependent on one variabie only, i.e. ft = fi(M). 

where M = e<V(x, t)>t+W. We will simplify the calculations by 

assuming that the ions enter the sheath monoenergetically wi th 

energy W0 • So, we can write 

which can easily be checked by substituting (42) into (27). Here 

Smax is the maximum sheath thickness, and ns is the ion density 

at the sheath boundary. The general solution of Bol tzmann' s 

equation thus reads 

This implies that, at a certain position x, the ion energy W(x) 

must satisfy 

W(x) =Wo +e[<V(Smax.t)>t-<V(x,t)>t] , (44) 

where <V(x, t)>t is the time averaged sheath potential at a 

position x, and <V(Smax.t)>t represents the time averaged 

potential at the plasma-sheath boundary, which we will take zero, 

i.e. the values of the potentials are relative to the potential 
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at the plasma-sheath boundary. This relation is in accordance 

wi th the ion energy conservat ion law, which for the free fall 

model yields 

e<V(Smax.t)>t +Wo= e<V(x,t)>t +W(x) . (45} 

Befare we wil! solve the sheath equations, we make the following 

assumptions: 

- The electron density profile behaves step-like [GOD 80], see 

figure 5: 

and ne(X, t} = 0 

0 

for x > S(t) , 

for x ~ S(t) . 

1n (x,t) 
I e 

S(t) 

position 

I 

i~ 
"Cl) 

ld ....... 
l!=l. 

s 
max 

Fig.5. The uarious densities as a function 

of the position in the sheath. 

(46) 

(47) 

- The sheath thickness S(t) in time, which oscillates between 

Smin and Smax , is even with respect toT= ~/2, i.e. S(~/2-AT} = 

S(~/2+AT), see figure 6. 
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1T t 
0 

time T 

27T 

Fig.6. The sheath thickness as a function of 

time. The dotted Line denotes the 

time intervaL in which x ) S(t) hoLds. 

Consistent with these assumptions, the sheath equations now read 

Poisson's eq. (48) 

the current density eq. (49) 

where j(t) denotes the electrode current density, i.e. 

j(t) = I/A. 

This current equation implies, in accordance wi th the assumed 

electron density profile, that the electron conduction current is 

zero. Al though this electron densi ty profile does not satisfy 

condition (33), we will still use this profile in the further 

analysis. In order to fulfil condition (33) we must assume that 

the smal! ion conduction current is compensated by the electron 

conduction current due to smal! deviations of this electron 

density profile. Since these deviations are smal!, we can treat 

the electron density profile, in first approximation, step-like. 

Rough calculations show that en; (S)~ > j; (appendix D), so we 

can, in first approximation, neglect the contribution of the ion 

conduction current to the total current [GOD 80]. Hence, we can 
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write 

j ( t ) = en 1 ( S) ~ . (50) 

Note that this equation does satisfy condition (33). It is 

evident that the current in the plasma !plasma = Ajp!asma must 

equal the electrode current: 

ni(S)ddS = Ïplasma(T) . (51 ) 
T ew 

Here, T = wt denotes a dimensionless time variable, and jplasma 

is the plasma current density. Without any restrictions for the 

validity of the model we will assume that the sheath reaches its 

maximum position at T = 7r/2, i.e. S(7r/2) = Smax. and as a 

consequence of the symmetry, its minimum position at T = 37r/2, 

i.e. S(37r/2) = Smln· 

To solve equations ( 48), (50) and (51) it is necessary to 

have more information about the time averaged electron densi ty 

<ne(x, t)>t. It follows from Fig.5 and assumption 1 of page 14 

that the averaged electron density profile can be written as 

(52) 

where t 0 (x) satisfies 

t 0 (x) = 37r/2 for x é [0, Smin] , (53) 

S(ta) =X for X é [Smin• Smax] , (54) 

and, in order to obtain an unambiguous salut ion, 

t 0 é [7r/2, 37r/2]. 

From this point we will discuss two models: the model for 

mobility limited ion motion, which describes the sheath behaviour 

of an Ar plasma where resonant charge transfer collisions 

dominate the callision processes in the sheath, and the free fall 
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model for a CF4 plasma. Befare we continue with these two 

specific models, an abstract wi 11 be given of the 1 i terature 

dealing with the plasma boundary problem. 
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3.1 AN EVALUATION OF 1liE LITERATIJRE DEALING WITII 1liE 

PLASMA-SHEATII PROBLEM. 

In 1938 Tanks and Langmuir [TON 38] derived the important 

plasma-sheath equation for a stationary (DC) discharge, which 

couples the plasma properties to the sheath properties. Since 

this equation could not be solved in the complete discharge, they 

divided the discharge into two sections: the plasma region and 

the space charge region (sheath). They showed that the salution 

of the Poisson equation in the plasma region loses its physical 

significanee near the electrodes, and therefore coupled the 

plasma salution to the sheath salution at these so-called 

singular points. 

Bohm has proven that the energy Wo of the ions, which enter 

the plasma-sheath boundary monoenergetically, must satisfy 

[BOH 49] 

Wo ) kTe 
- e (55) 

in order to obtain a non oscillating salution of the sheath 

equation. This famous criterion, which is in fact a consequence 

of the condition that the inequali ty (n1- ne) ~ 0 must hold in 

the sheath (i.e. the potential in the sheath must decrease 

monotonous towards the electrode), is usually called the Bohm 

cri ter ion. Due to this cri terion, the ions must be accelerated 

from the plasma-ion energy kT 1 (typical 1/40 eV) to the energy 
e 

kTe (typical 3 eV) at the plasma-sheath boundary, in a region 
e 

between the plasma and the sheath. This region, where the quasi-

neutrality condition holds according to Caruso and Cavaliere 

[CAR 62] , is called the presheath. 

Caruso and Cavaliere have calculated the salution of the 

complete plasma-presheath-sheath equation for a stationary 

discharge. 

In 1981 Riemann [RIE 81] enlarged the plasma-presheath

sheath problem taking into account calculations of the ion 
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velocity distribution function ft(r,u,t). Generalizing the Bohm 

criterion he obtained 

(56) 

This condition implies that a stationary salution of the 

plasma-sheath equation can only exist if the mean value of the 

ion energy satisfies equation (56). 

We notice that all these theories consider stationary 

discharges, so they do not need to be valid for rf discharges. 

Therefore, we will now discuss the theories which consider the rf 

discharges only. 

One of the characteristics of an rf discharge is the time 

dependenee of the ion energy distribution function in the sheath. 

As a consequence of this, the ion bombardment energy spectrum is 

broadened. This broadening has first been observed by Erö 

[ERO 58]. A simple theoretica! description of this modulation 

effect has been developed by Benoit-cattin and Bernard [BEN 68]. 

In 1985 Metze et al. calculated the sheath potentials 

numerically consiclering an electrical circuit model, equivalent 

to the rf plasma [MET 85], see figure 7. 

r----- ------, 
I I 

Vp I ..... ..;._....., 
I 
I 

L ---------1 

Ca 

V(t) 

Fig.7. The eLectricaL circuit modeL equivaLent to the 

rf pLasma (dotted Lines). Here Ca is a bLocking 

capacitor and Vp is the pLasma potentiaL. 
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Ernie et al. [ERN 86] have used these potentials to 

calculate the modulation effect numerically, assuming a plasma

presheath-sheath configuration as indicated in figure 8. 

ns nplasma 
, 

..c 
Cl) 

...., 
d "d ..c Cl) 

~ 0 S(t) ...., ..c s... ~----+ C/l C/l ...., 
1 d u ..c Cl) ......, 

Cl) C/l s... p. ......, p. 
Cl) 

Vp v1 V=O 

x dV _ 0 ) dx-

Fig.8. The pLasma-presheath-sheath configuration 

used by Ernie et aL .. The ion density ns at 

the presheath-sheath boundary satisfies: 

ns = exp(-1/2) np. where np is the ion 

density in the pLasma. 

Self-consistent models, which describe the sheath properties 

[VAL 86], [MEIJ 87] and the rf modulation of the sheath 

potentials [VAL 87A], have been developed by Vallinga et al .. The 

advantage of these models is that their salution can almost 

completely be determined analytically. 

Furthermore they have developed methods to determine the 

electron distribution function in the glow [VAL 85], [VAL 87B]. 

After this short introduetion to the literature dealing with 

the plasma-sheath problem, we continue with the model for 

mobility limited ion motion. 
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3.2 TIJE MOBILI1Y LIMITED MODEL 

In this model we consider charge exchange collisions between 

the ions and the neutrals in the sheath and use the approximation 

for mobility limited ion motion [GOD 80], i.e. 

(57) 

where ~i = 2
eÀk denotes the ion mobility, Ài is the mean free 

Wx'lr i 

pathof the ion, and IDx(x) is the drift velocity of the ions. 

We mention that this mobility limited ion motion concept is 

not consistent wi th the equations ( 48)-(54), since these are 

derived from the Boltzmann equation for a collisionless sheath. 

In spi te of this inconsistency we wi 11 st i 11 use this concept, 

since: 

the method of solution is nearly identical as the one used 

in the free fa11 model. This free fall model. which is 

consistent with the Boltzmann equation, will be discussed in 

paragraph 3.5; 

- i t has also been used for the description of the sheath 

properties by Godyak [GOD 80]; 

the model can also be derived consistently from other 

equations [MEIJ 87]. 

Substi tuting eq. (57) into the stationary continui ty equation 

( 19), (30) yields a re lation between the ion densi ty ni (x) and 

the time averaged electric field <E(x,t)>t. viz. 

(58) 

where ns denotes the ion density at the plasma-sheath boundary, 

and Wsohm is the Bohm energy which satisfies relation (55), i.e. 

Wsohm = k.~e (59) 

It is now possible to solve the Poisson equation by using 
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equation (58) tagether with the houndary conditions 

1: Lim n 1 (x) = Lim n1 (x) 
x~Smin xtSmin 

(60) 

2: (61) 

3: (62) 

4: (63) 

and carrying out the integration over x. This yields for the ion 

densi ty n1 (x): 

X t [ 0, Sm I n ] : 

ni(x)/ns = [1- Cx +(<S(T)>t]- 1
/3 , (64) 

(65) 

where C = 6e2Àins/(~e.0Wsohm). and <S(T)>t denotes the time 

averaged sheath thickness. 

Note that we still have not used any specific information 

ahout the sheath movement S(T), except that i t is symmetrical 

around Smax· In order to solve the coupled equations (51). (64), 

and (65), more information ahout the plasma current density is 

required. This current densi ty should he determined hy solving 

the complete set of sheath equations (26)-(54). Because we are 

not ahle to solve this set, we will estimate the plasma current 

hehaviour. 

Since the appl ied voltage var i es harmonically, we assume 

that the plasma current density can he approximated hy 

(66) 

where j 0 is an amplitude factor. 
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We have solved equations (51), (64),and (65) numerically for 

several parameter sets of ns. Te. À1, n 5 /n 1 (0) , have calculated 

the total potent ia! drop across 

using re lation 

determined the current density amplitude j 0 . 

the 

(28), 

sheath 

have 

Figure 9 shows the relation between Smin• [<V(Smax.T)>t -

<V(O,T)>t]. and Smax for the parameter set ns= 1016 m- 3
, 

Te= 2.75 eV, À1= 0.7 mm, n 5 /ni(0)= 5. 
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Fig.9. The totaL potentiaL drop across the 
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It appears that, in this model, it is not necessary for Smin to 

be zero. So, Godyak's assertion Sm 1n = 0 needs not to be valid! 

The values of n 5 , Te. Smax. and n 5 /n1(0) must be determined 

from the experiments. Before we continue with the calculations, 

we will discuss the experiments in more detail. 
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3. 3 TIJE EXPERIMENTS 

Bisschops et al. [BIS 87] have measured the bombarding 

energy, parallel to the x axis, of the i ons at the grounded 

electrode in an Ar/CF4 plasma. A typical energy spectrum for an 

Ar• ion is shown in figure 10 . 

..a 
$... 
d ......., 

100 

W(eV) 

Fig.10. A typicaL energy spectrum of an Ar+ ion 

of a 0.1 torr, 20 watt Ar pLasma. 

The width of this spectrum implies that the collisions between 

the Ar+ ions and the neutrals dominate the sheath properties of 

the argon rf discharge. The most important ion collisions, 

because of their large cross section (typical 30•10-20 m2
), are 

the resonant-charge exchange collisions, 

{67) 

lt is evident that the dynamics of the sheath must be 

described by a collisional model. Though this model should take 

into account the x,y, and z dependences of the ion collision 
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dynamics, we will use the present one dimensional mobility 

limited model to describe the sheath dynamics of this discharge. 

With the present model we want to explain the axial optica! 

intensi ty measurements of the shortly living (3.6 · 10- 7 sec.) 

4p{~) ~ 6s{~) transition {À=703.03 nm) of Ar neutrals, and the 

decrease of the intensity in the sheath, see the dotted line in 

figure 11, in particular. 
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Fig.ll. A typicaL axiaL emission profiLe. 

The dotted Line denotes the sheath 

region of the grounded eLectrode. 

We state that the time averaged electron densi ty profile is 

directly related to the measured intensity profile. To prove 

this, we need more information about the balance equation of an 

excited Ar level p, with density np. 

Bnp +V·J· - S (x T) 8T p- P' ' 
(68) 

where Sp{x,T) denotes the souree function. Because the diffusion 

velocity (typi_cal 1 mm/sec.) of a neutral partiele is often much 
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smaller than the decay time of the excited level, the diffusion 

term in equation (68) can be neglected. 

We assume that the plasma is in the corona phase [MUL 86], 

i.e. the population of a level p increases by excitation of the 

neutrals due to collisions with the electrans only 

(69) 

and diminishes due to the radiation decay 

(70) 

Here, Q(u) denotes the excitational cross-section, <uQ>v denotes 

the rate constant 

(71) 

n0 represents the ground level density, and Apq is the transition 

probability from level p to level q. 

In the 'stationary' si tuation the two processes balance each 

other, i.e. 

(72) 

Since the experiments concentrate on one transition (p ~ q') 

only, it is advisible to formulate the right hand side of 

equation (71) in terms of this transition also 

(73) 

where h(p) denotes 

(74) 

In accordance with the step-like electron density profile we 

assume that the electron velocity distribution function is 
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separable into a velocity - and a spatial dependent part, i.e. 

fe(r,v,T) = Fe(r,T)Fe(u) (75) 

Substi tuting equation (75) into equation (73) yields a linear 

relation between the measured intensity I(x) and the time 

averaged electron density, i.e. 

I(x) ~ <ne(x,T)>t . (76) 

Because the apparatus profile is very narrow, we can campare the 

intensity measurements directly with the calculated time averaged 

electron density profile. 

The parameters n 5 , Te, Sm a x, which have been used in the 

calculations, have been determined by measurements [BIS 87]: 

Te = 2.75 eV , 

Smax = 8.2 mm , 

The parameter n 5 /n 1 (0) can be determined from the ion energy 

measurements mentioned earlier. These measurements show an 

'average' ion energy of 50 eV fora 20 watt, 0.15 torr Ar plasma. 

Since the present model prediets an 'average' ion energy at the 

electrades of 

we will choose the parameter ns/ni (0) such that We I ec. is in 

accordance wi th the measured average energy of the i ons (*). 

Figure 12 shows an optica! intensity measurement and the 

calculated densities. 

(*) Instead of the ratio n 5 /n 1 (0) = 4, which follows from the 

experiments, we have used the ratio ns/nt(O) = 5 for the 

calculations. 
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1.0 
<(Vsmax.t)-V(O,t)>t= 1270 volt 

ia= 155 Am-2 

0.8 

n; (x) 

0.2 

posit ion (mm) 

Fig.12. The various densities as a function of 

the position in the sheath (relative to 

the electrode). 

10 

We notice that the model is in reasonable agreement wi th the 

experimental resul ts, if Smt n = 3.6 rnm and Smax = 8.2 rnm. So, 

Godyak's assertion Smtn = 0 needs not to be valid! In facta non 

zero value for Sm 1 n has also been predicted by other sheath 

models [VAL 86]. 

Because the model is restricted to one variable, it can only 

predict the average energy of the ions at the electrode. In order 

to explain the measured energy spectra at the electrades the 

model should be enlarged to more "dimensions". 

The difference between <ne(x,T)>t and the experimental 

electron density profile, and the dependenee of Smtn• Smax on the 

applied power wil! be discussed in paragraph 3.5. 
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3.4 roNQUSIONS MOBILITY LIMITED MODEL 

The sheath properties predicted by the model are in 

reasonable agreement with the optica! experiments. 

The model shows that i t is not necessary for Sm 1 n to be 

zero. In fact, the optica! measurements can be explained by a non 

zero value of Smln· 

The model cannot explain the observed broadened ion-energy 

spectra, since the model prediets the average ion energy at the 

electrades only. 

To explain the experiments, the model should be enlarged to 

more "dimensions". 
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3. 5 TIIE FREE FALL MODEL 

Bisschops et al. [BIS 87] have measured the energy spectra 

at the electrades of CF;, CF;, and CF+ ions in a CF4 plasma. A 

typical ion energy spectrum is shown in figure 13. 

§ 

0 40 80 120 160 200 

W(eV) 

Fig.13. A typicat energy spectrum for a CF3 ion. 

From this spectrum, which differs from the Ar+ spectrum (compare 

figures 10 and 13), one can conclude that the CF; ions move 

nearly collisionless through the sheath. Hence, the sheath 

propertiescan bedescribed by using a free fall model. 

In order to solve the time averaged Poisson equation 

(78) 

a re lation between the ion densi ty nt (x) and the time averaged 

sheath potential <V(x,T)>t is required. This relation can be 

derived from equations (44),and (30) by using <V(Smax.T)>t = 0, 
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[ 
Ysohm ] 1

,/2 

Ysohm- <V(x,T)>t · (79) 

Here, Vsohm represents the Bohm potential, i.e. 

V Wsohm 
Bohm = e (80) 

Substituting relation (79) into the time averaged Poisson 

equation, using (52), and transforming the sheath potential 

according to 

V'(x) = Vsohm -<V(x,T)>t (81) 

we obtain 

(82) 

where g(x) = [3/2-t 0/~]. (t 0 has been defined in equation (54)), 

represents the contribution of the time averaged electron 

density, and ~ satisfies 

1/2 

~ = ensVBohm 
E.o 

(83) 

dV' 
By multiplying equation (82) by dx , integrating once, and using 

the boundary condition 

- -0 dV' I 
dx x=Smax- ' (84) 

dV' 
a relation for the derivative dx of the sheath potential is 

obtained 

Sm[: (V')1./2[~]dx' ]1./2 

(V') 1./2 (1-g) 
(85) 

This can be checked by substituting equation (85) into equation 

(82). 
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In order to obtain analytica! expressions for the salution 

of equation (85), we will simplify its right hand side using the 

inequality 

-1 ~ 
Sm[: (V') 1/2 [~]dx' 

(V') 1/2 (1-g) 
(86) 

This implies that the steepest potential profile is obtained if 

the contribution of the integral is neglected. This profile, 

which is the salution of 

(87) 

can be determined by substi tuting g(x) into (87), carrying out 

the integration, and using the continui ty condi tions (60)-(63) 

for V' insteadof n 1 • This yields for the sheath potential V'(x) 

(see appendix E) 

XE. [O,Smin]: 

[
V' (x) ]3/4 = 
Va ohm 

1 

1- ox +of s(~t' 2+~/2)dt' 
0 

X t [Smln• Smax]: 

[
V' (x) ]3/4 
Va ohm 

where 

and 

tt 
= 1- 0x[to/~-1/2] 1/2 +of S(~t' 2+~12)dt' 

0 

3(1j)1/2 
•=2v 374 Bohm 

tt = (t 0/~ -1/2) 1 /2 . 

(88) 

(89) 

(90) 

(91) 
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We have solved the coupled set of equations (51). (66), 

(88), and (89) for several parameter sets of Vsohm. n 5 /ni(O) and 

ns. The figures (14)-(16) show the influence of these parameters. 
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Fig.14. The influence of the electron temperature Te 

on the average sheath thickness Sa and on the 

total potential drop across the sheath. 
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Fig.15. The influence of the ion density ns on the 

average sheath thickness Sa and on the total 

potential drop across the sheath. 
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From the experimental data we obtain the present reactor 

parameters. Fora 20 watt, 0.15 torr CF4 plasma these parameters 

are [BIS 87]: 

nplasma 1.9 1015 -3 = m 

Va ohm = 2.75 V 

ns/n1 (0) = 8 

The value of ns bas been determined from the relation [ERN 86]: 

ns = nplasma exp(-1/2). So. we obtain for ns 

With these parameters we have calculated the time averaged 

potential profile in the sheath, the sheath movement in time 

S(T), the ion densi ty profile, and the time averaged electron 

densi ty profile. Just as in the previous paragraph, the time 

averaged electron densi ty profile bas been compared wi th the 

axial optica! intens i ty measurements. As the model prediets a 
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maximal sheath thickness (Smax = 5.6 mrn) which is too small in 

comparison with the experimental results {Smax = 8.4 mrn) if the 

actual parameter set is used, we will refine the model by 

approximating the integral in equation (85} 

by the value 

Sm[: (V') 1/2 [~]dx' 
(V'} 1/2 {1-g) 

-[Vsohm]
1/2 

V' (x) 

{92) 

{93) 

Treating this improved model identically as the model mentioned 

above, we obtain an implicit relation for the sheath potential: 

XE. [O,Smin]: 

1/2 

Y3 +3Vsohm Y 

XE. [Smln. Smax]: 

where y denotes 

t t 

f S(vt ' 2 +v/2}dt', 
0 

1/2 1/2 1/2 

y = [V'(x) -Vsohm] 

(94) 

(95) 

(96) 

Al though the values of the sheath properties predicted by this 

model differ from the values predicted by the model mentioned 

earl i er, the dependenee of the sheath potential on the various 

sheath properties is identical for both models. 

With the latter model the properties mentioned earlier are 

calculated and compared with the experiments, see figure 17. 
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<(Vsmax.t)-V(O,t)>t= 173 volt 
. 16 Am- 2 
Jo= 

n; (x) 

position (mm) 

Fig.17. The comparison of the caLcuLated eLectron density 

profiLe and the experimentaLLy determined eLectron 

density profiLe. 

This figure shows that the model explains the optica! 

measurements reasonably if a non zero value of Sm 1 n is used (Sm 1 n 

= 3.2 mm). Note that this is in accordance with the results of 

the model for mobility limited ion motion. 

The figure also shows that it is not possible to reach the 

measured maximum sheath thickness with the actual parameter set. 

We mention that the measured maximum sheath thickness can be 
16 calculated by the model if the measured density of np = 1.9·10 

m- 3 is replaced by 1.6·1016 m- 3
, see figure 18. 
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<(Ysmax.t)-V(O,t)>t= 173 volt 
j 0 = 26 Am- 2 

position (mm) 

8 

Fig.18. The comparison of the caLcuLated eLectron density 

profiLe and the experimentaLLy determined eLectron 

density profiLe. 

In order to obtain better agreement between the theory and 

the experimental resul ts one should take into account in more 

detail the actual frequency relation (40), the electron dynamics, 

the exci tation and radiation processes, the influence of the 

integral in equation (85), and the influence of a non 

monoenergetical ion distribution function. The latter wil! 

probably also explain the observed broadening of the energy 

spectra. 

We mention that the smal! dependenee of the sheath thickness 

on the applied power can be explained by the model too. To prove 

this, we u se the measured power dependenee of some sheath 

properties [BIS 87], [BER 86]: 

V' (x) ..... p 

ns ..... p 

Va ohm ~ constant 

Substi tuting these dependences in equation (89)' a re lation 

between the applied power and the value of the sheath movement 
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integral is obtained: 

1 

f S(~t' 2+~/2)dt' ~ P1
/

4 
• 

0 

If the integral is approxirnated by 

1 

J S(~t' 2+~/2)dt' ~ (Smax+Smin)/2 , 
0 

(97) 

(98) 

a direct relation between the sheath thicknesses and the applied 

power is obtained 

(99) 

Since in the present reactor the applied power varies between 5 

and 50 watt, it is evident that the variations of Sm 1 n and Smax 

are smal!. This is indeed in accordance with the experimental 

results. As the measurements show that the maximum sheath 

thickness Smax does notdepend on the applied power, Sm 1 n must 

have a non zero value in order to fulfil relation (99). So, 

again, Godyak's assertion "Sm 1 n is zero", needs not to be valid! 
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3.6 OON<l..USIONS OF 1liE FREE FAU.. MODEL 

In spite of its simplifications, the present model explains 

the optica! measurements reasonably, if a non-zero value for the 

minimum sheath thickness Smin is used. 

The model should be enlarged however, when a better 

agreement with the experiments is required. 



-40-

4 ION ENERGY MODULATION 

In the previous paragraphs we have developed some sheath 

models by consiclering the high frequency regime. Although these 

models describe the measured axial intensity profiles reasonably, 

they cannot explain the observed broadening of the ion energy 

spectra. This is particularly true for a so-called AC-coupled rf 

discharge. In this configuration, where a blocking capacitor is 

placed between the rf electrode and the generator (see figure 7). 

a DC bias voltage is built up at the rf electrode. Due to this 

bias voltage, the observed ion energy spectra differ from those 

measured in the DC coupled situation (compare figures 13 and 19). 

§ 

..a 
1.. 
d 
'-' 

50 

I 

eVe 
I 

W(eV) 

125 

Fig.19. The measured ion energy spectrum of a CF+ ion 

in a 50 watt, 0.1 torr AC coupLed CF4 pLasma. 

In order to explain the observed ion energy spectra (Fig.19) 

we take into account the actual frequency relation (40), i.e. we 

wil! consider the modulation in time of the sheath potentials. 

In accordance with the actual frequency relation, we assume 

that the ions are mainly accelerated by the time averaged sheath 

potential <V(x,t)>t and, toa lesser degree, by its instantaneous 
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value V(x,t). Furthermore we assume the ion sheath thickness d to 

be time independent in this frequency region. 

In order to calculate the energy dispersion AW as indicated 

in figure 18, and the distribution function N1 (W), it is 

necessary to consider the following set of equations: 

Poisson's eq. 

charge conservation 

ion current density 

eq. of ion motion 

1 -- p(x,t) 
E.o 

api(x.t) 
at 

(100) 

(101) 

(102) 

(103) 

Here, V(x, t) represents the potential relative to the plasma 

potential at a position x in the sheath, y(t) denotes the time 

dependent position of an ion in the sheath, j1(x,t) is the ion 

current density, p(x,t) denotes the space charge density, Pi(x,t) 
denotes the ion space charge density, and w1(x,t) represents the 

drift velocity of the ions. Tagether with the boundary conditions 

t = t 0 y(to) = d, !!ll.l -0 dt t =t.,- • 
V(t,d) = 0 , (104) 

y(td = 0 . (105) 

these equations should be solved self-consistently. 

Note that the boundary conditions imply that the ions enter 

the sheath at different phase angles wt 0 , where w is the field 

frequency of the applied voltage. 

A salution of the system of equations has been treated by 

several authors [BER 86], [ERN 86], [BEN 68]. Although the 

assumptions and approximations made in the calculations are not 

always consistent with the initia! equations (100)-(105), they 

have obtained qualitative agreement with the measurements. 
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In this paragraph we wi 11 derive the solution of the ion 

energy modulation prohlem self-consistently. We wi 11 also show 

that this self-consistent solution is in quantitative agreement 

with the experiments. 

The ion drift velocity in equation (102) implies that one 

should solve the Boltzrnann equation. Since a general solution of 

the Boltzrnann equation is difficult to ohtain, we assume that the 

solution of the current density equation can he approxirnated hy 

using a kind of free fall relation, i.e. 

(106) 

We mention that this is in accordance wi th the ohserved ion 

energy spectra, which denote that the ions move nearly 

collisionless through the sheath. Furthermore we assume that the 

contrihution of the electrans to the total space charge in the 

sheath can he neglected. Consistent wi th these assumptions the 

sheath equations now read 

Poisson's eq. 

charge conservation 

ion current density 

eq. of ion motion 

1 --pt(x,t) 
to 

(107) 

(108) 

(109) 

(110) 

Suhsti tuting equation (107) into equation (108) and 

integrating the resulting equation, we ohtain an expression for 

the ion current density it(x,t), i.e. 

( 111) 

It is reasonahle to assume that the numher of ions entering the 

plasrna-sheath houndary is constant in time. Hence, we can rewrite 
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equation (111) according to 

. ( ) = . + a
2
V(x,t) _ a2

V(x,t)l 
J; x,t Jo to axat to axat x:d ' (112) 

where j 0 = j;(d,t). Substitution of this relation into equation 

(109) leadstoa differential equation for av~~,t) lx=v , viz. 

~[aV(x, t) I ] _ J..g_ a
2
V(x, t) I 

dt ax x:y - to + axat x=d . 
(113) 

Substituting the salution 

_av---;.(,.....!1 .;....' t.J..) = 12.. ( t _ t a ) + av (x • t ) j 
ax to ax x=d 

(114) 

of this differential equation into equation (110), we finally 

obtain the equation for the ion motion, i.e. 

(115) 

h aV(d, t} d aV(x, t} I B . · h" · W ere a enotes a . y Integrating t IS equatiOll 
X X x=d 

once and twice, expressions for the velocity and position of the 

ion as a function of time are obtained respectively 

(116) 

{117) 

One should determine the travelling time (t 1 -t 0 ) of the ions 

using equation (117) and the boundary condition y(t 1 ) = 0. Since 

this equation is rather difficul t to solve, we assume that the 

travelling time of the ions is constant, i.e. independent of the 

initia! phase of the ions. Thus, we can write 
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(118) 

where c is a constant. Furthermore we rewrite the sheath 

potential V(x,t) according to 

V(x,t) = <V(x,t)>t +öV(x,t) . (119) 

With the assumptions mentioned above, and the knowiegde that one 

should obtain the free fall energy W(t1) := eVe if öV = 0 holds, 

we obtain the following relation for the ion energy at the 

electrode: 

where öVx(d,t) represents 

ÖVx{d, t ') = BöV(x,t')j 
ax x:d. 

(121) 

Since the deviations of the final ion energy from the free fall 

energy eVe are small (see figure 18), we can approximate this 

relation by taking into account the terms of eVe and (eVe) 1
/2 

only. Hence we can write 

(122) 

In order to calculate the integral in equation (122) we use an 

approximation for the sheatq potential V(x,t): 

(123) 

where À denotes a constant factor, which satisfies 

(124) 
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and Ve is the total potential drop across the sheath. 

Substituting this into equation (122), we finally obtain a 

relation for the ion energy at the electrodes: 

(125) 

It is evident that the broadening AW of the ion energy spectrum 

satisfies 

(126) 

where a denotes 

a= maxlsin(wt1)-sin(wt 0 )j . (127) 

The last equation can be simplified by using equation (118). This 

yields 

a= 2lsin(c/2)j . (128) 

In order to campare this result with numerical calculations, we 

have solved the equation of ion motion , 

(129) 

with the boundary conditions 

t = t 0 y(t 0 ) = d, ~, -0 
dt t = \, - • V(t,d) = 0 , (130) 

y(tt) = 0 . 

numerically for different ini tial phase angles wt 0 . The next 

figures show the computer calculations and the comparision with 

relation (126) 
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20 
n = 5/3 
d = 5 mm 
Ye = 100 volt 

10 

Fig.20. The dependenee of the moduLation factor À on 

the width AW of the ion energy distribution. 

The points are the numericaL resuLts and the 

straight Line is the anaLyticaL expression. 
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Fig.21. The dependenee of non the width AW of the ion 

energy distribution. The points are the numericaL 

resuLts and the straight Line is the anaLyticaL 

expression. 
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30 
n = 4/3 

" = 0.8 
Ye = 100 volt 

20 

Fig.22. The dependenee of the sheath thickness d on 

the width AW of the ion energy distribution. 

The points are the numericaL resuLts and the 

straight Line is the anaLyticaL expression. 
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1000 2000 3000 

Fig.21. The dependenee of the totaL sheath potentiaL 

Ve on the width AW of the ion energy distribution. 

The points are the numericaL resuLts and the 

straight Line is the anaLyticaL expression. 
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These figures show a good quali tative resemblance between the 

numerical calculations and expression (126). Using the value 

a = 1, which is a very reasonable (see appendix F), we also 

obtain quantitative agreement with the numerical calculations. 

We will now compare re lation (126) wi th the experimental 

data. Therefore, we must determine d and Ye from the experiments. 

The ion sheath thickness d follows from the optica! intens i ty 

measurements. In accordance with other authors [BER 86] we will 

assume that the ion sheath thickness d is equal to the minimum 

sheath thickness Sm 1 n. For eVe we use the value W of the ion 

energy, which satisfies (see figure 19), 

dNl (W) I - 0 
dW .., - . (131) 

We will prove later on that this assumption is in accordance with 

the theoretica! results. 

Figure (24) indicates that the experimental data satisfy 

(132) 

where 

C 5 . 4 . 10-4 (eV)m 
1 = volt372 ' 

(133) 

and 

C2 = -2 eV , (134) 

and MP denotes the proton mass. 
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Since the theoretica! relation satisfies 

(135) 

where c1 = c2 if À = 1.0 and n = 5/3, it is clear that it does 

not describe the experiments completely. Note that n = 413 

corresponds with the free fall value. In order to explain these 

deviations, more information about the ion energy distribution 

function N1(W) is required. Since this distribution function is 

identical with expression of equation (7) of [BEN 68], we mention 

without proof that it satisfies: 

(136) 

AW AW for W é [eVe- ~ , eVe+ ~], and N1(W) = 0 elsewhere. Here, n0 

denotes the number of ions entering the sheath per unit time. 
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Figure 25 shows this distribution function. 

§ 

W(arb.un.) 

Fig.25. The ion distribution function according to 

re Lation (136). 

Note that the free fall value W = eVe is obtained if AWth = 0. 

It seems that there hardly is any agreement between the 

theory and the experiments (compare figures 19 and 25). However, 

as the observed distribution functions are measured by using an 

energy analyzer, one should take into account the apparatus 

profile of this analyzer. Since the observed distribution 

functions are convolution products of the theoretica! 

distribution function and the apparatus profile, we should 

campare 

(137) 

with the experimentents. Here g(W) represents the apparatus 

profile, and th denotes that this value is completely determined 

by the theoretica! model. In the next calculations we assume the 

apparatus profile to be gaussian, i.e. 

(138) 



-51-

where sigma satisfies 

g(sigma) = ! g(O) 
e 

(139) 

We have determined the optima! sigma and AW th for two totally 

different plasma conditions, i.e. we have determined sigma and 

AWth such that the the IINixp(W)-N1h(W)II is minima!. Table 2 shows 

the results of this fitting proces. 

plasma ion power pressure eVe AWexp sigma AWt h 

CF4 CF+ 50 watt 0.1 torr 80 eV 28 eV 4.1 eV 30 
Ar Ar+ 10 watt 0.1 torr 53 eV 5 eV 3.9 eV 8 

TabLe 2. The experimentaL data and theoreticaL caLcuLations 
for an Ar and CF4 pLasma. 

eV 
eV 

We notice that the values of sigma nearly are identical for both 

experiments. I t is evident that this resul t should be obtained 

since the value of sigma depends on the energy analyzer only, 

i.e. the plasma properties do not change the characteristics of 

the energy analyzer. Furthermore, we mention that the theoretica! 

width AW t h of the ion energy distribution function is, in both 

cases, about 2 eV higher than the experimentally observed width 

AWexp· Since we should use AWth in equation (126) instead of 

AWexp this could imply that the experimental data do satisfy 

relation (126)! In order to prove this, one should repeat the 

fitting procedure for all the measured data. 

Figure 26 shows the observed ion distribution function, 

which is made symmetrical around the value W(eVe). and the ion 

distribution function as predicted by the present theory. 



§ 

0 30 

-52-

theory 

60 

W(eV) 

I 

eVe 
I 

Fig.26. The expertmental distribution function 

(symmetrized around W(eVe)) and the 

calculated distribution function. 

120 

It follows that there indeed is a great resemblance between 

the theoretica! curve and the experimental curve, if the latter 

is made symmetrical. In order to explain the deviations between 

the actual experimental curve and the theoretica! curve, see 

figure 27, 

§ 

0 120 

W(eV) 

Fig.27. The measured distributton function and the 

calculated distributton function (dotted line). 
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the smal! influence of collisions of ions in the sheath should be 

taken into account. 

Furthermore, figure 28 shows the theoretica! ion 

distribution function profile if a square window apparatus 

profile is used [TUR 87]. 

W (arb.un.) 

Fig.28. A typicaL theoreticaL ion distribution function 

for a square window apparatus profiLe. 

It is evident that this apparatus profile cannot explain the 

experiments. So, Ernie's [ERN 86] assumption of a square window 

apparatus profile is not realistic. Hence, his calculations are 

of li ttle importance for the quanti tative explanation of the 

measured profiles. 
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4.1 a>N<l..USIONS OF TIIE ION ENERGY MODULATION MODELS 

The present model explains the experimental resul ts, i.e. 

the width and the shape of the symmetrized observed ion energy 

distribution function, reasonably, if the apparatus profile of 

the energy analyzer is assumed to be gaussian having a 1/e width 

equivalent to 8 eV. 

In order to obtain better agreement between the theory and 

the experiments one should take into account the collision 

processes in the sheath, the contribution of the electrons to the 

total space charge in the sheath, the influence of the sheath 

movement in time, and the actual time dependenee of the sheath 

potentials V(x,t). 
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5 SUGGESTIONS FOR FORTIIER INVESTIGATION 

-In order to obtain a more complete description of the RF 

discharge, a coupling must be made between the roodels which 

describe the dynamics of the electrans and the sheath boundary 

{chapter 3) and the model for the modulation of the ion energy 

distribution function in the sheath {chapter 4). 

-The influence of a non-step-like electron density profile 

(e.g. a Boltzmann profile) on the sheath properties could be 

investigated. 

-In order to predict the {time averaged) total potential 

drop {eVe) across the sheath, the voltage measurements of 

Bisschops [BIS 87] should be included in the modelling. 

-The actual time dependenee of the sheath potential V(x,t) 

should be taken into account instead of the harmonica! 

approximation for the sheath potential as used in chapter 4. 

-The fitting procedure of chapter 4 must be repeated for all 

the experimental ion energy profiles in order to check whether 

the theoretically derived energy dipersion relation of equation 

{136) is indeed fulfilled. 

-Finally, the secondary {i.e. fast) electrans due to the ion 

bombardment on the electrode should be included for the 

explanation of the complete axial intensity profiles. 
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APPENDIX A 

The influence of the Lorentz force on the ion trajectories. 

Since the problem is cylindrical symmetrie, it is advisable 

to introdruce the cylindrical co-ordinates (r, ~. x), see figure 

A-l. 

._. ---
x 

Fig A-1. The cyLindricaL co-ordinate system. 

In order to calculate the influence of the Lorentz force on the 

ion trajectories, we consider the r component of Maxwell's 

equation {4d) 

{A-1) 

One can make an estimation of B by using this equation and the 
~ 

characteristic values of the sheath parameters: Az = 10- 2 m, 

Er = 104 V/m, ÀT = 10-7 sec, and Ir = 70 A/m2 ,(*) 

{A-2) 
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The deviation Ar of the partiele trajectory from a straight line 

is obtained by camparing the Lorentz force FL with the electrical 

force Fe 

Ar 
Az = (A-3) 

where we used W ~ 100 eV, and M1 = 40·1.67 10-27 kg. This implies 

that the influence of the lorentz force is indeed negligible. 

* The values of Er and lr are too large, since the values of Ex 

and Jx are used here, i.e. the ratio !: is probably even smaller! 



-58-

APPENDIX B 

The derivation of the current formula from Maxwell's eguations. 

We start with equation (4a), which reads in integral form 

f(E•n) da = Q . (B-1) 

where n denotes the normal vector of the surface, Q represents 

the total charge in the volume enclosed by the surface, and fda 

represents the surface integral. Applying equations (4d), after 

multiplication internally with the normal vector, and (B-1) on 

the volume as indicated in figure B-1 while the sheath boundary 

is momentary held steady, yields 

and 

E1 E2 
·1 ·2 

Je Je 

.1 ·2 
J i 

J I 

I 

J 

I1 01 
x 

~ s1 S2 ( x 02 
I2 

"-" 

V(t) 

Fig.B-1. The integrating voLume (dotted Line), the 

normaL vector n, and the positive current 

directions. 

I(t)/A = i1(t) +ie(t) . (B-2) 
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AE(t) = Eelec(t)-Eplasma(t) = !_ [Q~(t) +Q:(t) +Q:(t)]/A. 
éo 

(B-3) 

Here, A is the electrode surface, Eeiec(t) denotes the electric 

field at the electrode, Ep!asma(t) is the electric field in the 

plasma, QH t) represents the total charge of the ions in the 

sheath, and Q:(t), Q:(t) denote the total charge of the electrans 

in the sheath and on the surface of the electrode respectively, 

i.e. 

5 

Q~(t) =Af Pv(x,t)dx (B-4) 
0 

where y denotes e,i. 

Repeating this procedure at the time t+At yields 

I(t+At)/A = j;(t+At) +je(t+At) . (B-5) 

and 

AE(t+At) = !_ [Q~(t+At) +Q:(t+At) +Q:(t+At)] . 
éo 

(B-6) 

By substracting equations (B-3) and (B-6), using equation (B-4) 

and assuming that AE( t) ~ AE( t+At) holds, a re lation for the 

alteration of the surface charge at the electrode is obtained: 

5 5+41 5 

f [öp~(x,t)+öp:(x,t)]dx + f [p~(x,t)+p:(x,t)]dx ,(B-7) 
0 5 

where 

öp~(x,t):= p~(x,t+At)-p~(x,t) . (B-8) 

The alteration of the external current I(t) must be a result of 

an alteration of the conduction current densities j;(t), ie(t), 

and a current as a consequence of an alteration AQ:(t) of the 
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surface charge of the electrode, during the time interval At: 

(B-9) 

Substituting equation (B-7) into equation (B-9), and taking the 

limit At -+ 0, we finally obtain a relation for the external 

current I(t), viz. 

This relation can be simplified by using the Poisson equation 

(B-11) 

This yields 

(B-12) 

By using the Poisson equation again it can easily be proven that 

the external current I(t) also satisfies 

.!1.!.1_ . ( ) . ( ) d f 5
8

2
V dx dE(S, t) _ dE(O, t) + 

A - ]i t +Je t -eodto 8x2 = to dt to dt 

(B-13) 

This implies that the external current is a superposition of the 

conduction currents and a displacement current due to field 

variations. 
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APPENDIX C 

The solution of the Bolzmann eguation for the free fall case 

In order to prove that 

(C-1) 

is the stationary solution of equation (26) in the high frequency 

regime, we will calculate the two derivatives of equation (26) 

seperately. Substituting equation (C-1) into the second term of 

equation (26), one can easily show that the relation 

Bf1 Bf1 d(e<V(x,t)>t) 
Vxax = Vx B(e<V(x,t)>t) dx (C-2) 

holds. 

Si nee 

d(e<VJ:,t)>t) = -e<E(x,t)>t ' (C-3) 

we finally get for the second term of the Boltzmann equation 

Bf1 Bf1 
Vxax = -evxa(e<V(x,t)>t) <E(x,t)>t . (C-4) 

The third term of equation (26) will be treated identically as 

the second term. Thus, we can write 

e Bf1 e Bf1 dW 
'ii;" <E(x, t)>tavx = M7<E(x, t)>t BW dux (C-5) 

As the kinetic energy satisfies 

(C-6) 

equation (C-5) can be rewritten as: 
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e ( ) aF 1 ( ) af i 'ïf;" <E x . t > t au x = e <E x . t > t u x aw . 

Since the argument of the veloei ty distribution function 

summation, it is evident that 

af 1 af i 
aw = -=-a (-:-e-<=v (.;-x-. -t )"...,.>-t.."...) 

(C-7) 

is a 

(C-8) 

holds. If we substitute equations (C-7) and (C-5) into the 

Boltzmann equation, and use relation (C-8), the Boltzmann 

equation reduces to an identity, i.e. the velocity ion 

distribution function (C-1) is the solution of the stationary 

Boltzmann equation fora free fall case. 
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APPENDIX D 

The comparison between the ion conduction current and the 

displacement current. 

In order to prove that 

(D-1) 

holds, more information about the ion current densi ty j; is 

required. It follows from the Bohm criterion and the stationary 

continuity equation that this current density is equal to 

(D-2) 

where 

(D-3) 

is the ion sound veloei ty. Substi tuting (D-2) and (D-3) into 

(D-1), we obtain the inequality 

Us • (D-4) 

Since the densities in the present reactor satisfy 

(D-5) 

we should check whether 

(D-6) 

is fulfilled. 

Using a realistic value of Us (3.5·103 msec- 1
) and using the 

actual frequency relation w = 211" -13.56 Mrad/sec, we obtain for 
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equation (D-6): 

Since a realistic value of dS is obtained by using 
dT 

S(T) = S0 [1+sin(T)] , 

where S0 = 4 10-3 m , we obtain 

(D-7) 

(D-8) 

(D-9) 

From equations (D-7) and (D-9) it follows that the inequality of 

equation (D-1) is indeed fulfilled. 

We mention that other calculations [VAL 87C] show that the 

ion conduction current is at least 40 times smaller than the 

displacement current, i.e. the ion conduction current density is 

indeed negligible in comparison wi th the displacement current 

density. 
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APPENDIX E 

The derivation of the solution of eguation (87). 

In order to solve equation {87) we rewri te this equation 

according to 

dV' 
(V')ï74 = -2 [~(1-g(x))] 1/2dx . (E-1) 

By integrating this expression once, a relation for the sheath 

potential V'(x) is obtained, i.e. 

x 

i V'{x) 3
/

4
- i V'{Smax) 3

/
4 = -2 I [~{1-g{x))] 1/2dx 

Smax 
(E-2) 

Using V'(Smax) = Vaohm· and using the expression of equation {54) 

for g(x). we obtain for equation (E-2): 

x 

i v· (x) 3
/

4 = i Va ohm 3 /
4 -2 I [~(.;o-- ~)] 1/2dx 

Smax 
(E-3) 

Partial integration of this equation leads to an useful 

expression for the sheath potential, viz. 

4 3 /4 4 3 .;4 1 ...., [ tn 1 1 ...., 1 ...., 3 V'{x) ' = 3 Vaohm' -2~ r-x ;-- 2J r-+ 2~ r-. 

x • I S{t 0 )~ [.;o-- ~] 1/2 
Smax 

(E-4) 

Using the transformation, 

(E-5) 

in the integral of the right hand side of equation (E-4). we 

finally obtain the relations (88) and {89). 
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APPENDIX F 

The calculation of the value for the constant a. 

In order to calculate the most probable value for the 

constant a in equation (128), we will use some statistics. Since 

the value of a is more or less random, we calculate its 

expectation value with the definition 

2~ 

<a> = f a(c)dc/2~ (F-1) 
0 

By using a(c) = 2sin(~). arelation for <a> is obtained, i.e. 

4 <a> = (F-2) 

Note that we should use a = 1 instead of a = 1.27 in order to 

obtain good agreement with the numerical calculations. 
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