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Abstract. The principles of fast modelling (FM) of a low-pressure radio-frequency
capacitively coupled discharge are presented. They are based on averaging over
fast electron and ion motions and on eliminating a small spatial scale, the Debye
radius. As a result, the solution of a self-consistent system of the electron kinetic
equation, Poisson and ion continuity equations takes approximately 10 min on a
486 PC. The calculation of discharge parameters has been performed for a wide
range of current and pressure. The comparison with full-scale Monte Carlo
calculations and experimental data has been performed. The performed
comparisons demonstrate that the developed method of fast modelling has a good
accuracy for calculating the global parameters such as central plasma density,
applied voltage, sheath thickness, ionization rate, etc, and the profiles of plasma
density and the electric fields. The accuracy of the electron distribution function
(EDF) calculation is high when the EDF form is not enriched by slow electrons, and
seems satisfactory in the case of a strongly peaked EDF. The results are in
qualitatively good agreement with the experiment. The quantitative agreement is
mainly within a factor of two. This discrepancy can be attributed to the fact that the
EDF form is very sensitive to the details of plasma description, e.g. small variation
of cross-sections results in considerable changes in the EDF. The mechanism of
non-Maxwellian EDF formation due to non-locality effects has been analysed. The
evolution of the low-pressure radio-frequency collisional capacitively coupled
discharge with current and pressure variation has been investigated.

1. Introduction [1] accounting for only simple forms of EDF, which are
similar over the whole discharge gap, are of restricted and
Radio-frequency (RF) capacitively coupled plasma (CCP) uncontrollable accuracy.
is widely used in the plasma aided materials processing  The concave shaped EDF with a strongly pronounced
industry: in deposition, etching, etc. The interest in study group of low-energy electrons was observed in the CCP
of the CCP has been also invoked by the interesting physical[2]. The mechanisms of formation of the non-Maxwellian
phenomenon of formation of the strongly non-Maxwellian EDF have been discussed in [3]. It is difficult to analyse
electron distribution function (EDF) which is inherent to the complex self-consistent structure of the CCP without
this type of discharge. a corresponding numerical simulation. Thus, there has
These facts make it absolutely necessary to use rigorousbeen a substantial effort in recent years to model these
kinetic description of electrons even for a qualitative systems self-consistently. However, the existing types
description of low-pressure CCP. The form of EDF is of simulation are computationally very expensive. This
influenced by many processes and strongly depends ondoes not allow us to perform calculations in a wide range
discharge conditions. It means that the global models of parameters, to obtain scaling laws, and to predict
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the dependence of the internal plasma parameters on thenvestigation of system evolution with current and pressure
externally controllable factors such as pressure, current,variation are presented. The effects of the non-locality, of
frequency, etc. The possibility of a serious reduction of the the Ramsauer minimum, and electron—electron collisions
computational work in the discharge modelling implies an on the formation of a low-energy EDF peak are studied. In
optimal combination of numerical and analytic approaches. section 5, it is demonstrated that the form of EDF is very
In application to the CCP the analytic approaches have sensitive to the different processes, e.g. if small corrections
been developed and reported earlier [3]. They consistin cross-sections are taken into account it will result in
in averaging over the fast plasma motions, in eliminating considerable change in the EDF. Section 6 contains the
the small spatial scales and in the division of the whole conclusions and outlook.

discharge volume into the quasineutral plasma region and

space-charge sheaths [3]. The numerical integration of

the resulting reduced system is considerably simpler than2. Principles of fast self-consistent kinetic

the straightforward modelling and also more physically modelling of low-pressure collisional capacitively
transparent. Another serious advantage of such a semi-coupled RF discharge

analytic or fast modelling procedure, with respect to the o ) ) .
standard one, which comprises numerical investigation of FOr simplicity a planar symmetric geometry is considered,
the Boltzmann and Maxwell equations, is the possibility Put the theory can be easily generalized and extended
to trace explicitly the influence of different physical t0 more complicated systems. We consider the RF
mechanisms and to achieve understanding of the underlyingc@pacitively coupled discharge at low pressures in the
physics. Since the accuracy of the analytic procedure collision-dominated regime.01 Torr < 0.1 Torr. A sketch

is easy to estimate, with such a strategy we can avoid ©f the RFC discharge is presented in figure 1(a). A sketch
unnecessary computational work and in every case single©f the plasma—sheath boundary motion and the region of
out only the dominant physical mechanisms. the electron motion is presented in figure 1(b).

Such a program was implemented for the inductive  The EDF in the CCP is typically far from Maxwellian.
Coup|ed |0w_pressure RF p|asma (|CP) in [4], and for the dc Therefore the EDF is to be obtained from the Boltzmann
positive column in [5]. User-friendly PC-oriented compact kinetic equation or from straightforward particle simulation.
programs were developed which enabled us to perform fastThe time varying electric field maintaining the discharge
self-consistent kinetic analysis, to obtain scaling laws, to should be found by solving the Poisson equation or from
understand basic physical mechanisms, etc. For the caséhe quasineutrality condition. The ion density profile is
of CCP, the problem turned out to be considerably more governed by the continuity equation. A full description of
complicated than in ICP or a positive column. One of the the CCP is given by a complex self-consistent system of
central problems is related to the structure of an electric hon-linear non-stationary equations including the electron
field. In the dc positive column a strict distinction exists Kinetic equation, Poisson equation and ion continuity
between a uniform field along the tube axis which induces equation.
the current and heats electrons, and a radial ambipolar field ~ The attempts to solve this system in a straightforward
which restricts electrons trapped in the plasma bulk and way without any simplification meet with numerical
does not perform work over electron gas. In case of the difficulties, since simulations of this kind are very time
ICP [4], an ambipolar field is directed normally to the and resource consuming. Because of this it is difficult
plasma boundary, and the RF inductive field is tangential to perform calculations in a wide range of discharge
to it. Both these factors, combined with the evidence that parameters and to deduce understanding of the underlying
the boundary of the quasineutral plasma is fixed, greatly complicated physics. The main source of computational
simplified analysis in [4]. In the CCP, even for the simplest difficulties lies in the fact that temporal and spatial scales
1D geometry, this boundary moves in a rather complicated to be resolved differ quite drastically.
way; the quasineutrality of the plasma, and its heating (both ~ The largest characteristic frequency is the electron
Joule and stochastic [6]) are provided by the 1D electric plasma frequencywg,.. The minimal frequency is the
field. frequency of ion escape from the plasma bulk which is of

This paper is organized as follows. Section 2 describes the order ofD,/L3, where D, is the ambipolar diffusion
in detail the system of equations for the fast modelling coefficient, andLy is half of the discharge gap. For
(FM). In order to demonstrate explicitly the advantages of example, for the plasma density = 10° cm™3, and
the FM method, we restricted ourselves in this paper to the wg, = 1.7 x 10° s™1. For argon, at pressure = 0.01 Torr,
simplest collisional non-local situation, when the particle Lo = 3 cm and electron temperatufre = 3 eV, the
mean free path is small with respect to both the dischargefrequency of ion escape is3 x 10* s1. Thus, the ratio
gap and the sheath thickness, and the collisionless electrorof the maximal and the minimal characteristic frequency
heating is small. In the developed framework this effect constitutes five orders of magnitude.
as well as deviations from non-locality, influence of the The characteristic spatial scales in Poisson equation
electrons, etc, can be easily accounted for. In section 3 theare the Debye radiusp, sheath length,, and Lo. For
validity of the FM is checked by comparison of the results n = 10° cm3, and7, = 3 eV, the Debye radius is 0.3 mm.
with previously reported data obtained by the full-scale The sheath length is typically about 1 cm, ahd is in
modelling. Section 4 presents analysis of the experimentalthe range 2-10 cm. The ratio @f;;, or Lo to rp is very
data of [7] with the use of the FM. The results of the considerable.
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The value of electric field can vary from1 kV cm !

in the region of ionic space charge (ISC) tdl V cm™®
in the plasma bulk. The ion density profile in the
sheath is determined by the ISC intense field, and the
electron distribution function is determined by the weak
field in the plasma bulk. To calculate both these important
characteristics with reasonable accuracy, the electric field
must be simulated with accuracy higher than 0.1%.

The equation system for the FM derived in [3] makes
it possible to overcome the above mentioned difficulties.

2.2. Separation of electric field into different parts

The electric field strength in the ISC is very high, being
of the order of 1 kV cm'. In the plasma bulk it is
considerably lower—of the order of 1 V ¢th Hence the

ion motion in the sheath is determined by the high field
in the ISC phase, and the electrons are only subject to the
weak plasma field. This means that both these fields are
to be known accurately, and it is natural to consider these
electric fields in ISC and plasma independently. This can
be done using the concept of a sharp boundary between
plasma and ISC. Since the total current (the conductivity
plus displacement ones) is spatially uniform in the 1D
2.1. Separation of discharge space into plasma and plane-parallel geometry, the simplest configuration of the
ionic space charge region external circuit corresponds to the current generator. The

To eliminate the small spatial scales, we assume from the.tOtaI currentj (1) = —josin(wr) is transported in the 1SC

beginning that the whole discharge volume could be divided in the form of a displacement curretd £/9r)/(47). 1t

. . . . follows that E(x,t) = (4mjo/w)(coSwt) + A(x)); the
IntONtWO regions: the region (.)f quasmeutral plasma, where arbitrary functionA (x) should be found from the condition
n. = n;, and the region of ionic space charge < n;.

. . - ~ . that this large electric field should be almost totally screened
The quasineutrality condition, = n; in the plasma bulk . .
. L o at the plasma—ISC moving boundaXy »(wt). Introducing
is valid, if the electron plasma frequency satisfies the b, -
. lit the phaseZ; »(x) as theone-valuedinverse functions of
inequaity X12(wt), the expression for ISC electric field can be
woe > Max(v/vw, ) (1) rewritten in the form [8, 11, 12]

v being the electron—neutral collision frequency, and the Jjo
Debye radius is assumed to be small compared with the E(x,1) = —=(Codwl) — COIZ12(x)))- @
discharge gap [8]. These conditions are fulfilled for rather ]
wide range of plasma parametersi ~ 10 MHz, n > Forla W'd3e range of plasma parameters~ 10 MHz,
10 cm 2 (n ~ 10° cm3) and T, ~ 3 eV. n < 10" cm3) the inequality

The applied RF voltag& (10-1000 V) is screened by
the ionic space charge (ISC) at the plasma periphery (in the woi K Vi (3)
§heath region). Usually, the amplitude of applleq yoltage is valid where wy is an ion plasma frequency and
is much larger than the electron temperature (divided by 5 an jon-neutral collision frequency. Consequently, the
electron charge). Therefore, in the ISC region< ni. o displacement during the RF field period is small with
The width of the transitional region between the plasma regpect to the sheath thickness, = Lo — L,; so during

and ISC, wherer, is comparable withy;, is of the order  this short time the ion density profile can be considered as
of the rp. SinceU > T,/e, the Debye radius is small  gtationary [1, 10].
in comparison with the sheath thickneg, ~ rp+/eU/T. Substituting (2) into the Poisson equatidB (x, 1)/dx =

[9]. This inequality allows one to use the concept of a sharp 4z ¢p;, (x) yields the following equation for the plasma—ISC
boundary between the plasma and the ISC [1,10]. The poundary positionZ (x)

potential drop between plasma and electrode changes with

time. Consequently, the sharp boundary between plasma d—zsin(Z) _
and ISC will be oscillating due to the alternation ©Gfz). dx jo
The movement of the boundary coincides with an average

electron motion at the edge of the plasma [8]. The region
occupied by the plasma oscillates between the electrode
and at some moments practically will be in contact with dn
them. At any point of the sheath (withih, < |x| < Lo, j) =0 E@x,1)+eD ©)

figure 1(a)) the whole field period is to be divided into two

parts. During the first part the electrons are absent, and thewhere o is the electron conductivity D is the electron

ewn;

(4)

Since the inequality (1) holds, the total current in the
5Jolasma coincides with electron current [8]

ionic space charge phase occurs< ¢ < 1, figure 1(b)), diffusion coefficient.
during the second part of period the ionic space charge  The electric field in the plasmadx| < L,) and in the
phase is replaced by the plasma phase< ¢ < t3; at plasma phase in the sheath can be divided into an oscillatory

the points where and at the moments when electrons arepart £(x, ), and a dc part(x) (time averaged part) as
actually present the condition, = n; holds. The plasma—  follows ) -

ISC boundary motion as a function @ = wt corresponds E(x,1) = E(x,1) + E(x). (6a)
to the curvesXy o(wt) (see figure 1(b)). In coordinates Under our conditions., < L, spatial dispersion in conductivity can

{x, .t}, the plqsma phase corresponds to the single-hatched,e neglected. The expression for conductivity for the general case was
region (see figure 1(b)). derived in [13-15].
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Here E(x) is determined by

do

E(x) = — E(x,t)dt = e

w /27‘[/0)
2 0

From equation (5) the expressions fBx, 1), and E (x)
can be obtained

(6b)

j(®) =0E(x,1)

(7)
dn;
& =0 8)

In (8), the quasineutrality conditiom, =n,(x) was used.
From equation (7) it follows thak (x, r) accounts for
the ordinary ohmic heating. The stationary ambipolar field

0cE(x) =eD

E(x) extracts the ions from plasma and traps the electrons

in the plasma bulk. It does not perform work over electrons,
since the time averaged electron curréfit is practically
zero (j)E(x) = 0). Actually it is equal to the small ion
current.

In order to solve the electron kinetic equation it is

necessary to know only the field in the plasma phase. In the

sheath it corresponds to the time interval - 1,) (single-
hatched region in figure 1(b)). The proposed field division
in the plasma phase in the sheath is represented by

E(x,t) = E(x,1) + E(x)

1 /’3
),

do
E(x,nHdt = ——.
f3—1

dx
The proposed field division was also implemented in ‘usual’
MC simulations in [16], which enabled the authors to
considerably speed up their calculations.

E(x) =

©)

2.3. lon motion
The ion continuity equation reads:

Bn,- 8n,~u,»
ot ax

=1(x,1) (10)

wherel (x, t) is an ionization rate. In the validity domain of
(3) the ion density profile is stationany(x) and is governed
by (10) averaged over the RF period as follows

on;(u;)
0x

= (I(x,1)) 11)

FM of low-pressure RF CCP

For the ion—neutral elastic cross section taken in the
form o;, = ogv?, —1 < B < 0, equation (13) can be
solved, and the resulting ion mean velocity takes the form

L (RBANEY 1 Atp
e (MNaoo> 27 (2(2+/3)>

x|[(E(x, 1)) [Y/@P (14)

where I' is the gamma function. Here the plus sign
corresponds to the right sheath, minus to the left one. This
approximation corresponds to the Monte Carlo calculations
of [17,18] (see 3.1, 3.2). The real dependence of ion
mobility on (E) is more complicated than the power
approximation (14). In section 5 this problem is considered
in more detail.

According to the proposed field division, the average
electric field in the sheath includes the ambipolar field
averaged over the plasma phasg@® (x)/dx), and the field
averaged over the ISC phase (2)

do
(E(x, 1) = —a(l— Z(x)/m)

i%[sin(Z(x)) — Z(x)cosZ(x))]. (15)

In the plasma bulkZ = 0 and the averaged electric field
and the ambipolar field coincide with each other.

2.4. The electron kinetic equation

Since the EDF in the CCP is typically far from Maxwellian,
EDF is to be found from the Boltzmann kinetic equation.
We consider the RF capacitively coupled discharge,
when the energy relaxation length exceedd.q. As arule,
the energy relaxation length is of the smallest magnitude at
the EDF tail. Accordingly, the energy relaxation length
can be estimated as. ~ /AA*/3 at the EDF tail 1* is
a mean free path for inelastic collisions). For example,
the condition/AA*/3 > Lo demandspLy < 0.4 Torr cm
for helium, andpLy; < 0.1 Torr cm for argon. This
corresponds to strong non-locality, when the form of the
EDF is determined by the whole profile of the electric field.
We restrict ourselves to the collision dominated case,
when bothLy and Ly, greatly exceed the electron mean
free path)... The generalization is possible for the opposite
case as well. The expression for conductivity and diffusion
coefficient in energy space was derived in [13-15] and a
model calculation with account of collisionless heating was
performed in [19]. It follows that the contribution of the

where angular brackets denote time averaging over theSo-called stochastic electron heating to the electron kinetic

whole discharge period.

We consider the collision dominated regime when the
ion mean free path; is small in comparison wittL;,, Lo.
The ion kinetic equation reads

% + eE(x, Z)y = —v;(v) f.

12
ot v (12)

For low pressure f < 0.1 Torr) the inequalityw > v;
holds. It yields that the ion distribution functiosi is

almost stationary and can be found from the time averaged

equation (12):

a
e(E(x, t))% =—vi()f. (13)

equation ak, < Ly, is negligible [6]. Hence, the two-term
approximationf (x, v,t) = fo(v, x,t) + fi(v, x, t) cog0)
is valid, where6 is the angle between the direction of
plasma density gradient which coincides with the direction
of the electric field and an electron velocity. The
anisotropic part of the EDF; is small compared with its
isotropic partfy (f1 < fo) when inequalityv > v* holds,
wherev is a transport electron collision frequency, arid
is an inelastic collision frequency [20]. For noble gases,
v/v* ~ 1071102 and f1 < fo.

Equations for fo and f; are well known [21].
equation for the anisotropic EDF part is

af1 eEdfo  9dfo

T T e T Y

The
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The equation for the isotropic part of the EDF is rather coefficient, temporally and spatially averaged over the RF

complicated period and over the area available for the electron with total
o v @ e energyet. In the energy interval ™™ < ¢ < 1, whereg; is
2 T gafl t 3z Ef1) the first excitation potential, anfl* = 1/(dIn Fy/de) is an
1 0 ([ 32m effective temperature at the EDF tail, where the inelastic
= o2, \ Vg V0 collisions will occur, the right-hand side of equation (16)

will vanish. Thus the solution of equation (16) will be
simple:

- (V:(U)fo(u) — v (u + &) 1+8L7kf0(u + 8k)>-
k de’

Because of the suggested field division (6), (9) allows us to (19)

&
| ' Fo(e) =T /gl D)
introduce a new variable—the total electron energy may be _ .
introducede = mv?/2 + e®d(x) [3]. When A, exceeds This means that thg EDF corresponds to conservation of
Lo, the total electron energy is practically conserved the diffusive flux’; in the energy space.
during an electron displacement over the available region ~ There are several mechanisms which cause steep
between the turning point&_(e, 1), X+ (e, ) (the double- !ncrease ofst(e) with ¢. First, the avallaple area
hatched region in figure 1(b)). The plasma-ISC boundary increases W|_ths due to the fact thatD(_x) restricts the
corresponds to the rigid potential ‘wall’, which specularly €l€ctron motion and becomes large with The second
reflects the electrons (see figure 1(b)). We assume that'®ason (see equation @ is related to the fact that the
the discharge frequency satisfies the conditions v*. ratio v3v/ (w?+v?) usually is increasing with velocity. The
Therefore, the isotropic part of the EDF is practically MOst pronounced dependence is connected to the spatial
stationary [22]. When the conditiors>> v* andi, > Lo dependence of the oscillatory fielff(x,7). Since the
are applicable, the EDF satisfigs(e, x, 1) = Fo(e). plasma density decreases towards the periphery, the field
In other words, the assumption that the EDF depends £ Will be increasing withx. It means that electrons with
solely on a total electron energyproves to be suitable for  higher ¢, for which the available volume is large, ‘feel
adequately accurate description of the electron kinetics. Inhigher oscillatory field, and higher ohmic heating. This
comparison toFy(¢), the time- and coordinate-dependent Mechanism is especially effective for energies ed,, =
parts of the EDF are small corrections of the order of ¢®(L,) corresponding to the ability of the electrons to
(v*/w), (Lo/A.)% these approximations were checked Ppenetrate into the sheath region. Since the ion density
theoretically [20, 22], experimentally [23] and numerically in the sheath is low, the oscillatory field in the plasma
[24, 25]. phase is high, when the electrons are present in the sheath.
The functionFy(¢) is to be calculated from the spatially ~ Figure 1(c) demonstrates the process of the EDF formation.

and temporally averaged kinetic equation [3] In the analysis presented in this paper, we omitted for
d dFy(e) simplicity the stochastic electron heating which results from

& (vT)Je) g collisions of electrons with the moving plasma—ion—-space
¢ _ charge boundary [26]. The corresponding expressions were
- Z (e + ) Fo(e + €;)
k

+ UVs(S)Fo(!?)) = > vi(e) Fole)
k

(16) presented in [6]. Since the velocity of this boundary
coincides with the electron drift velocity, in our case of
collisional sheath(Lo — L,) > A, the contribution of this
mechanism is small.

The influence of non-homogeneity of plasma density
on the EDF peak formation is analysed and illustrated in
section 4.3.

where the electron energy diffusion coefficient (EEDC) is
given by

vD; (v, x, 1) = co Z(x)e*v3E2(x, t)v/(?»(a)2 +1?)
(17a)
and the electron energy losseg, in elastic collisions are
given by
2.5. The full self-consistent system of equations

vV (v, x, 1) = (m/M)mvv. (17o)

Here v, v} are elastic transport and inelastic collision To obtain a complete set of equations for the CCP, it is
frequencies, respectivelye; is an inelastic collision  necessary to determine electron density, conductivity and
threshold. The space-time averaging is to be performedionization rate via the EDF

1 T Xi(e0)
/ dr / G
2LoT Jo X_(e,)

as follows
(,/2[8 —ed(x)], x) dx.
m

G, x,1) =G(e)
(18)

The electron kinetic equation (16) accounts for the (I/(x,?)) =

heating of electrons in the RF electric field and for the
inelastic and elastic energy losses.
It follows from equations (16)-(18) that the main

characteristics of the electron kinetics are described by

the functionv D, (e) which is an electron energy diffusion
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neo) = X / T Foen 2 e — e (x)) de (20)
m ed(x) m
B 8we? [® & —ed(x)dFy
0== 3m2 /E;(X) v v+iow de 1)
1 Z(x)\ 4r/2
o ) m¥?

X/oc [Novoion (e — e®(x))] Fo(e)yv/e — e®(x) de
ed(x)+e1
(22)

t The termvV.(¢) (17b) is usually small.
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Figure 1. (a) Sketch of the RFC discharge. (b) Sketch of
the plasma—sheath boundary motion (plasma region is
single hatched) and sketch of the available region of the
motion of an electron (double-hatched domain). (c) Sketch
of the profiles of ion density (a), ambipolar potential (b),
oscillatory field (c) and the corresponding electron energy
diffusion coefficient (d) and the EDF (e). e®y is the
minimal wall potential at Z = .

where N, is neutral atom densityg;,, iS an ionization
cross-section and; is an ionization threshold.
The quasineutrality condition determines the ambipolar

potential:
4—ﬂ ” Fo(e),/ E((»3 — e®(x)) de = n;(x). (23)
m m

ed(x)

The boundary condition®|,—o = 0, (d®/dx)|,—0 = O
follow from the system symmetry.

FM of low-pressure RF CCP

Thus, the self-consistent description of the CCP is
completed. The full set of equations includes the electron
kinetic equation (16), ion continuity equation (11) with
the expression for ion mean velocity (14) and the source
term in the form of equation (22), the Poisson equation
in ISC (2),(4), the current conservation law takes the
form of (7) in the plasma while the conductivity is given
by equation (21), and the quasineutrality condition is
represented by equation (23).

It should be noted that the field division proposed
above allows us to avoid solving the Poisson equation
in the plasma, which would have required a cumbersome
calculation of small differencesi{(x,t) — n;(x, r)) with
high accuracy.

Thus, the field division together with the approximation
of the total energy conservation law are the key points of
the non-local theory. By these particular assumptions the
simulation of electron kinetics becomes fast.

2.6. Numerical method

The simulations have been performed according to figure

Figure 2. Flow chart of simulations.

The calculation starts from an initial EDF and an
arbitrary ion density profile consideratio®.(x) is obtained
from equation (23). The ‘ion cycle’ corresponds to the
solution of ion equation (11) by the relaxation method
with fixed EDF. After several ‘ion cycles’ the new ion
density profile and ambipolar potential are calculated. The
calculation of the amplitude of the oscillatory fielth(x)
is performed from equations (7), (21) the n@wx), n;(x)
and the previous EDF. The new EDF is calculated from
kinetic equation (16), with the new coefficients given by
(17), (18). The ‘EDF cycles’ together with ‘ion cycles’ are
repeated until steady state is reached.

The solution of the complete problem, which consists
of calculation of the electron distribution, RF and stationary
electric fields, and of the plasma density profile, for a simple
atomic gas takes-10 min on the IBM PC 486DX2/66.

273



S V Berezhnoi et al

modelling. In the MC simulation the electric fielél(x, ¢)

v101 > has been calculated directly from the Poisson equation for
~ 102} a discharge voltag&/ (r) = Vpsin(wt). Then the time-
“ 1031 averaged part of the electric field and Fourier harmonics
% vyhich are proportional to siar and cosvt, Eg;,(x),
- 10%} E..s(x), of the RF field have been calculated in the MC
é 105} simulation. The amplitude of oscillatory figld?(x,t)
06 X given by the MC simulation corresponds ty(x) =
10°6—0 20 30 40 %0 \/(Es,-,,(x))2+(Em(x))2 in the plasmalg| < L,). The
ENERGY , eV values obtained differ from those calculated by FM (7)
Figure 3. Comparison between EDF calculated in the less than 25%. The difference between the time-averaged
non-local approach (marked as FM) and by Monte Carlo part of the RF field obtained by MC, and the gradient
technique (marked as MC). of the potential obtained by FM from equation (23)

does not exceed 5% (comparison has been made in the
plasma region || < L,). The discharge RF voltage is
determined mainly by the strong ion space charge field.
The resulting amplitude of applied voltage obtained by
FM is in agreement with that utilized in the MC (relative
difference is about~10%). Thus we can conclude that
the values of ionic space charge field obtained by FM and

3. Verification of validity of FM by comparison
with the full-scale modelling

To check the validity of the non-local approach and the
method of field division a number of simulations have been

performed. MC simulations are in agreement, too. The difference in
voltage values is of the order of electron temperature; it can

3.1. Verification of the procedure of field division and be attributed to a zero Debye radius approximation used in

of the non-local approximation for the EDF the FM. Thus, the suggested division of electric field into

three independent parts—the dc and oscillatory fields in
the plasma phase and strong field in the ionic space charge
phase—proves to be reasonably grounded and efficient.
To check a non-local approximation, the EDFs at
different spatial points have been calculated by MC.
The non-local approximation means that all the functions
fo(u, x, ) will coincide with one functionFyp(¢), as a
function of total energy. To transform functionfs(u, x, t)
to the functions of this new variable (total energy,
each function is normalized with respect to density at the
corresponding spatial points and is shifted along the energy
axis by the plasma potentiatb (x). To make comparison

As the first step, we have checked the validity of the
non-local approximation (16) and validity of the field
division (6)—(9) [27]. In this simulation, we have restricted
ourselves to the case of fixed ion density profite({) =

5x 10%[1.0+0.075¢ —0.026v2+0.214x3+0.0705¢*] cm~3;

x in cm). Simultaneously with the FM, both the Poisson
equation and electron kinetic equation have been solved
self-consistently using a Monte Carlo (MC) techniques.
Inelastic collisions were described only by excitation
helium cross section .81 x 10 Yu — &*) cm? ev?!

(a threshold energy* = 20 eV has been introduced).
Assuming that the elastic collision frequency is independent more evident, we have divided all the resulting functions
of energy it was found to be & 10° s A set of by the EDF calculated by MC at the discharge centre (see
followmg dlscharge parameters for th.e MC simulation was figure 4). If these functions strictly correspond to one
introduced: applied voltage-62 V, discharge frequency  f,qtion" which depends only upon the total energy, then
w =21 x15x10° s7%, Lo = 2 cm, pressur® = 0.01 Torr. these ratios are to be unity.

The resulting EDF calculated by MC actually did not The deviation from unity of the resulting ratios is less

exhibit any variation with time during the RF period, since 1,21 2004 up to energies35—40 eV. This indicates that the

the strong _ine_qualityo > v hOIdS" Tr’1e obtained_ EDF _is EDF depends practically only an Consequently, the non-
presented in figure 3, marked by ‘MC'. The MC simulation  |4c4| approximation for EDF is valid in our conditions. The

is more convgnient to perform for a fixeq value of voltage. \5iue of energy relaxation length is 2 cm fore = 30 eV,
In the FM a fixed value of current density was used. For 5nq L, = 1 cm. Thus, the accuracy of the non-local
this reason the value of current densjgy= 0.35 mA cni? approach should be of the order @f,/1.)2 ~ 0.25. It
given by the MC simulation (applied voltage62 V) was  ¢orresponds to the obtained difference in EDF ratic@0%.
used for FM, as well. For the sake of comparison the Another check [28] of the FM validity has been made

EDF values calculated by both FM and MC methods are py comparing the FM results with the results of independent
presented jointly in figure 3. The agreement between FM f|_scale simulation [17]. In this comparison we have also

and MC EDF seems satisfactory. The difference of about cgjculated only EDF using the fixed ion density profile from

50% can be regarded as small because the EDF variatiory17]. The particle-in-cell (PIC) method with Monte Carlo

is of the order of 18 techniques was used in [17]. The model gas was based
Values of all the electric fields obtained by FM on pelium. It is only the ionization with the ionization

prove to be in reasonable agreement with the full-scale thresholds, = 245 eV that has been introduced in [17].

1 For the ion velocity the approximation (14) was used in 3.1, 3.2. The No other inelastic collisions have been considered. The

experimental datd/;,, (E/p) [11] were used instead of (14) to compare discharge parameters were: pressute= 0.06 Torr;
the results of FM to the experimental ones. Also see section 5. applied voltage 800 Viw = 27 x 30 x 1C° rad s'%;
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Figure 4. The ratios of the shifted (see text) EDFs Carlo technique. The solid line corresponds to MC
calculated at different spatial points to the EDF calculated calculation [19]; the dashed line corresponds to the FM
at the centre of the discharge: 1: x = 0.69 cm, results. Bars denote the variation of the EDF at the
2:x=10cm, 3: x=1.35cm, 4: x=1.5cm, different phases of the RF field.
5: x=1.67 cm, 6: x =1.84 cm. The EDF is zero at
e < ed(x).

The agreement between the EDFs calculated in the FM

_ approach and by the Monte Carlo technique seems to be
and half the discharge gapo = 2 cm. The electron—  ggoq.

neutral transport cross-section was assumed to be of the
following form: o7 = 1.7 x 1071 — In(1 + &) /&) /[ (¢ x
102t In(1+ )] cm?, ionization cross-section wag®"z =
1073 — 1) /[ (s +50) (¢ + 300*2] cm?. Here the energy
is in eV. The energy of electrons created by electron impact Further check of the FM procedure employed the
ionization was distributed according to the probability verification of the ion profile calculation and of the
distribution functionS(W, P) = {Boi.,(W)/tanmi[(W — complete self-consistent FM procedure. Under conditions
£1)/2/B]}(P? + B?»)~! [17], where W is the energy of  assumed in [17] (3.1), a complete FM gives a value of
the primary electron,P is the energy of the progeny Ng = 5.5 x 10° cm2 for the ion density at the discharge
electron, 0;,, is the ionization cross section.B is set centre (Vo = 5.0 x 10° cm~2 in [17]), and 1.4 cm for the
to 10 eV. The averaged value &f is {B/2tarm[(W — sheath thickness (1.2 cm in [17]), respectively.
e)/2B)]} InN[(W — &;)/2B)? + 1]. For the case ofW — We have also performed the complete self-consistent
g7) < 2B we obtainP ~ 1/4(w—e¢;), and for simplicity we FM calculation for argon-like gas accounting for the
set the energies of the progeny and primary electrons afterRamsauer minimum (in contrast to helium). The results
ionizing collision equal to 24(W — ¢g;) and J4W — ¢,), obtained were compared with the full-scale simulation using
respectively. In addition to ionization, it is necessary to the PIC method with Monte Carlo techniques [18]. The
account for the electrons arriving on electrodes (in our cross-sections used for simulation were taken from [18].
previous EDF calculation both processes were neglected inThe excitation in the electron—atom collisions was not
comparison to the excitation collisions). In the steady state, introduced. The distribution of the energy of electrons
the number of escaped electrons is equal to the number ofcreated by electron impact ionization used in [18] allows
electrons created by ionization. Rigorously speaking, the us to set the averaged energies of the progeny and
wall escape of the fast electrons occurs at e®y, where primary electrons equal to/&(W — ¢;) and J4(W — ¢/),
@y is the minimal wall potential, figure 1(c). From the respectively. Accounting for the electron arriving on
calculations for a positive column [29, 30] it follows that the electrodes, the right-hand side of the electron kinetic
edy is of the order of the ionization energy. Hence, the equation is the same as (24). The discharge parameters
simplest way to account roughly for the electron escape is towere: pressurep = 0.05 Torr; applied voltage 500 V;
double the frequency of the loss of high-energy electrons @ = 27 x 12x 10° rad s*; Lo = 2 cm; the ion mass was
in ionizing collisions. Finally, the right-hand side of the 4 ae; the resulting current density from [18] which was
electron kinetic equation (16) reads used in FM calculations amounted ta32mA cm 2. This
- - i 0, I
DoV (6) Fo(e) — A[ov (de + £) Fo(de + £)) xs::stﬁevalgevgfltzggv for the FM voltage10% different
+1/3vvinE(4/3e + e) Fo(4/3e + 1)) (24) For these conditions the criterion (3) is satisfied (the
Under the assumed conditions the non-locality condition frequency of ion drift through the sheaity/L,, ~ 1 is
(L,/e)? < 1 holds up to energies:100 eV. much smaller tham ~ 10 rad s1) so that the ion density
The comparison between the EDF calculated in the profile is stationary. Under the conditions used the non-
non-local approach and by the Monte Carlo technique is locality criterion (Lp/)ns)2 < 1 will hold up to energies
presented in figure 5. The solid line in figure 5 corresponds ~100 eV. In figure 6, the resulting EDFs, the ionization
to the EDF calculation by the MC method [17]; bars denote rates and the ion density profiles of the full self-consistent
the variation of the EDF at the different phases of the RF FM and the MC calculations are presented.
field. In the regions < 25 eV, EDF [17] does not exhibit In contrast to the He-like model, a strongly pronounced
any variation with time during the RF period. group of low-energy electrons was observed. It can be seen

3.2. Verification of the ion profile calculation and of
the complete self-consistent FM procedure

275



S V Berezhnoi et al

10 B . -
0 =10 . Aot
¢ 10 o
i 1 2 8 F " 7
> 10 o -
()] 2 8 6 - - E
LQL 10 -g 4t L
Hgst ° 9| i
g o
-4 L 1 1
10 0 10 20 £ 0 1 1 10
ENERGY, eV current density, mA/cm®
g 6 Figure 7. Mean electron energy versus current density.
He, p = 0.1 Torr, w = 13.56 MHz, Ly, = 3.35 cm.
o 5 Experimental data—filled squares, the FM results—solid
T 4 line. The dashed line corresponds to the results of FM
ﬁf when the Joule heating of the electrons in the sheath is not
B 3 taken into account.
Z 2
g
01
% 0 ) ) , applied voltage, sheath thickness, ionization rate, etc. It
~ 00 05 10 15 20 provides far more detailed and accurate information than
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«;"10 i © A calculation is high when EDF is not enriched by slow
£ electrons, and seems satisfactory in the case of the strongly
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¥ . peaked EDF.
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g FM ) 4. Analysis of experimental data
so0 : :
S 00 05 10 15 20 4.1. Comparison of the FM results with the
5 X, cm experimental data in helium
Figure 6. Comparison between results of the full Now we can apply the FM method to the simulations of
Ss:ellf_-éxlznsistent FM aorlld thehME ’\zalcllilatliofls fO(; Arr;liléel_gas- discharges in real gases. First, we shall analyse the EDF
olid line corresponds to the M calculation, dashed lines formation in helium (He), considering it a gas lacking the
correspond to the MC results [20]. (a) The EDFs; (b) the R L (Th), lidit ftg gl | 9 h
ion density profiles; (c) the ionization rates. Parameters amsauer minimum. e validity ot the non-local approac
are: p = 0.05 Torr; applied voltage 500 V; demandspLo < 0.4 Torr cm. The measurements [7]
w=21 x12 x 10 rad s7%: Ly =2 cm. were performed atv = 1356 MHz, Lo = 3.35 cm, p =

0.1 Torr. The FM calculations have been performed in a

that the qualitative agreement between the EDFs is good.Wlde range to current densities and pressutigs= 0.085-
The quantitative agreement seems satisfactory. The ion8'8 mA cm=, and p = O'O_?_’_O'l To_rr. The values of
density profiles calculated by both the FM and MC are close CrosS-sections and ion mobility used in the FM were taken
to each other. The ion density drop at the plasma—sheathfrorn [11]. L
boundary appears to be at smaller values @6r the FM. The mean electron energy versus current density is
This is probably due to small values of ion mean free path Presented in figure 7. The solid line corresponds to the FM
(\; < L,;) used in the FM approximation. Under the used results. The f|lled squares correspond to the expenmental
conditionsi; = 0.4 cm is comparable witlh,, ~ 1 cm. In data. The .dlscharge voltgges versus current density are
equation (14), the ion velocity; (x) is determined by local ~ Shown in figure 8. In figure 9 the experimental and
mean electric field in the sheatt (x,r)). If we account  calculated EEDFs afip = 0.085, 0.22, 0.58, 1.3, 6.0,
for the finite ion mean free path, a spatial lag of the order 8-8 MA cnm? are plotted together.
of A; betweery; (x) and (E(x, 1)) will appear. As a result, In figure 10 (solid lines), the calculated EDFs at
the value of the ion velocity is smaller than that found Jo = 0.085, 0.22, 1.3, 6.0 mA cnf are shown.
from equation (14). Consequently, the plasma density drop The data obtained demonstrate that the EDF peak can
would occur at larger values afaccounting for the spatial ~ appear solely due to a non-locality effect. However, the
lag of the ion velocity. Thus, the difference in ion density calculated mean electron energy exceeds the experimental
profiles can be attributed to this effect. value approximately threefold at large currents (see
The comparisons performed demonstrate that thefigure 7).  This difference can be attributed to the
developed method of FM proves to be of a good accuracy influence ofy-electrons. The estimates demonstrate that the
for the calculation of the plasma density and electric y-ionization can be noticeable under the used conditions.
fields profiles, parameters including central plasma density, This problem demands separate investigation.
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Figure 10. Calculated EDFs in helium. The conditions are
the same as in figure 7; j, = 0.085, 0.22, 1.3, 6.0 mA cm™2.
Solid lines correspond to the results of FM. The dashed
lines correspond to the results of FM, when the Joule
heating of the electrons in the sheath is not taken into
account.

FM of low-pressure RF CCP

plasma bulk the density profiles being similar to each other
are proportional tojo. The amplitude of the oscillatory
field is proportional tojo/n(x) and does not change with
current. Therefore, the EDFs are similar for small currents;
the ionization rate is proportional t®. Since in the non-
local approach the ionization in the sheaths is negligible [3],
the ion flux is generated in the bulk plasma. Consequently,
the ion flux to the surface is proportional j& as well. The

ion mobility for largeE / p is proportional to,/E/p, and the

ion escape velocity at the electrode surface is proportional
to 4/jo. So the ion density at the electrodg;, increases as
+/Jjo, in contrast to the dependend® ~ jo in the plasma
bulk, and the oscillatory field in the sheath in plasma phase
will grow with current asjo/ Ny, ~ +/Jjo.

To confirm the reasons proposed, the simulations
without accounting for the Joule heating in the sheath were
performed. Ignoring the sheath heating corresponds to
E(x) = 0, L, < |x| < Lo, when the electron energy
diffusion coefficient is calculated. In figure 7 (dashed line),
the resulting mean electron energy is presented. In figure 10
(dashed lines), the resulting EDFs are shown at the same
currents as in the case for which the Joule heating was taken
into account properly (figure 10, solid lines). The results
demonstrate that in the absence of the sheath heating the
EDF peak does not appear, the EDFs are similar to each
other andNg ~ o, etc.

If the contribution of the Joule heating in the sheaths
becomes considerableNd/N,, increases with current),
the above mentioned similarity, when all profiles are
proportional to the central plasma densityg, fails. For
the results presented the similarity does not hold jfor
1 mA cm 2,

4.3. EDF peak formation due to the non-locality

For large currents, when the rat\y/ Ny, is great, the non-
locality causes enrichment of the EDF by slow electrons.
In this case, the electrons can be separated into two

groups. The electrons with < e®gearn = eP(L,) are
trapped in the region of the weak heating fielfh(x) ~
1/n(x)). The electrons withe > e®.. Can penetrate
the sheath region wherEy(x) is large. Hence, the D,
steeply rises with energy at > e®g; ., (Se€ figures 11,
12). Because fh/de = I';/vD., whereT, is the flux
in energy space, the EDF slopes for< e®;.q., and

e > eDgy.qn are strongly different. Roughly speaking,

The simulations have also been performed accounting a two-temperature EDF appears (see also figure 1(c)).

for and ignoring electron energy losses in elastic electron—
Accounting for these

atomic collisions, vV, in (16).

The simulations demonstrating the described effect
have been performed using both the local and the non-

processes proved not to result in any noticeable changes. local approach. In figure 11 EDFs and electron energy

4.2. The CCP behaviour at low currents

From figure 10 it is clearly seen that at small currents the 8.8 mA cm 2.

diffusion coefficients are presented jointly. The simulations
have been performed for helium. The parameters are
the same as in the case presented in figurejo/;=

For this current density the ion density

EDF form is almost independent of current. If the EDF profile is strongly inhomogeneous, the resulting ratio being

is determined mainly by the Joule heating in the plasma No/N,, = 30.

The EDF corresponding to the local

bulk, the scenario of maintenance of a CCP is practically approach was calculated in the centre, using the value of the
the same as in the case of an ordinary dc positive column.oscillatory field amplitude at the discharge cenfirec = 0)

The stationary condition demands the ambipolar lifetime to (actually the EDF in uniform plasma with a given uniform
be equal to the inverse ionization frequency. Hence, in the electric field £(x = 0) has been calculated, instead of the
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Figure 11. Results of the FM simulation; helium, Figure 13. EDF evolution in He with pressure, for the
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Jjo = 8.8 mA cm™2. Solid lines represent a non-local
approach, dashed lines represent a local approach.
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Figure 12. Calculated ambipolar potential. Under the same in figure 7, jo = 8.8 mA cm 2.
conditions as in figure 11, L, represents a plasma—-sheath
boundary position.
mechanism of EDF formation under the used conditions.
The right-hand side of electron kinetic equation (16) is to
be supplemented by the corresponding spatially averaged
electron—electron collision integral:

whole profile E (x) for the non-local approach). The non-
local case is characterized by a steep growth ofuthg
for energye > e®gpean, ~ 10 €V (see figures 11, 12).

In the local case this steep increase wdd. is missing. Styo(Fo) = d <UT)M dFo +UT/MFO> (25)
Accordingly, the low-energy peak of the EDF does not d de
appear. mv® € v
(vvs)ee = 787(1)68(1)5 X) ds— F (8)
2”()2 ww M
4. i i 8
4.4. EDF evolution with pressure (WDy)s = mv lvw(v, )

The peaked EDF form due to the non-locality effect FZn(x) 3; 3 o
. . . . v v

may not arise even when the plasma density profile is ><|:/ de— Fo(e) + —/ deFo(e)]

strongly inhomogeneous. In figure 13, the EDF evolution ep(ry MM m Je

with varying pressure is demonstrated. Calculations were where

performed forj, = 8.8 mA cm 2 and p = 0.03-0.1 Torr.

For p = 0.03 Torr the ratioNo/Ny, ~ 14, but the mean Vee (U, X) =

electron energy is~10 eV. The pressure decrease causes

the EDF peak to disappear and mean energy to grow (seeand A, is the Coulomb logarithm.

A e® A on(x)
m2p3

v=1/(2/m)(e — e®(x))

figure 14). In figure 15, the evolutions of mean electron energy
and ion density versus current density are plotted together.

4.5. Comparison of the FM results with the Solid and dashed lines correspond to the results obtained

experimental data in argon accounting for and ignoring electron—electron collisions,

respectively. Experimental data are denoted by open
As an illustration of the applicability of the FM method triangles and squares. The discharge parameters are
to different gases a comparison of the results of FM with p = 0.03 Torr, Lo = 3.35 cm, v = 1356 MHz.
the experimental data for argon has been performed. TheBetter qualitative agreement of the calculated mean electron
domain of validity of the non-local approach jsLy < energy with experimental data is obtained by accounting
0.1 Torr cm. for electron—electron collisions. In this case the formation
The elastic electron—atomic collision cross-section is of EDFs with a peak is abrupt. The value of the current
taken from [18]. Other cross-sections are based ondensity, for which this transition occurs, corresponds
data from [11]. In this simulation, electron—electron to the experiment. Figure 16 depicts the discharge
collisions were introduced which prove to be an important voltage. Accounting for electron—electron collisions

278



FM of low-pressure RF CCP

Table 1. Argon. The resulting values of the mean electron energy considering and ignoring the non-locality effect, the
Ramsauer minimum, and the e—e collisions in the various combinations.

Local case with  Non-local case Non-local case with
the Ramsauer without the the Ramsauer
minimum Ramsauer minimum  minimum
(eVv) (eV) (eV)
e—e collisions
neglected 3.3 1 0.5
e—e collisions
accounted for  3.49 2.56 1
4 .
g ? 10" 5§
[ . -
& g 10 142
5 10 :
2 g ‘% 3%
T 4¢° 125
1 ¢ g r 1 8
@ 2 - =3
18— 02 2 ' g
0.1 1 10 0,1 1 10 o
curent density, mA/cm 2 current density, mAlen? <
Figure 15. Argon, p = 0.03 Torr, L, = 3.35 cm, Figure 17. Argon, p = 0.1 Torr, Lo = 3.35 cm,
w = 13.56 MHz. The mean electron energy, and plasma o =13.56 MHz. The mean electron energy, and plasma
density evolution with current. Open squares and triangles density evolution versus current density. Open triangles
represent experiment. Lines represent the FM results. The and squares represent experiment. Solid lines correspond
solid line represents data accounting for e—e collisions; the to the FM results. Dashed lines correspond to the results of
dashed line represents data ignoring e—e collisions. the FM performed ignoring the Joule heating in the sheath.
103 . : We also performed the simulations at= 0.1 Torr.

Under this condition the non-locality is not valid at the EDF
tail. However, a reasonable agreement of the FM results
with the experimental data has been obtained. The results
of the simulations and the experimental data are presented
in figure 17. In these simulations, an abrupt transition of

VOLTAGE, V
)
N

10° the EDF to the peaked form is obtained. The current of the
0.01 0.1 1 10 transition corresponds to the experiment. The e—e collisions
current density, mA/cm 2 seems to be the only mechanism to terminate the decreasing
of the mean electron energy, as is the case for simulation
Figure 16. Argon, p = 0.03 Torr, Lo = 3.35 cm, performed atp = 0.03 Torr.

w =13.56 MHz. Discharge voltage versus current density.
Open squares represent experiment. Solid line represents
the FM results. 5. The sensitivity of the system to various

processes

proves to be of no influence on the resulting discharge | order to investigate the effect of different mechanisms on
voltage. Quantitative agreement of the FM results with the EDF formation in Ar, a series of EDF simulations has
the experimental data is good for discharge voltage andpeen performed. The EDFs were simulated considering and
satisfactory for plasma density, and the mean electrongnoring the non-locality effect, the Ramsauer minimum
energy. and the e—e collisions in the various combinations. The ion
In section 5 it is demonstrated that the EDF form density profile was fixed and was previously obtained in
is sensitive to the details of the elementary processes.the case of the fully self-consistent simulation taking into
Moreover, the accuracy of the EDF calculation seems account all the mechanisms mentioned above. Neglecting
satisfactory in the case of the strongly peaked EDF (seethe Ramsauer minimum corresponds to the assumption
3.2). All these do not allow us to analyse quantitative of constant electron—atomic elastic collision cross-section
agreement between experimental mean electron energy anét ¢ < 3 eV—o!” = 0/7(3 eV). The procedure of the
the calculated one, as was performed for helium (see 4.1).simulation in the local approximation has been described
The importance of e—e collisions in Ar is related to the above in section 4.3. Table 1 contains the resulting values
presence of the Ramsauer minimum in the electron—atomicof the mean electron energy.
elastic collision cross-section, that causes relatively small The data obtained demonstrate that all the mechanisms
mean electron energy in comparison with that in He. are involved in the EDF formation. The temperature of the
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drift velocities and of densities in the sheath and in

7
10 ' ' plasma. Therefore, the mean electron energy decreases
é s in comparison to the realistic dependence (a). This
] 10°+ decrease is additionally enhanced by increase of the relative
=2 contribution of the electron energy losses in the elastic
% 10° collisionsvVe (17b).
; Average electron energy losses consist of los&af*
S qot L , . in inelastic collisions, and of some additional loss of energy
10° 10" 10% 10° 10° in the elastic collisions. The EDF tail, which determines the
E/p, V/(cmtorr) ionization rate, is relatively insensitive to the cross-section

] N ) details, since the ionization rate is equal to the plasma
'r:ég‘rjéielnﬁ's tlr?g gfé%ﬂ%esn‘t’;ﬁﬁa’f[{’l’j %%Slizeﬁng”e diffusive losses. Accordingly, the power approximation
corresponds to the ion velocity obtained from (14). (14) .results in an increase of the fr'act.lon of cold electrons,

and in further increase of the ion lifetime.

Table 2. Results obtained accounting for different

approximations ion velocities versus E/p. 6. Conclusions and outlook

a b Experiment [6] The agreement between the results obtained by FM and

No 163x10°cm™® 582x10%cm2 — full-scale modelling demonstrates the validity of the FM
Nep  5.75x10°cm™ 443 x10°cm= — method based on the non-local approach.
fe) 5.52ev 1.95ev Laev The results of the FM prove to be in good qualitative
agreement with experimental data. The quantitative
consistency of the values of the plasma density at the
cold part of the EDF is very sensitive to the conditions used discharge centre and of the mean electron energy with
and to various assumptions. the experimental values lies within a facter2. This
Due to the self-consistent character of the problem, the accuracy can be regarded as quite satisfactory because of
EDF turns out to be very sensitive to the ratio of ion density high sensitivity of the results to different processes and to
in the discharge centre and in the accuracy of ion motion the details of the cross-section description. Nevertheless,
description. In the plasma it is determined by the small the discharge voltage proves to be not sensitive and can be
ambipolar field, and in the sheaths by the averaged strongcalculated with good accuracy.
space charge field. Accordingly, the widely used power The system evolution with the current and pressure
approximationu; (E/p) ~ (E/p)Y@# (14) can cause variation has been investigated. At low currents the
significant errors, since this approximation is not valid for evolution of EDF in a CCP is similar to the EDF evolution
such a wide range of electric fields. in a positive column. When the Joule heating in the
In figure 18 the ion velocities versus/p in He are discharge centre exceeds the heating in the sheath, the EDF
presented. The dashed line corresponds to the experimenform will not change with increasing current.
(denoted as case (a)) [11]. The solid line corresponds to  The role of the non-locality in the EDF peak formation
the case, when ion velocity was obtained from equation is explained. The EDF peak due to the non-locality
(14) (case (b)), fow;, = 6.26 x 1075(g;,,) %286 cm=2, disappears with the decrease of current density and
Here ¢;,, is ion energy in eV. This expression fits the pressure.
experimental data for the total ion—atomic cross-section At low pressuresp < 0.1 Torr, when the non-locality
(elastic collisions and charge exchange) [11] in a wide is valid, the low-energy EDF peak in He may exist only

range of ion energies 5-400 eV. In this cage= 8.45 x due to a non-locality effect. This will be the subject of
10%(E/p)*™4 em s71, with E/p in V cm™ Torr!. The further experimental investigations.
range ofE/p in figure 18 corresponds to the field variation In argon, one of the important mechanisms of the EDF

obtained in the simulation data presented in figure 7, at formation involves the e—e collisions. Accounting for the

jo = 8.8 mA cm 2. It could be seen that the discrepancy e—e collisions in helium did not cause noticeable changes.
between the (a) and (b) velocities attains approximately the  The scenario of EDF transition to the form enriched by

value of 2 and is most pronounced at I@&y p (for the ions slow electrons is still unclear and possibly depends on the
at the discharge centre). Evidently, the simple power law nature of the gas. It is the goal of further investigation. The
form of u; (E/p) is not applicable because of the extremely research of the role of the collisionless heating is beyond
wide range of the field variation. the scope of the present paper and will be the aim of

To show the importance of accurate calculations of ion forthcoming work.
velocity we have performed the test simulations using the It can be stated that the FM provides all necessary
different expressions for ion velocity g = 8.8 mA cm 2. information with reasonable accuracy in the range of
The results are given in table 2. parameters of interest for plasma processiagy 10 MHz,

The calculations show that the power approximation 10° cm=3 < n < 10! cm=3. The FM can be easily applied
for u;(E/p), (14), yields a significant increase in plasma to two—-three-dimensional systems, see e.g. [4]. It can be
density at the discharge centre. The reason is that theused in a wide range of pressures; for very low pressures
power approximation overestimates the ratio of the ion accounting for the collisionless effects, as was done in
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[13-15], is necessary. For pressures up to 200 mTorr—[12] Velikhov E P, Kovale A S and Rakhime A T 1987

1 Torr some modifications in the calculation of the tail of
the EDF, as in [24], are to be performed.
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