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A self-consistent fluid model of radio-frequency glow discharges has been used to analyze the ex-
istence of two different discharge regimes and the transition between them. The existence of these
regimes had been previously established by Levitskii [Sov. Phys. Tech. Phys. 2, 887 (1958)]. The
self-sustaining and power-deposition mechanisms that characterize each of these regimes are drasti-

cally different. In the first regime, termed as the "wave-riding regime" corresponding to low

discharge power, most of the power deposition is due to bulk plasma electrons heated by the sheath
expansions. In the second regime termed as the "secondary electron regime" corresponding to
higher discharge power, the discharge is sustained mainly by electrons emitted by the electrodes un-

der ion bombardment and avalanching in the sheath regions. The numerical results are in good
agreement with previous experimental measurements by Godyak and Kanneh [IEEE Trans. Plasma
Sci. PS-14, 112 {1986)].The results presented in this paper form the first self-consistent description
of these different regimes and of the transition between them. The validity domain of the model is

restricted to pressure higher than a fraction of Torr and frequency less than a few tens of MHz. The
gas being considered is helium and the discharge power varies between 0 and 700 mWcm '. The
model is based on solutions of electron and ion fluid equations describing charged particle transport
coupled with Poisson's equation for the electric field. A realistic description of the electron kinetics
has been obtained by considering separately two electron groups representing, respectively, the tail
and the bulk of the electron distribution function. The validity of the two-electron group fluid mod-

el has been checked with Monte Carlo simulations,

I. INTRODUCTION

Capacitively coupled rf glow discharges are widely
used in the microelectronics industry as a source of reac-
tive species for plasma etching or deposition. A better
understanding of these discharges and the ability to pre-
dict their properties for di8'erent operating conditions are
a prerequisite for a better control of the process.

The development of self-consistent numerical fluid
models of rf discharges' has been useful in clarifying
the basic mechanisms occurring in these discharges. The
use of these models together with plasma diagnostic tech-
niques has helped to improve our physical description
and understanding of the electrical properties of these
discharges, and to analyze in detail the discharge proper-
ties associated with sheath expansion and contraction,
the influence of frequency or the role of negative ions.

In a cold plasma, such as the plasma created by a low-
pressure radio-frequency glow discharge, the electrons
play a central role by converting the electrical power of
the generator into chemical power through excitation,
dissociation, and ionization of the gas molecules. There-
fore one of the important questions to be addressed in the
study of rf glow discharges concerns the mechanisms of
electron-energy gain and deposition. These mechanisms
determine the space and time variations of the electron
velocity distribution function and thus of the production
rates of the reactive species, i.e., excited species, and dis-
sociation products.

The aim of this paper is to show, on the basis of a self-
consistent Quid model, that depending on the discharge
operating point, the mechanisms of electron-energy gain
and deposition can change drastically, leading to the ex-
istence of very distinctive discharge regimes. These re-
gimes are characterized by very specific properties of the
electron kinetics. An important consequence for plasma
processing is that the nature of the active species pro-
duced by electron impact, the space and time distribution
of their production, and therefore the plasma chemistry
itself can be very dependent on these discharge regimes.

This is illustrated in the case of helium (3 Torr, fre-
quency in the range 3 —9 MHz) where the numerical mod-
el predicts, self-consistently and in agreement with exper-
imental results, the existence of two different regimes
where, depending on the discharge power, either plasma
electrons or secondary electrons emitted by the electrodes
under ion bombardment play a dominant role in the ener-
gy deposition mechanisms. The existence of these two
distinct regimes was shown in the early work of Lev-
itskii, and in a number of more recent works (see, e.g.,
Refs. 7 —12).

The numerical results clearly elucidate the role of the
sheath field in the electron-energy gain and deposition
mechanisms and in the discharge maintenance. The os-
cillation of the sheath is responsible for the heating of
plasma electrons in the first regime. This regime occurs
over the whole range of power when there is no secon-
dary electron emission, and is otherwise dominant for low
discharge power. It is specific to rf discharges at
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sufficiently high frequencies and has no equivalent in a dc
discharge. When the discharge power is high enough and
if secondary electron emission is present, another regime
takes place where most of the energy deposition is due to
electrons emitted by the electrodes and accelerated in the
sheaths. This regime leads to the formation of a negative
glow plasma externally sustained by high-energy elec-
trons coming from the sheaths, as in a dc discharge. Al-
though the sheath plays a central role in both regimes,
the mechanisms by which the electrons gain energy from
the sheaths are drastically different in each regime. The
motion of the sheath (expansion) imparts some energy to
the p/asma electrons in the first regime, while the rms
sheath electric geld provides energy to the secondary elec
trons and determines the occurrence of the second re-
gime. This distinction is more than academic and the
knowledge of the differences in the plasma properties of
both regimes is fundamental for plasma processing appli-
cations.

In the cases considered in this paper, the plasma field is
very low and does not contribute to the electron heating.
In other conditions (the existence of radial losses due to
ambipolar diffusion to the walls, or electronegative gases),
the electric field in the plasma might be significant, and
its contribution to the overall electron-energy deposition
can be dominant. This regime which leads to the forma-
tion of a plasma similar to the positive column of a dc
discharge will not be discussed in the present paper.

The results presented in this paper and their good
agreement with experimental measurements in a large
range of conditions (power and frequency) show also that,
although the validity domain of a fluid model is neces-
sarily limited, it is possible to build fluid models which
can predict reasonably well the main characteristics and
trends of a rf discharge in a large subset of the multidi-
mensional domain formed by the discharge parameters
(power, pressure, frequency, gas mixture, geometry, and
nature of the electrodes).

The validity domain of the model is limited due to the
necessary assumptions regarding the charged-particle dis-
tribution functions which are inherent to any fluid model.
However, this domain can be considerably extended by
choosing these assumptions in a proper way and on the
basis of known physical properties of the charged-particle
transport in the conditions considered. Since the kinetic
properties of the plasma electrons which are subjected to
low electric fields are drastically different from those of
the secondary electrons which are emitted by the elec-
trodes and accelerated in the sheath to high energies, '

we have considered and treated separately two groups of
electrons {plasma electrons and cathode emitted elec-
trons). The fluid model is therefore based on equations
describing the transport of plasma electrons, secondary
electrons, and ions, coupled with Poisson's equation for
the electric field.

The theoretical basis of the model are discussed in Sec.
II, including a description of the equations and hy-
pothesis concerning the charged particle transport (Sec.
IIA) and a brief description of the numerical method
(Sec. IIB). The results are presented in Sec. III. A
description of the different rf discharge regimes based on

the numerical results and on comparisons with experi-
mental results is given in Sec. III A. The sustaining and
power deposition mechanisms of each regime are dis-
cussed in Sec. III B. The properties of plasma potential
and current densities are presented in Sec. III C. The va-

lidity of the model is discussed in Sec. III D on the basis
of comparisons with Monte Carlo simulations.

II. PHYSICAL MODEL

The model described below is a self-consistent electri-
cal model of the discharge. In this model, equations
describing the electron and ion transport are coupled to
Poisson's equation for the electric field in order to obtain
the space and time variations of the charged-particle den-
sities, current densities, and electric field during one cycle
of the steady-state rf discharge. The coupling between
excited species population and electron kinetics is not
considered in this simple approach, i.e., the electrons are
supposed to interact with a cold, unchanging, neutral
background. The choice of a realistic and simple descrip-
tion of the charged-particle transport is of paramount im-
portance in discharge modeling. This question is dis-
cussed below.

A. Two-electron group fluid model: Basic equations and data

In this paper, we use a "fluid" approach to describe the
electron and ion transport. Although the validity domain
of fluid models is limited due to the assumptions on the
charged-particles distribution functions which are im-

plied by any fluid description, these methods are a con-
venient way of modeling discharges when the charged
particles' mean free path is much smaller than the
characteristic dimensions of the discharge. On the other
hand, particle methods (particle-in-cell or Monte Carlo
simulations) are much more time consuming, but at the
moment they are the only ones currently available to de-
scribe low-pressure regimes. '

In a fluid model, a finite numbers of moments of the
Boltzmann equation in the velocity space are used to de-
scribe electron or ion transport. This set of moment
equations must be closed by some assumptions as to the
charged-particle distribution function. Since the ioniza-
tion rate (and its space and time distribution) is a funda-
mental parameter of the discharge, it is important to
choose the assumptions of the model in such a way that
the ionization mechanisms are described as accurately as
possible.

It is well known that in a glow discharge, the ioniza-
tion in the glom is due to electrons emitted by the
cathode and accelerated in the sheath. The ionization
process in the glow is nonlocal; i.e., the energy released in
this region by fast electrons has been gained in the sheath
and not in the glow region. In contrast, in the positive
column of a glow discharge the energy gained by the elec-
trons is locally balanced by the energy loss due to col-
lisions. The different physical properties of a negative
glow and a positive column plasma are mainly due to the
fact that the negative glow plasma can be considered as a
non-self-sustained plasma, where external ionization is
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provided by electrons coming from the sheath, whereas a
positive column is locally a self-sustained plasma.

It is therefore very important in any glow discharge
model to account for these two different ionization mech-
anisms: (i) ionization by electrons emitted by the cathode
and accelerated through the sheath and (ii) ionization by
electrons heated by the local electric field. Note that the
possible existence of nonlocal ionization in the glow had
not been included in the model described in Ref. 4; this
model was therefore not able to predict the specific prop-
erties of negative glow types of plasmas (large plasma
density, longitudinal ambipolar diffusion).

A very simple way to include these two different ion-
ization mechanisms in a fluid model is to use the two-
electron group model' ' defined below and which is
used in the present work (similar models have been used
in Refs. 19—25).

(i) Fast electrons (beam electrons) are emitted by each
electrode under ion bombardment. They are assumed to
be forward directed and to form a monoenergetic beam.
One beam is considered for each electrode. These elec-
trons are accelerated by the intense electric field in the
sheath and release their energy upon entering the plasma
region. Secondary electrons created by ionization in the
sheath are assumed to belong immediately to the fast-
electron group; when ionization takes place in the glow,
the electrons are assumed to belong to the second elec-
tron group (slow electrons, see below). The transport of
fast electrons is described by continuity and energy equa-
tions [Eqs. (1) and (2), respectively]. The beams are sup-
posed to release instantaneously their energy in the
discharge (the continuity and energy equations of the
beam electrons are steady-state equations); this approxi-
mation is valid only if the transit time of the beam elec-
trons in the sheath and glow regions is much smaller than
the period of the rf field.

(ii) The low-energy electrons (bulk electrons) are creat-
ed in the glow by ionization by the beam electrons.
Another source of bulk electrons results when the beam
energy falls below the ionization threshold; the beam
electrons then join the low-energy group. The bulk elec-
trons are assumed to be in equilibrium with the electric
field and they can gain enough energy from the local elec-
tric field to ionize the gas molecules. The kinetics of the
low-energy electrons and ions is described by continuity
and momentum-transfer equation [Eqs. (3) and (4) for
electrons and (5) and (6) for ions]. The momentum-
transfer equations for bulk electrons and ions are
simplified by neglecting the inertia terms; this approxima-
tion is valid only in a collisional regime and leads to the
representation of the particle flux by the sum of a drift
term and a diffusion term [Eqs. (4) and (6) for bulk elec-
trons and ions, respectively]. The above assumptions
concerning the kinetic properties of plasma electrons and
ions limit the validity domain of the model to pressure
higher than a few tenths of a Torr and frequency less
than a few tens of MHz for typical values of the power
and gap length in plasma processing.

The transport equations are coupled with Poisson's
equation (7) in a one-dimensional, parallel plate geometry
with conducting electrodes as in Ref. 4. The following

2
Ub =S Ebbj j m bj (j =1,2)

(1—~, )nb, lub, lQ;(eb, ) i«b, )e; (j =1,2)
pion

Ebj Ei

nb~ lvbj I

tf eb, (e (j =1,2)
b

gout
0 if Cbj+E, ,

BE.bj' =« &EaQ—I;«b, )
—

~)Eb&Q «b))ax
k

if Eb, ) c., (j =1,2), (2)

an, an, (u, )
g ion +g ton gout gout

at aX b, b. b

+n, l(v, , ) Ia rn, , n~, — (3)

a(n, D, )
n, (v, )=n, W, —

BX

an, an, (u, )~ + =S„""+Sb""+n,l(u,, )la —rn, n~,

(4)

(5)

a(n Dp)n(v )=n Wp— (6)

lel
(n —n, —

nb
—

nb ), E dx = —V(d) . (7)
dX 6 P e b) b2

O

nb, n„and n are, respectively, the beam electron,
bulk electron, and positive-ion densities; the subscript j
refers to each beam [j = 1 for the beam initiated on the
left electrode, j =2 for the right electrode; s] =+1 and
sz= —1 in Eq. (1)]. (u, ) and (u ) are,. respectively, the
electron and ion mean velocities parallel to the electric
field. Sb~" (j =1,2) is the ionization rate of beam j. The
parameter A, is set to zero in the glow region (electrons
created in the glow belong to the bulk electron group)
and to one in the sheath (electrons created in the sheath
belong to the beam electron group). The sheath-glow
boundary is supposed to be situated at the point where
the electric field is less than a given arbitrary value taken
here to be 10 V/cm/Torr. Eb, (j =1,2) is the energy of
each beam. Q„(c.)=%a„(e),where % is the gas density
and o.

& the cross section corresponding to the inelastic
collisional process k (k =i corresponds to ionization); cl,
is the energy threshold of process k. The sum in Eq. (3)
includes all the inelastic processes. As soon as the beam
energy becomes lower than the ionization threshold, the
beam electrons join the bulk electron group at a rate Sb"'
characterized by the parameter A, b (this length parameter
is chosen as small as possible, but is finite in order to

set of coupled nonlinear equations is therefore con-
sidered:
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avoid discontinuities in the source terms). n, ~
( u, ) ~a is

the ionization rate by bulk electrons (a is the ionization
coefficient of bulk electrons and is supposed to depend
only on the magnitude of the local electric field); r is the
electron-ion recombination rate. 8'k and DI, are the drift
velocity and diffusion coefficient of particles of type k
[Wk =pkE, where pl, (E) is the mobility). E and V are
the local electric field and potential, and d is the gap
length.

The boundary conditions for the charged particles are
as follows: the densities are set to zero on the electrodes;
the flux of electrons emitted by each electrode is given by

nb ub
= —yn~(0)( ~u(0), n„uI, = yn—(d)(u (d)),

where y is the secondary electron emission coefficient and
n ( u ) the positive ion fiux on the electrode (the above
equations hold only when the ion flux is directed toward
the electrode, otherwise the flux of emitted electrons is
zero); and the mean energy of electrons emitted by the
electrodes (under ion bombardment) is equal to 1 eV:
s& (0}=e& (d}=1 eV. The potential waveform between

I 2

the electrodes is given and assumed to be of the form
V(d) = V„tcos(cut), where tu=2rrF (F is the frequency).

The results presented below correspond to helium.
Electron and positive-ion transport coefficients (drift ve-

locity and ionization coefficient) are taken from Ward.
The diffusion coefficient of the bulk electrons has been
chosen in such a way that their mean energy is constant
and equal to 1 eV. The mean electron energy in the plas-
ma is therefore not calculated self-consistently; this might
lead to some uncertainties in the calculation of the plas-
ma density. Electron-ion recombination has been
neglected (r =0). The inelastic electron-atom cross sec-
tions (for the beam-energy equation) are the same as in
the work of Boeuf and Marode. '

B. Numerical technique

Equations (1)—(7) are integrated in time until a har-
monic steady state is reached. Two important points
must be carefully considered when developing a numeri-
cal method to solve this system: (i) the spatial discretiza-
tion scheme for the electron and ion transport equations
must be able to deal with large density gradients and with
fields reversals and (ii) small relative variations of the
electron density in the plasma can induce large field vari-
ations (if every other parameter is kept constant). In Ref.
4, the time integration of the continuity and Poisson's
equations was explicit, i.e., the equations were integrated
successively in time. The explicit treatment implies that
the electric field is supposed to be constant during the
time integration of the electron and ion transport equa-
tions; the electric field is adjusted only at the end of the
time step. The explicit method is stable only if the time
step is limited by (see, for example, Ref. 2)

1

(n, p, +n p ),
&o

For large plasma densities, this condition may be ex-

tremely strong and convergence cannot be reached in a
reasonable amount of computational time. Typically, in
helium a 1 Torr and for a plasma density of 10" cm
the time step must be less than 10 " s for an explicit
method. Since the discharge might reach a steady state
on the time scale of ms in these conditions, more than 10
time integration steps will be necessary.

Considering the above points, our numerical method
has been constructed along the following lines: (i) the
spatial discretization scheme used for the transport equa-
tions [Eqs. (3)—(6)) is the Scharfetter-Gummel exponen-
tial scheme, which has proved to be very efficient in the
field of semiconductor device modeling, and more re-
cently for discharge modeling. ' ' ' ' (ii) the time in-

tegration of the system formed by the charged-particle
transport equations and Poisson's equation [Eqs. (3)—(7)]
is partly implicit. This is made possible by linearizing the
system with respect to the three variables (electron densi-

ty, ion density, and electric field or potential). This leads
to a block tridiagonal linear system which is integrated
using standard matrix inversion techniques. Newton
iterations are used to achieve convergence within one
time step. The time step is no longer limited by condition
(8) and can be several orders of magnitudes larger. How-
ever, in the case of rf discharges, the time step is still lim-
ited by the time variations of the applied potential, and
20 to 100 time steps per cycle has been used in the results
presented below (these results have been obtained by fol-
lowing the time variations of the discharge during 10 cy-
cles). Note finally that the source terms of the continuity
equations [the right-hand side of Eqs. (3) and (5)] have
not been linearized, and were supposed to depend on the
values of the variables at the end of the previous time
step. The transport equations for the beam electrons
[Eqs. (1) and (2)] are solved separately at each time step,
using a fourth-order Runge-Kutta method. A detailed
description of the implicit numerical method can be
found in Ref. 28 (in the context of semiconductor device
modeling).

III. RESULTS

The results presented in this section have been ob-
tained for the following conditions: helium; pressure;

p =3 Torr; gap length; d =3 cm; frequency; calculations
have been performed for three values of the frequency of
the applied voltage; F =3.2, 6.3, and 9.2 MHz', the ampli-
tude V„,of the applied voltage [ V(d) = V,tcos(cot )] has
been chosen in the range (100—400 V); the electrodes are
supposed to be metallic parallel plates; the value of the
secondary emission coefficient y (due to ion bombard-
ment) has been chosen in the range (0.0—0.2). These
conditions are close to those used in the experimental
work of Godyak and Kanneh except for the gap length,
which was 7.8 cm in their experiments. The calculations
do not include radial losses which can be important in the
experimental conditions of Godyak and Kanneh (the
discharge takes place in a 6-cm-diam cylinder}. On the
other hand, the plasma chemistry is ignored in the calcu-
lations and the electrons are assumed to interact with a
cold, unchanging neutral background. Comparisons be-
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tween the numerical results and the experimental results
of Godyak and Kanneh are shown below.

A. Transition between diferent regimes

The general properties of the rf discharge predicted by
the model described above are similar to those obtained
with the equilibrium model of Ref. 4 and by other models
(Refs. 1 —5). The sheaths oscillate periodically on each
electrode; at the considered frequencies, the ion density
cannot respond to the instantaneous variations of the
electric field and its modulation is negligible. The elec-
tron density is strongly modulated in the sheaths, and
this modulation is related to the sheath contraction and
expansion on each electrode successively. The discharge
is mainly capacitive (the phase shift between total current
and applied voltage is close to m /2) and the displacement
current density in the sheath is much larger than the
charged-particle current densities during most of the cy-
cle duration (see Sec. III C).

However, some important features concerning the ex-
istence of different discharge regimes where the sustain-
ing mechanisms of the discharge are qualitatively
different can only be predicted properly with the two-
electron group Auid model used in the present work, in
contrast with previous models, such as the one described
in Ref. 4 (in this reference, only one-electron group was
considered and no distinction was made between the ki-
netic properties of electrons emitted by the electrodes and
bulk electrons). These features are discussed below.

Figure 1 shows the variations of the plasma density
(electron density in the center of the plasma) as a function
of rf voltage for a discharge in helium (p = 3 Torr, d = 3

cm, y =0.2) for F=3.2, 6.3, and 9.2 MHz. The solid lines
correspond to the numerical results, while the dotted
lines correspond to the experimental measurements of
Godyak and Kanneh (same conditions except for the gap
length, which was 7.8 cm in the experiments).

From this figure, it appears that two different regions

can be distinguished according to the slope of the plasma
density as a function of the rf potential amplitude. Let us
first comment on the numerical results. For low applied
voltages (from V„=100V to V„„-250V) the plasma
density increases relatively slowly with the rf voltage; in
this region, the plasma density increases with frequency
for a given rf voltage. In the second region (rf potential
larger than 250 V) the slope of the plasma density versus
rf voltage is larger by several order of magnitudes, the
transition being quite abrupt. Note also that in this re-
gion, the plasma density is less sensitive to the value of
the discharge frequency. The experimental results
display similar features, although the transition between
the two regions occurs at higher voltages in the experi-
ments.

These two regions are representative of two different
operating regimes of the discharge. These regimes were
observed and characterized experimentally a long time
ago by Levitskii. More recent publications concerning
this question include Refs. 8 —12. The low-voltage (or
low-power) regime has been qualified as the "a regime"
by Levitskii, while the high-voltage regime was referred
to as the "y regime. " The physical meaning of these two
regimes is discussed below and in the following sections.

The fundamental difference between the two regimes is
related to the sustaining mechanism. In the low-power
regime the dominant electron-energy gain mechanism is
related to the sheath expansion, which imparts periodi-
cally some energy to the plasma electrons, while in the
higher-power regime the electrons which are responsible
for the discharge maintenance and for most of the
electron-energy deposition are the electrons emitted by
the electrodes under ion bombardment ("y electrons" ), as
in the cathode region of a dc glow discharge.

Since the secondary electron emission plays a key role
in the transition, it seems interesting to study the effect of
the value of the y coefficient on the shape of the curves
plotted in Fig. 1. Figure 2 shows the variations of the
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FIG. 1. Variations of the plasma density as a function of the
rf voltage amplitude for a discharge in helium (p = 3 Torr, d = 3
cm, @=0.2) and for three values of the frequency (F=3.2, 6.3,
and 9.2 MHz). Numerical results (solid lines) and experimental
results from Godyak and Kanneh (Ref. 7) (dotted lines) are
represented.

FIG. 2. Variations of the plasma density as a function of the
rf voltage amplitude for a discharge in helium (p =3 Torr, d =3
cm, F=3.2 MHz) for three values of the secondary electron
emission coeScient (y =0.0, 0.08, and 0.2). The experimental
results of Godyak and Kanneh (Ref. 7) at 3.2 MHz are also
represented.
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B. Sustaining and energy deposition mechanisms
in the two regimes

In order to avoid any ambiguity or any contradiction
with previous work concerning the definition of the two
regimes described above, we shall use in the following the
term —the "wave-riding regime" —to qualify the regime
corresponding to low rf voltage or power, and the term
"secondary electron regime" to describe the higher-
power regime. A more complete and more accurate
definition of these terms will appear in the following.

In order to illustrate the wave-riding mechanism, Fig.
3 shows the space and time variations of the electron den-
sity and electric field in the region close to the left elec-
trode immediately after the anodic part of the cycle for
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FIG. 3. Spatial variations of the electric field and electron
density at five different times during the sheath expansion
(El =0.6 T tp =0.7 T t3 =0.8 T t4 =0.9 T E5 = 1 T) for a
discharge in helium ( V,f=120 V, F=3.2 MHz, d =3 crn, p =3
Torr, y =0.2).

plasma density versus rf voltage for 3.2 MHz and for
three different values of y; the corresponding experimen-
tal result of Godyak and Kanneh is also represented. It
appears, from the results shown in this figure, that when

y is set to zero, no transition is observed and the slope of
the curve representing the plasma density as a function of
the applied voltage stays small in the V,f range con-
sidered; the transition voltage decreases when the secon-
dary electron coefficient increases; and best agreement be-
tween experimental and numerical results occurs for
y =0.08.

Although the agreement between experimental and nu-
merical results seems good for y =0.08, it must be kept in
mind that the accuracy of the plasma density predicted
by the model is limited for the following reasons: the
electron mean energy in the plasma is not calculated self-
consistently, the role of metastable atoms in the overall
electron balance is neglected, and radial losses (which can
be significant in the experiments of Godyak and II anneh)
are not considered.

The above results show clearly that the observed tran-
sition is due to the increasing role of the secondary elec-
trons when the rf voltage or the discharge power in-
creases. The ionization mechanisms in both regimes are
described in more detail in the next section.

this electrode (around t =0.5 T). During the anodic part
of the cycle the plasma electrons move toward the elec-
trode while the sheath contracts until some of these elec-
trons are absorbed by the electrode. During the follow-
ing sheath expansion (starting at time t, in Fig. 3) the
remaining electrons in the region close to the electrode
are swept back into the plasma. This motion of the
sheath coupled with the electron motion can be seen in
Fig. 3. If the sheath expansion is fast enough, i.e., if the
frequency is large enough, the cold electrons can gain en-
ergy from this expansion and ionize the gas molecules.
Assuming that the maximum sheath length (see Fig. 5)
does not change very much when the frequency increases
from 3.2 to 9.2 MHz (everything else being kept con-
stant), the velocity of the sheath expansion and therefore
the ionization efficiency of the wave-riding mechanism
must increase. This is coherent with the results shown in
Fig. 1 where for a given rf voltage, the plasma density in-
creases when the frequency is changed from 3.2 to 9.2
MHz.

Note that the term "wave riding" implies the image of
electrons surf riding on the sheath electric field. ' This
picture is correct in a collisional equilibrium regime
where one can assume that the electron energy gained
during the sheath expansion is locally balanced by the
loss due to collisions. This assumption, which is implied
by our fiuid description of the bulk electrons (but not of
the cathode emitted electrons), seems reasonable in our
case for the two following reasons: (i) The wave riding
electrons never "see" the whole sheath voltage since they
are pushed by the sheath expansion. The maximum ener-

gy they can reach is therefore much smaller than in the
case of cathode emitted electrons. (ii) In the conditions
considered in Figs. 1 —3, the pressure is 3 Torr and the
sheath length is of the order of 5 —10 mm. The mean free
path of low-energy electrons (-0.2 mm) is therefore
much smaller than the sheath length.

However, for lower pressure, the term "wave riding"
and the assumption of local equilibrium for bulk elec-
trons are no longer correct. In the low-pressure case, the
interaction of the bulk electrons with the sheath is more
complex and can be better described in term of reflection
by a moving potential wall ' ' where the electron can ei-
ther gain or lose energy depending on the direction of
motion of the wall (i.e., sheath expansion or contraction).

The secondary electron regime occurs when the contri-
bution of the cathode emitted electrons to the total ion-
ization becomes larger than the contribution of the
wave-riding electrons. Figure 4 shows the spatial varia-
tions of the ionization rate averaged over one rf cycle for
two typical conditions whose operating points ( V,r=120
and 400 V at 3.2 MHz and y=0.2, see Fig. 1) have been
chosen in the wave-riding and secondary electron re-
gimes, respectively. The contributions of the bulk elec-
trons and of the secondary electrons to the total ioniza-
tion are shown separately. It appears that ionization by
wave-riding (bulk) electrons is dominant in the first case
[Fig. 4(a)], while the contribution of secondary (beam)
electrons is much larger in the second case [Fig. 4(b)].
Note that in the secondary electron regime, a non-
negligible part of the total ionization takes place within
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the plasma, far from the plasma sheath boundary. The
cathode emitted electrons can penetrate deeply into the
plasma and release their energy there. In this case, the
plasma is similar to the negative glow of a dc glow
discharge. The existence of high-energy electrons in the
plasma has been shown in a number of experimental
works (see, for example, Refs. 32 and 33). Figure 5

presents the space and time variations of the ionization
rate for three different values of the applied rf voltage,
and illustrates the change in the ionization mechanisms
during the transition (similar results have been presented
by Okasaki, Makabe, and Yamaguchi ). In the case of
Fig. 5(a), the dominant ionization mechanism is due to
wave-riding electrons. One can see that most of the ion-
ization occurs in the plasma sheath boundary region and
only during the sheath expansion. Figure 5(c) illustrates
the ionization mechanism in the secondary electron re-
gime. In that case the maximum ionization occurs when
the sheath length and sheath potential are maxima. The
ionization rate is large in the plasma due to the penetra-
tion of high-energy electrons. One can also see some very
localized ionization by wave-riding electrons during the
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FIG. 5, Contour plots (solid lines) of the space and time vari-

ations of the ionization rate for three different discharge condi-
tions showing the transition between the wave-riding regime
and the secondary electron regime. The increment between suc-
cessive contours is constant and equal to 10%%uo of the maximum
value of the ionization rate. The dashed line represents a con-
tour of constant electric field magnitude (50 Vjcm) and shows

the sheath motion. Helium, F= 3,2 MHz, d = 3 cm, p =3 Torr,
@=0.2; (a) V„&=120V, unit: 1.3X10' cm 's ', (b) V„f=250
V unit: 5.7X10' cm 's '; (c) V„f=400V, unit: 1.9X10'
cm 's
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y =0.08, F=3.2 MHz; the current density deduced from the ex-
periments of Godyak and Kanneh (Ref. 7) for F=3.2 MHz is

also represented.

sheath expansion [note the much shorter sheath length in

that case than in Fig. 5(a)]. The rf voltage corresponding
to Fig. 5(b) is close to the transition voltage and the two
different ionization mechanisms appear clearly in this
figure.

Note that in the conditions considered, the electric
field in the plasma is very weak and does not contribute
to the electron heating. This would not be the case if the
radial ambipolar losses to the walls were important, or in

the case of an electronegative gas. In such situations, the
plasma electric field can be much larger in order to com-
pensate for electron losses (as in a positive column of a dc
glow discharge) and its contribution to the overall
electron-energy deposition can be dominant (the regime
corresponding to this situation must be distinguished
from the wave-riding regime or the secondary electron
regime where only the sheath electric field contributes to
the electron-energy gain).

As can be deduced from Fig, 5, the sheath length de-
creases abruptly during the transition. The variations of
the maximum sheath length and of the total current den-

sity in the discharge with the rf voltage are shown in Fig.
6 for two values of the frequency and of the secondary
electron emission coefficient. Note, as in Fig. 2, the good

agreement of the numerical results for y =0.08, with the
experimental results of Godyak and Kanneh. The fol-

lowing conclusions can be drawn from this figure: The
sheath length decreases much faster with V,&

in the
secondary electron regime than in the wave-riding re-

girne. This is due to the exponential increase of the ion-
ization rate with the applied voltage in the secondary
electron regime, which is related to the fast increase of
the plasma density (Fig. l), current density (Fig. 6), and
discharge power (Fig. 7) in this regime; the sheath length
decreases with frequency in the wave-riding regime. This
decrease is also related to the increase with frequency of
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FIG. 7. Partial contributions of the ions, wave-riding (bulk)
electrons, and secondary (beam) electrons to the total power
deposition for five values of the rf voltage in helium, F=9.2
MHz, d =3 cm, p =3 Torr, y =0.2; the total power flux is also
indicated.

the ionization rate (and plasma density and total current
density); and the total current density and sheath length
are less sensitive to the frequency in the secondary elec-
tron regime (the discharge "looks like" a dc discharge).

One can expect that, in the secondary electron regime
as in a dc discharge, a large part of the discharge power
be dissipated by ions in the sheath (or on the electrodes).
This is illustrated in Fig. 7, which shows the contribution
of the bulk electrons, secondary electrons, and ions to the
total energy deposition in the discharge„ for different
values of the applied voltage. The relative contribution
of the bulk electrons is dominant in the wave-riding re-
girne, while most of the energy is dissipated by ions and
beam electrons in the secondary electron regime. Note
the difference in the magnitude of the total discharge
power in the two regimes.

Another important feature of the transition is related
to the electron mean energy in the plasma. It has been
shown experimentally (see also Ref. 33) that the transi-
tion between the wave-riding regime and the secondary
electron regime is accompanied by an important decrease
in the electron mean energy in the plasma. The low
values of the measured electron mean energy (a fraction
of an eV) in a rf plasma in the secondary electron regime
is characteristic of a negative glow plasma; similar results
have been obtained by Den Hartog, Doughty, and
Lawler in the negative glow of a dc discharge. Since
the mean electron energy of the plasma is not calculated
in a self-consistent way, the model cannot predict these
properties of the mean electron energy.

We conclude this section by a few comments concern-
ing the transition voltage. The transition voltage can be
defined as the voltage for which the contribution of the
bulk electrons to the total ionization is equal to the con-
tribution of the secondary e1ectrons. Figure 8 shows the
calculated variations with V,f of the space- and time-
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averaged ionization rates of the bulk electrons and secon-
dary electrons for different values of y at 3.2 MHz. The
transition voltages that can be deduced from these curves
are V„f=220V for @=0.2 and V„f=330V for y=0. 1.
Since the rf discharge in the secondary electron regime is
very similar to a dc discharge, one can expect the transi-
tion voltage to be related to the minimum operating volt-
age (normal voltage) of a dc glow discharge. Let us com-
pare the time averaged sheath voltage V, at the transition
to the dc normal voltage. V, can be roughly approximat-
ed by the rms value of the applied voltage
( V, —V,f&2/2). For y=0. 2 and 0.1 the calculations
give, for the transition, V, —160 and 230 U, respectively.
The first value is close to the well known value of the
normal cathode fall voltage in helium for an iron
cathode. Note that the transition voltage is strongly
dependent on the secondary electron emission coefficient.
One can therefore estimate the value of y by comparing
numerical and experimental results (cf. Fig. 2) (provided
that y is not strongly dependent on the electric field or
the ion energy; see Ref. 35). The larger value of the tran-
sition voltage obtained by Godyak and Kanneh seems to
indicate that the secondary electron emission in their
conditions (titanium electrodes) was close to 0.08.

C. Plasma potential and currents densities

Figure 9 shows the time variations of the plasma po-
tential (defined as the potential in the mid gap) and of the
rf potential (potential of the right electrode, the left elec-
trode being grounded) for two conditions typical of the
wave-riding [Fig. 9(a)] and secondary electron [Fig. 9(b)]
regimes, respectively. The time evolution of the plasma
potential predicted by the model is in agreement with
previous results.

During the first and fourth quarters of the cycle (Fig.

ed electrode
ial

I

0.25
I

0.50
Time (tlT)

0.75

FIG. 9. Time variations of the plasma potential; the potential
of the powered electrode is also represented; (a) helium, F=3.2
MHz, d = 3 cm, p =3 Torr, y =0.2, V„f.= 120 V; (b) same condi-
tions except V,&=400 V.

9), the plasma potential is close to the powered electrode
(right electrode, temporary anode) potential because the
left electrode is the momentary cathode and most of the
potential drop takes place in the cathode sheath. The sit-
uation is reversed during the second and third quarters of
the cycle where the plasma potential follows the ground-
ed electrode (momentary anode) potential.

Note, however, an important difference between the
wave-riding [Fig. 9(a)] and secondary electron [Fig. 9(b)]
regimes. In the first case, the plasma potential V is
lower than the momentary anode potential: at time t =0,
V is less than the right electrode (momentary anode) po-
tential and at t =T/2, V is less than the left electrode
potential (momentary anode). This means that the field
tends to draw the electrons to the momentary anode, as
in the positive column of a dc discharge. In that case, the
drift electron flux as well as the diffusion flux are directed
toward the momentary anode. In the secondary electron
regime [Fig. 9(b)] the plasma potential is always larger
than the potential of both electrodes. This means that
the electric field tends to maintain the electrons in the

plasma during the whole cycle. The electron flux to the
momentary anode must therefore be a diffusion flux (the
diffusion flux is larger than the drift flux and in opposite
direction). These properties are characteristic of longitu-
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dinal ambipolar diffusion accompanied with field reversal
in the negative glow of a dc glow discharge. ' '

Note, finally, that the magnitude of the plasma field is
much smaller in the secondary electron regime than in
the wave-riding regime (this can be deduced from Fig. 9
by estimating the difference between the plasma potential
and the momentary anode potential).

Figure 10 shows the time variations of the total current
density and its different components on the left electrode
(ion, electron, and displacement) in both regimes. In the
wave-riding regime [Fig. 10(a)], the displacement current
is much larger than the charged-particle current densities
except during the anodic part of the cycle for the left
electrode (t —T/2) where the displacement current cou-
ples to the electron current. In the secondary electron re-
gime, the ion current density is a non-negligible part of
the total current during the cathodic part of the cycle
(the displacement current is still dominant), while the
electron current is almost equal to the total current dur-
ing the anodic part of the cycle. The displacement
current goes to zero and changes its sign as soon as the
plasma electrons start to flow to the momentary anode
(t —T/2). The change in the sign of the displacement

current corresponds to an increase in the magnitude of
the electric field in such a way that it limits the electron
flow to the momentary anode. The difference between
the wave-riding and secondary electron regimes during
the anodic part of the cycle is related to the difference in
the plasma density and in the nature of the electron flux
(drift versus ambipolar diffusion, see above). Note, final-

ly, that in both cases the phase shift between current and
voltage is close to m/2, which is characteristic of a capa-
citive discharge.

D. Validity of the model

The validity of the assumptions concerning the
electron-energy distribution function which are implied
by the two-electron group fluid model can be checked us-

ing Monte Carlo simulations. Although it is difficult to
couple directly a Monte Carlo simulation of the charged-
particle kinetics with Poisson s equation, it is possible,
given the space and time variations of the electric field
over one cycle obtained with the self-consistent fluid
model for a particular operating point, to solve the elec-
tron Boltzmann equation by following the trajectories of
the electrons in this space and time varying field. From
this microscopic simulations, one can deduce the space
and time variations of some macroscopic property of the
electrons such as electron density or ionization rate, and
compare them with results obtained with the fluid ap-
proach. Such comparisons are given in Fig. 11.

Figure 11(a) corresponds to the wave-riding regime
( V«=120 V, F =3.2 MHz, d =3 cm, p =3 Torr, y=0. 2)
and shows a comparison between the space and time vari-
ations of the electron density obtained with the Monte
Carlo simulation (same method as in Ref. 13, extended to
time varying situations) and with the fiuid model for bulk
electrons [Eqs. (3) and (4)]. The calculations start at time
t =0.5 T, where the electron density is supposed to be
uniform in the region limited by the left electrode and the
maximum sheath length (electrode emitted electrons are
not considered). The electric field is then changed in

space and time according to the self-consistent results of
the fluid model. The space and time variations of the
electron density calculated with both models are com-
pared. The aim of this comparison is to check whether
or not the fluid model can provide a realistic description
of the wave-riding electrons in a space- and time-
dependent electric field. It appears in Fig. 11(a) that the
fluid approach and the Monte Carlo simulation give very
similar results, although the density profile predicted by
the Monte Carlo simulation during the sheath expansion
lags behind the density profile predicted by the fluid mod-
el by about 1 mm. This discrepancy might be partly due
to the neglect of inertia terms in the momentum-transfer
equation describing bulk electrons [Eqs. (3) and (4)]: the
bulk electrons are assumed to be instantaneously in equi-
librium with the local electric field. The agreement be-
tween fluid and microscopic results is, however, good
enough for our purpose. For lower pressure (as well as
for higher frequency), the importance of inertia terms
will increase; this is one of the reasons of the nonvalidity
of this fiuid model at low pressure (the other reasons be-
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at time t =0 the electron density is assumed to be uniform in

the interval defined by the electrode and the maximum sheath
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tions; solid lines, fluid model; dotted line, electric field (the sign
of the plotted field is reversed, its maximum absolute value is
220 V/cm). (b) Space and time variations of the ionization rate
due to the secondary electrons in helium, V„&=400V, F=3.2
MHz, d =3 cm, p =3 Torr, @=0.2; symbols, Monte Carlo re-

sults; solid lines, fluid model; dotted line, electric field (the sum
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2500 V/cm).

deposition by the electrode emitted electrons. From Fig.
11(b) it appears that the beam model provides a reason-
ably accurate estimation of the space and time variation~
of the ionization rate by these electrons. However, the
penetration depth of these electrons tends to be overes-
timated by the beam model. This is due to the assump-
tion that the beam electrons are forward directed and
that momentum losses are neglected. The beam model is
still far better than an equilibrium model, which would
predict that all the ionization by these electrons occurs in
the sheath. One can therefore conclude that, although
the two-electron group fluid model is not perfectly accu-
rate, it contains most of the physical properties of the
electron transport in the sheath region.

Let us now briefly discuss the validity of the descrip-
tion of the ion kinetics. The ions are described, as the
plasma electrons, by a continuity equation and a
simplified momentum-transfer equation [Eqs. (5) and (6)].
This treatment assumes that the ions are instantaneously
in equilibrium with the local electric field. This assump-
tion is correct provided that the sheath length is much
larger than the ion mean free path and that the mean free
time between collisions is much smaller than the charac-
teristic time of the change in the electric field. Given the
pressure (3 Torr) and sheath length (larger than 0.3 cm)
in our conditions, the assumption of a collisional sheath
for ions is correct. However, due to the low ion veloci-
ty, the collision frequency for ion-neutral charge ex-
change is not very large with respect to the frequency of
the applied voltage; typically, the ions undergo only a few
collisions per cycle with the neutral species. The term in-
volving the time derivative of the ion flux which has been
neglected in the ion momentum-transfer equation [Eq.
(6)] might therefore be significant. The consequence of
this neglect is that the ion velocity (and therefore the ion
fiux) deduced from the model is more modulated than it
should be. On the other hand, this neglect should not
have important consequences on the self-consistent deter-
mination of the electric field. A simple way to include
the inertia term in the ion momentum-transfer equation
is to use an effective field as has been done by Richards,
Thompson, and Sawin.

IV. CONCLUSION

ing related to the nonlocality of the electron-energy bal-
ance and therefore of the ionization rate).

Figure 11(b) shows a comparison between the ioniza-
tion rates due to electrode emitted electrons predicted by
the fluid model and by the Monte Carlo simulation in the
secondary electron regime ( V,t

=400 V, F=3.2 MHz,
d =3 cm, p = 3 Torr, y =0.2) during the sheath expan-
sion and contraction. In these calculations, only elec-
trons emitted by the electrode and their progeny are con-
sidered. The time variations of the flux of cathode emit-
ted electrons is taken from the fluid model. The calcula-
tions starts at time t=0.7 T and the electric field is
changed in space and time according to the self-
consistent results of the fluid model. The aim of this
comparison is to check the ability of the beam model
[Eqs. (1) and (2)] to describe the ionization and power

A self-consistent fluid model of rf glow discharges has
been developed. This model is based on equations
describing electron and ion transport coupled with
Poisson's equation for the electric field. The description
of the electron kinetics has been improved with respect to
our previous model by considering separately two
groups of electrons whose kinetic properties are extreme-
ly dift'erent: the plasma bulk electrons which gain energy
from the sheath expansion, and the electrode emitted
electrons which are accelerated by the sheath electric
field to high energies and present a beamlike behavior.

The model predicts, in good agreement with experi-
mental results, the existence of two discharge regimes
where either the bulk electrons (wave-riding regime) or
the beam electrons (secondary electron regime) play the
most important role in the electron-energy deposition.
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The wave-riding regime corresponds to low discharge
power, while the secondary electron regime takes place
when the discharge power is increased in such a way that
the rms voltage is close to the normal voltage of a dc
glow discharge in the same conditions. The numerical re-
sults show clearly the similarity of the rf discharge in the
secondary electron regime with a dc discharge: in both
cases, the plasma adjacent to the sheath has the charac-
teristic property of a negative glow plasma (longitudinal
ambipolar diffusion). In the wave-riding regime as well as
in the secondary electron regime, the sheath electric field
provides most of the electron energy. The way the elec-
trons are heated by the sheath field is, however, different
in each case: the electron-energy gain in the wave-riding
regime is directly related to the sheath expansion and to
the velocity of the sheath motion, while the total
electron-energy gain in the secondary electron regime is
associated with the time-averaged electric field in the
sheath. In the conditions considered in this paper the
plasma field does not contribute to the overall electron
heating. The role of the plasma field might be much
more important in long discharge tubes where radial
losses are significant, or in electronegative gases.

Due to the assumptions concerning the charged-
particle kinetics, the validity domain of the model is re-

stricted to intermediate pressure (more than a few tenths
of a Torr) and to frequency less than a few tens of MHz.
Comparisons with experimental measurements and re-
sults from Monte Carlo simulations within this range of
pressure and frequency confirms the validity of the mod-
el ~ The model can be improved and extended to slightly
lower pressure by including an energy equation for the
bulk electrons and by considering the inertia terms of the
momentum-transfer equations for ions and bulk elec-
trons.
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