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Electron Acoustic Waves in Capacitively Coupled, Low-Pressure rf Glow Discharges
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(Received 14 December 1990)

Particle-in-cell Monte Carlo simulations of rf glow discharges between parallel-plate electrodes reveal
the possibility of negative period-averaged power deposited into electrons in the body of the glow. A
two-Auid model of fast- and slow-electron transport demonstrates that fast electrons are compressed at
the plasma-sheath boundary by the expanding sheath and are rarefied at the other (collapsing) sheath,
resulting in a fast-electron density gradient through the plasma. The resulting electron acoustic waves
are the key to understanding electron cooling in the body of the glow.
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FIG. 1. Model collision cross sections. Note the alternate
form of the electron-neutral elastic collision cross section in
which the Ramsauer minimum is absent (dashed line).

PACS numbers: 52.80.Pi, 52.25.Fi, 52.35.Dm, 52.65.+z

Fundamental understanding of low-pressure radio-
frequency glow discharges is hampered by the complex
nature of electron and ion transport. Recently, eff'orts

have been underway to apply kinetic models of the self-
consistent motion of electrons and ions in capacitively
coupled rf discharges. ' " One motivation for the present
paper was to compare simulation results to probe mea-
surements of the electron energy distribution function
(EEDF) to examine the issue of a heating-mode transi-
tion reported by Godyak and Piejak. We have exam-
ined the nature of power deposition into electrons in
different regions of the discharge, and have proposed a
two-Auid model for the transport of slow and fast elec-
trons in the quasineutral region of the discharge.

The simulation technique used here has been described
in detail elsewhere. BrieAy, we have employed the par-
ticle-in-cell method coupled with a Monte Carlo treat-
ment of electron-neutral and ion-neutral collisions. Our
model gas collision processes consist of electron-neutral
elastic scattering and ionization (based on argon), and
ion-neutral charge exchange (Fig. 1). Electrons are
scattered anisotropically after collision events. The
eAects of other scattering schemes have not been exam-
ined here. However, we do not expect a different scatter-
ing mechanism such as isotropic scattering to signifi-
cantly aff'ect the issues reported here. The ion mass is
taken to be that of He+, in order to reduce the computa-

tion time in the simulation. This should aAect only the
absolute value of the plasma density at a given current
density, not any of the issues we address in this study.
Analytic discharge models show that the plasma density
is approximately proportional to the fourth root of the
ion mass for a constant current density. Secondary
electron emission is not important at the conditions we
consider here; thus we have set the secondary-electron-
emission coefficient to zero.

Godyak and Piejak have reported measurements of
the EEDF (equivalently, the electron energy probability
function, or EEPF) in the center of a parallel-plate ar-
gon rf (13.56 MHz) discharge. These authors found a
rather abrupt transition in the EEPF as they varied the
gas pressure. Below about 0.4 Torr, the EEPF was con-
cave, indicating an approximately two-temperature dis-
tribution. The equivalent temperatures of the low- and
high-energy groups were about 0.34 and 3.1 eV, respec-
tively. Approximately 90% of the electrons were found
to reside in the low-energy group. Above about 0.4 Torr,
the EEPF became much more convex. Godyak and
Piejak emphasize the importance of a transition in heat-
ing mode from primarily stochastic (sheath) heating at
low pressure to Ohmic (bulk) heating at high pressure to
explain their measured EEPF's. In addition, they postu-
late that the Ramsauer minimum in the electron-argon
elastic collision cross section enhances the eff'ect of the
heating-mode transition on the EEPF.

In our simulations, we have examined discharges
driven at 12 MHz between electrodes separated by 4 cm
at 50 and 400 mTorr. The 50-mTorr discharge was sus-
tained by application of 500 V rf and the 400-mTorr
discharge had an applied voltage of 200 V rf, for an ap-
proximately constant peak current density of about 23
A/m in both cases. The EEPF's for these simulations
are plotted in Fig. 2. We note that the shapes are quite
similar to those measured experimentally: at low pres-
sure the EEPF is concave and at high pressure it is con-
vex, with the breaks at about the same positions as in the
experimental measurements. We also examined the ef-
fect of removing the Ramsauer minimum (cf. Fig. 1) in
the 50-mTorr case. The equivalent temperature of the
high-energy group (4.3 eV) did not change, but the
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FIG. 2. Time average of electron energy probability func-
tion. f(s) is the electron energy distribution function.

FIG. 3. Time average of electron power deposition.

Equations (1)-(4) describe fast-electron species and
momentum balances, slow-electron momentum balance,
and current conservation, respectively. n is the electron
number density, u is the electron average velocity, T is
the electron temperature, v is the electron-neutral mo-
mentum-transfer collision frequency, E is the electric
field, Jo is the rf current amplitude, and m is the applied
frequency. The subscripts "f"and "s"denote fast- and
slow-electron populations, respectively. x is the distance
measured from the discharge midgap, t is the time, and
m, and e are the electronic mass and charge, respective-
ly. Implicit in our choice of model equations is the as-
sumption that the fast- and slow-electron temperatures
are constant in time and space. Furthermore, we assume
that the relative variations in the slow-electron density
are small and can be ignored. These assumptions are
consistent with the simulation results. Creation terms
have been neglected in Eq. (1) since the ionization fre-
quency is much less than m. In addition, the displace-
ment-current term (so8F/8t) has been dropped from Eq.
(4) since both the applied frequency and collision fre-
quency are much less than the plasma frequency (e n, /

2

Some )
The solutions [nf(x, t), uf(x, t), u, (x, t),E(x,t)] to

Eqs. (1)-(4) are linearized around [Xf,0,0,0], where
only nf has a nonzero average value denoted Wj. The
particular solution for the perturbation variables [nf llf,
B~,E] ai'e souglit llslng tile substltiltlon [ttf i uf i ug i F]
= [fl (x ),fl (x),f3 (x),f4(x) ]e ' '. The solutions exhib-
it wavelike character and they share the following
dispersion relation:

(CO + t CO Vf ) + — (CO + t CO V, )
m,

kTf n, ,

where K' is the wave number. Since IVY/n, is small
(Nf/n, is between 0.1 and 0.2 for the 50-mTorr cases),
Eq. (5) can be simplified to lc =(m, /kTf)(co +lcovf).
This is simply the dispersion relation for an isothermal
acoustic wave with dissipation and follows from the com-
bination of the linearized fast-electron continuity and
momentum balance (without the E-field term) equa-
tions. The driving force for this wave, as in conventional(4)—enfuf —en, u, =Ioe

equivalent temperature of the low-energy group in-

creased from 0.5 to 1.1 eV with the removal of the Ram-
sauer minimum. This is not surprising since the collision
frequency of the low-energy electrons is about an order
of magnitude higher in the absence of the Ramsauer
mlnlmum.

In Fig. 3 is plotted the period-averaged electron power
deposition for the 50-mTorr cases (with and without a
Ramsauer minimum) and the 400-mTorr case. At 400
mTorr, bulk heating is a significant fraction of the total
electron power. However, at 50 mTorr, sheath-oscilla-
tion heating dominates. Furthermore, the bulk heating
in the central region of the discharge for the case with
the Ramsauer minimum is slightly negative, indicating
cooling. Removing the Ramsauer minimum raises the
bulk heating at 50 mTorr above zero.

Qualitatively, the simulation results support the con-
tention that at low pressure, the concave shape in the
EEPF is associated with predominantly sheath heating
and the convex shape is associated with significant bulk
heating. However, it is not clear why the bulk electron
heating can become negative at low pressure. Indeed,
the standard equivalent circuit models of an rf discharge
with applied frequency between the ion and electron
plasma frequencies generally assume that the bulk plas-
ma is resistive. ' The remainder of this Letter is devot-
ed to explaining the negative bulk electron power deposi-
tion and in presenting a simple model to account for
fast-electron transport through the glow.

At low pressures, we note that the EEDF can be
viewed as a sum of two groups of electrons: a fast group
and a slow group. In our model we assume that the
slow-electron number density and the fast- and slow-
electron temperatures are constant. The model equa-
tions are written for the central region of the glow:

8nf 8uf flf (1)et+ 8
'Buf Buf k Tf Bnf

me +meuf + eE —m, uf vf, (2)—
8t '

coax nf c)x

us
m, = —eF —m, u, v, ,
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hydrodynamics, is the pressure gradient or in the case of an isothermal lluid, the density gradient in the momentum bal-
ance equation. Expressions for [f1(x),f2(x), fq(x), f4(x)l are obtained after applying the boundary condition that all
the current is carried by the fast electrons at x = + L, where L, is the half length of the quasineutral region. For brevity
we only show f2(x) as the other terms are easily obtained by substitution in the linearized set of equations:

Io (V/ ECO)
f2(x) =-

eNf (vf Ero) + (/Vf/n~ ) (vx Eto)

(
—PLe iaL+ PL iaL)( Px iax+ Px iax) /Vf (V —I'LO)

+ '
. , (6)

2 (cosh2PL +cos2aL ) n, (vf i—ro)
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The model predicts that fast- and slow-electron cur-

rents are out of phase with total current in the center of
the discharge. This is demonstrated in Fig. 4(a) for the
50-mTorr case with a Ramsauer minimum (v, = 12
MHz, vf =140 MHz). The fast-electron current lags
the total current and the slow-electron current leads the
total current. In the center of the discharge, displace-
ment and ion conduction currents are negligible, so the
sum of fast- and slow-electron conduction currents must
equal the total current. The plot in Fig. 4(b), which is
from the simulation, indicates that the agreement be-
tween model and simulation is satisfactory.

The model predicts that when one sheath expands into
the plasma, the fast-electron population is compressed,
while simultaneously at the opposite, collapsing sheath,
the fast electron-population is rarefied. Figures 5(a) and
5(b) illustrate model predictions and simulation results
of fast-electron density through the period, respectively.
Once again, the model appears to capture, at least quali-
tatively, the correct picture.
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The simultaneous compression and rarefaction of
fast-electron density at opposite sheath boundaries sets
up a fast-electron acoustic wave that "injects" a fast-
electron conduction current through the glow. This cur-
rent is a substantial fraction of the total current, but is in
general out of phase with respect to the total current.
Since the total current through the discharge is estab-
lished by the displacement current in the sheaths (dis-
charge impedance is predominately capacitive), the total

TIME IN RF PERIOD (Eot/27') IO 20 30
FIG. 4. Electron conduction current (total, fast, and slow)

in the center of the discharge as a function of time in the rf
period for the 50-mTorr case (with Ramsauer minimum). (a)
Model prediction, and (b) simulation results. Fast and slow

currents in the simulation are defined as conduction current
carried by electrons above and below 3 eV, respectively. As
can be seen from Fig. 2 the low-energy and high-energy
asymptotes intersect at approximately 3 eV, thus making this

energy a convenient demarcation between the fast and slow

groups.
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FIG. 5. (a) Model prediction of fast-electron density fluc-
tuation, and (b) simulation results of fast-electron (& 3 eV)
density for the 50-mTorr case (with Ramsauer minimum) as a
function of position in the discharge at eight times in the rf
period (solid line: tot/2tr =,g dashed line: tot/2tt =,g dotted
line: tot/2tr =,g, dash-dotted line: rot/22r =,g solid line:
tot/2tr = ]g, dashed line: tot/2R =

~g dotted Iine: rot/2tr =
dash-dotted line: tot/2tr= —,", ).
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current in the center of the glow must match this im-
posed current. The discharge sets up an electric field
which drives a slow-electron current whose phase and
amplitude are such that the sum of fast- and slow-
electron currents just equals the required total current.
However, since the fast-electron flux is out of phase with
respect to the slow-electron flux, and the latter is driven

by the bulk electric field, fast electrons can be cooled by

v vf [vf + (Nf/n, ) v, l + co I v, + (Nf /n, ) vf l

[vf+ (Nf/n, ) v, j +co (1 +Nf/n, )
r

the electric field in the glow. Thus, the net heating in
the bulk can be small or even less than zero.

The period-averaged electron power deposition from
the model is as follows:

g2
(IdE) =

2 (1 —(),
e Plq

where Id is the discharge current and v, ir and g are
defined as

(8)

1
~ [cosa(L —x )coshp(L+ x ) +cosa(L +x )coshp (L x ) ]

cosh2 L+cos2aL

co (1+Nf/n, ) + co j(Nf/n, ) v, + vjl+ sina L —x sinhP(L+x)
v vf Ivf + (Nf/n, ) v, j + co Iv, + (Nf/n, ) vf1

+sina(L+x)sinhP(L —x)] '.

v, tr is the eA'ective momentum-transfer collision frequen-
cy, and g is a parameter that can be larger than 1, hence
leading to negative electron power deposition in the bulk.
Note that v, p approaches v, and the expression multiply-
ing the second term in square brackets in ( approaches
co/v, as Nf/n, tends to zero. Substitution of the ap-
propriate parameters from the 50-mTorr cases into Eqs.
(8) and (9) indicates that (IdE) is negative for the case
with the Ramsauer minimum (v, = 12 MHz, vf = 140
MHz) and is positive in the absence of the Ramsauer
minimum (v, = 130 MHz, vf = 210 MHz). The model
predictions are thus consistent with the simulation re-
sults (Fig. 3). Note that p increases with increasing neu-
tral gas density, causing the fast-electron acoustic wave
to dissipate close to the plasma-sheath boundary. In this
limit, g tends to zero and the conventional expression for
Ohmic electron power dissipation is obtained.

We point out that Sommerer, Hitchon, and Lawler
appear to have observed similar behavior in their simula-
tion of a He discharge at 0.1 Torr. These authors state
that the bulk electric field acts to heat slow electrons
(-0.5 eV) and cool fast electrons (—15 eV). We sug-
gest the mechanism responsible for their observation is
similar to the one described in our model, namely, that
fast-electron current injected from oscillating sheaths in-
duces a corresponding slow-electron current, the net
eA'ect of which is to cool fast electrons and heat slow
electrons.

In summary, the simulation results are in agreement
with the EEPF measurements of Godyak and Piejak.
Period-averaged electron power deposition in the body of
the glow can be much less than that predicted using sim-
ple Ohmic models of electron conduction current since
fast- and slow-electron conduction currents are out of

phase with each other. Fast electrons are transported
from the plasma-sheath boundary through the glow via a
sheath-oscillation-induced density gradient or acoustic
wave.
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