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Electron properties in a parallel plate capacitively coupled rf discharge are studied with results
from a Monte-Carlo simulation. Time averaged, spatially dependent electron distributions are
computed by integrating, in time, electron trajectories as a function of position while oscillating
the applied electric field at rf frequencies. The dc component of the sheath potential is solved for in
a self-consistent manner during the simulation. For conditions where the secondary emission
coefficient for electrons from the electrodes is large, the electron distribution is spatially
differentiated, being dominated by an e-beam component near the electrodes while being nearly in
equilibrium with the applied electric field in the body of the plasma. The dc component of the
sheath potential is found to be a function of the ratio A /d, where A is the electron mean free path

and d is the electrode spacing.

PACS numbers: 52.80.Pi, 52.25.Fi, 52.65. + z, 51.50. + v

|. INTRODUCTION

During the last few years there has been a resurgence of
interest in low pressure, radio frequency (rf) discharges as a
result of their use for plasma processing in the semiconduc-
tor industry.'® In one application, plasma etching, a low
pressure ( < 100 mTorr) rf discharge is sustained in haloge-
nated gases. Neutral radicals and charged species diffuse or
drift out of the plasma under the influence of electric fields,
and are adsorbed on masked semiconductor wafers. After
reacting on the surface with the lattice atoms, the products
desorb as a volatile gas thereby etching the surface. An ex-
ample of this process is the rapid etching of silicon in CF,/0,
plasmas.’

A typical plasma etching reactor consists of circular
planar electrodes tens of centimeters in diameter and sepa-
rated by a few to 10 centimeters. One or more of the elec-
trode surfaces are covered by a dielectric surface (perhaps
the wafers themselves) or a capacitor is in series with the
electrodes and power supply, usually as part of an imped-
ance matching network. This geometry is called capacitively
coupled. The rf frequency is usually a few to tens of mega-
hertz, with 13.56 MHz being an industry standard. The
peak-to-peak applied potential is many hundreds of volts.

Consider the conditions for which the random electron
current in the plasma is large compared to both the random
ion current (positive and negative) and the rms displacement
current required to charge the series capacitance of the
network to the peak rf voltage. Under these conditions, the
electrodes surfaces can develop a large negative bias with
respect to the plasma potential.*®~'° The sheath potential at
the surface of the electrodes has an rf and a dc component. If
the electrodes have equal areas, the rf component is equal in
magnitude but opposite in sign from that of the opposing
electrode. The dc component is usually greater (negative)
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than one-quarter the peak-to-peak rf voltage thereby insur-
ing that the net sheath potential is negative.

The dc component of the sheath potential develops as a
consequence of the large disparity in mobility between elec-
trons and ions, and the requirement that in the steady state
the net current to either electrode sum to zero during an rf
cycle. For rf frequencies of many megahertz, ions are accel-
erated to only a small fraction of their thermal velocity in the
direction of the applied electric field during any half cycle.
Therefore, to first order, the ion current entering the sheath
is equal to the sum of the ion diffusion flux and the product of
the ion density times the velocity at which the rf sheath ex-
pands into the plasma. This flux must in turn equal the total
ionization rate. The electrons, though, are highly mobile and
as a result, the electron current collected during the half
cycle when V>0 can be much greater than the current
collected during the half cycle when V,; <0. Consequently,
during the first few rf cycles of the discharge the electrodes
collect an excess of electron current, and a negative dc bias
begins to develop. The dc bias continues to increase until the
sum of the dc and rf sheath voltages are on the average suffi-
ciently negative that the electron and ion current collected
during any one rf cycle are equal. This process is analogous
to the method that floating surfaces immersed in a plasma
become negatively charged."’

For conditions where the rms displacement current
through the plasma is comparable to the random electron
current, the rf sheath potentials will be asymetric thereby
providing the electromotive force to generate the required
charging current. This situation can also occur if the elec-
trodes have unequal areas.” If there is a significant density of
negative ions, the dc bias decreases proportionally to the
ratio of the random negative ion current to the random elec-
tron current. In the limit that the negative ion flux is much
larger than the electron flux [N,(7,/M,)"*>n (T./m.)"?]
there is no dc bias. For these conditions, the sheath potential
at each electrode is approximately equal to half the instan-
taneous rf potential, oscillating with a mean value equal to
the plasma potential.
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There are two distinct regions with respect to the flow
of electron energy in a parallel plate rf discharge: the bulk
plasma and the sheaths. In the bulk plasma, energy is cou-
pled into the electrons at a rate proportional to the applied
electric field, subject to certain constraints. Consider the
conditions where A /d<€1 and v./v> 1, where A is the mean
free path of the electrons, d is the electrode spacing, v, is the
electron collision frequency, and v,; is the rf oscillation fre-
quency. For these conditions, the electron distribution is
spatially isotropic. Energy gained from the applied electric
field is proportional to E ?/v, where E is the time averaged
electric field in the plasma. Electron movement is collision-
ally dominated, having an acceleration distance equal to the
mean free path. In the opposite limit, that is A /d»1 and
v./v; <1, the energy gained from the electric field is propor-
tional to Edv,;. The electron acceleration distance is equal to
the electrode spacing and the electron distribution is spatial-
ly anisotropic.

For electrons in the body of the plasma, the sheaths
represent a positive potential hill which only a small fraction
of the electrons are energetic enough to climb. For the condi-
tions A /1> 1, where /; is the thickness of the sheath, the
sheath is collisionless. An electron approaching a sheath
from out of the plasma is reflected, returning to the plasma
with nearly its incident energy. The electron’s encounter
with the sheath is analogous to an elastic collision. However,
for electrons resulting from ionizations within the sheath or
from secondary processes at the electrodes, the sheath ap-
pears to be a negative potential hill. These electrons are ac-
celerated out of the sheath, gaining in energy a value nearly
equal to the sheath potential. For conditions where secon-
dary electron emission from the electrodes is significant, this
source of high energy electrons can contribute a large frac-
tion of the average electron energy to the bulk plasma. These
conditions are similar to those in a hollow cathode where the
plasma regions have a small electric field. The source of elec-
tron energy is electrons emitted from the cathode and accel-
erated through the sheaths into the plasma.'?

The spatial differentiation in the sources of electron en-
ergy described above is manifested in a spatially and time
dependent electron distribution function. In this paper, re-
sults from a Monte-Carlo computer simulation are discussed
which describe the spatially dependent electron distribution
function. Electron trajectories are computed for an rf paral-
lel plate discharge in a molecular gas while oscillating the
applied electric field. Many rf cylces are computed while
periodically updating the boundary conditions in order to
obtain as self-consistent a solution as possible. A time aver-
aged, but spatially dependent electron distribution function
is solved for by integrating the electron trajectories in time
over many rf cycles. In Sec. I, the model is described. In
Secs. III and IV, results from the simulation for the electron
distribution function and sheath potential are discussed.
Section V contains concluding remarks.

il. DESCRIPTION OF THE MODEL

Initial conditions are assumed for the value of the dc
sheath potential and electron temperature. A sample group
of electrons, typically 300--500, is randomly seeded between
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the electrode plates with a Maxwellian distribution. The ap-
plied electric field is oscillated at rf frequencies providing a
time and spatially dependent electric field, and electron tra-
jectories are calculated using the Monte-Carlo method."* A
sufficient number of rf cycles are computed to insure that the
final results are not sensitive to the choice of initial condi-
tions. When an electron is lost from the plasma as a result of
being collected by an electrode or attached to the gas, it is
replaced at the site of the most recent ionization, or in the
case of secondary electron emission, at the surface of an elec-
trode with an inward directed velocity. The number of elec-
trons which are collected by the electrodes is summed. If
after several rf cycles (typically 4 or 5) the flux of electrons to
the electrodes differs from the total ionization rate, the dc
value of the sheath potential is adjusted appropriately and
the process is repeated. During the last set of rf cycles, the
spatial location and velocity of each electron is periodically
recorded and summed. This final summation yields the time
averaged, spatially dependent electron distribution function.
The summation involves about 5000 separate recordings of
the time varying velocity and position of the electrons. This
yields a statistical scatter corresponding to a much larger
sample size than the 300-500 electrons typically used in the
calculation. In many steady-state calculations using the
Monte-Carlo method, the time step chosen for each particle
is equal to its collision time for that step. That algorithm
could not be used here because of the time dependence of the
electric field. All electron trajectories were integrated simul-
taneously in time using a first order Euler routine.

Since a prohibitively large number of electrons was
found to be required to explicitly solve Poisson’s equation in
the sheath regions, the electric field in the sheath was as-
sumed to be a linear function of distance from the electrode.

2V,
Ext)= 5 (4, —x) +E,t), (1)

where x is the distance from the electrode, /, is the sheath
thickness, and E, is the electric field in the plasma. ¥ is the
potential drop across the sheath.

Vlt)= Vo £ Vi(t)/2, (2)

where opposing electrodes take different signs for ¥ () and
Vit )~Vpp sin(2mvt)/2.

The rf sheath thickness was also solved for in the calcu-
lation. On a time averaged basis (ignoring attachment and
recombination) the rate at which ions and electrons are lost
from the plasma must equal the total ionization rate. During
the first half of an rf cycle, the sheath extends into the plasma
sweeping ions into the high field region.'* In the high field
region, the electric field does not oscillate in sign and the ions
are monotonically accelerated towards the electrodes. Dur-
ing the second half of the rf cycle when the sheath is in re-
treat, the captured ions are rapidly replaced by diffusion and
electron impact ionization of the neutral gas. If the rate at
which the ions are collected by the oscillating sheaths is
smaller than the total ionization rate, the sheath thickness is
increased. If too many ions are collected, the sheath thick-
ness is decreased. Trajectories for the ions were not comput-
ed. The flux of ions into the sheath regions was approximat-
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ed by n,(v,/4 + v,), where n, is the average ion density, v, is
the average thermal ion velocity, and v, is the velocity at
which the edge of the sheath extends into the plasma. Typi-
cally, the rf sheath was found to be a few millimeters thick.

Explicit spatial dependence was included only for the
dimension perpendicular to the electrodes surfaces, the x
axis. The characteristic dimension parallel to the electrodes,
the y axis, was assumed to be large compared to the electron
mean free path (a good assumption for our conditions) and
therefore effectively infinite. Both the x and y component of
the electron velocity were computed. Energy is coupled into
the x component through the electric field. Energy is cou-
pled into the y component through collisions, which were
assumed to be isotropic.

The specific characteristics calculated for the electron
distribution will be a function of the particular gas in the
discharge. The purpose of this paper, though, is not to study
a particular gas but rather to study the generic molecular gas
rf discharge in the capacitively coupled geometry. The con-
clusions discussed below are insensitive to changes in the
particular gas used provided that the electron density is al-
ways much larger than the negative ion density, although the
specifics do of course change. Results for three different gas-
es will be discussed: CF,,CO, and N,. Carbon tetrafluoride
was chosen because it is widely used in plasma processing.
Carbon monoxide and nitrogen were chosen because their
electron impact cross sections are well known and they are
mildly attaching and nonattaching gases, respectively. Cross
sections for CO were taken from Ref. 15, for CF, from Refs.
16-19, and for N, from Refs. 15, 20, and 21.

Among the conditions for which this analysis is valid is
that the random electron current (i, ) must be much greater
than the displacement current (i,) that is required to charge
the series capacitance (C) to the (peak to peak) rf voltage
(Vep). To first order, the displacement current and the vol-
tage to which the series capacitance is charged (¥}, obey

i ir= ] 4
a< ( Tm, 2 @

where A is the electrode area, T, is the average electron tem-
perature, m, is the electron mass, and n, is the electron den-
sity. Equations (3) and (4) set a lower limit on the electron
density for which this analysis can be used.

mm,
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For the typical values V,, =600 V, v = 13.56 MHz, C/
A=1pF/cm? T, =5 eV, the limit on electron density is
n,3»10%/cm’,

The electric field outside the sheath regions was as-
sumed to be time varying but spatially uniform. This criteria
sets an upper limit on the magnitude of the oscillating elec-
tric field, since large values for the field result in unphysical-
ly large time averaged variations in the electron density in
the plasma. This situation can be avoided for electric fields
within the plasma with peak values of about 10 V/cm for
nominal operating conditions (P = 30 mTorr, A~1 cm). The
remainder of the applied voltage is dropped across the
sheaths.

8T, )vz ne

lil. ELECTRON PROPERTIES AS A FUNCTION OF
POSITIONS

Typical computed results for the average electron ener-
gy and relative electron density as a function of position
between electrodes for a discharge in CF, are shown in Fig.
1. The peak to peak applied voltage is 600 V,
v, = 13.56 MHz, the electrode spacing is 3 cm, and the gas
pressure is 50 mTorr. Two cases are plotted: ¥» 1 and ¥ <1,
where y is the secondary electron emission coefficient for
electrons by ion impact on the electrode surfaces.”” In the

C . u asma, the electron ensity and average electron ener-
av, 2y Vi A 3) bulk pl the electron density and lectron ener
d | TN ¢/ gy are essentially constant. For large ¥, the electron density
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g % o 1 FIG. 1. Computed results for the average elec-
g 4y 13 o’ k tron energy and relative electron density for a
g § 08 v discharge in CF,. The electrode spacing is 3 cm,
§ 10l N % the gas pressure is 50 mTorr (at 500 K), and the
3 AAAAMAMAL, Lau,addda,aen 206l rf frequency is 13.56 MHz. The two cases shown
% gl . - " are for ¥» 1 and <1, where ¥ is the secondary
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remains nearly constant until very near the electrodes while
the average electron energy increases near the electrodes.
For small , the average electron energy remains nearly con-
stant near the electrodes. The electron density, though, de-
creases rapidly near the electrodes, a consequence of there
being thicker sheaths than the small ¥ case and there being
no local (i.e., e-beam) source of ionization. The significant
change in electron density between the two cases is con-
firmed by recent experimental measurements.*?

For the conditions where secondary electron emission
from the electrodes is large, the results discussed above indi-
cate that the electron distribution function is spatially bimo-
dal. That is, the distribution function has two distinct com-
ponents with different spatial dependence. In the bulk
plasma, the electron distribution is dominated by the ther-
mal component, having an electron temperature nominally
in equilibrium with the time averaged electric field. As one
approaches the electrodes, the bulk electrons are slowed by
the opposing electric field in the sheath, and the bulk elec-
tron temperature decreases, as does the bulk electron den-
sity. Thermal electrons resulting from ionizations in the
sheath, or emitted from the electrodes comprise the second
component. These electrons are accelerated from the sheath
region into the plasma, creating an e-beam component to the
electron distribution. As the emitted electrons experience
collisions, the average energy of the e-beam component de-
creases with increasing distance from the electrodes. The
slowed e-beam component eventually joins the bulk distribu-
tion, contributing a significant fraction of the bulk electron
energy, and thereby accounting for any nonequilibrium con-
ditions that may exist between the bulk electrons and bulk
electric field.

Experimental measurements which are typical of the
bimodal behavior described above are shown in Fig. 2, where
electric probe measurements of the electron flux distribution
in CF, are plotted as a function of position in a parallel plate
rf discharge. >* Adjacent to the electrode, the distribution is
dominated by an e-beam component with an averge energy
of about 40 eV. At positions further from the electrodes, the
e-beam component degrades until the lower energy thermal

0.012 T T T T
17.5 mm
1.5 mm

~ 0.009 |- =
i 5 mm
2 {
)
x
2 0.006 — —
c
2
]
8
w 0.003 — —

0.0 | 1 |

0 10 20 30 40 50

Eiectron energy {eV)

FIG. 2. Electric probe measurements for the electron flux distribution for a
CF, discharge in an rf parallel plate plasma etching reactor. The peak to
peak rf voltage was 590 V, electrode separation was 3.5 cm, and the gas
pressure was 22 mTorr. The measurements were made (a) 1.5 mm, {b) 5 mm,
and (c) 17.5 mm from the electrodes.
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component of the distribution dominates.

Computed flux distributions for a discharge in CO
which display bimodal behavior similar to the experimental
measurements are plotted in Fig. 3 for conditions where
¥> 1. Adjacent to the electrode, the distribution has a rela-
tively small thermal component, and is dominated by the e-
beam component. Approximately 0.3 cm further from the
electrode, the e-beam component has both degraded in mag-
nitude relative to the increasingly dominant thermal group,
and has also broadened. The majority of the broadening of
the e-beam component is due to the oscillating electric field
in the plasma which alternately accelerates and opposes the
e-beam component. In addition, the e-beam component is
broadened on the low energy side by low threshold inelastic
collisions which slow the electrons, and on the high side by
electrons accelerating through the remainder of the sheath.
Finally, at the midpoint between the electrodes, the distribu-
tion is essentially thermal, with vestigal evidence of the e-
beam component near 20 eV.**

Computed electron distributions for discharges in
CO(y»> 1) as a function of position in the discharge are plot-
ted in Fig. 4. In Fig. 4(a), distribution contours are plotted for
electron energy less than 11 eV. The low energy distribution
function is relatively uniform as a function of position in the
middle part of the plasma, which is illustrated by the parallel
contour lines. In the sheath regions close to the electrodes,
the average energy decreases. This is illustrated by the con-
tours compressing together as one approaches the elec-
trodes. The opposite behavior can be seen in Fig. 4(b), where
the distribution contours are plotted for electron energy less
than 80 eV. The contours, initially wide apart near the elec-
trodes compress as one traverses the plasma toward the cen-
ter line, reflecting a decrease in the average energy of the
high energy component resulting from inelastic collisions.

The degree of spatial dependence in the electron distri-
bution function changes with the specific gas used in the
discharge. For otherwise constant conditions (e.g., constant
applied voltage, plate separation, and gas pressure), nitrogen
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FIG. 3. Computed electron flux distributions for an rf discharge in CO for
y» 1. The gas pressure is 20 mTorr and electrode separation 3 cm. The dis-
tributions have been separately normalized at each spatial position.
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FIG. 4. Computed electron distributions as function of position and energy
for a discharge in CO and the conditions of Fig. 3. The two plots are for
electron energy (a) 0-11 eV and (b} 0-80 eV. These results were averaged
across the midplane of symmetry of the discharge (x = 0). The contour la-
bels are the values of log[f(€)], where f (€} is the electron distribution function
{eV /%) for electron energy €. The distributions have been normalized to
unity at each spatial location.

and carbon monoxide displayed similar spatial behavior,
while carbon tetrafluoride displayed the greatest spatial dif-
ferentiation. In Fig. 5, computed average electron energy is
plotted as a function of position between the electrodes for
the three gases for the same pressure and applied voltage
Very high average energy is obtained in CF, both in the
plasma and near the sheaths, as was found experimentally.*’
For discharges in N, and CO, the average electron energy
outside of the sheath regions is nearly the same. In the e-
beam dominated sheath regions, CO has a higher average
electron energy inspite of the fact that the dc sheath potential
of the N, discharge is larger. In the absence of secondary
electron emission, though, the average electron energy in the
bulk plasma for CO and N, differ significantly. In N,, the
average bulk electron energy is 5 eV, while in CO the value is
3.5 eV. The contribution to the average electron energy by
the e-beam component is seen to be larger in CO than in N,.
The amount of this contribution can amount to about 35%,
as illustrated in fig. 1.

The spatial differentiation in the electron distribution is
reflected in the relative frequency at which inelastic colli-
sions occur as a function of position in the plasma. The time
averaged excitation rate is given by

1 (7 26 \12

Hx) = —J' f n,(x, € £)f(x, e,t)de)( ) de dt, (6)
T Jo Jo m,
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FIG. 5. Computed average electron energy for discharges in N,, CO, and
CF, as a function of position between the electrodes. The gas pressure is 20
mTorr and the electrode spacing is 3 cm. The dc sheath potential for the
gases are 175, 160, and 150 V, respectively.

where n,(x, €, t ) is the electron density, f(x, €, ¢} is the elec-
tron distribution function, and olé) is the cross section for
electron energy e, at spatial location x, and at time ¢. For
electronic excitation and ionization, of€) increases with in-
creasing electron energy for the values of interest. Therefore,
one would expect relatively large excitation rates very near
the electrodes. We have already seen, though, that the elec-
tron density decreases in these same regions. The net affect is
that the excitation rate is small near the electrodes, with
larger rates being found at intermediate locations in the plas-
ma.

Time averaged excitation rates calculated as a function
of position are plotted in Fig. 6 for a discharge in N,(y>1).
The ionization rate, with a high threshold energy, has a max-
imum value relatively close to the sheaths where the high
energy e-beam component dominates. The ionization rate is
relatively constant in the middle of the discharge.?® In the
absence of a large e-beam component, the ionization rate
maximizes further from the electrode (see Fig. 7). The elec-
tronic excitation rate has a maximum value at a location
further from the electrodes, a result of a lower threshold
energy, and optimization at lower electron energy (see Fig.
6). The cross section for vibrational excitation is resonant,
and nonzero only for electron energy less than about 8 eV.
The excitation rate is therefore nearly idependent of the e-
beam component, and a function only of the bulk plasma
properties. The rate maximizes near the center of the dis-
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FIG. 6. Calculated electron collision rates for ionization, electronic excita-
tion, and vibrational excitation as a function of position for a discharge in
nitrogen (pressure = 75 mTorr). The rates have been averaged across the
midplane of symmetry of the discharge (x = 0).

charge.

IV. THE dc SHEATH POTENTIAL

The average mean free path of electrons A for the condi-
tions of Fig. 3 is approximately 0.6 cm, yielding a value for
A /d of 0.2. The value of the dc sheath potential is a function
of the ratio A /d. Consider the conditions where A /d» 1. For
this discharge, the average electron samples the sheath re-
gion near the electrodes at least once after every collision.
Concurrently, electrons emitted from one electrode will,
with a high probability, traverse the discharge and impinge
on the opposite sheath. As a result, the rate at which elec-
trons are collected by the electrodes in large. The response of
the system is to increase the dc component of the sheath
potential in order to reduce the electron flux to the electrodes
while simultaneously increasing the ion flux.
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FIG. 7. Electron impact ionization rate for a discharge in nitrogen (pressure
= 20 mTorr) in the presence (¥> 1) and in the absence (¥<1) of secondary
electron emission.
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Increasing the dc sheath potential in order to reduce the
electron flux to the electrodes appears at first glance to be an
unstable solution to the problem. A larger dc sheath poten-
tial intended to slow the electron flux to one electrode pro-
vides a higher energy electron flux to the opposite electrode
from secondary electrons falling through the higher (nega-
tive) potential. The saving factor is that collisions do occur in
the plasma which slow down the emitted electrons. Elec-
trons emitted from an electrode which traverse the plasma
and are reflected by the opposite sheath will, in the worst
case, continue to oscillate between sheaths until inelastic, or
randomizing collisions occur. In addition, unless the oscilla-
tion period of the emitted electron is in phase with the ap-
plied electric field, the electron will, on the average, be op-
posed by that electric field, eventually slowing down and
Jjoining the bulk distribution.

For conditions where A /d €1, the average electron sam-
ples the sheath region only after many collisions and elec-
trons emitted from an electrode are quickly thermalized in
the plasma. The dc sheath potential responds only to the
bulk plasma properties and has a relatively constant value.

Computed dc sheath potentials as a function of elec-
trode spacing (for constant gas pressure) and gas pressure
{for constant electrode spacing) for discharges in CO are
plotted in Fig. 8. The independent variable in Fig. 8 is d ¥p,
the product of the electrode spacing times the gas pressure.
The electron mean free path remains fairly constant as the
electrode spacing is changed, and is inversely proportional to
the gas pressure. Therefore, positive displacement along the
horizontal axis decreases in the ratio A /d. For large elec-
trode spacing (4 /d«1) the dc sheath potential is nearly con-
stant. When the electrode spacing gets sufficiently small,
though, the dc sheath potential increases in response to the
higher rate at which bulk electrons are collected by the elec-
trodes and the high energy electron flux generated by the
approaching opposite sheath. Similar behavior is observed
when the electrode spacing is held constant and the gas pres-
sure is reduced, thereby increasing A /d. The response of the
dc sheath potential, though, is not as dramatic when the gas
pressure is reduced as when the electrode spacing is reduced.

Recent experimental measurements have been made of
the dc negative bias in a parallel plate rf reactor similar to our
geometry.'? For a variety of gases, the dc bias was found to
increase (negative) as the gas pressure was reduced and the
mean free path of the electrons increased. This observation is
consistent with the discussion above.

Computed electron distribution functions for electrode
separations of 2, 2.5, and 4 cm are plotted in Fig. 9. As the
electrode separation decreases, the average electron samples
the sheath regions more frequently and the average electron
acceleration distance decreases. The result is that the aver-
age energy of the bulk electrons decreases with progressively
smaller electrode separation. This effect is illustrated in Fig.
9 by the more closely spaced parallel contours for the elec-
tron distribution function in the middle of the plasma. The
dc sheath potential, though, increases as the electrode spac-
ing decreases, thereby providing a more energetic e-beam
component. This effect is illustrated in Fig. 9 by the progres-
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FIG. 8. Computed dc sheath potential for discharges in CO as a function of
d sp, the product of the electrode spacing times the gas pressure. The cases
are for ([JJJ) constant pressure and (®) constant electrode spacing.

sively steeper contours near the electrodes. The combined
effect is that the electron distribution function is nearly uni-
form as a function of position for large electrode separation
and becomes more spatially differentiated as that distance
decreases.

V. CONCLUDING REMARKS

Electron properties in a parallel plate, capacitively cou-
pled rf discharge have been examined with results from a
Monte-Carlo simulation. The electron distribution function
has a low energy thermal group, and a high energy e-beam
component, a result of secondary electron emission from the
electrodes. The high energy component dominates the elec-
tron distribution near the electrodes where the sheath poten-
tial excludes the lower energy bulk plasma component. Elec-
tron impact excitation rates have spatial dependence as well.
Processes with a high threshold energy have large excitation
rates near the electrodes, while processes with lower thresh-
old energy have rates which maximize deeper into the plas-
ma. The dc sheath potential is a function of the ratio 4 /d.
Large (negative) values for the sheath potential are obtained
when A /d is large.
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